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KEYWORDS Summary Women often exhibit larger hormonal and subjective responses to opioid receptor
Naltrexone; antagonists than men, but the biological mechanisms mediating this effect remain unclear.
Menstrual cycle; Among women, fluctuations in estradiol (E2) and progesterone (P4) across the menstrual cycle
Cortisol; (MC) affect the endogenous opioid system. Therefore, the goal of the current study was to
Prolactin; compare acute naltrexone response between women in the early follicular phase of the MC
Luteinizing hormone; (low E2 and P4), women in the luteal phase of the MC (high E2 and P4), and men. Seventy
Subjective response; healthy controls (n=46 women) participated in two morning sessions in which they received
Sex differences; 50 mg naltrexone or placebo in a randomized, counterbalanced order. Women were randomized
Endogenous opioid to complete both sessions in either the early follicular (n=23) or luteal phase of the MC. Serum
system cortisol, salivary cortisol, prolactin, luteinizing hormone (LH), and subjective response were

assessed upon arrival to the laboratory and at regular intervals after pill administration. In luteal
and early follicular women but not men, naltrexone (vs. placebo) increased serum cortisol and
prolactin levels from baseline; however, the naltrexone-induced increases in these hormones
were significantly greater in luteal women than early follicular women. Additionally, only luteal
women demonstrated an increase from baseline in salivary cortisol levels and the severity
of adverse drug effects in response to naltrexone. In sum, the results indicate that luteal
phase women are more sensitive to acute hormonal and subjective effects of naltrexone than
early follicular women and men. These findings may have important implications for the use of
naltrexone in women.
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1. Introduction

The opioid receptor antagonist naltrexone is an approved
pharmacotherapy in the treatment of alcohol and opioid
dependence and is currently under investigation for use in
other addictive behaviors (Comer et al., 2013; King et al.,
2012). Several studies have reported a high degree of indi-
vidual variability in treatment response to naltrexone, which
has been theorized to contribute to naltrexone’s modest
efficacy in treating alcohol use disorders (Kranzler and Van
Kirk, 2001; Ray et al., 2010; Rosner et al., 2010; Streeton
and Whelan, 2001). As other opioid receptor antagonists are
also effective in the treatment of alcohol use disorders (e.g.,
nalmefene; Mann et al., 2013) and are commonly used as
probes of hormonal function (e.g., naloxone), understanding
factors that contribute to individual differences in response
to opioid receptor antagonists is a priority. While most stud-
ies of individual differences have focused on examining how
genetic variability may contribute to opioid receptor antag-
onist responsivity (Chamorro et al., 2012; Ray et al., 2010),
sex differences in response to opioid receptor antagonists
have also been reported, with women demonstrating greater
cortisol and prolactin responses, more adverse subjective
effects, and better treatment outcomes than men (al’Absi
et al., 2004; Epperson et al., 2010; Epstein and King, 2004;
King et al., 2013; Lovallo et al., 2012b; Roche et al., 2010).
Women'’s greater sensitivity to opioid receptor antagonists
suggests an underlying sex difference in the endogenous
opioid system, but the biological factors underlying these
effects have not yet been characterized.

The gonadal hormones estradiol (E2) and progesterone
(P4) influence endogenous opioid activity in order to reg-
ulate various reproductive functions across the menstrual
cycle (MC) and estrus cycle in female mammals (Eckersell
et al., 1998). In a stereotypical MC, circulating E2 levels are
lowest during the early follicular phase, highest during the
late follicular phase, and reach a relatively steady, interme-
diate level throughout the luteal phase; while P4 levels are
low throughout the follicular phase, rise after ovulation, and
peak during the mid-luteal phase. Across several species,
E2 and P4 levels are positively associated with opioid
transmission at the hypothalamic and systemic levels, and
therefore may affect response to opioid receptor-binding
drugs (Bernardi et al., 2006; Eckersell et al., 1998; Foradori
et al., 2005; Stomati et al., 1997; Wardlaw et al., 1982;
Wehrenberg et al., 1982). Despite this evidence, few studies
have examined the effects of MC phase on subjective (e.g.,
mood) or hormonal responses to opioid receptor antagonists.
Studies examining such outcome measures often enrolled
women without recording MC phase, included only men in
the design, or tested women in one broadly defined MC phase
without hormonal confirmation, the latter of which fails to
account for hormonal changes within each MC phase.

The endogenous opioid system regulates
the hypothalamic-pituitary-adrenal (HPA) axis,
hypothalamic—pituitary—gonadal (HPG) axis, and tuberoin-
fundibular dopamine (TIDA) system and thus affects the
secretion of several hormones into systemic circulation,
including cortisol, luteinizing hormone (LH), and prolactin,
respectively. Anatomical and functional data suggest the
HPA and HPG axes are tonically inhibited by endogenous

opioids at the level of the hypothalamus (Baker and
Herkenham, 1995; Dudas and Merchenthaler, 2004).
Accordingly, opioid receptor antagonists acutely disinhibit
these axes and increase the secretion of cortisol from
the adrenal cortices and LH from the anterior pituitary
(Mendelson and Mello, 2009). Opioids also directly regulate
the hypothalamic TIDA neurons that tonically inhibit pro-
lactin secretion from the anterior pituitary (Durham et al.,
1996; Fitzsimmons et al., 1992). In support, naltrexone
and nalmefene administration acutely increases circulating
prolactin levels (al’Absi et al., 2004; Bart et al., 2005).
While MC effects on subjective and hormonal response
to naltrexone and nalmefene have not been thoroughly
investigated, LH response to naloxone has been shown to
be larger in late follicular and mid luteal phase women
(i.e., high E2 and/or P4 level) than early follicular phase or
post-hysterectomy women (i.e., low E2 and P4; Quigley and
Yen, 1980; Shoupe et al., 1985).

