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ARTICLE INFO ABSTRACT

Keywords: The neuroactive steroid 3a-5a-tetrahydroprogesterone (allopregnanolone), a metabolite of progesterone, is a

Neuroactive steroids positive allosteric modulator of GABA4 receptors, and low levels have been implicated in the etiology of mood

Allopregnanolone disorders. However, it is not known whether metabolism of progesterone to allopregnanolone varies across the

xemm‘al cycle menstrual cycle or is low after menopause. We hypothesized that the allopregnanolone/progesterone ratio
enopause

would decrease from the follicular to luteal phase. We also hypothesized that postmenopausal women would
have lower levels of progesterone and allopregnanolone but similar allopregnanolone/progesterone ratios as
premenopausal women in the follicular phase.

Serum fasting allopregnanolone and progesterone levels were measured by gas chromatography-mass spec-
trometry in ten premenopausal women at the follicular, mid-cycle, and luteal phases of the menstrual cycle and
in twenty-four postmenopausal women. Although allopregnanolone and progesterone levels increased from the
follicular to luteal phase, the allopregnanolone/progesterone ratio decreased 8-fold [0.33 = 0.08 (follicular) vs
0.16 = 0.09 (mid-cycle) vs 0.04 + 0.007 (luteal), p = 0.0003]. Mean allopregnanolone and progesterone le-
vels were lower in postmenopausal than premenopausal women at all menstrual cycle phases (p < 0.01). The
mean allopregnanolone/progesterone ratio was similar in postmenopausal and premenopausal women in the
follicular phase (0.39 # 0.08 vs 0.33 + 0.08, p = 0.94) but was significantly lower at mid-cycle and in the luteal
phase than in postmenopausal women (p < 0.01). In conclusion, the serum allopregnanolone/progesterone
ratio decreases 8-fold from the follicular to luteal phase and is lower at mid-cycle and the luteal phase than in
postmenopausal women. Whether these data have implications for luteal phase and other mood disorders merits
further study.

1. Introduction adrenal glands, ovaries, and testes. Progesterone is converted to allo-
pregnanolone in a two-step process by the enzymes 5a-reductase,

Neuroactive steroids are metabolites of sex steroids that modulate which converts progesterone to 5a-dihydroprogesterone (5a-DHP), and
neurotransmission. The best studied neuroactive steroid is the proges- 3a-hydroxysteroid-dehydrogenase (3a-HSD), which converts 5a-DHP
terone metabolite 3a-5a-tetrahydroprogesterone, also known as allo- to allopregnanolone (King, 2013). In the brain, allopregnanolone acts as
pregnanolone, which is made both in the brain and peripherally by the a positive allosteric modulator at GABA, receptors with 10 times the
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potency of benzodiazepines (King, 2013; Majewska et al., 1986;
Morrow et al., 1987). Moreover, there are limited clinical data linking
relative allopregnanolone deficiency with mood disorders. Low serum
and cerebrospinal fluid (CSF) levels of allopregnanolone have been
observed in patients with mood disorders such as depression, anxiety,
and post-traumatic stress disorder (Eser et al., 2006; Rasmusson et al.,
2006; Uzunova et al., 1998), and several studies have demonstrated an
inverse relationship between allopregnanolone levels and severity of
depressive symptoms (Dichtel et al., 2018; Girdler et al., 2001; Wang
et al., 1996). In addition, a recently published placebo-controlled trial
demonstrating efficacy of an oral positive allosteric modulator of
GABA, receptors (SAGE-217) administered for 14 days to patients with
major depressive disorder supports a potential link (Gunduz-Bruce
et al., 2019).

While cyclical variations of estrogen and progesterone are im-
plicated in the etiology of luteal phase disorders such as premenstrual
syndrome (PMS), premenstrual dysphoric disorder (PMDD), and cata-
menial epilepsy, it has been postulated that allopregnanolone may also
play a role. Most studies measuring allopregnanolone in premenopausal
women across the menstrual cycle and all studies of postmenopausal
women have been subject to limitations of immunoassay cross-re-
activity (Bixo et al., 1997; Genazzani et al., 1998; Girdler et al., 2001;
Monteleone et al., 2000; Nyberg et al., 2005; Wang et al., 1996). Fur-
thermore, whether conversion of progesterone to allopregnanolone
decreases across the menstrual cycle or after menopause is unknown. It
is now possible to measure neuroactive steroid levels by gas chroma-
tography-mass spectrometry (GC/MS) after separation by high pressure
liquid chromatography (HPLC), which can accurately distinguish allo-
pregnanolone from precursor steroids, including progesterone, as well
as structurally similar isomers with markedly different neuroactive ef-
fects, thus overcoming limitations of immunoassays (Cheney et al.,
1995a). Two recent studies using GC/MS demonstrated a rise in allo-
pregnanolone across the menstrual cycle (Martinez et al., 2016; Pineles
et al., 2018). However, progesterone was not simultaneously measured
at all menstrual cycle phases, so it is unknown whether the ratio of
allopregnanolone to progesterone varies during the menstrual cycle.
Given the potential protective function of allopregnanolone in depres-
sion as well as the deleterious mood effects demonstrated in some
studies of exogenous progesterone administration (Andreen et al., 2003;
Klatzkin et al., 2006; Natale et al., 2001), an understanding of the re-
lationship between progesterone and allopregnanolone across the cycle
may provide insight into the pathogenesis of mood symptoms asso-
ciated with the luteal phase.

