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Abstract

Cigarette smoking continues to be the leading cause of preventable morbidity and mortality. 

Similar to other addictive substances, the prevalence of cigarette smoking is greater among men 

than women, yet women are less successful at quitting smoking. Preclinical and clinical research 

suggests that ovarian hormones (i.e., estradiol and progesterone), which fluctuate over the course 

of the menstrual cycle, may contribute to these sex differences. Specifically, research suggests that 

progesterone may protect against cigarette smoking and nicotine addiction; whereas estradiol may 

underlie enhanced vulnerability. In this review, we discuss new research on ovarian hormone and 

menstrual cycle phase effects on smoking-related responses and behavior in women, including 

studies examining neural responses to smoking cues, hormonal influences on medication-assisted 

smoking cessation, and acute smoking abstinence. We highlight innovative studies with strong 

research methodology and provide suggestions for future research that may allow evidence-based 

knowledge for immediate translation to the clinic to guide novel, hormonally-informed treatment 

strategies. Thus, rigorous scientific study holds the potential to reduce relapse rates, thus 

improving the health and saving the lives of the many thousands of women who unfortunately do 

not respond to current treatments.
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Introduction

Cigarette smoking is the number one cause of preventable death and is responsible for more 

than 480,000 deaths per year in the United States [1]. Long-term cigarette smoking leads to 

a wide range of deleterious health consequences, including cancer, emphysema, and 

cardiovascular diseases [1], and the total economic cost of smoking is more than $300 

billion annually [2]. Thus, cigarette smoking is a major economic burden and health problem 

that continues to be a challenge for prevention and treatment efforts.

In line with the literature on other addictive substances, the prevalence of cigarette smoking 

is somewhat greater among men than women [3], yet women may be more vulnerable to 

some of the consequences of cigarette smoking than men [4–7]. For example, women who 

smoke cigarettes report greater positive mood effects following cigarette use [8] and appear 

to be more sensitive to the rewarding effects of nicotine than men [9, 10]. Women also 

exhibit lower odds of successfully quitting smoking [11, 12] and respond less favorably to 

certain smoking cessation approaches than men [13, 14, 12, 15]. Furthermore, women who 

smoke cigarettes are at a higher risk of developing tobacco-related diseases and experience 

more severe tobacco-related health consequences than men, including increased incidence of 

lung cancer-related deaths [16] and increased risk of coronary heart disease [17]. These 

findings demonstrate clear sex differences in smoking-related behaviors and consequences, 

yet our understanding of the factors contributing to these sex differences remains unclear. 

Recent preclinical and clinical research, however, suggests that ovarian hormones (i.e., 

estradiol and progesterone), which fluctuate over the course of the menstrual cycle [18], may 

underlie these sex differences. Thus, the purpose of this review is to provide an update on 

the clinical research (2012 – 2015) examining the influence of ovarian hormones (and/or 

menstrual cycle phase) on smoking-related responses and behavior in women. We discuss 

convergences in the literature and recommendations for future directions.

The Menstrual Cycle

When discussing ovarian hormone influences, one is often referring to the fluctuations in 

levels of the two major ovarian hormones, estradiol and progesterone, across the menstrual 

cycle. Although considerable individual variability exists, the menstrual cycle is commonly 

described by specific events and phases (Figure 1). The first day of the menstrual cycle is 

defined by the onset of menses (blood flow), which coincides with the beginning of the 

follicular phase [18]. During the follicular phase, progesterone levels remain very low, 

whereas estradiol is very low during the early follicular phase (menses) followed by a rise 

and eventual peak during the late follicular phase, which coincides with the onset of 

ovulation followed by the luteal phase. During the early luteal phase, progesterone levels 

increase and peak at the midpoint of the phase when estradiol levels reach a secondary, yet 

less pronounced peak. Following these mid-luteal phase peaks, both estradiol and 
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progesterone levels decrease rapidly, and this part of the late luteal phase is commonly 

described as the premenstrual phase. There are several different approaches to determining 

menstrual cycle phase that are reviewed elsewhere [19]. For the purposes of this review, we 

refer to the follicular phase as the phase when estradiol levels are increasing and greater than 

progesterone; whereas, the luteal phase is the phase of the cycle when progesterone levels 

are increasing and greater than estradiol.

