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Abstract

Rationale—Preclinical literature indicates that allopregnanolone (ALLO), a neuroactive steroid
metabolized from progesterone, may protect against drug abuse behaviors. It is important to
understand how ALLO varies during smoking changes in clinical samples of with depressive
symptoms (DS) given they are at high risk of smoking relapse.

Objectives—The purpose of this paper is to characterize changes in ALLO by menstrual phase
during short-term smoking cessation among women with and without DS.

Methods—At screening, study participants (n=84) were classified as either having past or current
DS (n=48) or not (n=36). In a controlled cross-over trial design, participants completed two testing
weeks in the follicular (F; low ALLO) and luteal (L; high ALLO) menstrual phases. During each
testing week, blood samples were collected during ad libitum smoking and on the fourth day of
biochemically verified smoking abstinence.

Results—Participants were, on average, 30.1 £ 6.7 years old, smoked 12.6 + 5.7 cigarettes per
day and most (73%) were White. The change in ALLO during short-term smoking cessation
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varied significantly by menstrual phase such that it decreased by 10% in the follicular phase and
increased by 31% in the luteal phase. There were no significant differences in ALLO levels by DS

group.

Conclusion—In premenopausal women, ALLO levels varied by menstrual phase and smoking
status, but not DS. Given that other research has indicated L phase is associated with improved
smoking cessation outcomes, an increase in ALLO during short-term cessation in the L phase may
protect against relapse whereas a decrease in ALLO, as observed in the F phase, may increase risk
for relapse.
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Allopregnanolone (ALLO) is a stress-reducing neurosteriod that, based on preclinical
studies, appears to have a protective role against drug abuse behaviors (Carroll & Anker,
2010). For instance, ALLO produces an inhibitory influence on the escalation of the self-
administration of cocaine in rats (Anker et al, 2008). ALLO has also been shown to reduce
reinstatement behavior in cocaine-seeking female rats, but not their male counterparts
(Anker & Carroll, 2010). Information on the effect of ALLO on drug abuse behaviors in
clinical samples, especially females, is scarce. Women are at high risk for smoking relapse
(USDHHS, 2001; Perkins, 2001; Perkins & Scott, 2008), perhaps due to sex hormones and
their metabolites (including ALLO). Substantial evidence from the preclinical literature
indicates that sex hormones may either improve or exacerbate this sex difference as
progesterone has been shown to be protective against drug self-administration whereas
estradiol has been shown to facilitate drug self-administration (Anker & Carroll, 2011;
Lynch & Sofuglu, 2011). The clinical literature, however, is mixed. Two studies have
observed improved smoking cessation rates in luteal phase (i.e. high progesterone, low
estradiol) in the absence of nicotine replacement therapy (Allen et al, 2008; Mazure et al,
2011), whereas two others observed improved cessation rates in the follicular phase using
nicotine replacement therapy (Carpenter et al, 2008; Franklin et al, 2008). ALLO is a
metabolite of progesterone that varies by menstrual phase such that it is the lowest in the
follicular phase and peaks in the luteal phase (Genazzani et al, 1998). The role of ALLO in
smoking cessation outcomes is unknown.

Women with depressive symptoms are at increased risk of smoking relapse (e.g. Borrelli et
al, 1996; Nakajima & al’Absi, 2012). Interestingly, the dysregulation of ALLO has been
implicated in a number of psychiatric conditions, particularly mood disorders (Girdler &
Klatzkin, 2007). For example, compared to controls with no history of Major Depressive
Disorder (MDD), women with either a history of or current MDD had lower levels of both
naturally occurring endogenous ALLO, as well as lower ALLO produced following
administration of exogenous progesterone (Girdler & Klatskin, 2007; Klatskin et al, 2006;
Strohle et al, 2000). Increases in ALLO levels after successful treatment of MDD via
selective serotonin reuptake inhibitors (SSRIs) have been observed (Birzniece et al, 2006).
The same positive relationship may exist between ALLO and depressive symptoms as
higher ALLO levels were associated with an improved sense of well-being in
premenopausal women and less depressive illness during the postpartum period (Nappi et al,
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2001; Wang et al, 1996). Additional evidence comes from the preclinical literature where
models of depression (such as social isolation) have been shown to reduce ALLO levels
(Porcu, 2003; Roselli et al, 2011). However, Andreen and colleagues (2006) concluded that
the association between ALLO and negative mood symptoms is not a linear relationship;
rather, a U-shape curve between ALLO and negative mood may exist. Specifically, in
postmenopausal women treated with exogenous progesterone, ALLO levels in the ‘mid-
range’ (0.57-0.76 ng/mL or 1.5-2.0 nmol/L) had the highest negative mood scores, whereas
women with lower (<0.57 ng/mL or <1.5 nmol/L) and higher (>0.76 ng/mL or >2.0 nmol/L)
ALLO levels had lower levels of negative mood. In sum, these data suggest that depressive
symptoms and ALLO may have either an inverse linear relationship (i.e., higher ALLO,
lower depressive symptoms) or there may be an ideal therapeutic range - either way, ALLO
and depressive symptoms appear to be related.

