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Abstract

Rates of alcohol use disorder (AUD) are increasing in men and women and there are high rates
of concurrent posttraumatic stress disorder (PTSD) and AUD. AUD and PTSD synergistically
increase symptomatology and negatively affect treatment outcomes; however, there are very
limited pharmacological treatments for PTSD/AUD. Neurosteroids have been implicated in the
underlying neurobiological mechanisms of both PTSD and AUD and may be a target for
treatment development. This review details the past ten years of research on pregnenolone,
progesterone, allopregnanolone, pregnanolone, estradiol, testosterone and
dehydroepiandrosterone/dehydroepiandrosterone-sulfate (DHEA/DHEA-S) in the context of
PTSD and AUD, including examination of trauma/alcohol-related variables, such as stress-
reactivity. Emerging evidence that exogenous pregnenolone, progesterone, and
allopregnanolone may be promising, novel interventions is also discussed. Specific emphasis is
placed on examining the application of sex as a biological variable in this body of literature,
given that women are more susceptible to both PTSD diagnoses and stress-related alcohol
consumption.

Keywords: neurosteroids, posttraumatic stress disorder, alcohol use disorder, sex as a
biological variable



1. Introduction

Alcohol use, including high-risk drinking and alcohol use disorder (AUD) are increasing at
alarming rates’? and are identified as the leading risk for disease among individuals 25-49 years
old.3 In 2021, 16.2 million adults in the United States reported heavy drinking in the past month,
while 28.6 million adults met diagnostic criteria for AUD in the past year.* Posttraumatic Stress
Disorder (PTSD) is also highly prevalent among adults. Approximately 70% of adults report
exposure to a potentially traumatic event and over six percent of adults in the United States
have met diagnostic criteria for PTSD.5

There are high rates of psychiatric multimorbidities in the context of AUD,2¢ including PTSD.
Individuals with AUD are more likely to be diagnosed with concurrent PTSD than individuals
without AUD.? In fact, those having a lifetime diagnosis of AUD are 3 times more likely to also
be diagnosed with PTSD.? Similarly, individuals diagnosed with PTSD are 1.2-1.7 times more
likely to have an AUD compared to individuals without PTSD, indicating that more than 40% of
individuals with PTSD also meet diagnostic criteria for an AUD.57

PTSD and AUD synergistically contribute to more severe symptomatology as part of this
reciprocal relationship.81° PTSD is associated with risky alcohol use'" and alcohol use
increases following a traumatic event.'? The majority of individuals with previous problematic
alcohol use, including both men and women, use alcohol to cope with emotions following the
traumatic event.'? Additionally, greater trauma symptom severity has been linked to increased
subsequent alcohol use, while greater alcohol use is related to increased severity in future
trauma symptoms among individuals completing treatment for PTSD/AUD."3 Specifically,
trauma-related symptoms such as intrusive thoughts and emotional numbing predict greater
alcohol use, ™ while AUD has been associated with increased intrusive and avoidance-based
symptoms.® These data highlight a bidirectional relationship between the two disorders.

The reciprocal relationship between AUD and PTSD is especially problematic as these
concurrent disorders are related to increased functional impairment and lower treatment
success.8 111516 Compared to those with either AUD or PTSD alone, individuals with both
disorders have higher rates of other psychiatric diagnoses, increased prevalence of suicide
attempts, endorse more trauma-related and alcohol-related symptoms, and have an earlier
onset of PTSD diagnosis.'"'® These individuals are also more likely to use substances to cope
with symptoms compared to individuals without the other concurrent disorder.' Evidence also
suggests that PTSD/AUD is related to impaired physical and mental function and overall lower
quality of life.’™ While individuals with PTSD/AUD have higher rates of treatment enrollment than
those with either disorder alone,""-'6 treatments are plagued by high drop-out rates'” and
symptoms often persist following treatment.'®

Limited pharmacological treatments are available to target concurrent trauma symptoms and
alcohol consumption. Thus, novel treatments are urgently needed for PTSD/AUD. A recent
review illustrated that only nine studies to date have explored pharmacotherapies for concurrent
PTSD and AUD."'8 Unsurprisingly, medications for the treatment of PTSD (i.e., sertraline,
desipramine) can reduce trauma-related symptoms, and medications for AUD (i.e., naltrexone)
can affect alcohol outcomes, but no treatment has demonstrated clear efficacy in reducing both
trauma symptoms and alcohol use in individuals with concurrent PTSD and AUD.'® This
evidence suggests that the reciprocal relationship between PTSD and AUD is likely not targeted
with currently available pharmacotherapies and there is a need to identify novel treatment
targets to address the underlying mechanisms of both PTSD and AUD.

The limited, effective treatment options for concurrent PTSD and AUD is especially
problematic for women. Women are drinking at increasing rates compared to men™'® and are
particularly vulnerable to the development of AUD, as well as the use of and relapse to alcohol
in the context of stress.?° Additionally, women are twice as likely to be diagnosed with PTSD
following a traumatic event compared to men,” despite experiencing fewer “potentially traumatic”
events.?! Women with PTSD are also more likely to drink to cope with trauma symptoms.??



Given the increasing rates of alcohol use, drinking to cope with distress, and high rates of PTSD
among women, it is especially critical to explore treatment targets for women with PTSD/AUD.
1.2 Current Review

Emerging evidence suggests that pregnenolone-based neurosteroids may be a potential
treatment target for PTSD/AUD. Our group has previously outlined the therapeutic potential of
neurosteroids (including progesterone, allopregnanolone, pregnanolone, estradiol, testosterone
and DHEA) for stress-related psychiatric disorders (i.e., disorders characterized by stress and/or
negative affect) and alcohol use.?® At the time of that review, research had demonstrated that
there are altered levels of neurosteroids in stress-related psychiatric disorders and in alcohol
use, with differing results among the neurosteroids studied. These data illustrated that
neurosteroids likely affect the underlying neurobiological mechanisms of stress-related
psychiatric disorders, as well as AUD. However, these associations are not often linear. It is
therefore critical to better understand how neurosteroids might address the overlapping
vulnerabilities attributed to stress, negative affect, and alcohol use. Nonetheless, existing
findings are promising and may offer therapeutic potential for PTSD and AUD.

The current review builds upon this previous work, by exploring the emerging literature over
the past ten years detailing the role of pregnenolone-based neurosteroids specific to PTSD and
alcohol in human populations. Subsequent sections will provide background information on
prominent neurosteroids, including pregnenolone, progesterone, pregnanolone,
allopregnanolone, estradiol, testosterone, and dehydroepiandrosterone (-sulfate; DHEA/DHEA-
S), and then explore the role of these neurosteroids in the symptomatology of PTSD and
alcohol use. These sections will conclude with an overview of current treatment studies using
exogenous neurosteroids for the treatment of PTSD and alcohol use, as well as future
directions for clinical research. While discussing this literature we will highlight sex differences,
including sexually dimorphic findings, to provide a full scope of the application of sex as a
biological variable (SABV) and understand the current literature from a rigor and reproducibility
standpoint. This information will inform future treatment development, especially for women
who are vulnerable to PTSD and stress-related alcohol use.

2. Neurosteroids

Neurosteroids are endogenous neuromodulators defined by rapid non-genomic actions?42%
synthesized in both the brain and peripheral nervous system, as well as in other tissues.?62"
Previous studies have explored the role of neurosteroids in brain function as well as their
treatment potential for a variety of neurological and psychiatric disorders (for review see?%27-30),
Based upon the available literature, this review will focus on pregnenolone, progesterone,
pregnanolone, allopregnanolone, estradiol, testosterone, and DHEA/DHEA-S (See Figure 1).

Pregnenolone is synthesized from cholesterol in the brain and in a wide variety of peripheral
tissues. Circulating pools of pregnenolone and other neurosteroids come from the gonads and
adrenal glands due to significantly higher volumes of steroid production.?6:27:3' Metabolism of
pregnenolone via multiple pathways result in a cascade of well characterized neurosteroids,
including pregnenolone-sulfate (pregnenolone-s), progesterone, allopregnanolone, and
pregnanolone, as well as testosterone, estrogens (i.e., estradiol), and DHEA/DHEA-S.?” These
neurosteroids are lipophilic and thus easily cross the blood-brain barrier.3' However, various
active transports and enzymatic conversions can effect peripheral and central levels of
neurosteroids. Nonetheless, their accumulation in the brain from de novo synthesis or the
peripheral circulation has rapid effects on multiple neurotransmitter systems?! related to
development of PTSD and AUD, including y -Aminobutyric acid (GABA)ergic and glutamatergic
systems.3132 These pregnenolone-derived neurosteroids are also closely related given the



synthesis pathways (see Figure 1). Despite this, it is important to acknowledge that factors
including biosynthetic enzyme blockades, cofactor saturations, or levels or metabolic enzymes
may impact such synthesis.