Ovarian Hormones and Smoking: An Evolving Theory

Although progesterone and estradiol are primarily involved in sexual maturation and 

reproductive functions, they also produce direct effects on the reward-related mesolimbic 

dopaminergic system and influence addition-related processes [20–22]. Recent research 

suggests that estradiol may underlie enhanced vulnerability to continued smoking and 

relapse in women; whereas, progesterone may have protective effects on vulnerability to 

smoking behavior [23]. For example, preclinical research indicates that estradiol increases 

dopamine release in the ventral striatum [24] and differentially modulates nicotine-evoked 

dopamine release in response to nicotine administration [25]. Further, during smoking 

abstinence, women smokers report enhanced nicotine craving and increased relapse rates 

during the follicular phase of the menstrual cycle when estradiol levels are higher than 

progesterone levels [26]. There are also studies reporting that women who are pregnant or 

taking oral contraceptives, and consequently have enhanced levels of estradiol, metabolize 

nicotine more quickly than those who are not pregnant [27, 28] and those not taking oral 

contraceptives [29]. Progesterone, however, appears to have an opposite effect and protects 

against vulnerability to smoking. Specifically, when progesterone levels are high, nicotine 

self-administration (i.e. motivation) is decreased [23]. Similarly, exogenously administered 

progesterone decreased the positive subjective effects of cigarette smoking [30] and reduced 

urges to smoke in female smokers [30, 31]. Together, these studies provide support for the 

theory that estradiol may promote smoking behaviors through increased reward, yet 

progesterone may protect against smoking behavior by decreasing nicotine-related reward.

Neural Responses and Subjective Craving to Smoking Cues

Most smoking lapses and relapses occur in the context of smoking cue exposure and 

smoking cue-elicited craving [32], and as such, there has been great interest in uncovering 

the neural substrates that may underlie smoking cue-elicited relapse. Researchers have just 

begun to explore the influence of the hormonal milieu on smoking cue neural responses. Our 

literature search identified two studies that examined neural responses to smoking-related 

cues and subjective craving following smoking cue exposure by menstrual cycle phase in 

sated smokers [33, 34]. One study, conducted by Mendrek et al. [34], explored potential sex 

differences (between group comparison: 15 men, 13 women) and potential differences 

across the women’s menstrual cycle (within subject comparison: follicular versus luteal 

phase) in neural responses following exposure to smoking cue images compared to neutral 

images during blood oxygenation level dependent (BOLD) functional magnetic resonance 

imaging (fMRI). Although no sex differences were observed, greater neural activity to 

smoking cues was observed in a small cluster within the angular gyrus during the follicular 

phase compared to the luteal phase. The angular gyrus has been associated with guiding 
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attention to relevant information about reward [35]. However, it is unclear whether the 

smoking images from the Mendrek et al. study elicited a desire/craving to smoke a cigarette 

because a post cue exposure craving score was not acquired, and consequently, associations 

between neural responses and subjective cue-elicited craving could not be assessed. Ratings 

of smoking-related and neutral images shown during fMRI were acquired following 

scanning and did not differ across menstrual cycle phase. These issues could account for the 

lack of sex differences and minimal menstrual cycle phase effects.

In another fMRI study, Franklin et al. [33]• used arterial spin labeling (ASL) perfusion fMRI 

to examine neural responses to smoking cues compared to nonsmoking cues in cigarette-

dependent women who were in the follicular phase compared to cigarette-dependent women 

who were in the luteal phase of their menstrual cycle. Similar to the Mendrek et al. study 

[34], participants smoked to satiety prior to the scanning session; however, the Franklin et al. 

study [33]• used 10-minute audio-visual clips of smoking or nonsmoking cue videos 

presented during perfusion fMRI and assessed subjective craving prior to and following 

smoking cue exposure. Follicular phase women showed greater activation to smoking cues 

relative to nonsmoking cues in a large area that extended from the middle frontal gyrus to 

the anterior cingulate. Further, women in the follicular phase reported smoking cue-elicited 

craving, which correlated with smoking cue-elicited neural activation in the insula; however, 

those in the luteal phase did not. These findings suggest that females in the follicular phase 