Overall, the literature suggests sex hormones and depressive symptoms play an important
role in smoking behavior in women, especially during attempted smoking cessation;
however, the causal factors involved in this process have yet to be identified. While ALLO
varies dramatically by menstrual phase (Genazzani et al, 1998), very little information is
available regarding the interaction between depressive symptoms and change of ALLO by
menstrual phase among smokers, particularly during smoking cessation. Although it is
plausible that women who have depressive symptoms may have an inability to recover from
the stressful experience of smoking cessation via lack of an appropriate ALLO response, this
information is lacking in the literature. Therefore, in this controlled cross-over study design
where a sample of women with and without depressive symptoms were recruited and
completed testing periods in the follicular and luteal menstrual phases our aims were to: (1)
determine the ALLO levels by menstrual phase during ad libitum smoking and smoking
abstinence, and (2) investigate the role of depressive symptoms on ALLO levels by
menstrual phase during short-term smoking cessation. We hypothesized that ALLO levels
would be higher in the luteal menstrual phase during both ad libitum smoking and smoking
cessation. Further, regardless of menstrual phase, women who have depressive symptoms
would have both lower absolute levels of ALLO, as well as a blunted menstrual phase
variation in ALLO during short-term smoking cessation, versus women with no depressive
symptoms.

Method

Participants

Women between the ages of 18-40 were recruited via mass media advertising to participate
in a controlled cross-over study to examine the relationship of depressive symptoms and
menstrual phase on short-term smoking cessation. Eligibility was initially assessed over the
telephone followed by an in-person screening visit. To be eligible, women had to smoke at
least five cigarettes per day for at least 12 months, have regular menstrual cycles for at least
the past six months, and no major physical or mental health problems in the past six months.
Exclusionary items included the use of exogenous hormones or psychotropic medications,
and recent (< 3 months) pregnancy or breast feeding. Of the 225 participants who met
eligibility criteria and were enrolled, 121 participants completed the parent study protocol
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(results forthcoming). This report is a secondary data analysis of participants (n=84) who
had additional blood samples available for analysis of ALLO (i.e. those who had two or
more missed blood draws and/or an insufficient volume of blood was collected were not
included).

Procedure

All procedures were approved by the human subjects committee at the University of
Minnesota. At the in-person screening visit (conducted during the early follicular phase),
participants were stratified into one of two groups — past or current depressive symptoms
(PCDS) and no depressive symptoms (NDS). Using the Composite International Diagnostic
Interview (CIDI) Computer Assisted Interview (Wittchen et al, 1991) to assess the DSM-1V
criteria (APA, 1994) and the Patient Health Questionnaire-9 (PHQ9; Spitzer et al, 1999, the
PCDS group was defined as meeting at least one of the following criteria: (1) lifetime
presence of depressed mood or loss of interest/pleasure for at least 14 consecutive days, (2)
lifetime presence of four or more DSM-IV behavioral symptoms, and/or (3) a score of at
least five, indicating mild depressive, on the PHQ9 symptoms (Kroenke et al, 2001). Those
who met DSM-1V criteria for Premenstrual Dysphoric Disorder (PMDD) or Major
Depressive Disorder (MDD) within the last six months were excluded and referred for
treatment. The NDS group was defined as not meeting any of the criteria for the PCDS

group.