In sum, endogenous opioid activity increases as E2 and
P4 levels rise (Foradori et al., 2005; Stomati et al., 1997;
Wardlaw et al., 1982; Wehrenberg et al., 1982) and, impor-
tantly, the opioid tone produced by E2 and P4 circulation
may be necessary for hormonal response to opioid receptor
antagonism (Shoupe et al., 1985; Stomati et al., 1997). Fur-
thermore, hormonal response to opioid receptor antagonists
may be an effective proxy measure of central endoge-
nous opioid activity, as hypothalamic and striatal opioid
transmission is positively associated with greater cortisol
response to naloxone (Wand et al., 2011). Thus, in the
present study, we examined whether MC phase affects
acute cortisol, prolactin, LH, and subjective responses to
naltrexone within women, and also compared women’s
responses to men’s. We hypothesized that women in the
luteal phase of the MC possess heightened endogenous opi-
oid tone compared to early follicular phase women and men
and, therefore, would be more sensitive to an acute dose
of naltrexone and exhibit greater hormonal and subjective
responses.

2. Materials and methods

2.1. Participants

Participants were recruited through advertisements on
internet sites, print flyers, and by word-of-mouth refer-
rals. Interested participants filled out an online survey and
completed an initial phone screen to determine eligibil-
ity. Subjects were eligible if they were 18—35 years old,
were of good general physical and mental health, had a
BMI > 17 or < 35kg/m? (mild thinness to moderate obesity)
and did not work overnight shifts, which can affect diur-
nal hormone levels. Women were eligible if they had not
been pregnant or lactating in the last 6 months and had
a regularly occurring MC of 22—36 days (Fehring et al.,
2006). Women on hormonal birth control were not consid-
ered for the study because hormonal contraceptives may
affect basal cortisol levels and cortisol response to naltrex-
one (Roche et al., 2013). The age of 35 was chosen as the
higher limit because numerous studies suggest a decline in
reproductive function and increased variability in MC length
and MC-related hormone levels after this age (Dunson et al.,
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2002; Klein et al., 1996; Lenton et al., 1988; Reame et al.,
1996). The age of 18 was the lower limit because naltrex-
one has not been approved for use in persons under this
age.
Eligible participants were invited for an in-laboratory
screening session. The laboratory screening consisted of a
general physical examination by the study nurse, adminis-
tration of a diagnostic psychiatric interview, and completion
of several questionnaires, which included the Beck Depres-
sion Inventory, State—Trait Anxiety Inventory, Childhood
Trauma Questionnaire (Bernstein et al., 2003), and health
and substance use history questionnaires. These question-
naires were chosen because depression, anxiety, and history
of trauma and substance abuse disorders may affect hor-
monal function and response pharmacological challenge
(al’Absi et al., 2008; Burnett et al., 1999; Hubert and
de Jong-Meyer, 1992; Lovallo et al., 2012a; Mangold and
Wand, 2006). Individuals were excluded from participation
if they had a current or past major medical condi-
tion (e.g., cardiovascular, hepatic, neurological, endocrine,
etc.) or psychiatric disorder (i.e., any DSM-IV Axis | dis-
order), including drug or alcohol dependence. They were
also excluded for current drug or alcohol abuse, regu-
lar smoking behavior (>5 cigarettes/week), or use of a
medication that may affect HPA axis or opioidergic func-
tioning. Additionally, subjects with blood hepatic indices
outside normal limits or a positive urine toxicology obtained
during the screening (cocaine, opiates, benzodiazepines,
amphetamine, barbiturates, and PCP) were excluded from
participation. Women also completed the pain, negative
affect, and behavioral change subscales of the Moos Men-
strual Distress Questionnaire for premenstrual symptoms
(MDQ; Moos, 1968), provided a urine sample to test for
pregnancy and a blood sample to measure hormone and
liver enzyme levels, and completed a calendar-based inter-
view to determine average MC length and to estimate
the onset of next menses. Only female subjects who
were not pregnant and did not report severe premenstrual
symptoms (MDQ score of under 76) were enrolled in the
study.

One hundred and fourteen individuals completed the in-
laboratory screening session. Of those, 24 were excluded
from participation due to one of the following reasons: hav-
ing a BMI outside of the cutoff range (n=9), meeting criteria
for a psychiatric disorder (n=7), unable to complete a blood
draw (n=4; either due to the nurse being unable to perform
a blood draw or to the participant being unwilling to have
blood drawn), having a medical disorder that may affect
hormone function or medication responsivity (n=2), being
outside the age range after presenting a driver’s license
(n=1), or having outside normal limits liver enzyme lev-
els (n=1). Of the 90 individuals eligible to participate in
the study after the screening session, 20 were classified as
enrollment failures (i.e., did not complete an experimen-
tal session) due to one of the followed reasons: voluntarily
withdrew (n=13; e.g., moved out of area, new job, or no
longer interested), unable to be contacted by the study
staff (n=3), unable to have an indwelling IV line inserted
by the research nurse (n=3), or removed from study due
to development of a medical condition after enrollment
(n=1).