(when estradiol levels are higher than progesterone) show greater neural responses to 

smoking cues in brain regions commonly associated with reward processes. Further, the 

insula is a brain region commonly associated with craving and incentive salience, and as 

such, the finding that follicular females showed correlations between smoking cue-elicited 

neural activity within this region and self-reported craving provide a potential neural 

mechanism through which menstrual cycle and ovarian hormones influence smoking 

behavior. Given these promising neuroimaging findings suggesting potential mechanisms 

through which smoking-related factors may contribute to continued smoking and relapse, 

additional research incorporating ovarian hormone measurement levels and neuroimaging 

approaches is needed and could help identify treatment targets.

Stress Cue Reactivity

Stress promotes the development and maintenance of smoking behavior [36–38]. Given that 

stress contributes to smoking behavior and men and women respond to stress differently 

[39], Saladin et al. [40] examined sex differences among sated smokers in response to 

negative affect and stress and found that women who smoke cigarettes showed greater 

subjective craving for nicotine and stress/emotional reactivity to personalized stress cues 

than males. Using the same dataset, Saladin et al. [41] assessed whether menstrual cycle 

phase may have influenced the previous findings by stratifying women by menstrual cycle 

phase, and no effect of menstrual cycle phase was observed. Comparing follicular and luteal 

females to males, however, revealed that women in the luteal phase reported greater craving 

than males; whereas, women in the follicular phase reported greater stress and arousal than 

males and perceived the stress cues as more emotionally aversive than males. These findings 

suggest that menstrual cycle phase may influence response to stress cues, and as such, 

women who smoke cigarettes may face different challenges during smoking cessation 
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depending on the menstrual phase. Based on these findings, one could speculate that women 

in the follicular phase experiencing low levels of progesterone and higher levels of estradiol 

may have to contend with heightened emotional responsiveness and respond more favorably 

to a cessation treatment focused on mindfulness and coping skills; whereas, women in the 

luteal phase experiencing higher levels of progesterone and lower levels of estradiol may 

respond more favorably to a treatment focused on coping with craving. It is important to 

note, however, that the finding of increased craving during the luteal phase is somewhat 

surprising given that progesterone levels are higher during the luteal phase, and progesterone 

is thought to decrease reward and craving. Thus, additional research is warranted.

Medication-Assisted Smoking Cessation

Although substantial evidence supports the theory of the enhancing effects of estradiol on 

reward-related behavior and the protective effects of progesterone on nicotine reinforcement 

and relapse risk, the smoking cessation literature typically stratifies women who smoke 

cigarettes according to menstrual cycle phase rather than measuring hormone levels directly 

during a quit attempt. Indeed, Saladin et al. [42]•• recently conducted the first study to 

examine the effects of naturally occurring variation in ovarian hormone levels on 

medication-assisted smoking cessation. Briefly, female smokers were randomized into a 5-

week, double-dummy, placebo-controlled cessation trial that involved a 1-week titration 

period followed by a target quit date and 4-weeks of study drug (i.e., either varenicline 

tablets and placebo patches or placebo tablets and nicotine patches). Throughout the course 

of the trial, female smokers completed weekly clinic visits and associated assessments, 

including providing blood samples for plasma measurements of progesterone and estradiol 

levels, self-report of smoking behavior, and expired carbon monoxide (CO). Consistent with 

previous research, findings indicated that increases in progesterone levels were associated 

with an increase in the odds for being abstinent within each week of the 4-week treatment.

The Saladin et al. [42]•• article is of particular interest and importance, as the study is 

innovative and timely, the research methodology is strong, and the findings have important 

clinical and research implications. First, as aforementioned, it is the first study to measure 

ovarian hormone levels directly while women smokers are making a quit attempt during a 

medication-assisted smoking cessation trial. By directly measuring estradiol and 

progesterone levels throughout the monthly cycle and while making a quit attempt, Saladin 

and colleagues avoid the pitfalls associated with stratifying women according to menstrual 

cycle phase (e.g., assumptions about relative levels of hormones when there are within- and 

between-cycle hormone variations both within the individual and from woman to woman). 