After stratification, order of menstrual phase testing was randomly assigned. Participants
were randomized to begin testing in the follicular phase followed by testing in the luteal (F-
L) phase or vice versa (L-F). The six-day testing week started on the day after the onset of
menses for F phase and two days after ovulation (determined with urine Luteinizing
Hormone described in Allen et al, 2008) for the L phase. If schedule conflicts occurred, the
entire testing week was shifted by one day in either direction. Each testing week included
daily clinic visits for six consecutive days. On testing Days 1 and 2, participants were
smoking ad libitum. At midnight on testing Day 2, participants quit smoking and remained
abstinent for the next four days. Smoking status was confirmed via carbon monoxide
breathalyzer (<5 ppm indicating abstinence), salivary cotinine samples (<15 ng/mL
indicating abstinence), and serum nicotine samples (< 2 ng/ml indicating abstinence; Jarvis
et al, 1987; Benowitz et al, 2008). Blood samples were collected at each clinic visit and
analyzed for progesterone and estradiol for retrospective menstrual phase confirmation.
Upon completion of the testing week, participants resumed ad libitum smoking for the 1.5
menstrual cycles (or approximately six weeks depending on cycle length) until they arrived
at the alternate menstrual phase. ldentical data collection procedures were then completed
(Figure 1).

A total of four blood samples to measure ALLO levels were collected. These samples were
collected on Days 2 (ad libitum smoking) and 6 (fourth day of smoking abstinence) during
each testing week. The University of California, San Diego measured concentrations of
ALLO in batches of serum samples and ether extracted plasma samples via an in-house 3H-
radioimmunoassay (Purdy et al, 1990). Intraassay and interassay coefficient of variations
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were approximately 5% and 8%, respectively. Sensitivity is about 200 pg/mL, with a
standard range of 0.2 to 50.0 ng/mL (Alan Turken, personal communication, 5/31/12).

Data Analysis

Descriptive statistics were calculated for demographics and smoking behavior variables
including mean and standard deviation for continuous variables, and percent for categorical
variables. The “cigarettes per day” variable was log transformed given the distribution was
non-normal. Differences by depressive symptoms groups in demographic and smoking
behavior variables were assessed by t-tests and Chi-square tests. Paired t-tests were used to
compare differences in ALLO levels by phase and smoking status. Multiple regression
models were used to assess differences in absolute levels of ALLO during ad libitum
smoking and smoking abstinence by menstrual phase. A random coefficient model with
fixed linear time (i.e. menstrual cycle day) and an order effect was used to investigate the
difference in ALLO levels by depressive symptoms status during the different menstrual
phase and smoking status conditions. In subsequent analyses, a depressive symptoms group
and time (i.e. menstrual cycle day) interaction variable was included in the model, and
cigarettes smoked per day was assessed as a possible confounder using hierarchical
regression. P-values less than 0.05 were deemed statistically significant. No adjustments for
multiple comparisons were made. SAS V9.1.3 (SAS Institute, Cary, NC) was used for the
analyses.

Results

Study Sample

A total of 121 study participants completed the parent study, but 37 were excluded from the
present study due to a lack of available blood samples (81%), inability to remain abstinent
during the testing week (14%), and having hormone levels (progesterone, estradiol)
inconsistent with menstrual phase of testing (8%). Of the remaining 84 participants, 36
(43%) were stratified into the NDS group and 48 (57%) into the PCDS group. The PCDS
group consisted of those with a history of MDD (n=17; 35%), subclinical depressive
symptoms (n=6; 13%), and/or a PHQ9 score of five or more (n=43; 90%). Compared to
those in the NDS group, those stratified into the PCDS group had significantly higher PHQ9
scores, indicating a higher level of depressive symptoms (1.8+1.4 vs. 11.7+6.2, p<0.001,
respectively). Participants were, on average, 30.1 (£ 6.7) years old, 73% were White and
36% had a high school education or less. On average, they smoked 12.6 (+ 5.7) cigarettes
per day. There were no significant differences in demographics or smoking behavior by
depressive symptoms group (Table 1).