2.2. Procedure

The study was approved by The University of Chicago Institu-
tional Review Board and in accordance with the Declaration
of Helsinki.

Seventy subjects (n=24 male) participated in this
double-blind, placebo-controlled human laboratory study.
Men and women completed two sessions in which they
received either 50 mg oral naltrexone or placebo in a ran-
domized, counterbalanced order. Women were randomized
to complete both sessions in either the early follicular
(n=23) or luteal (n=23) phase of their MC. Menstrual cycle
phase was confirmed by hormone measurements, as detailed
in Section 2.3.2. The early follicular and luteal phases of
the MC were selected because (1) they are one of the few
periods the MC where E2 and P4 levels remain relatively
stable for a prolonged period of time (i.e., several days),
which increases the likelihood that women would be sched-
uled and tested during the correct phase in both sessions,
and (2) they are ideal natural representations of ‘‘low’’ and
“*high’’ E2/P4 states, which should theoretically also pro-
duce detectably different states of low and high endogenous
opioid activity. Women in both groups were instructed to
contact the study staff on the first day of menstruation in
order to schedule their experimental session. Participants
in the early follicular group had sessions scheduled after
the onset of menses and before the predicted E2 and LH
surge of the late follicular phase [on average, day 5.3+3.5
(mean =+ SD) of the MC]. Participants in the luteal group had
sessions scheduled to take place during the mid-luteal phase
(MC day 21.9+2.8). Luteal session dates were determined
by using a combination of self-reported MC length and the
results of the calendar-based MC length interview. The luteal
phase is highly stable within and between women and typi-
cally lasts 12—14 days (Fehring et al., 2006); therefore, the
final 13 days of the subjects’ predicted MC was considered
the luteal phase. In order to test women at the same approx-
imate day of their MC for each session and to allow the
effects of naltrexone to sufficiently wash out between ses-
sions, women were tested only once per cycle (i.e., each
woman completed her second session approximately one
month after her first session, regardless of group). To main-
tain a similar interval between experimental sessions across
men and women, men had their sessions scheduled at least
two weeks apart. On average, there were 21.1+ 8.0 days
(mean +SD) between sessions for men, 52.0+34.0 days
between sessions for early follicular women (n=18/23 com-
pleted their second session within two cycles from their
first experimental session), and 48.6 +27.2 days between
sessions for luteal women (n=20/23 completed their sec-
ond session within two cycles from their first experimental
session).

Participants were instructed to refrain from alcohol and
other drugs for at least 48 h before their session, and to fast
and abstain from caffeine use prior to arrival on the test-
ing day. Participants arrived at the laboratory at 08:30h,
provided breath samples for alcohol and carbon monoxide
measurement to confirm recent (12 h) alcohol and smoking
abstinence, and self-reported 48-h drug abstinence, verified
by a negative urine drug toxicology screen. Female partici-
pants’ urine samples were additionally tested for pregnancy
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and LH surge/ovulation (both required to be negative to
continue with the experimental session). Subsequent to
urine testing, participants consumed a light meal (20% daily
calories, based on sex, age, and body weight). At 09:00h,
the subject completed baseline subjective questionnaires.
Immediately afterward, the research nurse inserted an
indwelling IV into the antecubital vein and provided the
subject with a cotton Salivette (Sarstedt AG & Company,
Nimbrecht, Germany) in order to obtain baseline blood
and saliva samples, respectively. At 09:30h, the partici-
pant ingested the naltrexone or placebo capsule. Subjective
measures and blood samples were repeated at 60, 90, 120,
150, and 180 min after pill administration. Saliva samples
were also obtained at the 60, 120, and 180 min timepoints.
Participants remained seated throughout the experiment on
a comfortable couch and during intervals when measures
were not being collected (i.e., between timepoints), the
participants were free to relax and watch movies or read
magazines from a pre-selected list that was screened for
general interest content without violent, sexual, or language
content that might be excessively stimulating or distress-
ing. At 11:30h, the participant consumed a light snack (20%
daily calories) because hunger could potentially affect mood
and fasting-related changes in glucose levels could affect
acute cortisol reactivity (Dallman, 2003). At 12:30h, after
the 180 min timepoint, the research nurse removed the IV
catheter and the subject was discharged. The second session
was identical to the first with the exception of the contents
of the pill (naltrexone or placebo). At the end of the second
session, subjects were debriefed and compensated $150 for
participation.

2.3. Measures

2.3.1. Hormone assays

In order to measure circulating levels of several hormones
(described below), blood samples were obtained at baseline
and 60, 90, 120, 150, and 180 min after pill administration.
Blood samples were stored at 2—8°C for <48h after col-
lection. On the day of processing samples were held for up
to 2h at 20—25°C to clot and normalize the serum sepa-
rator tubes, then spun at 500G for 9 min at 2—8°C using a
refrigerated centrifuge. The supernatant was removed to a
polypropylene tube for assay and storage. Serum assays were
chemiluminimmunoassays performed on a Siemens Immulite
2000 automated analyzer. All serum processing and assays
were performed at the University of Chicago Ligand Assay
Core Laboratory of the Diabetes Research and Training Cen-
ter.