Although the duration of the pharmacotherapy was brief and did not contain a placebo 

control, the research design was innovative and carefully reasoned to address the research 

goals. Finally, the Saladin et al. study [42]•• extends upon human laboratory study findings 

of progesterone’s protective effects on smoking behavior [43, 31, 30] and identifies an 

association between increasing progesterone levels and abstinence outcomes in women 

smokers participating in a medication-based treatment. Research examining whether 

exogenous progesterone is safe and effective in augmenting cessation interventions is 

underway and could lead to significant public health benefits.
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Acute Smoking Abstinence Studies

Given the vast majority of individuals relapse within the first few days of a quit attempt [44], 

most of the research published on ovarian hormones and smoking over the past three years 

focuses on risk factors for smoking relapse within the first four days of abstinence. 

Specifically, S. Allen et al. [45]•• conducted a controlled cross-over trial to explore the 

differences in smoking-related symptomatology by menstrual cycle phase and depressive 

symptoms during acute smoking abstinence, which was defined as four days of 

biochemically verified smoking abstinence. Briefly, the large, controlled cross-over trial 

involved two testing weeks (i.e., one week during follicular phase and the other week during 

the luteal phase of the menstrual cycle) that included serum hormone level measurements, 

daily symptomatology ratings, and depression assessments. During each testing week, 

women smoked ad libitum for the first two days followed by four days of biochemically 

verified smoking abstinence. The two testing weeks occurred approximately two weeks 

apart in order to obtain measures during each of the menstrual cycle phases. We highlight 

research methodology of the S. Allen et al. [45]•• study because the controlled cross-over 

design has several strengths, including limiting confounds, multimodal assessments, 

between- and within-subject data, and information on both follicular and luteal phases 

within the same participant. As such, several publications have resulted from using this 

strong research approach [46–49, 26, 45, 50, 51].

In the main article, S. Allen et al. [45]•• found that women showed a stronger association 

between depressive symptoms and negative affect during the follicular phase than the luteal 

phase. That said, S. Allen et al. [49] also examined depressive symptom status (i.e., with or 

without depressive symptoms) and menstrual phase influences on response to nicotine 

following acute smoking abstinence in a subsample of the larger, main study. Women 

smokers were classified in the ‘with depressive symptoms’ group if they had a history of 

major depressive disorder (MDD) and/or current depressive symptoms but did not meet 

criteria for current MDD; whereas, those who did not have depressive symptoms were 

classified as women ‘without depressive symptoms’. Findings indicated that women who 

smoke cigarettes without depressive symptoms had a greater menstrual phase difference in 

response to nicotine following acute smoking abstinence than those with depressive 

symptoms. Specifically, women without depressive symptoms showed greater physiological 

response to nicotine following acute smoking abstinence. An additional article from the 

controlled cross-over trial explored whether menstrual phase influenced subjective response 

to nicotine during acute smoking abstinence and found that the luteal phase was associated 

with a greater increase in stimulation and greater decrease in urge to smoke after the first 

dose of nicotine following acute smoking abstinence [48]. It should be noted that 13 

subjective responses to nicotine were examined in this study, but only two significant 

findings emerged, providing minimal evidence for menstrual cycle phase influences on 

subjective response to nicotine during acute smoking abstinence. Overall, findings from 

these studies provide important information on risk factors for relapse during acute smoking 

abstinence indicating that depressive symptoms and menstrual phase influence smoking-

related symptomatology; however, further study is needed to determine whether these effects 

influence smoking cessation outcomes.
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Allopregnanolone

In addition to examining how depressive symptoms and menstrual phase influence nicotine 

response during acute smoking abstinence, two additional articles describe how 

allopregnanolone, a neuroactive steroid metabolized from progesterone, may also fluctuate 

by menstrual phase and influence response to nicotine [46, 47]. Findings revealed that 

change in allopregnanolone levels during acute smoking abstinence varied by menstrual 

phase such that allopregnanolone decreased by 10% in the follicular phase and increased by 

31% in the luteal phase [47]. The second study [46] found that during acute smoking 

abstinence before nicotine administration, allopregnanolone was positively associated with 

cardiovascular and subjective physical state; however, after nicotine nasal spray 

administration, allopregnanolone levels were associated with changes in cognition. Together, 

these findings suggest that allopregnanolone may also play a role in smoking-related 

symptomatology, and this role might vary by menstrual phase.