Due to its role as a precursor to the neurosteroids mentioned above, pregnenolone
increases circulating levels of neurosteroids, including allopregnanolone.?”2% Unlike other
neurosteroids, it has poor affinity for GABA-A receptors, as well as low bioavailability and rapid
metabolism, suggesting its therapeutic potential may be mediated by downstream metabolites.?”
Nonetheless, pregnenolone has been identified as a ligand for sigma1 receptors and type-1
cannabinoid receptors.?” Pregnenolone has also been implicated as a biomarker in pre-clinical
studies for anxiety/depression, cognitive functioning, stress-related disorders, schizophrenia,
and drug use,?2%33 as well as clinical studies of schizophrenia and schizoaffective disorder.34

Progesterone is a 21-carbon hormone that is metabolized from pregnenolone by the 3f3-
hydroxysteroid dehydrogenase enzyme.3® Progesterone is subsequently converted into
allopregnanolone via a two-step process. Progesterone becomes 5a-dihydroprogesterone (5a-
DHP) via 5a-reductase and 5a-DHP is converted into allopregnanolone via 3a-hydroxysteroid-
dehydrogenase (3a-HSD).3¢ Pregnanolone is derived from progesterone by a similar two-step
process. 5B-reductase converts progesterone to 53-dihydroprogesterone (53-DHP). 53-DHP is
then converted into pregnanolone via 3a-HSD.3” Notably, the conversion of
dihydroprogesterone via 3a-HSD into either allopregnanolone or pregnanolone is a bidirectional
reaction. 5a-DHP or 53-DHP can be reduced to allopregnanolone or pregnanolone,
respectively. Conversely allopregnanolone and pregnanolone can be reconverted into 5a-DHP
or 5B-DHP.38 Progesterone and its metabolites, allopregnanolone and pregnanolone, act
through genomic and nongenomic mechanisms.3® Specifically, progesterone, 5a-DHP, and 5-
DHP have genomic action, whereas allopregnanolone and pregnanolone have non-genomic
effects.3840 Genomic, or classic steroid action, is a relatively slow process, in which
progesterone binds to intracellular progesterone receptors, which in turn regulate genetic
transcription. The nongenomic function, or “neurosteroid actions” occur via a more immediate
interaction with various neurotransmitter systems, including GABA,, glycine, sigma1, and
serotonin receptors.3°4

For example, fluctuations in neurosteroid levels have been shown to impact the excitatory
and inhibitory signaling via GABAergic mechanisms of action. Generally low concentrations of
neurosteroid levels increase excitatory signaling via the potentiation of the extrasynaptic GABA-
A receptors, whereas large increases in neurosteroid levels result in reduced excitability and
enhance GABAergic inhibition.*? Such shifts in the balance between excitatory and inhibitory
GABAergic signaling are also related to the duration of exposure to neurosteroid levels. Acute,
small increases (e.g., following a stressor), result in increased tonic inhibition via preferential
action at receptors containing the & subunit, whereas chronic exposure to high levels of
neurosteroids (e.g., pregnancy) result in tonic and phasic inhibition (via receptors containing the
y2 subunit).*3

In particular, progesterone, allopregnanolone, and pregnanolone have positive modulatory
effects on GABA, receptors, which result in increased GABAergic signaling.?®*° This increase in
GABA transmission may be advantageous in the treatment of stress-related disorders, as well
as alcohol use and GABAergic agents are emerging as a promising treatment target for
concurrent PTSD and AUD.32 For example, allopregnanolone is a one of the more potent
allosteric modulator of GABA, receptors.** Pretreatment with allopregnanolone decreases stress
responses and chronic stress reduces allopregnanolone levels. Allopregnanolone levels also
quickly rise during acute stress, and provide negative feedback on the acute stress response.?®



Allopregnanolone downregulates expression of the corticotropin-releasing hormone (CRH)
gene, thereby decreasing activity of the hypothalamic—pituitary—adrenal (HPA) axis, likely
resulting in its anxiolytic effects.4®> Additionally, preclinical evidence suggests that after a stress-
based exposure, progesterone’s metabolites, including allopregnanolone, enhance GABA-A
receptor mediate inhibition of the stress response.*6

Testosterone is the main androgen circulating in humans.*’ It modulates neuronal excitability
via genomic and non-genomic mechanisms.4” Testosterone upregulates expression of
neuropeptide Y (NPY), a neuropeptide with anti-stress effects.*®4° Additionally, metabolites of
testosterone (e.g., 3a-androstanediol) may positively affect GABA, function.®°

Estradiol, the primary endogenous form of estrogen, is most potent during pre-menopause %°
and is converted from testosterone via aromatase enzymes. Estradiol is produced primarily in
the gonads, as well as other organs, including the heart, brain, and skin.5° Estradiol signals
throughout the body via classic nuclear (slow) receptors (ERa and ERp), as well as more rapid-
acting receptors (e.g., GPR30 and ER-X).5° Estradiol has been shown to have anxiolytic-like
effects and to potentiate fear extinction via binding to both ERa and ERB.3%5" Furthermore,
estradiol modulates the serotonergic system, as well as activity of the HPA axis.*' Estradiol
inhibits expression of the serotonin transporter (SERT), thereby increasing the time serotonin is
available to signal in the synapse.5? Estradiol also modulates levels of adrenocorticotropic
hormone (ACTH) and cortisol via actions on glucocorticoid and CRH signaling.?® Preclinical
evidence also shows that estradiol modulates the release of dopamine in the striatum and
nucleus accumbens via binding to membrane estradiol receptors, most notably in female
rodents.535 Chronic administration of estradiol in female rodents, increases D2 binding in these
brain areas via Erf3. However, rapid administration of estradiol heightens amphetamine
stimulated striatal-dopamine response in female rodents. It has also been hypothesized that this
relationship between estradiol and dopamine may be regulated via GABAergic striatal neurons
in females.>*

DHEA is also derived from pregnenolone via 17a-hydroxypregnenolone.?+% DHEA has
been suggested to interact with sigma 1 receptors® and it is a positive modulator of NDMA
receptors.30:57.58 DHEA also modulates the GABAergic system,3? with evidence that DHEA and
DHEA-S block GABA, receptors.3%:5%¢ DHEA has been implicated in modulation of HPA axis
activity. Ongoing DHEA administration resulted in lower cortisol levels, possibly because DHEA
promotes conversion of cortisol to an inactive metabolite.3® Additionally, administration of DHEA
has been associated with increased levels of estradiol, testosterone, and allopregnanolone.®

Given the evidence that neurosteroids modulate neurotransmitter systems, such as the
GABAergic system, better understanding of the relationship between neurosteroids, PTSD, and
AUD has the potential to elucidate novel treatments for these disorders.

3. PTSD
3.1 Pregnenolone

While initial evidence suggested that pregnenolone is an important neurosteroid in the
regulation of PTSD symptom severity,2?-3 limited studies have explored this association within
the past ten years. Furthermore, a large portion of recent research explores pregnenolone in
relation to concurrent PTSD and traumatic brain injury (TBI). For instance, when comparing
Veterans with a history of mild TBI (mTBI), both PTSD and mTBI, or healthy civilians, those with
both PTSD and mTBI exhibited decreased cortical thickness in the left middle temporal and right
orbitofrontal cortex, and this was associated with lower levels of pregnenolone.®® Decreased



cortical thickness was further associated with heightened PTSD symptom severity.5® This study
included primarily men, no analyses were conducted to evaluate potential sex differences, and it
did not include a PTSD only group, which limits conclusions to be drawn about PTSD
independent for mTBI. Nonetheless, this demonstrates the potential intersection between
pregnenolone levels and PTSD within the context of comorbid mTBI, as this relationship was
not observed in the mTBI only or control groups.5®

It should be noted, however, that the relationship between PTSD and pregnenolone is
not consistent among individuals with a history of TBI. Male Veterans who sustained a blast
related TBI showed a trend toward lower levels of pregnenolone than Veterans with no TBI, but
there were no significant differences in pregnenolone levels between Veterans with PTSD/TBI
or TBI only.®® Furthermore, no significant differences were observed in the association between
pregnenolone and white matter microstructure (measured via free-water-corrected fractional
anisotropy) nor psychological function between individuals with PTSD/mTBI, mTBI only, and
controls.®" Note that there were no sex-based analyses conducted in this study.®

It appears that sex-based analyses may be important among studies of pregnenolone
and PTSD. The one study that examined sex differences showed that women with PTSD had
higher levels of pregnenolone in postmortem samples of the medial orbital frontal cortex as
compared to women who did not have PTSD. Surprisingly, there were no differences in
pregnenolone levels in men with or without PTSD.5?
3.2 Progesterone

There is mounting evidence that progesterone may mitigate the trauma-related
symptoms observed in PTSD, including depressive mood and hyperarousal.?® Recent studies
have explored the role of progesterone on trauma-related symptoms, using menstrual cycle
subphases as a proxy for measured hormone levels. For instance, during the early follicular
phase, when progesterone and estradiol levels are low, women have heightened symptoms,
such as depression and “phobic anxiety.” Women with PTSD also experienced more intense
anxiety in the early follicular phase, a time when progesterone levels are low, as compared to
the midluteal phase, a time when progesterone levels peak, as compared to women without
PTSD.® However, although women with PTSD endorsed higher levels of anxiety sensitivity
compared to trauma-exposed controls, levels of anxiety sensitivity remained stable across the
menstrual cycle for both groups of women, not varying based on fluctuations in progesterone.%*
This suggests that generally low levels of progesterone, as proxied via phases of menstrual
cycle characterized by low progesterone, are as associated with heightened negative affect.
Furthermore, anxiety sensitivity was not impacted by fluctuations in progesterone levels.

When looking at measured hormone levels, there is evidence that higher progesterone
levels are related to heightened PTSD vulnerability in clinical and laboratory settings. Plasma
progesterone levels, following trauma exposure among men and women presenting to the
emergency department, predicted the development of non-remitting PTSD among men, but not
women.% However, the effect of progesterone on trauma-related symptoms has been observed
in both men and women in laboratory-based paradigms. Among healthy women, who were
exposed to a violent trauma film, higher salivary levels of progesterone were indicative of more
daily intrusive memories the day following the film viewing, but not the subsequent days.%¢
Higher saliva levels of progesterone were associated with increased daily intrusive thoughts,
following administration of hydrocortisone but not a placebo prior to a distressing film, in healthy
men, but not women.” This illustrates the potential for an important role of progesterone in
regulating stress-reactivity and the likely impact of sex differences between men and women.

The effects of progesterone on stress-response are not consistent in the literature. For
instance, following a metyrapone challenge (a laboratory paradigm, which blocks cortisol



synthesis and increases progesterone), increases in progesterone were observed among
individuals with PTSD and those without PTSD regardless of sex. Additionally, women, in both
the PTSD and control conditions had a greater increase in progesterone as compared to men.
The difference in progesterone levels between individuals with and without PTSD was 1.48
times greater among women as compared to men. Interestingly, progesterone mediated the
relationship between PTSD and ACTH (a precursor to cortisol) in both men and women, but the
direct effect between PTSD and progesterone was positive in women and negative in men.58
Such sex-specific effects are surprising, as progesterone was previously shown to attenuate
cortisol response, in both men and women.%%-7" Similarly when also looking at findings from
studies which stratified analyses by sex or only included one sex, progesterone’s effect on HPA-
axis reactivity in response to a laboratory stressor was observed in women.”! However,
progesterone levels were not associated with PTSD symptom severity in men with PTSD or
trauma-exposed controls.”