Saliva samples for free cortisol determination were
stored in a —80°C freezer and then later spun down at
2600 rpm for 20 min at 4°C using a refrigerated centrifuge.
Samples were assayed using a Salimetrics high-sensitivity
enzyme immuno-assay kit that was standardized and vali-
dated at The University of Chicago Clinical Research Center
Core Laboratory.

2.3.2. Menstrual cycle phase confirmation

To confirm MC status in women, baseline levels of serum E2,
P4, LH, and follicle stimulating hormone (FSH) were assayed.
Estradiol and P4 concentrations were determined using

a solid-phase, enzyme-labeled chemiluminescent compet-
itive immunoassay with intra-assay coefficients of variation
(CV) between 4.3—9.9% and 7—17.4%, and inter-assay CV
between 6.7—16% and 9.5—21.7%, respectively. LH and FSH
concentrations were determined using a solid-phase, two-
site chemiluminescent immunometric assay with intra-assay
CV between 3.04—13.1% and 2.9—4.2%, and inter-assay CV
between 6.1—26.3% and 4.1—7.9%, respectively.

The reference ranges provided by (Vankrieken, 2000)
were used to determine acceptable within-phase hormone
levels for the early follicular and luteal phases. Early
follicular women were confirmed with E2 levels from non-
detectable (ND) — 84 pg/mL, P4 from ND to 1.13ng/mL, LH
from1.1to11.6mlU/mL, and FSH from 3.0 to 14.4 mIU/mL.
Luteal women were confirmed with E2 levels from 27
to 246 pg/mL, P4 from 0.95 to 21.0ng/mL, LH from ND
to 14.7mlU/mL, and FSH from 1.2 to 9.0mlIU/mL. Seven
women were excluded from data analysis due to having hor-
mone levels outside the listed reference ranges in one or
both sessions. Thus, the analyzed early follicular and luteal
groups consisted of n=19 and n=20 women, respectively.

2.3.3. Hormone dependent measures

To measure hormonal response to naltrexone, serum lev-
els of cortisol, prolactin, and LH and salivary cortisol levels
were assayed for men and women from samples obtained at
baseline and post-pill timepoints. Both serum and salivary
cortisol levels were measured because each form represents
a different aspect of cortisol concentration. Approximately
95% of secreted cortisol is bound to corticosteroid-binding
globulin (CBG) or serum albumin, with only ~5% being
““free cortisol’”’ (Lewis et al., 2005). Salivary cortisol has
been shown to be an accurate measurement of free, or
unbound, cortisol, while serum cortisol levels are repre-
sentative of total circulating levels (i.e., bound + unbound).
While these measures are often highly correlated, they
can also be dissociable. In women, gonadal hormones can
increase corticosteroid-binding globulin CBG levels, which
can in turn reduce free cortisol and increase total corti-
sol (Hellhammer et al., 2009; Kajantie and Phillips, 2006).
Serum cortisol concentrations were determined using a
solid-phase, enzyme-labeled chemiluminescent competitive
immunoassay with intra-assay CV between 6.1 and 7.4% and
inter-assay CV between 6.8 and 9.4%. Prolactin and LH con-
centrations were determined using a solid-phase, two-site
chemiluminescent immunometric assay with intra-assay CV
between 2.7 and 3.4% and 3.04 and 13.1%, and inter-assay CV
between 4.0 and 5.3% and 6.1 and 26.3%, respectively. Sali-
vary cortisol was determined using a high-sensitivity enzyme
immuno-assay kit with inter- and intra-assay coefficients of
variation were 6.88% and 7.12%, respectively.

2.3.4. Subjective measures

Subjective response to naltrexone was assessed at base-
line and at each post-medication timepoint with an opioid
receptor antagonist-specific adverse effect scale (Epstein
and King, 2004), which was summarized as the total score
of 17 common opioid receptor antagonist side effects with
each item rated from none (1) to extreme (4). A modified
version of the Menstrual Distress Questionnaire — Today form
(MDQ-T; Moos, 1968; pain, negative affect, and behavioral
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change subscales) was administered at baseline in order to
assess the severity of menstrual-related symptoms on the
day of the session. The modified version of the MDQ-T form
was summarized as the total score of the 6 items of the pain
subscale, the 8 items of the negative affect subscale, and
2 items from the behavioral change subscale, with individ-
ual items rated from 1 (no experience of the symptom) to 6
(severe or partially disabling).

2.4, Statistical analysis

Demographics, substance use history, personality measures,
and baseline levels of all dependent measures were com-
pared among men, early follicular women, and luteal women
by repeated measure ANOVAs, t-tests, and Chi-square tests,
as appropriate. To assess differences in sensitivity to an
acute dose of naltrexone, hormonal and subjective data
were transformed to represent area under the curve with
respect to the increase from baseline levels (AUC;; Pruessner
et al., 2003). As described by Pruessner et al. (2003), the
AUC; variable is useful in describing the sensitivity of a
system to a stimulus by emphasizing the changes across
time in a variable, and is calculated by first obtaining the
total AUC for a variable using the trapezoidal method and
then subtracting the area between ground and baseline
across all time points from this value. The ability of AUC; to
account for baseline differences is important in the current
study, as significant differences in baseline prolactin, LH,
and adverse effect values were observed between groups.
Negative AUC; values indicate an overall decrease in sub-
jective or hormonal levels from baseline, whereas positive
values indicate an overall increase from baseline. All hor-
monal and subjective dependent measures were analyzed
using a repeated measures ANOVA with group (Men, Early
Follicular, or Luteal) as a between subjects factor and dose
(naltrexone or placebo) as within subjects factor. Partial eta
squared (nf,) was calculated as an effect size estimate for
significant effects of the main dependent measures (i.e.,
AUC; response to naltrexone). Significant interactions were
explored using planned comparisons for simple effects post
hoc testing. If a significant interaction was observed, two
sets of post hoc comparisons were made: (1) comparing
naltrexone AUC; levels between groups and (2) comparing
naltrexone and placebo AUC; levels within groups. Finally,
Pearson product-moment correlation coefficients were cal-
culated to examine the relationship between hormonal and
subjective response to naltrexone.