ALLO Levels by Menstrual Phase & Smoking Status

During the F phase, the average ALLO level decreased by 10% from ad libitum smoking
(0.88+0.29 ng/mL) to smoking abstinence (0.79+0.32 ng/mL; t=2.03, p=0.047; Figure 2).
Conversely, during the L phase, ALLO levels increased by 31% from ad libitum smoking
(2.93£1.65 ng/mL) to smoking abstinence (3.83+£1.67 ng/mL; t=4.71, p<0.001). During both
ad libitum smoking and smoking abstinence, L phase ALLO levels were significantly higher
than their corresponding F phase levels (t=10.67, p<0.001; t=16.00, p<0.0001; respectively).
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ALLO by Depressive Symptoms Status

Although time (i.e. menstrual cycle day) was a significant independent predictor (f=192.37,
p<0.001) of absolute ALLO level, depressive symptoms status (f=0.05, p=0.831) did not
predict ALLO level or the change in ALLO over time (i.e. menstrual cycle day; f=0.64,
p=0.424). These results remained unchanged when controlling for cigarettes/day.

Discussion

In this controlled cross-over study in which women without depressive symptoms (n=36)
and women with past or current depressive symptoms (n=48) completed two testing weeks
during the follicular and luteal menstrual phases, including ad libitum smoking followed by
four days of smoking abstinence, we observed three noteworthy findings. First, the luteal
phase had significantly higher levels of allopregnanolone compared to the follicular phase,
regardless of smoking status. Second, there was a significant menstrual phase difference in
the change in allopregnanolone during smoking cessation compared to ad libitum smoking,
such that it decreased in the follicular phase and increased in the luteal phase. Third, there
were no significant differences between the women with and without depressive symptoms
in the absolute or the change in allopregnanolone levels by menstrual phase and smoking
status.

As expected based on prior research (Genazzani et al, 1998), allopregnanolone levels were
significantly lower in the follicular phase as compared to the luteal phase. However, we
found a novel finding with a significant 10% decrease in the follicular phase and a
significant 31% increase in the luteal phase of allopregnanolone during short-term smoking
cessation compared to ad libitum smoking. Since changes were observed in
allopregnanolone during the luteal phase from approximately menstrual cycle day 17 to 21,
the significant increase may be attributed to the typical fluctuation of allopregnanolone
levels during the course of the menstrual cycle as it typically increases dramatically from
ovulation (i.e. approximately menstrual cycle day 14) until later in the luteal phase (i.e.
approximately menstrual cycle day 22; Genazzani et al, 1998; Nyberg et al, 2007). However,
the observed decrease in allopregnanolone during the follicular phase is not as easily
explained as allopregnanolone levels characteristically remain flat during this phase
(Genazzani et al, 1998; Nyberg et al, 2007). However, our observations extend the findings
of a recently published study by Childs and colleagues (2010) in which nonsmokers were
exposed to an acute stressor, women in the luteal phase had a greater stress-induced
allopregnanolone response compared to women in the follicular phase. Another explanation
of these results may be that there is more progesterone, allopregnanolone’s precursor,
available in the luteal phase than the follicular phase. This may allow for additional
production of allopregnanolone in response to stress. The luteal phase has been associated
with improved smoking cessation outcomes in the absence of nicotine replacement (Franklin
& Allen, 2009). This may be due, in part, to the increase in allopregnanolone during this
luteal phase. Allopregnanolone has been shown to be associated with the reduction of drug
abuse behaviors, such as reduction of self-administration and a reduction of reinstatement
behavior, in a number of preclinical studies, especially in females (Anker et al, 2008; Anker
& Carroll, 2010). Thus, given that allopregnanolone is thought to have a protective effect
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against drug abuse behaviors (Bowen et al, 1999; Grant et al, 1997; Sinnott et al, 2002), an
increase in allopregnanolone during smoking cessation during the luteal phase, regardless of
mechanism of action, may protect against relapse whereas a drop in the follicular phase, as
observed in this study, may increase risk for relapse.