Recent PTSD research has also incorporated concepts from fear conditioning theory,
including fear acquisition and extinction into laboratory paradigms to study PTSD symptoms and
progesterone levels. Despite this, these studies have not found associations between
progesterone (or proxied menstrual cycle phase) and trauma symptoms in such paradigms.
Salivary progesterone levels were not related to fear acquisition via conditioned stimulus of a
violent film clip or fear extinction in healthy female university students (ages 18-35 years old) in
either the follicular or luteal phases of the menstrual cycle, and intrusive memories on the
following three evenings were also not associated with progesterone levels.” Similarly, in a
clinical sample, women with PTSD compared to trauma-exposed controls exhibited less
prepulse inhibition (a biomarker of sensorimotor filtering, an underlying mechanism of PTSD, in
which a muted stimulus reduces response to a startling stimulus). Despite this, there were no
significant differences between the early follicular and mid-luteal phases of the menstrual
cycle.

3.3 Allopregnanolone

Emerging evidence suggests that allopregnanolone may be protective against PTSD, as
well as other psychiatric disorders’® such as depression and anxiety.”® For example, in a sample
of military Veterans with PTSD undergoing an evidence-based psychotherapy, higher baseline
levels of allopregnanolone were related to the reduction of PTSD symptoms in treatment.
Among men with PTSD in the trial, those who responded to the treatment had higher levels of
allopregnanolone as compared to those that did not respond to the treatment.””

It also appears that the relationship between allopregnanolone and PTSD can be
observed in important brain structures in the neurocircuitry of PTSD. In postmortem brain
samples of the medial orbital frontal cortex, which has been associated with learning, emotion,
and reward behaviors,”® men with PTSD had lower levels of allopregnanolone compared to
controls.®? Higher allopregnanolone levels were also related to increased whole brain white
matter microstructure among individuals with PTSD and mTBI, as compared to individuals with
only mTBI.%" Similarly, Veterans with PTSD and mTBI had decreased cortical thickness, which
was associated with reduced allopregnanolone and heightened trauma symptom severity.>°
These studies suggest potential neuroprotective properties of allopregnanolone in the men with
PTSD. However, it is important to highlight that these studies did not explore sex differences
adequately.

Several recent studies have illustrated a problem in the metabolism of progesterone to
allopregnanolone in men with PTSD. Specifically, lower values of the combined
allopregnanolone + pregnanolone (ALLO+pregna) assays were related to heightened PTSD
symptoms among individuals with PTSD,”27® especially dysphoria’. Specifically, there was a
negative correlation r=-0.59, p=0.01) between the combined ALLO+pregna sum and PTSD



symptoms, as measured by the Clinician-Administered PTSD Scale (CAPS-IV) score,’? which
was replicated in another study (p = —0.74, p = 0.006) utilizing a one-week total (CAPS-1V)
score.” The later study also observed a PTSD-related decrease in ALLO+pregna to 5a-
dihydroprogesterone (5a-DHP) and 5a-DHP to progesterone.” In this study ratios of the
neurosteroids and its neurosteroid precursor (e.g., ALLO+pregna/5a-DHP) were calculated to
indirectly show enzyme activity. The PTSD associated decrease in ALLO+pregna to 5a—DHP
is suggestive of a block in 3a-HSD synthesis, whereas the a similar decrease in 5a-
DHP/progesterone is potentially indicative of a block of allopregnanolone synthesis via the 5a-
reductase.”® Similarly, the allopregnanolone to 5a-DHP ratio is lower in women with PTSD
compared to trauma-exposed controls and women with PTSD also have an attenuated increase
in response to a laboratory stressor in both the early follicular and luteal phases.8® Higher levels
of ALLO+pregna are related to improved extinction retention (utilizing an average of conditioned
stimuli trials on the second testing day) to a laboratory stressor (a mild electric pulse) in women
with PTSD, but this was not observed in trauma-exposed women without PTSD.8' Comparable
to studies among men,”® the ALLO+pregna to 5a-DHP ratio suggested that conversion to
allopregnanolone was blocked in women with PTSD.8" These findings suggests that metabolism
of progesterone to allopregnanolone may warrant additional study, especially among
populations including both men and women.

The conversion of progesterone to allopregnanolone also affected the ACTH pathway.
Following a metyrapone challenge in the laboratory, to increase ACTH levels in men and
women with PTSD as compared to controls, increases in allopregnanolone were observed
across groups. Specifically, women showed a 1.33-fold greater increase in allopregnanolone
response versus men and allopregnanolone regardless of PTSD diagnosis. There were no
differences between individuals with PTSD versus controls. Levels of allopregnanolone both
directly and indirectly mediated the relationship between PTSD and ACTH in both men and
women, .58 Thus, ALLO may be an integral component in the stress-response system in both
men and women with PTSD.

3.4 Pregnanolone

Similar to the other progesterone metabolites, high levels of pregnanolone have been
associated with improved psychological functioning and reduced distress.?? Despite this, few
recent studies have included analysis of pregnanolone levels. During a trial of web-based
prolonged exposure therapy (PE) there was no association between pregnanolone and PTSD
severity at baseline. However, higher pregnanolone levels were associated with a trend toward
greater slope in PTSD severity. Interestingly, when men were separated in the analysis by sex,
men who responded to the web-based treatment had higher levels of pregnanolone than non-
responders.””

Increasingly, research is exploring pregnanolone in relation to other neurosteroids (i.e.,
ALLO+pregna). Among men with PTSD, levels of ALLO+pregna in cerebral spinal fluid were
negatively associated with PTSD symptoms, in that increased levels of ALLO+pregna were
correlated with less PTSD symptoms, as measured by the CAPS-5.7° This relationship
remained when considering the ratio of ALLO+pregna to DHEA ratio.”® As mentioned in the
above section, ALLO+pregna levels accounted for 47% of the variance in PTSD symptom
scores in men.”? Notably, these studies did not evaluate ALLO+pregna in women.

3.5 Testosterone

Recent research has begun to explore the relationship between PTSD symptoms and
testosterone, following combat zone deployment.?? Plasma testosterone increased in men after
deployment as compared to baseline levels and lower pre-deployment levels of testosterone
were related to increased PTSD symptoms 1- and 2-years following deployment.83 Conversely,
several other recent studies have shown that testosterone levels do not differ between men with
and without PTSD. When examining a group of combat Veterans diagnosed with PTSD,
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Veterans without PTSD, and a group of non-combat exposed civilians, male Veterans without a
PTSD diagnosis had higher levels of testosterone compared to the control group. There were no
differences in testosterone levels among male Veterans with PTSD and those without
PTSD;8485 nor did testosterone levels predict vulnerability to non-remitting PTSD in men or
women.% Additionally, both total or free testosterone levels in male Special Forces Operators in
the United States (US) military remained stable pre- and post a three to six month deployment.86
These studies illustrate the heterogenous findings among testosterone levels and PTSD, with
several studies failing to demonstrate changes in testosterone in relation to PTSD.

However, despite these negative results, laboratory studies highlight a potential
relationship between testosterone and PTSD. When examining a predominantly male sample of
US Veterans, who completed a pre-deployment stress reactivity challenge, soldiers who
demonstrated a blunted cortisol and testosterone response to the laboratory challenge
endorsed heightened PTSD symptoms after deployment. There was also a linear relationship
between the average of monthly traumas experienced while deployed, cortisol, and PTSD
symptoms.®” In this same group of soldiers, those with low testosterone levels had increased
risk of depression when considering potentially traumatic exposures from deployment and
higher increases in levels of testosterone reactivity were indicative of a higher risk of depressive
symptoms.88 The one study that included young women with PTSD demonstrated that, following
a laboratory stress induction, testosterone levels were elevated in women with PTSD. Increased
levels were also observed in both healthy controls and women with borderline personality
disorder.8% Accordingly, in women and men low testosterone is linked to more depressive
symptoms and higher testosterone levels are also tied to similar results, indicating that optimal
homeostatic levels of testosterone are an important component of mood regulation.

Additionally, there is evidence that the effects of testosterone may extend trauma-related
symptoms. In a small sample of male soldiers, there were no differences in testosterone levels
when soldiers with PTSD were compared to soldiers without PTSD. However, when analyses
considered other concurrent psychiatric co-morbidities, soldiers with only PTSD had higher
levels of testosterone than those with co-morbid major depressive disorder or alcohol use, as
well as the control group. The comorbid condition groups and the control group did not
significantly differ in testosterone levels.®® Such discordant findings across various mental health
diagnoses demonstrate that while testosterone may be related to psychiatric symptoms, the
relationship between testosterone levels and these diagnoses and symptoms is unclear and
warrants continued research.