3. Results

3.1. Participant characteristics and baseline
measures

Demographic, substance use, and personality measures were
similar between men, luteal, and early follicular women
(Table 1). As expected, there were differences between
luteal and early follicular women on MC-related hormones
(Table 2). Luteal women had greater E2 (F(1, 37)=76.0,
p<0.0001) and P4 (F(1, 37)=116.9, p<0.0001) levels,
while early follicular women had greater FSH levels (F(1,
37)=38.4, p<0.0001). Baseline differences in hormonal and

subjective dependent measures were also evident between
groups (Table 2). Luteal and early follicular women had
higher baseline prolactin (F(2, 60)=7.8, p<0.001; post hoc:
ps<0.05) and LH levels than men (F(2, 60)=6.6, p=0.01;
post hoc: ps<0.05). For the subjective measure, early fol-
licular women reported greater adverse effect scores than
both men and luteal women (F(2, 60)=5.2, p<0.01; post
hoc: ps <0.05). There were no significant within-group base-
line differences between naltrexone and placebo sessions
for any measure and the baseline MC-related hormone lev-
els from each session were highly correlated within subjects
(rs 0.57—0.88, ps<0.0001), suggesting participants were
being tested at similar hormonal states in each experimental
session.

3.2. Hormonal and subjective response to
naltrexone

For illustrative purposes, raw hormonal and subjective
responses to naltrexone and placebo across each time-
point are displayed in Fig. 1. Covarying for length of time
between sessions did not affect any of the results presented
below. Naltrexone’s effects on salivary cortisol (Fig. 2A;
Dose x Group, F(2, 60)=3.1, p<0.05; nf, = 0.10), serum cor-
tisol (Fig. 2B; Dose x Group, F(2, 60)=4.1, p<0.05; 2 =
0.12), and prolactin (Fig. 2C; Dose x Group, F(2, 60)=12.4,
p<0.0001; 77?, = 0.29) differed between groups, as measured
by AUC;. In luteal women, but not early follicular women or
men, naltrexone increased salivary cortisol from baseline
compared with placebo (post hoc: p<0.001). Additionally,
naltrexone (vs. placebo) significantly increased serum corti-
sol and prolactin in both early follicular and luteal women,
but not men (post hoc: Serum Cortisol: ps < 0.05; Prolactin:
ps<0.01). However, luteal women’s serum cortisol and pro-
lactin naltrexone responses were significantly greater than
those of both men (post hoc: ps<0.05) and early follicu-
lar women (post hoc: ps<0.01). Naltrexone (vs. placebo)
increased LH levels across all groups (Dose, F(1, 60)=75.7,
ps<0.0001; nf, = 0.56) and this pattern of response did not
differ between groups (Fig. 2D; Dose x Group, p=0.26). In
the overall sample, salivary cortisol, serum cortisol, and
prolactin response to naltrexone were highly correlated
(rs>0.50, ps<0.0001); yet, LH response to naltrexone was
not related to other hormone responsivity (rs=-0.19 to
0.08). At the group level, salivary cortisol, serum cortisol,
and prolactin response to naltrexone were correlated in men
and luteal women (rs>0.38, ps <0.05), but not in early fol-
licular women.

Subjective response to naltrexone also significantly dif-
fered between groups, as measured by the adverse effects
questionnaire (Fig. 3; Dose x Group, F(2, 60)=3.4, p<0.05;
Tlf, = 0.10). In luteal women, but not in men and early follic-
ular women, naltrexone increased the severity of adverse
effects from baseline (post hoc: p<0.01). Subjective
response to naltrexone was not correlated with any measure
of hormonal response to naltrexone (rs=0.02—0.19).

4. Discussion

The current study results indicate that MC phase signif-
icantly affects women’s acute subjective and hormonal
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Table 1 Demographic, drug use, and personality characteristics.
Men Early follicular Luteal
General characteristics
Age (yrs) 24.8 (3.9) 24.4 (3.6) 24.1 (4.2)
Body mass index (kg/m?) 24.0 (3.0) 24.3 (4.3) 23.0 (3.4)
Education (yrs) 15.6 (2.2) 15.6 (1.6) 15.5 (1.9)
Race: % Caucasian 54 68 70
Drug use characteristics
Drinking days/week 1.3 (0.99) 1.3 (0.77) 1.0 (0.79)
Drinks/Drinking Day 2.4 (1.3) 2.1 (1.0) 2.4 (1.4)
Smoked in last year (%) 25 37 25
Cigarettes/week in smokers 1.8 (1.9) 0.71 (0.28) 1.1 (0.50)
Personality characteristics
Beck Depression Inventory 4.1 (5.2) 1.7 (3.8) 2.4 (2.5)
State—Trait Anxiety index (T-score)
Trait score 58.9 (4.3) 57.2 (2.6) 58.0 (3.2)
State score 63.3 (1.6) 64.5 (2.4) 64.8 (3.6)
Childhood Trauma Questionnaire 14.1 (4.3) 13.3 (4.1) 13.9 (3.9)
Menstrual Distress Questionnaire — 36.1 (12.99) 35.4 (35.4)