Exogenous Hormones/Oral Contraceptives

Typically, clinical and human laboratory research on ovarian hormones and smoking is 

conducted in naturally-cycling women who are not taking exogenous hormones; however, 

research is now exploring how oral contraceptives may influence hormonal fluctuations and 

smoking-related symptomatology. In a secondary-data analysis on a subset of women 

smokers that participated in the controlled cross-over trial, Hinderaker et al. [50] explored 

differences in smoking-related symptomatology during acute smoking abstinence between 

women who were taking a standardized oral contraceptive (OC) and women who were not 

taking an OC. In addition, menstrual cycle timing was also examined between OC women 

and no-OC women by comparing symptomatology during low progesterone week (1st week 

of OC pills) and the follicular phase of no-OC women and high progesterone week (3rd 

week of OC pills) and the luteal phase. During acute smoking abstinence, the OC group 

reported lower levels of positive affect compared to the no-OC group. In menstrual cycle 

timing comparisons, the OC group and no-OC group showed differences in smoking 

satisfaction and changes in symptomatology as progesterone levels changed. Overall, 

findings provide preliminary evidence suggesting that women taking oral contraceptives 

may have different patterns of smoking-related symptomatology during acute smoking 

abstinence compared to naturally-cycling women; however, additional research examining 

how oral contraceptive use may influence smoking cessation efforts is warranted.

Influences on the Effects of Nicotine

In our review of the past three years of literature on ovarian hormones and smoking, we 

identified four studies examining menstrual cycle phase influences on the effects of nicotine 

[52–54, 51]. In one study, intravenous (IV) nicotine was administered to men and women 

smokers after biochemically verified overnight abstinence, which resulted in men reporting 

greater subjective reactivity to nicotine; whereas, women showed greater physiological 

reactivity to nicotine [52]. Further, women in the luteal, relative to follicular, phase reported 

lower subjective reactivity to nicotine, fewer negative affect symptoms, and enhanced 

cognitive task performance [52]. These results are similar to the findings reported by S. 

Allen et al. [49] showing that women without depression showed greater menstrual phase 
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differences in nicotine response, with more pronounced responses to nicotine during the 

follicular compared to the luteal phase. Similarly, in a study examining associations between 

ovarian hormone levels and smoking behavior, Schiller et al. [53] found that women with 

lower levels of progesterone relative to estradiol, which corresponds to the hormonal milieu 

of the follicular phase, took more puffs of their cigarettes and smoked more of their 

cigarettes during the laboratory topography session. Further, larger decreases in estradiol and 

progesterone over time were associated with greater puff intensities. Together, these studies, 

which used different laboratory approaches to examine responses to nicotine following 

overnight abstinence, report similar findings of greater nicotine reactivity and cigarette use 

when progesterone levels are lower than estradiol levels (i.e., follicular phase), and 

conversely, lower nicotine response and cigarette use when progesterone levels are higher 

than estradiol levels (i.e., luteal phase).

Given that anxiety and stress have been identified as key factors in smoking-related behavior 

[36], recent research has focused on the potential role of ovarian hormones and 

hypothalamic-pituitary-adrenal (HPA) axis hormones on the effects of nicotine [54, 51]. 