3.6 Estradiol

Recent evidence provides an unclear relationship between estradiol levels and PTSD
symptoms. Lower estradiol levels were associated with increased reexperiencing symptoms and
avoidance symptom severity in naturally-cycling, trauma-exposed women. Additionally, when
exposed to a trauma reminder, women with lower estradiol levels had higher subjective
reactivity and lower cortisol reactivity compared to women with higher estradiol levels.®' Lower
estradiol levels have also been associated with increased intrusive memories following
exposure to an experimental trauma film in healthy women,%¢ as well as heightened skin
conductance responses during fear extinction.”®3 However, estradiol levels predicted using a
machine learning DNA methylation predictor, which were highly correlated with actual measured
estradiol samples within a testing set, were negatively correlated with current PTSD and trauma
symptom severity in women, meaning higher predicted estradiol levels were associated with
increased PTSD symptoms.®? In contrast, high levels of estradiol are protective against severe
trauma-related symptoms associated with fear habituation.®
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When using the menstrual cycle as a marker for estradiol levels there are similar
discordant findings. PTSD symptom severity was also lower in women with lower estradiol
levels and a history of sexual trauma, as compared to nonsexual-based traumas, and trauma-
related symptoms fluctuated across the menstrual cycle, with higher symptoms during times of
low estradiol.®* Women report heightened symptom severity, including increased depressive
symptoms and “phobic anxiety,” during the early follicular phase (days 2-6, defined by lower
estradiol levels) as compared to the midluteal phase (6-10 days after ovulation, defined by high
levels of estradiol and progesterone) and when separated by PTSD status, women with PTSD
experienced heightened “phobic anxiety” in the early follicular phase.®® Low estradiol has also
been associated with heightened fear reactivity during laboratory-induced fear extinction in
women with PTSD as compared to controls,® and impaired fear inhibition was similarly
observed among healthy women in the follicular phase.%

Conversely, additional studies have demonstrated that the midluteal phase is also
associated with PTSD symptomatology.®” In one study, daily PTSD symptoms fluctuated across
the menstrual cycle, with symptoms increasing as individuals moved from a low- to a high-
estradiol phase when tracking symptoms using ecological momentary assessments.®'
Furthermore, women with PTSD in the mid-luteal phase had poorer retention of extinction
learning (as measured via an average of conditioned stimuli trials on the second day of testing)
compared to women in the early follicular phase. Conversely for women in the control condition,
the midluteal phase was associated with improved extinction retention.®® In a separate study,
women in the early luteal phase, experienced the most intrusions after viewing a traumatic
film.%° Similarly, high levels of estradiol were associated with an increased likelihood of intrusive
thoughts at the beginning of the week after women watched a distressing film, but then
decreased at the end of the week.'% Higher estradiol levels were also positively associated with
activity in the rostral anterior cingulate (generally associated with fear processing'°') and
ventromedial prefrontal cortexes (generally associated with PTSD-related emotional
processing'%?) during viewing of trauma-related videos among women in both the follicular and
luteal phases, who were not on hormonal contraceptives (mean estradiol= 4.36pg/mL,
SD=1.36)."% Similarly, the preclinical literature suggests that estradiol modulates extinction of
fear memory in rodents, and there is some evidence that estradiol may attenuate fear
acquisition (for review see Maeng & Milad, 2015'04).

Clinical research has also explored the impact of hormonal contraceptives containing
estrogens and progestins on trauma-related symptoms. Women receiving emergency
contraceptives and women already taking hormonal contraceptives, experienced fewer intrusive
symptoms following sexual assault. Specifically, women taking Ogetrel (an emergency
contraceptive, combination of estrogen ethinyl estradiol and progestin levonorgestrel,
administered in two oral doses) experienced less trauma-related symptoms than other
emergency contraceptives or those who declined.'® Among women taking hormonal
contraceptives, there was improved acquisition and extinction of fear as compared to women
not taking contraceptives and men.'% However, women using hormonal contraceptives
exhibited poor extinction recall versus naturally-cycling women,'9” as well as higher acquisition
of fear conditioning and extinction versus women not on hormonal contraceptives or men.%
Additionally, estradiol levels in free-cycling women were positively associated with ventromedial
prefrontal activity while viewing a traumatic film, whereas women taking hormonal
contraceptives had heightened activity in the insula and dorsal anterior cingulate as compared
to women not taking hormonal contraceptives.®?

The relationship between estradiol and PTSD among men is complex. Estradiol did not
differ significantly between male Veterans with or without PTSD.8 However, following exposure
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to a traumatic event, men with higher concentrations of estradiol had increased concentrations
of circulating pro-inflammatory cytokines, which in turn were related to lower probability of non-
remitting PTSD.%°

The relationship between low estradiol and trauma-related symptoms has been
observed in both men and women. For instance, stress-exposed and healthy individuals
completed a psychosocial stressor versus a control task in the laboratory to explore the effects
of estradiol on fear conditioning. During delayed fear extinction task, women in the early
follicular phase (defined by low estradiol levels) had more fear responses in the stress-exposed
condition than controls.; In the stress-exposed condition women who were identified as being
“midcycle” (high levels of estradiol and progesterone) had fewer fear responses than controls,
suggesting impaired fear extinction in women when estradiol is low.'% Interestingly, intrusive
thoughts related to exposure to a traumatic film were lower in men with higher baseline estradiol
compared to women with high estradiol.®”

3.7 DHEA/DHEA-S

DHEA and DHEA-S appear to be altered across various clinical populations with
PTSD.'° For instance, male combat Veterans with PTSD had higher levels of DHEA-S as
compared to age-matched controls without PTSD''% and postmenopausal women with
significant physical/sexual abuse histories had increased levels of DHEA throughout the day.'"
Similarly, among adult trauma survivors, higher acute DHEA-S level, as well as a lower cortisol
to DHEAS-S ratio, predicted trauma-related symptoms six-weeks following the trauma, but this
relationship was not sustained at the six month follow-up.'?

While these recent studies have identified higher levels of DHEA/DHEA-S among
individuals with PTSD, there are also studies that illustrate the opposite relationship. In one
study, there was no differences in DHEA or DHEA-S in cerebral spinal fluid between women
with or without PTSD.”® Female adolescents with PTSD who were exposed to a sexual-related
trauma, were found to have lower DHEA-S compared to controls, and this was associated with
depression.'"® Among mostly males with military service, blood DHEA levels were decreased
following captive survival training and history of trauma exposure was not related to DHEA
levels."* Similarly, when including both sexes, adults with a history of childhood trauma
exhibited a lower cortisol/DHEA ratio, but the cortisol/DHEA ratio was independent of PTSD
diagnosis.'®

Interestingly, the relationship between cortisol and DHEA/DHEA-S has been shown to
be important for stress-reactivity. In a group of female and male smokers both with and without
PTSD, DHEA-S levels were inversely related with anxiety sensitivity and negative affect.’16
Additionally, among female survivors of intimate partner violence (IPV), women who had
depressive symptoms had higher DHEA levels in both the morning and evening. However, the
ratio of cortisol to DHEA was lower in this group in the morning as compared to all other groups,
including women survivors of IPV with PTSD.""” There have been other studies that have found
no differences in DHEA/DHEA-S response following administration of agents to stimulate HPA-
reactivity. At baseline female adolescent rape survivors had lower DHEA-S levels as compared
to controls, but there were no group differences following administration of dexamethasone (a
synthetic glucocorticoid receptor agonist, which is used in laboratory studies to probe negative
feedback of the HPA axis loop).''® Additionally, there were no significant differences in DHEA
response between male Veterans with PTSD, Veterans with trauma-exposure but no PTSD,
and healthy Veteran controls following an injection of cosyntropin (synthetic ACTH).""?

There is also a relationship between DHEA and the progesterone-derived metabolites,
ALLO+pregna. In a study of women with and without PTSD who completed a fear conditioning
paradigm, there was a trend level relationship between a low ratio of ALLO+pregna to DHEA
and extinction retention during the early follicular phase, a time when DHEA levels are similar to
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allopregnanolone and pregnanolone.?' However, among women with PTSD, lower ratios of both
ALLO+pregna to DHEA and ALLO+pregna to DHEA-S were related to heightened PTSD
symptoms, including dysphoric trauma-related symptoms.”®

Finally, DHEA/DHEA-S were not associated with PTSD severity nor changes in PTSD
symptoms following completion of a treatment course of an evidence-based psychotherapy,
including web-based prolonged exposure,’”” Eye Movement Desensitization Retraining
(EMDR),"20.121 or a mindfulness intervention.'?? This suggests that DHEA and DHEA-S levels
likely do not change following treatment.
3.8 PTSD Summary

Taken together, recent literature illustrates the complex relationship between neurosteroids
and PTSD. This relationship is plagued by discordant findings and likely reflects differences
between men and women with PTSD, as well as various populations (e.g., Veterans/civilians)
and methodologies to study PTSD and trauma-related variables. Additionally, many of the
studies use subphases of the menstrual cycle, which can be challenging to interpret across
studies.®” Most importantly, most studies did not employ SABV in study design or analyses (See
Table 1). Future research among women, also needs to account for hormonal fluctuations
across reproductive stages, including pre-, peri-, and postmenopause. Despite these difficulties,
there is emerging evidence that pregnenolone-derived neurosteroids, specifically progesterone
and allopregnanolone, mitigate PTSD symptoms, diagnoses, and treatment response (See
Table 2). Thus, these neurosteroids warrant additional research regarding their utility to treat
PTSD. Conversely, results are mixed among estradiol, testosterone, and DHEA/DHEA-S.
Overall, further research is needed to explore the relationship between these neurosteroids and
PTSD. .

4. Alcohol
4.1 Pregnenolone

Few recent studies have explored the relationship between pregnenolone and alcohol
consumption, which higher pregnenolone levels associated with alcohol-related variables. For
instance, following consumption of three standard alcoholic drinks in a human laboratory study,
levels of pregnenolone increased by 26% across the whole sample. When looking at sex
differences, men showed a trend-level (p<0.10) increase in pregnenolone levels after drinking
the alcohol.'?® Interestingly, among the sex stratified analyses, pregnenolone concentration was
positively correlated with subjective “liking” of alcohol in men, but no significant associations
were observed among women.'23

When looking at postmortem brain tissue of men and women with an AUD, higher
pregnenolone levels were observed in all brain regions except the amygdala. In fact,
pregnenolone levels were 71-164% higher among individuals with AUD as compared to healthy
controls. Women with a history of AUD had similar pregnenolone levels as health controls.
However, there were only two women included in the study who had a history of AUD.%4

4.2 Progesterone

Endogenous progesterone has been related to alcohol consumption and use across a
range of clinical studies.?3 High levels of progesterone may be protective against abuse-related
effects of alcohol and other substances*' and recent data further supports the possibility that
progesterone may mitigate alcohol consumption and administration 23. For instance, recent
studies of women college students have demonstrated that higher progesterone levels are
associated with less alcohol consumption.'25126 Qver the course of two weeks, increases in
salivary progesterone levels in young women were positively associated with decreases in the
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likelihood of drinking. In fact, for each standard deviation increase in progesterone, there was a
1.61 decrease in the likelihood of alcohol use. Additionally, mood states moderated this
relationship. Women who rated their mood as negative during a day on which there were low
levels of progesterone were more likely to drink as compared to days when mood was rated
positively.'?® Furthermore, in naturally cycling college-aged women, binge drinking risk was low
and overall drinking risk was moderate during the midluteal phase,'?® a time when progesterone
is at its peak in the menstrual cycle.®”