Data indicate mean (SD) for continuous variables and % for categorical variables.
There were no significant differences between groups on any characteristic.

response to naltrexone. Luteal phase women demonstrated
larger cortisol (serum and saliva) and prolactin responses
to naltrexone and more sensitivity to its adverse subjective
effects than early follicular women and men. While early
follicular women did show significant naltrexone-induced
increases in serum cortisol and prolactin compared with
placebo, the magnitude and direction of their cortisol, pro-
lactin, and adverse effect responses to naltrexone did not
significantly differ from those displayed by men. These

Table 2 Baseline hormone and subjective measures.

findings suggest that the endogenous opioid system is
affected by MC phase and also that sex differences in acute
response to naltrexone may only be readily apparent when
testing normally cycling women during certain times of the
MC.

Luteal women’s heightened cortisol and prolactin
response to naltrexone relative to early follicular women
may be due to differences in hypothalamic endogenous
opioid activity, particularly B-endorphin and dynorphin.

Men Women
Nalt Pla Early follicular Luteal
Nalt Pla Nalt Pla
Salivary Cortisol 0.40 (0.06) 0.36 (0.07) 0.45 (0.08) 0.43 (0.11) 0.26 (0.03) 0.28 (0.04)
(ng/mL)
Serum Cortisol 13.9 (0.8) 13.0 (1.0) 13.0 (1.0) 13.5 (1.1) 11.1 (0.8) 12.6 (1.0)
(ng/dL)
Prolactin (ng/mL) 8.7 (0.7)2 8.2 (0.8)2 12.4 (1.2) 11.6 (1.0) 13.7 (1.5) 13.7 (1.6)
LH (mIU/mL) 2.8 (0.2)2 2.7 (0.3)? 4.6 (0.4) 5.1 (0.6) 4.8 (0.8) 4.3 (0.6)
E2 (pg/mL) = = 34.0 (3.6)° 35.2 (3.3)° 124.8 (15.1) 145.0 (16.5)
P4 (ng/mL) — — 0.43 (0.1)° 0.35 (0.02)° 8.4 (0.8) 7.2 (0.7)
FSH (mIU/mL) — — 6.0 (0.4) 5.9 (0.4) 3.2 (0.3)¢ 3.3 (0.3)¢
Adverse effects 4.4 (0.5) 3.6 (0.5) 6.3 (0.7)¢ 6.2 (0.9)¢ 4.2 (0.6) 3.8 (0.5)
Menstrual Distress — — 22.1 (1.4) 22.9 (1.6) 19.6 (1.0) 20.0 (1.1)

Questionnaire —
Today Form

Data indicate mean (SEM). Nalt = naltrexone and Pla = placebo.

@ Men had lower baseline PRL (ps <0.05) and LH levels (ps <0.05) than women.
b Early follicular women had lower E2 and P4 levels than luteal women (ps <0.0001).
¢ Luteal women had lower FSH levels than early follicular women (p <0.0001).

d Early follicular women reported significantly higher adverse effect scores than men and luteal women (ps <0.05).
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Figure 1  Raw hormone and subjective levels across all time points. The figures illustrate the raw levels salivary cortisol (A), serum

cortisol (B), prolactin (C), and LH levels (D), and adverse effects (E) in men, early follicular women, and luteal women. The X-axis
represents minutes after pill administration. Salivary cortisol was measured at baseline and three post-pill timepoints, while serum
cortisol, prolactin, LH, and adverse effects were collected at baseline and five post-pill timepoints. Hormone levels are reported

as mean raw data 4= SEM.

The B-endorphin and dynorphin neurons projecting to the
hypothalamic nuclei that regulate the HPA axis and TIDA
system, respectively, show increased activity during the
luteal phase and in response to E2 and P4 administration
(Baker and Herkenham, 1995; Bernardi et al., 2006; Durham
et al., 1996; Fitzsimmons et al., 1992; Foradori et al., 2005;
Stomati et al., 2002; Wardlaw et al., 1982; Wehrenberg
et al., 1982). Importantly, recent evidence suggests that
increased hypothalamic B-endorphin activity is associated
with augmented cortisol response to naloxone (Wand et al.,

2011). Therefore, in luteal women, increased hypothalamic
opioid transmission may result in heightened inhibition
of TIDA neurons and the HPA axis and, in turn, greater
naltrexone-induced disinhibition of these systems. These
results also lend further support to the notion that hor-
monal response to opioid receptor antagonism is a useful
proxy measure of central endogenous opioid activity.