Contrary to our hypotheses, we did not identify a significant difference in allopregnanolone
based on depressive symptom status as previously observed (Girdler & Klatzkin, 2007).
This observation appears to conflict with a recent study reporting that women with a history
of MDD had a blunted allopregnanolone levels after exposure to an acute stressor compared
to those without a history of MDD (Klatzkin et al, 2006), which may relate to lower or
depressed production of allopregnanolone. There were a number of methodological
differences between our study and Klatzkin’s including the inclusion of smokers in the study
sample (100% versus < 14%, respectively) and the use of a more long-term stressor (e.g.
smoking cessation) versus an acute stressor. Both of these factors may impact
allopregnanolone production (Childs et al, 2010; Marx et al, 2006). Further, Klatzkin and
colleagues compared those with a history of MDD to those without, whereas we compared
any past or current depressive symptoms (i.e. history of MDD, or history or current
subclinical depressive symptoms) to those without any depressive symptoms. While, our
results remain unchanged in ad hoc analyses that compared history of MDD versus those
without a history of MDD and those with current depressive symptoms versus those without
(data not shown), these conflicting results may be due to the heterogeneous nature of our
past or current depressive symptoms group. Therefore, additional research is needed to
further explore allopregnanolone response to stress in women with and without a history of
MDD, as well as those with and without current depressive symptoms. Given the effect of
depressive symptoms on risk for smoking relapse and the potential for allopregnanolone to
protect against smoking relapse, elucidating this relationship in women who smoke is of
particular interest.

While this study has several strengths including the controlled cross-over study design,
which limits bias and confounding, along with the detailed measurement of smoking status
and allopregnanolone levels, it also has some limitations. First, our study sample included
women who did not want to quit smoking permanently. Because our study participants knew
they could return to smoking within a matter of days, it is possible that the allopregnanolone
response to smoking cessation may be different in women who are intending to abstain from
smoking indefinitely. Second, we did not include a sample of non-smokers. Given
allopregnanolone has been shown to be correlated with cotinine levels in male smokers
(Marx et al 2006), it is possible that smoking may effect allopregnanolone production.
Therefore, it is unknown how much of the observed changes in allopregnanolone were due
to smoking cessation itself, due to the natural fluctuation of allopregnanolone over the
course of the menstrual cycle, or both. Third, we were not able to assess the effect of other
Axis | disorders (such as anxiety) or other drugs of abuse (such as alcohol) on
allopregnanolone levels; these factors may have influenced our results (e.g. Torrest &
Ortega, 2003; Zheng, 2009). Lastly, we have a relatively small sample size, which limits our
power to detect smaller differences in allopregnanolone levels. Despite these limitations this
study fills a current void in the literature by being the first to assess menstrual phase

Exp Clin Psychopharmacol. Author manuscript; available in PMC 2015 September 18.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Allen et al.

Page 8

differences in allopregnanolone levels in women with and without depressive symptoms
during short-term smoking cessation.

In conclusion, this study observed significant increases in allopregnanolone levels from
follicular to luteal phase in a sample of premenopausal smokers. During short-term smoking
cessation, allopregnanolone levels changed significantly within each menstrual phase such
that there was a significant decrease during the follicular phase and a significant increase in
the luteal phase. These findings did not vary between women with and without depressive
symptoms. Additional research is needed to verify this observation in a sample of
premenopausal women who are attempting to quit smoking permanently and explore the
effect of allopregnanolone on risk for relapse during attempted smoking cessation.
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Return to ad lib smoking

* Each test week was six days long.

~2-4 Weeks Testing Week 1 * ~6 Weeks Testing Week 2 *
AdLib Smoking | Smoking Abstinence - AdLib Smoking | Smoking Abstinence
=== LI T
Screening Day1-2 Day3-6 Day1-2 Day 3-6
Visit Daily Clinic Visits Daily Clinic Visits Daily Clinic Visits Daily Clinic Visits
Quit smoking Return to ad lib smoking Quit smoking
at midnight at midnight
Figure 1.
Study Protocol
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Figure 2.

Allopregnanolone Levels by Menstrual Phase and Smoking Status
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Demographics, Smoking Behavior & Depressive Symptoms Score by Depressive Symptoms Status (n=84)

No Depressive Symptoms

Past or Current Depressive

All (n=84) (n=36) Symptoms (n=48) TIX2 (p)

Demogr aphics

Age 30.1+6.7 299+7.0 30.2+6.6 0.18 (0.860)
Race (% White) 73% 67% 7% 3.03 (0.388)
Education (% < High School) 86% 83% 88% 2.86 (0.586)
Smoking Behavior

Cigarettes/Day 126 £5.7 132+55 121+59 0.88 (0.380)
Time to First Cigarette (minutes) 38.2+37.8 38.6 + 38.6 37.9+375 0.09 (0.930)
PHQO9 (Depressive Symptoms) Score  8.3+6.9 18+14 11.7+6.2 6.90 (<0.001)
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