When tracking daily alcohol use and motives for drinking among adult women, there is a
decrease in drinking during the mid-cycle, when progesterone levels are rising. There was also
a trend toward increasing drinking for social motives in the late follicular/ovulatory phases (days
5-16), when estradiol has peaked®”. Notably, drinking to cope with negative affect has been
related to the amount of alcohol consumed during days 1-5 of the menstrual cycle'?’, when both
progesterone and estradiol levels are low.%” Relationships between progesterone levels and
alcohol use are also observed across reproductive stages. Among postmenopausal women,
higher levels of progesterone were related to lower alcohol craving and craving frequency
during alcohol withdrawal. Additionally, postmenopausal women reported higher overall craving
compared to their premenopausal counterparts.'?® Interestingly, men with AUD had higher
levels of progesterone compared to men without AUD in this study.'28

Despite these results illustrating that progesterone may mitigate alcohol use, additional
research shows that this relationship is not clear. For example, regularly cycling women in
treatment for AUD consumed more alcohol during the mid-late luteal phase, a time when
progesterone is high and estradiol is increasing,®” as well as during menses, a time when both
estradiol and progesterone are at their nadir.*”.'>° However, among those identified as having
lower baseline depression, individuals who reported high distress during the mid-late luteal
and/or menses had increased craving intensity during menses, whereas women reporting lower
distress during those phases endorsed heightened craving intensity during the mid-late luteal
and menses phases.'?®

Similarly, women were more likely to drink during the midluteal phase (days -9 to -5 prior
to menses, typically defined by higher progesterone levels) than during the perimenstrual phase
(days -3 to +2 in relation to menses onset, typically defined by low progesterone and low
estradiol). In the same study, women in the periovulatory (days -2 to +1 in relation to LH-surge,
when there are rising progesterone and estradiol) and perimenstrual phases were more likely to
drink heavily on weekdays as compared to the midluteal phase. Drinking to cope was higher in
the perimenstrual phase whereas drinking for social reasons was high for weekend drinking
across almost all phases, except perimenstrual.’3°
4.3 Allopregnanolone

There has been increasing interest in exploring the possibility of allopregnanolone as a
novel treatment target for AUD.2%131.132 However, few studies within the past ten years have
explored the effects of allopregnanolone on alcohol use in clinical populations. Studies of
postmortem brain tissue from individuals with AUD have demonstrated higher levels of
allopregnanolone in the ventral tegmental area (a dopaminergic brain area implicated in alcohol
reward) when compared to brain tissue from social drinkers, who consumed on average 1-2
drinks per day. Males with AUD also had higher levels of allopregnanolone in the substantia
nigra pars medialis (SNM; another dopaminergic brain area implicated in reward), but not
among women with AUD. Brain tissue from female social drinkers had higher levels of
allopregnanolone in the SNM compared to male social drinkers.'33 Conversely, results from a
different study determined that men with AUD had an approximately 60% lower
allopregnanolone levels in postmortem cerebellum tissue compared to controls.3* Across the
sample (including men with and without AUD), daily and weekly alcohol consumption was
negatively associated with allopregnanolone levels in the cerebellum.34
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Additionally, the relationship between levels of allopregnanolone and alcohol
consumption have also been illustrated within laboratory settings. However, such studies have
produced heterogenous results. For instance, women with severe premenstrual dysphoric
disorder (PMDD) and healthy female controls who were administered a 30-minute alcohol
infusion (0.2g/kg) showed lower levels of allopregnanolone, specifically in the late luteal
phase.’3% Low levels of allopregnanolone following consumption of alcohol were also observed
among men and women with no substance use history. In fact, 40 minutes after participants
drank 3 standard grain-alcohol drinks, allopregnanolone levels were lowered by approximately
30% across sexes and allopregnanolone levels were associated with higher liking and wanting
of alcohol in men.'2® Allopregnanolone levels also decreased by approximately 20% following a
low-dose alcohol infusion (0.06g/dl) in a laboratory study of thirty-two non-treatment seeking
heavy drinkers administered naltrexone (50 mg/day for three days) or placebo, regardless of
medicationadministration.'3® Another study of healthy men and women showed that 0.8g/kg (for
men) or 0.7g/kg (for women) of alcohol did not change allopregnanolone levels in women in the
luteal phase and similarly did not impact levels during the follicular phase or in men.

37 Additionally, a recent study demonstrating that naltrexone increased allopregnanolone by
almost 50% among individuals with the Asp40 allele of the OPRM1 gene, which is thought to
influence phenotypes related to AUD.'3¢ Thus, while there is a relationship between
allopregnanolone levels and alcohol use in laboratory settings, the directionality of this
relationship is unclear in the available literature to date.

4.4 Pregnanolone

Few recent studies have included analysis of pregnanolone in relation to alcohol
consumption, symptomatology, or treatment. In fact, we only identified one study exploring the
relationship between pregnanolone and alcohol in the time period covered by this review. In this
study of postmortem brain tissue, men with AUD had approximately 60% lower pregnanolone
levels in the cerebellum compared to controls.’®* The limited inclusion of pregnanolone in the
current literature is consistent with the sparse historical exploration of pregnanolone in studies
of alcohol consumption.??

4.5 Estradiol

Historically, evidence regarding an association between estradiol and alcohol
consumption has been mixed,?® with some studies showing increases in estradiol and estrogen
metabolites following alcohol intake'38.13° whereas other studies have shown no changes.'¥" In
general, recent research suggests alcohol is related to heightened estradiol levels. For
instance, among women who consumed more than 20 grams of alcohol per day, levels of
estradiol and estrone (another type of estrogen that is associated with postmenopause) during
the luteal phase were higher than nondrinkers. Among women consuming more than 10 grams
of alcohol per day, follicular estrone sulfate was higher than non-drinkers.'4° Total alcohol
consumption has also been associated with higher urinary estradiol levels. Indeed, estradiol
levels were 22% higher among women consuming 5 or more glasses of wine per week as
compared to women who did not drink.'#" The association between estradiol and alcohol during
premenopause is linear. Total and free estradiol increases 5.26-5.82% for every drink
consumed.'? Additionally higher estradiol and lower progesterone levels are related to
increased alcohol consumption and binge drinking.'?® Higher levels of estradiol are positively
related to increased alcohol use in the early and mid-luteal phase, increasing by 1.9 to 2.4%
respectively. A similar relationship is also observed among postmenopausal women taking
hormone replacement therapies. Estradiol and other estrogen-based metabolites increased with
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increasing alcohol intake'#® and liquor consumption was related to higher estradiol levels in
postmenopausal women not taking hormonal replacement therapies. '3

When looking at the menstrual cycle, naturally-cycling women endorse higher alcohol
craving during the follicular phase, when estradiol may be expected to be elevated as compared
to the luteal phase, when estradiol is elevated along with progesterone.’** Women on hormonal
contraceptives, which generally stabilize fluctuating hormone levels, consumed more alcohol
compared to naturally-cycling women.'#4 Healthy women who were administered 0.6g/kg of
alcohol during two sessions (early versus late follicular phase, when estradiol levels are low and
then peak respectively), reported that alcohol-induced disinhibition (as measured via a cued
go/no-go reaction time task) was doubled during the late follicular phase.'® Women have also
shown that ‘drinking to cope’ predicted alcohol consumption during the menstrual phase (days
1-5), when both estradiol and progesterone are low, and ‘social motives to drink’ peaked during
days 5-16 of the cycle, when estradiol is rising.'?” These studies demonstrate that women may
drink for different reasons as levels of estradiol fluctuate across the menstrual cycle.

Recent research also has highlighted potential sexually dimorphic relationships between
alcohol exposure and estradiol levels. Increases in estradiol have been observed among
women following an acute, intravenous alcohol infusion whereas estradiol levels decreased in
males as compared to a placebo infusion.'#® Specifically, young females (ages 21-25) had a 36-
fold increase in estradiol following alcohol administration versus placebo, whereas older females
(ages 55-65) had a 3.2-fold increase. Both older and younger males had decreases in estradiol
levels following alcohol administration as compared to placebo (4-fold and 2.3-fold,
respectively).’#® In men, estradiol levels were not related to alcohol intake (binge drinking or
recent intake) the week before.’*” Among adolescents, higher saliva estradiol levels were
associated with increased alcohol consumption and early onset of use among boys.This o
relationship, between alcohol use and estradiol levels, was not observed in adolescent
girls. 148,149
4.6 Testosterone

The relationship between testosterone and alcohol use has been illustrated in the
literature to date, with evidence showing that increased testosterone levels are associated with
heightened alcohol consumption in men (for review see Erol et al., 2019).'% Recent evidence
supports this association. For example, alcohol-related changes in testosterone were observed
in a large study (n=1,221) of Danish men entering military service. Higher levels of free
testosterone were associated with increased levels of alcohol consumption in the preceding
week. 7 Additionally, when comparing groups of males experiencing alcohol-related withdrawal
and healthy controls, those with AUD had significantly higher serum testosterone levels. Serum
testosterone levels decreased over the course of detoxification and were positively correlated
with alcohol craving.'®" Conversely, following an infusion of either alcohol or saline (placebo),
alcohol decreased testosterone levels two-fold relative to placebo infusions among both young
(21-25 years old) and older (55-65 year old men). , There was a small increase in testosterone
levels in young women and a 2 fold increase among older women versus the placebo
condition. ¢ |t should be noted that postmortem studies of brains from men and women with
AUD have not showed differences in levels of testosterone as compared to controls.?*

The association between testosterone and alcohol use is also observed in adolescent
boys and young adults. Higher levels of testosterone were associated with an increase in
likelihood of lifetime alcohol use among boys (ages 12-17 years old).However, testosterone
levels were not related to alcohol measures, such as quantity of alcohol consumed across their
lifetime or recent alcohol use.'® This suggests an earlier onset of alcohol use in adolescent