In contrast to our findings with cortisol and prolactin, nal-
trexone significantly increased LH levels in all groups. These
findings support prior studies demonstrating naloxone,
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Figure 2  AUC; of hormonal response to naltrexone. Naltrexone significantly elevated salivary cortisol (A), serum cortisol (B), and
prolactin (C) from baseline to a greater extent in luteal phase women than men and follicular women. However, naltrexone similarly
increased LH in all groups (D). Post hoc: Asterisks above brackets indicate between groups differences of naltrexone response, non-
bracketed asterisks above a bar graph indicate within group differences of naltrexone vs. placebo responses; *p <0.05, **p<0.01,

***p <0.001. Hormone levels are reported as mean AUC; 4= SEM.

naltrexone, and nalmefene increase LH secretion in men and
luteal women (Ellingboe et al., 1982; Graves et al., 1993;
Quigley and Yen, 1980). While our results are contrary to sev-
eral studies that found naloxone failed to increase LH levels
during the early follicular phase (Quigley and Yen, 1980),
they support one study that reported naltrexone increases
LH in early follicular women (Teoh et al., 1988). This may
provide evidence that naltrexone is a more potent disin-
hibitor of the HPG axis than naloxone, potentially due to the
former’s longer half-life and greater opioid receptor affinity,
particularly at kappa opioid receptors (Toll et al., 1998).
The differences in the severity of opioid antagonist-
related adverse effects between groups at baseline and in
response to naltrexone may also reflect altered endogenous
opioid activity. As E2 and P4 levels decrease toward the end
of the luteal phase, so do circulating levels of endogenous
opioids (Giannini et al., 1990; Wehrenberg et al., 1982).
This reduction in opioid tone has been theorized to result
in minor opioid withdrawal and contribute to the develop-
ment of premenstrual syndrome (PMS), which begins in the
late luteal phase and can last several days into menstruation

(Giannini et al., 1984; Rapkin, 2003; Straneva et al., 2002).
Peripheral B-endorphin levels are negatively correlated with
the number of PMS-related symptoms (Giannini et al., 1984,
1990) and PMS-related symptomatology can bear resem-
blance to minor opioid withdrawal (Halbreich and Endicott,
1981). Furthermore, women with premenstrual symptoms
do not demonstrate LH or cortisol responses to naloxone,
both of which are suggestive of reduced endogenous opioid
tone (Facchinetti et al., 1988, 1990; Rapkin et al., 1996).
Thus, the increased severity of opioid withdrawal-like symp-
toms at baseline and the lack of subjective response to
naltrexone observed in the early follicular group may be
due to an attenuated endogenous opioid tone related to
decreased E2 and P4 levels. Conversely, naltrexone may
antagonize a relatively heightened opioid tone in luteal
women, precipitating a minor opioid withdrawal-like state
and increasing the reported severity of naltrexone’s adverse
effects.

Finally, an interesting pattern of results emerged after
exploring the relationships between the various hormonal
responses to naltrexone. In the overall sample, serum
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Figure 3  AUG; of subjective response to naltrexone. Naltrex-

one significantly elevated the severity of adverse effects from
baseline to a greater degree in luteal women than early fol-
licular women and men. Post hoc: Asterisks above brackets
indicate between groups differences of naltrexone response,
non-bracketed asterisks above a bar graph indicate within
group differences of naltrexone vs. placebo responses; *p <0.05,
**p<0.01, *p<0.001. Subjective data are reported as mean
AUC; £ SEM.

cortisol, salivary cortisol, and prolactin responses to naltrex-
one were highly correlated, which may indicate some degree
of overlap between the endogenous opioid circuitry regulat-
ing these hormones and again provide support for the use
of cortisol and prolactin response to naltrexone as a proxy
measure of central endogenous opioid activity. However,
at the within-group level, these hormonal responses were
not associated in early follicular women, which in turn may
be related to the finding that naltrexone increased serum
cortisol in this group without affecting salivary cortisol.
While salivary and serum cortisol are often correlated, some
results suggest that high levels of gonadal hormones can
disassociate the two measures by augmenting production
of CBG, which subsequently increases variability in cortisol
levels by producing a higher ratio of serum cortisol to sali-
vary cortisol (Hellhammer et al., 2009; Kajantie and Phillips,
2006). Therefore, the finding that salivary and serum cortisol
were correlated in luteal women, but unassociated in early
follicular women, is contrary to what would be expected
and requires further research to explain. Also of note, and
in again contrast to prior findings (O’Malley et al., 2002),
we did not detect a relationship between subjective and
hormonal responses to naltrexone, which may suggest that
the endogenous opioid systems responsible for naltrexone’s
adverse effects are distinct from those governing TIDA, HPA
axis, and HPG axis functioning. For example, the endogenous
opioid system is prominent in the gastrointestinal system
and could feasibly contribute to naltrexone-induced nausea
without relating to hormonal responsivity (Holzer, 2009).