Using a subset of women smokers from the S. Allen et al. [45]•• controlled cross-over trial, 

Huttlin et al. [51] assessed the association between menstrual phase and salivary cortisol 

with subjective responses to nicotine and found associations between cortisol levels and 

subjective response to nicotine varied by menstrual phase. Specifically, during the follicular 

phase, higher morning cortisol levels and greater diurnal cortisol variation were associated 

with greater declines in negative affect and withdrawal following nicotine administration. A 

different pattern emerged during the luteal phase where higher morning cortisol was 

associated with a decrease in head rush and urge to smoking following nicotine 

administration [51]. HPA axis hormones were also examined in a pilot study conducted by 

Goletiani et al. [54], which explored the effects of cigarette smoking on HPA hormones 

((i.e., adrenocorticotropin hormone (ACTH), cortisol, and dehydroepiandrosterone (DHEA)) 

and subjective responses by menstrual cycle phase after overnight abstinence. Findings 

revealed that smoking increased levels of HPA hormones, increased subjective ratings of 

high and rush, and decreased subjective craving; however, there were no significant 

differences in HPA hormones or subjective ratings between follicular and luteal groups after 

smoking. The lack of significant differences between follicular and luteal groups is 

surprising and might be a ceiling effect on physiological and subjective responses as 

smoking relieved the withdrawal state induced by overnight abstinence. In other words, as 

women in both groups were in a highly vulnerable, deprived state, all women experienced 

smoking-related responses. However, an alternative explanation was explored by the authors. 

After reviewing the data, Goletiani et al. [54] found that the luteal group was comprised of 

women smokers with differing levels of progesterone. As such, post hoc analyses examined 

differences between groups after the luteal group was divided into two groups (i.e., high 

progesterone; low progesterone) and found that the high progesterone luteal group showed 

blunted subjective responses and ACTH response to nicotine. Although these post hoc 

findings are consistent with the idea that progesterone is protective and reduces the reward 

value of nicotine, conclusions are limited due to the small sample size. Together, findings 

from these two articles provide additional evidence for the effects of nicotine on HPA 
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hormones, but the interactions between ovarian hormones and HPA hormones are 

complicated and additional research in this area is clearly warranted.

Conclusion

The literature on the influence of ovarian hormones and menstrual cycle phase on smoking-

related responses and behavior continues to grow, and the recent research reviewed here 

provides additional support for the differential effects of estradiol and progesterone on 

vulnerability to smoking and relapse. Unfortunately, the specific influence of ovarian 

hormones and menstrual cycle phase on smoking behaviors remains unclear due to 

differences in research methodologies across studies and inconsistencies in research 

findings. As such, we suggest that the field move towards standardizing the research 

approach by incorporating several aspects of the research reviewed here. Specifically, we 

encourage researchers to collect direct measures of ovarian hormones across multiple time 

points, at least weekly, throughout an entire menstrual cycle (at least one full menstrual 

cycle, but longer is ideal) to allow for a full characterization of the hormonal influences on 

smoking-related responses and behaviors. Importantly, the direct measures, preferably 

estradiol to progesterone ratios, can be used in analyses as a covariate or dependent variable, 

rather than a tool for stratifying women into groups or confirming whether a woman is in the 

follicular or luteal phase. We also suggest that researchers avoid stratifying women by phase 

and subsequently using menstrual phase as the proxy for the hormonal milieu because there 

are several important hormonal events that occur throughout the entire menstrual cycle that 

might alter and confound research findings. Further, smoking assessments should be 

standardized to include urine cotinine levels, time since last cigarette, and carbon monoxide 

(CO) measures, as relying on just one method does not provide enough data to fully assess 

whether an individual is actively smoking or abstaining, which can also affect results. Future 

studies that include such design features could help improve consistency across studies and 

allow judicious extrapolations thereby improving our understanding of the influences of the 

hormonal milieu on smoking among women.

If rigorous scientific study continues to demonstrate estradiol-mediated vulnerabilities and 

protective effects of progesterone, immediate translation to the clinic and smoking cessation 

outcomes could be realized. Simply timing quit dates to coincide with times of high 

progesterone levels during treatment interventions could significantly reduce relapse rates 

for women. Further, and perhaps more importantly, ongoing and future studies examining 

the safety and efficacy of exogenous progesterone as a smoking cessation treatment could 

improve treatment outcomes for both men and women.
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Figure 1. 
Relative Change in Ovarian Hormones across the Menstrual Cycle
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