17



boys with higher testosterone levels. In the same study, there was no relationship between
testosterone levels and alcohol use among girls.’#® Boys (ages 12-25 years old) had increased
recent and lifetime alcohol use linked to reduced amygdala-orbitofrontal cortex (OFC)
connectivity,'5? which is related to poor emotion regulation.'>® Higher testosterone levels were
associated with reduced functional connectivity between the amygdala and the OFC, which was
associated with increased alcohol use. It should be noted that there was no mediation effect of
testosterone, amygdala-OFC connectivity, and alcohol use in girls.'>?2 When grouping both boys
and girls together (controlling for menstrual fluctuations), higher levels of salivary testosterone
were predictive of increased alcohol use two years later.'5

Despite most of the evidence to date suggesting a relationship between higher
testosterone levels and alcohol use among men, the relationship between testosterone and
alcohol is somewhat complex in women. Free testosterone levels increased by 1.42% for each
alcoholic drink consumed in healthy premenopausal women tracking alcohol use via dietary
recall.'? Furthermore, women consuming at least 20 grams of alcohol per day had 23% higher
testosterone levels compared to women with no alcohol use.'®® This relationship between
testosterone levels and alcohol use is linear and is observed in both pre- and postmenopausal
women. Testosterone levels increased by 3.9% in premenopausal women and 2.3% in
postmenopausal women in response to each increment of 10 grams of alcohol per day.'4°
Conversely, in another study free testosterone levels were approximately 18% lower for women
consuming more than 20 grams of alcohol per day compared to non-drinkers, and increased
alcohol use was overall associated with decreased free testosterone levels.'#® Additionally,
premenopausal women with self-reported moderate alcohol use (15-20 grams of alcohol per
day, 2-5 drinking occasions per week for the past 3-5 years) did not show increased
testosterone levels.'%® In older women across the menopausal transition identified as excessive
drinkers, higher levels of testosterone were associated with a lower likelihood of transitioning to
non-excessive drinking.'®” This relationship was not observed among non-excessive drinkers
transitioning to problematic drinking,'®” suggesting that that chronic, high-level alcohol use may
be related to higher levels of testosterone.

4.7 DHEA/DHEA-S

Similar to testosterone, levels of DHEA and DHEA-S have been shown to be related to
increased alcohol use in men.22 DHEA-S levels increase in parallel with alcohol consumption
among men'58.159 and this association is observed even in those with moderate alcohol
consumption.’®® Higher DHEA-S levels in healthy, middle-aged males are positively correlated
with alcohol consumption, even when controlling for age. The relationship between problematic
alcohol use, as measured by the Alcohol Use Disorders Identification Test (AUDIT), and DHEA-
S was observed in men identified as having increased impulsivity, but not those scoring low on
impulsivity measures.'®® Furthermore, when looking at postmortem brain tissues of men and
women with AUD, DHEA levels are 71-161% higher versus individuals without AUD."%4

Elevated DHEA levels are also observed among women following alcohol drinking.
DHEA levels are 14-23% higher in premenopausal women who consume at least 20 grams per
day versus women who do not drink.'%® Additionally, the type of alcohol consumed may impact
DHEA levels. For instance, women who consume at least 5 glasses of beer per week have
DHEA levels that are 5.1% higher than non-drinkers, but elevated DHEA levels were not
observed in response to overall alcohol consumption or wine consumption. 0

DHEA levels are associated with stress-response in the laboratory, which is a risk factor
for AUD. Following exposure to a laboratory stressor, salivary DHEA levels were higher in
college-aged women reporting drinking to cope with stress. However,owever physiological
stress response (e.g. cardiovascular measures) was dampened in those with higher DHEA
levels.'® When healthy young men (ages 21-40 years old) were exposed to a laboratory
stressor and then consumed two cans of beer, the rise and fall of DHEA levels were not
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significant and the levels remained stable after consumption of alcohol.'®' Conversely, DHEA-S
levels were 70% lower among women with AUD, who were hospitalized, versus controls
whereas there were no baseline differences between men with AUD, who were hospitalized,
and controls. A decline in DHEA-S levels was observed during early abstinence in both men
and women, but DHEA-S levels were only related to lower cravings in women. 62

Furthermore, DHEA-S results may be race dependent, as research shows that among
individuals with likely AUD, African Americans had lower levels of DHEA-S as compared to
White counterparts.'®® In another study, the interaction between increased prior day cigarettes
and alcohol use was associated with DHEA levels in rural African Americans.'4 Similarly,
DHEA-S increased in relation to increased alcohol consumption and tobacco smoking among
Japanese men.1%8

4.8 Alcohol Summary

In parallel to the recent literature in PTSD, and allopregnanolone appears to reduce alcohol
consumption, and this is likely to be mediated through mitigation of negative affect and stress.
Results remain mixed for progesterone, whereas scant research demonstrates that
pregnenolone is related to increased alcohol use and cravings (see Table 2). Additionally, levels
of estradiol, testosterone and DHEA appear to be related to increased alcohol consumption.
Nonetheless, it is important to note that these findings potentially differ between men and
women. This body of research is similarly marred by the inconsistent evaluation of SABV, which
make it difficult to generalize results across sexes and reproductive stages (see Table 3).
Additional research is needed to elucidate the complex relationship between neurosteroids and
alcohol use, considering menstrual cycle phases, reproductive stages (pre-, peri- and
postmenopause), smoking status, as well as other racial and age variables.

5. Neurosteroids as novel treatments: Pregnenolone, progesterone, and
allopregnanolone

Given the association between PTSD symptoms, alcohol consumption, and neurosteroids,
specifically with evidence that allopregnanolone may mitigate trauma-related symptoms while
reducing alcohol consumption, it is unsurprising that recent studies have begun to study the
utility of administering exogenous neurosteroids, including allopregnanolone and its precursors
pregnenolone and progesterone, as novel therapeutics for PTSD and AUD. The following
sections will review the current evidence for exogenous pregnenolone, progesterone, and
allopregnanolone as novel treatments for concurrent PTSD and AUD.

5.1 Pregnenolone

Emerging evidence suggests that administration of exogenous pregnenolone may
mitigate stress-reactivity and alcohol craving. For instance, adults (n=31 men; n=12 women)
seeking treatment for AUD were randomized to receive exogenous pregnenolone (300 or
500mg per day) or placebo medication for eight weeks. During the second week of the
medication trial, participants were exposed to a stress, neutral, and alcohol mood induction
paradigm across three days. Those administered pregnenolone had an attenuated increase in
stress and alcohol-cue craving as compared to the placebo condition.'®> Additionally,
administration of exogenous pregnenolone reduced stress-induced anxiety as compared to
individuals administered placebo medication. Pregnenolone normalized cortisol and ACTH
levels, in that both doses of pregnenolone elevated cortisol and ACTH in individuals with
AUD."8% These results have been replicated among adult men and women (n=30, n=21 men;
n=9 women) with cocaine use disorder, as exogenous pregnenolone reduced craving as well as
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stress-induced anxiety.'®® These data demonstrate that pregnenolone may be a worthwhile
treatment for improving HPA axis regulation and reducing alcohol craving.

Pregnenolone has also shown promise for attenuating PTSD symptoms. Thirty US male
Veterans with a mTBI, who had been deployed to Iraq or Afghanistan, were administered
pregnenolone for 8 weeks (titrated to 250mg twice per day) showed significant improvement in
trauma-related symptoms, including sleep disturbances, concentration problems, irritability, and
hyperarousal.®® Oral pregnenolone has also reduced depressive symptoms in adults (n=80)
aged 18 to 75 years old with bipolar disorder'®” and enhanced connectivity between the
amygdala and dorsal medial prefrontal cortex, which was related to decreased anxiety, in male
participants aged 18 to 32 years old (n=31).%® This evidence further highlights that exogenous
pregnenolone may mitigate negative affect and improve stress-reactivity. Despite these
promising findings, no studies have explored the utility of exogenous pregnenolone to target
concurrent PTSD and AUD.

5.2. Progesterone

Among the neurosteroids, administration of exogenous progesterone has been perhaps
the most widely studied in substance use disorders (for review see Peltier & Sofuoglu, 20194").
While much of this research has occurred outside the ten-year span of the current review, it is
important to highlight that exogenous progesterone can reduce drug effects, use, craving and
urges across substances.

Progesterone administration is associated with attenuated cravings and reduced positive
subjective ratings of nicotine administration, among men and women'%®'7" as well as following
cocaine administration.'”2-174 Clinical trials of exogenous progesterone administration illustrate
its potential to increase abstinence, especially among postpartum women who use cocaine or
nicotine. For instance, administration of 100 mg progesterone per day for 12 weeks reduced
probability of urine drug screens positive for cocaine in postpartum women.'”® Similarly,
administration of 400 mg progesterone increased abstinence rates among postpartum women
who smoke. 76177 Notably, chronic administration of 400 mg of progesterone over seven days
was related to improved emotional processing in men and women in early abstinence from
cocaine use disorder who also misused alcohol.'”8

Progesterone administration has also shown promise in attenuating stress-reactivity. 4’
Intramuscular injections of 50 mg progesterone reduced stress-reactivity in response to a
laboratory stress paradigm (i.e., Trier Social Stress Test), in healthy men. Specifically, 50 mg
and 100 mg doses of progesterone reduced peak cortisol levels, as well as subjective ratings of
negative mood and alertness following the Trier Social Stress Test.Progesterone administration
did increase blood pressure and plasma noradrenaline simultaneously.” In a trial of men and
women with cocaine use disorder, those receiving 400 mg of progesterone per day for seven
days showed decreased negative emotion ratings and cortisol levels in response to a cue-
induction, as well as increased cue-induced ACTH response as compared to individuals
receiving placebo treatment.'”* In fact, women receiving placebo medications reported lower
ratings of positive mood and negative emotion after the cue-induction.'”* Healthy women pre-
treated with 200 mg of oral progesterone endorsed decreased state anxiety following
administration of oral d-amphetamine.'”® Medroxyprogesterone, a synthetic progestin, reduced
panic/anxiety symptoms in women with panic disorder.'® Furthermore, members of our group
have recently shown that administering progesterone (200mg, twice per day) reduces stress-
induced alcohol craving, anxiety and negative affect (i.e., fear, sadness; Ralevski et al.,
unpublished results) among men with PTSD and AUD'®'. Thus, progesterone may attenuate
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stress-reactivity and negative affect, which underlies both PTSD and AUD in both men and
women.