Though the present study has several strengths, such as
carefully assessing MC phase through multiple cycles and
confirming gonadal hormone levels at each session, there
are some limitations that merit consideration. First, while
the study design incorporated a within-subjects compo-
nent (i.e., naltrexone vs. placebo), which allowed us to
effectively examine whether women were responsive to nal-
trexone within a given MC phase, a fully within subject,
crossover design would have increased confidence in the
obtained results by minimizing between-subject variability
in hormone levels. Furthermore, we are confident that six
serum samples over 3 h were sufficient to accurately cap-
ture cortisol and prolactin responses to naltrexone, but this
may not be true for LH response. Luteinizing hormone is
released in a highly pulsatile manner that varies over the
MC, with rapid, low amplitude pulses during the early follic-
ular phase and low frequency, high amplitude pulses across
the luteal phase (Filicori et al., 1986). Because of this, LH
response to naltrexone may not have been fully captured
(e.g., missing a peak and capturing a valley), particularly
in luteal women, and our LH results should be viewed with
some caution. Additionally, while studying healthy regularly
cycling young women was essential in order to establish
the relationship between MC phase and naltrexone respon-
sivity, it is possible that these results do not describe the
relationship between gonadal hormonal levels and respon-
siveness in women who have irregular MCs, are over 35,
are post-menopausal/hysterectomy, or are using hormonal
contraception. Future studies should characterize responses
in these groups of women, as they represent a sizeable
percentage of the population who may be eligible for
naltrexone pharmacotherapy or participation in laboratory
studies administering naltrexone. Similarly, women were
tested in the early follicular and luteal phases because they
provide stable periods of low and high E2/P4 states, respec-
tively. While prior studies have suggested that heightened
endogenous opioid activity is also observable at other high
E2/P4 MC phases (e.g., late follicular phase; Quigley and
Yen, 1980; Shoupe et al., 1985), future studies are needed
to examine whether the current results generalize to an
independent sample and across a broader MC range. Finally,
administering a single dose of naltrexone, rather than titrat-
ing naltrexone using a repeated, daily dosing schedule, may
limit the current results’ clinical implications and general-
izability. However, it is presently unclear whether the acute
effects of a single naltrexone dose differ before and after
repeated dosing. Additional research is needed to elucidate
the effects of chronic naltrexone administration on hormone
function and to determine whether the results of the current
study are reproducible after repeated naltrexone dosing.

In summary, the current study indicated that luteal
women are overall more sensitive to the acute subjective
and hormonal effects of naltrexone than men and early fol-
licular women. Naltrexone is an approved pharmacotherapy
for heroin and alcohol dependence and is under investi-
gation for the treatment other addictions (Comer et al.,
2013; King et al., 2012). Along with nalmefene and nalox-
one, naltrexone is also commonly used to probe endogenous
opioid, dopamine, HPA axis, and HPG axis functioning (Bart
et al., 2005; Mendelson and Mello, 2009; Wand et al.,
2011). Therefore, the current study’s finding that women
display altered acute sensitivity to naltrexone based on
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their respective MC phase may have several clinical and
experimental implications. These results suggest that sex
and MC phase should be accurately assessed and controlled
for when designing studies measuring subjective and hor-
monal response to naltrexone or other opioidergic drugs.
Many past studies measuring hormonal response to opioid
receptor antagonism did not examine sex as a factor and the
majority of these studies did not record MC phase data at
all, or only used retrospective self-reports collected on the
day of the experimental session without hormonal verifica-
tion. The latter method may produce inaccurate self-report
data due to the high within- and between-subject vari-
ability of MC length (Fehring et al., 2006). For example,
while many studies have reported opioid receptor antag-
onism acutely increases cortisol in mixed samples of men
and women, most did not compare response between sexes,
as described by Lovallo et al. (2012b). In support of the
current results, the studies that did compare sexes indi-
cated that men have no, or minimal, cortisol response
to naltrexone, while women are highly responsive (Klein
et al., 2000; Lovallo et al., 2012b; Roche et al., 2010); yet,
none of these studies a priori assessed MC phase. Further-
more, many studies have examined genetic influences on
naltrexone responsitivity, particularly variation in the mu
opioid receptor gene (OPRM1; Anton et al., 2008; Chamorro
et al., 2012; Ray et al., 2010). Despite numerous studies of
this relationship, as well as several reports that hormonal
response to naloxone is affected by OPRM1 (Chong et al.,
2005; Hernandez-Avila et al., 2003, 2007) or that sex may
mediate OPRM1 effects on pain responsivity and drug rein-
forcement (Fillingim et al., 2005; Hasvik et al., 2014; Ray
et al., 2006), only a few laboratory studies have explored
sex by OPRM1 effects on response to naltrexone, with mixed
results (Ray et al., 2006; Setiawan et al., 2011). As such,
future studies examining the relationship between OPRM1
or other opioidergic variants and naltrexone response should
consider sex as a variable in their design.

The current results may also have future implications for
the use of naltrexone as a pharmacotherapy for the treat-
ment of addiction in women. The HPA axis, HPG axis, and
TIDA system become dysregulated in various drug addictions
and their dysfunction may contribute to early relapse and
the maintenance of addiction (al’Absi, 2006; Back et al.,
2010). For example, during early abstinence, smokers and
alcoholics show impaired HPA axis basal function and reac-
tivity to a stressor, and the degree of this dysfunction is
predictive of relapse (al’Absi, 2006; Sinha et al., 2011).
The HPA axis has been theorized as a target for naltrex-
one pharmacotherapy and naltrexone’s ability to increase
basal cortisol levels during alcoholism treatment is associ-
ated with a reduced risk of relapse (Kiefer et al., 2006). If
naltrexone’s ability to rapidly normalize hormone levels is a
protective factor against early relapse, then the results of
the current study may support beginning treatment during
the luteal phase of the MC; however, this phase was also
associated with heightened acute sensitivity to the aversive
effects of naltrexone, which might affect medication adher-
ence. At this point, conclusions regarding clinical practice
are premature given that the current study administered
a single, acute dose of naltrexone to healthy individuals.
Future studies examining naltrexone’s intermediate- and
long-term effects in at-risk or drug-dependent populations

are needed to replicate the current results, and then, if the
results remain, an examination of the impact of MC phase
on response to early naltrexone pharmacotherapy would be
warranted.
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