5.3 Allopregnanolone

Allopregnanolone is a promising pharmacological target.Ilt has demonstrated significant
anxiolytic and antidepressant effects related to stress-reactivity, trauma symptoms and alcohol
use. Furthermore, allopregnanolone is well tolerated among women with PTSD, as women with
PTSD reported less sedation than healthy controls.'82 This is notable as administration of
benzodiazepines, such as diazepam, result in increased sedation in women with or without
PTSD, but women receiving exogenous allopregnanolone reported no significant side effects.'82

An exogenous, synthetic form of allopregnanolone, brexanolone, was approved by the
US Food and Drug Administration (FDA) in 2019 for the treatment of postpartum depression
(PPD). In Phase lll clinical trials, women diagnosed with PPD showed a large, clinically
significant reduction in depressive symptoms following a single 60-hour infusion of brexanolone
compared to those women receiving placebo injections and these improvements were carried
through thirty-day follow-ups. In addition to these positive results, brexanolone was shown to be
well tolerated.'® These study results were also replicated in two additional Phase Il trials.8
Additionally, zuranolone, an oral synthetic form of allopregnanolone, has been shown to reduce
depressive symptoms in women with PPD and its effects lasted through the 45 day follow-up.'8%
In the initial Phase Il study of zuranolone, individuals with major depression, receiving 30 mg of
the drug, who also had measurable blood concentrations of zuranolone and severe baseline
depressive symptoms, showed significant improvement. This illustrates the potential of
zuranolone to treat mood symptoms among patients with significant major depression .16

Despite this promising evidence, it is worth noting that a recent study of ganaxolone, a
synthetic derivative of allopregnanolone, failed to show improvement in PTSD symptoms.
Veterans and civilians received either placebo or ganaxolone (titrated to 60 mg twice per day for
two weeks). Although, ganaxolone proved to be both safe and feasible to administer to
participants, it did not reduce trauma symptoms.'8” However, this study included mostly males
and low trough blood levels of the study drug were found in more than one-third of participants,
indicating the need for higher dosing."87.188

While there are no clinical studies exploring the administration of allopregnanolone on
alcohol consumption and alcohol-related variables (e.g., craving, treatment response), there is
promising evidence that allopregnanolone may be an advantageous treatment for drinking.
There is significant preclinical evidence that allopregnanolone decreases acquisition, intake,
and reinforcement of ethanol.’3' Allopregnanolone reduced consumption of ethanol among rats
that preferred ethanol, 318 including when administered a precursor to allopregnanolone (e.g.,
pregnenolone),’® which has similarly demonstrated promise in humans.'5

6. Summary and future directions

This review covers the growing literature detailing the effects of neurosteroids on PTSD and
AUD symptoms, and the potential for neurosteroids to mitigate the negative affect and stress-
reactivity observed in both disorders. Evidence to date, generally suggests that pregnenolone,
progesterone, and allopregnanolone may be the most effective pharmacological agents. There
is preliminary evidence that pregnenolone mitigates alcohol craving and also improves aspects
of both PTSD and AUD, such as HPA axis regulation, state-based anxiety and depressive
symptoms. Accordingly, exogenous pregnenolone may improve trauma-related symptoms and
AUD and thus warrants further consideration in larger studies.
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While exogenous progesterone has not yet been widely studied in the context of
PTSD/AUD, its utility to improve negative affect, normalize HPA-axis function and reduce
alcohol craving, as well as reduce the use of other substances such as tobacco and cocaine, is
promising. However, it should be noted that it has been hypothesized that such positive results
are mediated by increases in allopregnanolone levels.'®' Thus, exploration of progesterone’s
metabolites, including allopregnanolone, is also warranted. This is especially true as exogenous
allopregnanolone has also shown significant promise in reducing negative affect as observed in
PDD and major depressive disorder. Despite the limited data, exogenous allopregnanolone may
mitigate the negative affect observed in trauma-related symptomatology. Similarly, it is likely to
decrease alcohol consumption.

The literature also highlights discordant findings across the neurosteroids. Findings often
vary between sexes and ages. Nonetheless, SABV has not been systematically examined, as
summarized in Tables 1 & 3. Future studies of PTSD and AUD should be designed to explore
SABV adequately and must be powered to detect sex differences. This is especially important
as there are significant sex differences in PTSD and AUD prevalence and symptoms. Men are
more likely to experience a “potentially traumatic event,” but women are more likely to develop
PTSD after trauma exposure and women are also more vulnerable to consume alcohol in the
context of stress.>7.20.21 Thus, additional research to explore the potential sexually dimorphic
vulnerabilities is needed.

Specifically, we suggest that future research include the “4 C’s of Studying Sex,” as
proposed by the National Institute of Health Office of Research on Women’s Health. This
guidance advises: 1. a priori consideration of sex in the design of a project; 2. collecting data
based upon sex; 3. considering sex using sex-stratified data analytical plans;'°? 4.
communicating sex-specific findings.'®3 Such strategies will permit future sex-based
comparisons across the clinical literature and inform treatment development for PTSD/AUD. %3

It is also difficult to draw conclusions across many of the studies exploring neurosteroids in
women, as many of the studies used menstrual cycle subphases, with differing methodologies
for categorization. The use of various definitions of menstrual cycle subphases likely also
contributes to the incongruous findings. Future studies would benefit from utilizing established
best research practices when designing the collection and analysis of hormone levels within a
study.%” This includes studying actual hormone levels as opposed to dichotomized menstrual
cycle categorization when possible, as well as consideration of the timing and amplitude of
dynamic changes in hormones in premenopausal women. Additionally, studies of neurosteroid
fluctuations among women across the female reproductive stages, including pre-, peri- and
postmenopause, as well as use of exogenous hormone therapies is important, as these
conditions also generate unique changes in neurosteroid levels.'* Accounting for individual
differences'®® and sex differences in the metabolism of progesterone and neurosteroids also
may clarify the relationship between hormone levels and PTSD/AUD symptoms as well as
response to neurosteroid treatments.

Recent recommendations advocate for rigorous standards to be employed when examining
hormone and neurosteroid levels across the menstrual cycle. Specifically, it is important to
select a specific menstrual cycle subphase, as well as to choose the most precise identification
method available. Current evidence suggests sonographic confirmation is most accurate when
identifying menstrual cycle subphases, but a combination of self-reported onset of menses,
home urinary LH testing, and confirmatory sex hormone measurement can also be effective in
categorizing a subphase. Additionally, it is suggested that methodology be explicitly described
and absolute values for each neurosteroid, ratios of neurosteroids, and changes between
timepoints also be reported (for complete recommendations see Allen et al., 2016%).

Despite the shortcomings in the present body of literature, existing data illustrate the
potential for exogenous neurosteroids to attenuate HPA-reactivity, depressive symptoms, and
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alcohol craving and consumption, which may effectively treat individuals with co-occurring
PTSD and AUD. Surprisingly, despite the high rates of comorbidity among PTSD and AUD, as
well as the common vulnerabilities associated with both disorders, neurosteroids do not appear
to have been widely studied in concurrent PTSD and AUD. Future studies should explore the
effects of endogenous and exogenous neurosteroids in populations with concurrent PTSD and
AUD.

7. Conclusion

This review highlights the clinical literature over the past ten years and explores the
relationships between neurosteroids, PTSD, and AUD. Recent data supports the idea that
neurosteroids can improve trauma-related symptomatology and PTSD, as well as alcohol
consumption and alcohol-related variables, such as cravings. Additionally, preliminary evidence
supports the possibility that exogenous neurosteroids may be novel treatments, by targeting the
underlying mechanism of PTSD/AUD. In particular, pregnenolone, progesterone, and
allopregnanolone have shown the most promise in addressing the reciprocal relationship
between PTSD and AUD, and thus warrant additional research. It is especially critical to
explore such potential interventions among individuals with concurrent PTSD/AUD, as only one
study to the authors’ knowledge has examined neurosteroids in populations with co-occurring
PTSD and AUD.

While these findings are intriguing and offer promise for the development of novel
interventions for PTSD and AUD, this review also highlights the inconsistent application of
SABYV and lack of rigor in assessment of menstrual cycle status and reproductive states in most
studies. In particular, consistency in categorizing menstrual cycle status, inclusion of pre- and
perimenopausal women, and analysis of exogenous hormonal therapies should be addressed in
future studies. Future research should also power studies adequately to address SABV,
including stratifying analyses and reporting findings by sex. Such strategies will create
homogeneity across studies and provide more rigorous data on the role of neurosteroids in the
etiology, maintenance, relapse, and treatment of PTSD and AUD.
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Highlights

¢ Neurosteroids are implicated in the underlying mechanisms of PTSD/AUD and are potential
treatments

e Pregnenolone, progesterone & allopregnanolone have the most support for PTSD and AUD

e Few studies have explored the role of neurosteroids for PTSD and AUD concurrently

e There is an inconsistent application of SABV which warrants more rigorous research

Figure 1. Synthesis of neurosteroids with generalized findings.
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Note. A simplified depiction of the synthesis of neurosteroids is depicted along with an overall
summary of the findings. Findings are related to changes in neurosteroid levels and/or
laboratory findings, unless noted as a treatment related finding. Findings including a ratio are
depicting a negative correlation between the ratio described and PTSD diagnosis and/or
symptoms. In general, there is evidence that allopregnanolone may be advantageous treatment
targets for PTSD symptoms and alcohol use, while other neurosteroids demonstrated mixed
results. See Table 2 for complete overview of findings.
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Table 1. Summary of incorporation of sex as a biological variable into the study design and analyses of
neurosteroids and PTSD in past 10 years

Included Menstrual Cycle Analvses Sex Sex
Neurosteroids Phase in Study y differences differences
studied Men and design/analyses controlled planned in reported in
Women for SABV
analyses results
Kinzel et al., Preg; ALLO Yes No Yes No No
202050
Umminger et  Preg; ALLO Yes No Yes No No
al., 2023%
Marx et al., Study 1: preg No N/A No No No
2016°%
Study 2: preg Yes No No No No
Cruzetal., preg; ALLO; Yes No Yes Yes Womzr} w/ PTSD 1
preg &tpregna vs.
201958 pregna women w/out PTSD;
Men w/ PTSD |
ALLO vs. men w/out
PTSD
Nillni et al., Prog No Yest No No No
2015%
Nillni et al., Prog; E2 No Yest No No No
2020°%
Wegerer et Prog; E2 No Yest No No No
al., 201464
Pineles etal., ALLO No Yest No No No
2018™
Pineles et al., Prog; E2 No Yest No No No
2016a%
Pineles etal., Prog; E2 No Yest No No No
2016b®
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Lalonde et
al., 202156

Krinke et al.,
202257

Hennessy et
al, 202258

Inslicht et al.,
201450

Juster et al.,
201650

Stephens et
al., 201692

Pineles et al.,
202072

Kim et al.,
202063

Rauch et al.,
2020¢%8

Prog; T

Prog, E2; T

Prog; E2

Prog; ALLO

Prog; E2

Prog; E2; T

ALLO; Pregna;
DHEA

Pregna; ALLO

Pregna; ALLO

Yes

No

Yes

Yes

Yes

Yes

No

No

Yes

No

Yes

No

No

No

Yest

Yest

N/A

No
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Yes

No

Yes

Yes

Yes

Yes

No

No

No

Yes

No

Yes

Yes

Yes

Yes

No

No

Yes

Women |T and?
Prog than men;
TE2=lower risk of
PTSD

No

Men receiving
hydrocortisone:
TE2= fewer
intrusions;
tProg=more
intrusions

Women receiving
hydrocortisone:
1E2= more
intrusions

tProg in women with
PTSD vs. controls
as compared to men

tALLO in women vs.
men

Men: Prog
negatively correlated
with reactive cortisol

Women: E2and T
negatively correlated
with reactive cortisol

Men: T negatively
correlated with
cortisol

Women: Prog
negatively correlated
to ACTH and cortisol

No

No

Male responders:
TALLO levels and
tbaseline Pregna



Rasmusson
et al., 201970

Reijnen et
al., 20157

Farina et al.,
201777

Lehrner et
al., 201676

Feklicheva et
al., 202275

Deuter et al.,
202180

Karlovic et
al., 201281

Josephs et
al., 201778

Cobb et al.,
20187

Rieder et al.,
2022a82

Hack et al.,
202283

Rieder et al.,
2022b8

Miedl et al.,
2018%

Sartin-Tarm
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Pregna; DHEA;

DHEA-S
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E2; Prog
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et al., 2020 84

Glover et al.,
201286

Glover et al.,
201387

Antov et al.,
20149

Soni et al.,
2013%

Franke et al.,
202291

Ferree et al.,
20129%

Bartholomew
et al., 20229

Graham et
al., 20139%

Jergovic et
al., 2015101

Orta et al.,
2020102

Mouthaan et
al., 2014103

E2

E2
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E2; Progestin
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No

Yes

No

No

No

Yes

No

No

Yes
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No

No

Yes

No

No

No

No

No

No

Women in early
follicular phase 1
fear response at fear
extinction vs.
controls; women in
midcycle phase |
fear response vs.
controls

No

No

No

Women on hormonal
contraceptives
(HCS) 1 change in
skin conduction
response during fear
conditioning vs. men
and women in early
follicular phase;
Women on HCs
lchange in SCR
during extinction
then men.

No

No

No

No



Usta et al., DHEA-S No No No No No
2016104

Ralph etal.,  DHEA Yes No No No No
2017105

Bicanic etal., DHEA-S No No No No No
2013109

Golier et al., DHEA-S No N/A No No No
2014110

Usta et al., DHEA-S Yes No Yes No No
20181

Nijdam etal., DHEA-S Yes No Yes No No
201512

Kim et al., DHEA-S Yes No Yes No No
2013113

Van DHEA Yes No Yes No No
Voorhees et

al., 2013107

Blasco-Ros DHEA No No No No No
etal.,

2014108

Van DHEA; DHEA- Yes No Yes No No
Voorhees et S

al., 2014106

Note. SABV= sex as a biological variable; Preg=pregnenolone; ALLO=allopregnanolone; Pregna=pregnanolone;
Prog=progesterone; E2=estradiol; DHEA= dehydroepiandrosterone; T=testosterone; N/A= not applicable; 1=
increased or greater; |= decreased or less than; T=menstrual cycle subphase confirmed by blood analysis;
a=menstrual cycle subphase confirmed by salivary assessment
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Table 2. Generalized summary of findings

Preg Prog ALLO Pregna T E2 DHEA/DHEA-S

AL W MIAL W MAA W M|AL W MAL W MAL W M| Al W

Alcohol

AUD |+ 1t N[N N |t t t/|N N ||t/ & t/|[N N N| 1t 1

E|IE E ||l | ||E E ! || E E E
A PN NP L LN N NIN N ! T
Consum E | E E E E|E | || E

ption

Cravi [N N N|N t/ N|IN N t [N N N|N N 7 |N N N| NE NE
ng E E E|E | E|E E E E E|E E E E E

Positi [N A 1 |N N N|N N t N N NN N NN N N| NE NE
ve | E E E E|E E E E E|E E E|E E E
subje
ctive
rating
s

PTSD

N 1t alt/ A4 [N | | |N N NN N /[N | 1] 1
Diagnosi | E l E E E E|E E | |E l
s

Fear N N NN A N[N ¢t N|N N NN N N|IN t/ | NE 1
Condito | E E E | E E|E E|E E E|E E E|E |
ning

PTSD E E | |E | E E E E | E
Sympto
ms

Treatme |E E E|E E E|E E E E E E|E E E
nt
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respons
e

Note. W=women; M=men; Preg=Pregnenolone; Prog= progesterone; ALLO= allopregnanolone; Pregna=
Pregnanolone; T=Testosterone; E2=Estradiol; DHEA= Dehydroepiandrosterone; DHEA-S= Dehydroepiandrosterone-
Sulfate; 1= increased hormone levels; |= decreased hormone levels; 1/|= mixed evidence; NE= no available
evidence; A=no differences observed.
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Table 3. Summary of incorporation of sex as a biological variable into the study design and analyses of
neurosteroids and Alcohol in past 10 years

Included Menstrual Cycle Analvses Sex Sex
Neurosteroids Phase in Study y differences differences
. Men and . controlled X -
studied Women design/analyses for SABV planned in reported in
analyses results

Karkkainen  Preg; DHEA; T Yes No Yes Yes Men only analyses
et al _shov_ved glm_ost
2016’115 identical findings
Gattaetal., Prena; ALLO No No No No No
2021125
Lietal., E2; T No Yes No No No
2013147
Hirko etal., EZ2; T; Prog; No Yest No No No
2014131 DHEA; DHEA-

S
Lanet E2; T; DHEA-S No Yest No No No
Group,
2013146
Vatsalyaet T;E2 Yes Yes Yes Yes Men: | T
al., 2012137

Women: 1E2

Tin Tin et T, E2 No Yest No No No
al., 2021140
Schliep et T; E2; Prog No Yes No No No
al., 2015133
Braams et T Yes Yes® No No No
al., 2016145
De wateret T; E2 Yes No Yes Yes 1T and E2 in boys is
al., 2013139 linked to onset of
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Peters et
al., 2015143

Heberlein
etal.,
201642

Jensen et
al., 2014138

Holzhauer
et al.,,
202017

Martel et
al., 2017116

Joyce et
al., 201818

Weinland et
al., 2021119

Hayaki et
al., 2020120

Barone et
al., 2023187

Milivojevic
etal.,
20168

Peltier et
al., 2020148

Hasirci et
al., 2017124

Prog

Prog; E2

Prog; E2

Prog

Prog; E2

Prog; E2

ALLO; T

T, E2

ALLO

Yes

No

No

No

No

No

Yes

No

No

Yes

No

Yes

Yes®

N/A

N/A

Yes®

Yes®

Yes

Yes

Yes

Yes

No

No

No
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Yes

No

No

No

No

No

No

No

No

Yes

No

Yes

Yes

No

No

No

No

No

No

No

No

Yes

No

Yes

1T in boys; no
findings in girls

No

No

No

No

No

Postmenopausal
Women= 1Prog is
related to | craving;

Men with AUD =
1Prog, that
decreased over
time

No

No

Men/Women equal
levels of ALLO
when separated in
High/Low ALLO
groups

No

1 ALLO in VTA in
men/women; 1
ALLO in SMN in
AUD males vs.
controls



Hartmanet E2 No YesP No No No
al., 2016132

Playdon et E2 No N/A No No No

al., 2018134

Warren et E2; Prog Yes Yes No No No

al., 2021135

Wemm et DHEA No No No No No

al., 2013151

Nagaya et DHEA-S No N/A No No No

al., 2012149

Aluja etal., DHEA-S No N/A No No No
2023150

Weinland et DHEA-S Yes No Yes Yes | DHEA-S in men
al., 2022153 and women in AUD

treatment

Women: | DHEA-S
in AUD vs. controls

Schrieks et DHEA No N/A No No No
al., 2016152

Ransome DHEA-S Yes No Yes No No
etal.,
2017154

Obasi et DHEA Yes No Yes No No
al., 2017155

Note. SABV= sex as a biological variable; Preg=pregnenolone; ALLO= allopregnanolone; Pregna=pregnanolone;
Prog=progesterone; E2=estradiol; DHEA= dehydroepiandrosterone; T=testosterone; N/A= not applicable; 1=
increased or greater; |= decreased or less than; T=menstrual cycle subphase confirmed by plasma analysis;
a=menstrual cycle subphase confirmed by salivary assessment; 3= menstrual cycle subphase confirmed by urinary
assessment; VTA=ventral tegmental area; SNM substantia nigra pars medialis.
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