No published studies using GC/MS have investigated changes in
allopregnanolone levels with menopausal status. Studies using im-
munoassays have demonstrated no difference in serum allopregnano-
lone levels between postmenopausal women and premenopausal
women in the follicular phase (Genazzani et al., 1998), and higher
postmortem brain concentrations of allopregnanolone in pre-
menopausal women in the luteal phase compared to postmenopausal
women (Bixo et al., 1997).

In the current study, we measured serum levels of allopregnanolone
and progesterone by GC/MS at each phase of the menstrual cycle in 10
premenopausal women and at one time point in 24 postmenopausal
women, all of whom were non-depressed. Given the high prevalence of
luteal phase mood disorders and premenstrual symptoms among re-
productive-age women (Direkvand-Moghadam A et al., 2014), we hy-
pothesized that in the setting of a considerable increase in progesterone
levels from the follicular to luteal phase, conversion to allopregnano-
lone would not parallel the increase in its precursor; therefore the ratio
of allopregnanolone to progesterone would decrease from the follicular
to the luteal phase. Additionally, we hypothesized that postmenopausal
women would have similar allopregnanolone to progesterone ratios as
premenopausal women in the follicular phase in the context of low
progesterone levels. A better understanding of the changes in neu-
roactive steroid levels and their precursors across the menstrual cycle
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and in menopause may identify therapeutic targets for luteal phase
disorders and mood disorders.

2. Materials and methods
2.1. Subjects

This study was approved by the Partners Healthcare Institutional
Review Board and complied with Health Insurance Portability and
Accountability Act guidelines. Written consent was obtained from all
participants prior to study procedures. For all subjects, serum allo-
pregnanolone and progesterone were measured at 0800h after an
overnight fast. To assess the variability of allopregnanolone across the
menstrual cycle, we studied 10 healthy premenopausal women [PRE],
each at three times points in a single menstrual cycle: follicular phase (d
1-7), mid-cycle phase (d 13-16), and luteal phase (d 20-23). In order to
be included in the study, women must have had a history of regular
menstrual cycles since menarche. Ovulatory function and menstrual
phase were confirmed by serum luteal progesterone > 5ng/mL as
measured by immunoassay (Kratz and Lewandrowski, 1998). An im-
munoassay was used to confirm ovulation because there is no estab-
lished cutoff for ovulation by GC/MS. The 10 premenopausal women
were also compared at each menstrual cycle phase to 24 healthy
postmenopausal women [POST]. Exclusion criteria for all subjects in-
cluded patient-reported history of current or lifetime psychiatric dis-
order (including affective disorders, such as major depressive disorder
or PMDD, and anxiety disorders), current cigarette smoking, the use of
psychotropic medications, and the use of estrogens or progestins.
Clinical characteristics of the premenopausal subjects have been re-
ported as part of larger groups in parent studies (Miller et al., 2004,
2001; Sesmilo et al., 2001), but neither allopregnanolone levels nor
progesterone levels by GC/MS have been reported for any subject in
any parent study or subset analysis.

2.2. Hormone analysis

Extraction, derivatization, and GC/MS analyses of allopregnanolone
and progesterone were performed as previously described (Cheney
et al., 1995b; Pibiri et al., 2008; Pinna et al., 2000) in the laboratory of
investigator Graziano Pinna. Samples were stored at —80 °C and run in
one batch. After the samples were extracted with ethyl acetate and
lyophilized, the steroids of interest were purified and separated by
HPLC. Tritiated neuroactive steroids (American Radiolabeled Chemi-
cals, St. Louis, MO, USA) were added to monitor the HPLC retention
profile (Cheney et al., 1995b), while deuterated internal standards
consisting of 1pmol of deuterium-labeled neuroactive steroid (CDN
Isotopes, Pointe-Claire, QC, and Steraloids, Newport, RI, USA) were
used to allow quantification of the compound of interest and correct for
procedural losses. Each steroid of interest was then derivatized for GC/
MS (Pibiri et al., 2008; Pinna et al., 2000); mass spectrometry analysis
was performed in the standard electron impact mode for both allo-
pregnanolone and progesterone measurements. The quantity of each
neuroactive steroid of interest was calculated by dividing the area
under the peak of the neuroactive steroid in the sample by the area
under the peak of the deuterated internal standard. The detection limit
for allopregnanolone with this method was approximately 5 fmol. To
convert allopregnanolone from pg/mL to nmol/L, multiply by
0.003185. To convert progesterone from pg/mL to nmol/L, multiply by
0.00318. To convert progesterone from ng/mL to nmol/L, multiply by
3.18.

2.3. Statistical analysis
JMP Pro Statistical Database Software (version 14; SAS Institute,

Cary, NC, USA) was used for statistical analyses. Two outlier values,
defined as greater than 3 standard deviations from the mean, were
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excluded. All variables were log-transformed. Clinical characteristics
and mean hormone levels between premenopausal women at each
phase of the menstrual cycle and postmenopausal women were com-
pared using analysis of variance. Trends in hormone levels across the
follicular, mid-cycle, and luteal phases were determined using a re-
peated measures analysis. Data are reported as mean * standard error
of the mean unless otherwise noted. Statistical significance was defined
as a two-tailed p-value < 0.05.

3. Results
3.1. Clinical characteristics

By design, the mean age of postmenopausal women was higher than
that of premenopausal women [61 = 7 (SD) (range 52-73) vs 34 = 7
(SD) (range 23-44) years, p < 0.0001]. There was no difference in
mean BMI between the groups [27.3 = 4.9 (SD) (range 20.4-36.6)
(POST) vs 25.8 = 3.9 (SD) (range 19.9-31.4) kg/m2 (PRE), p = 0.44].
Average time since onset of menopause for the postmenopausal women
was 8.5 * 5.4 (SD) years. All subjects were non-smokers.

3.2. Allopregnanolone and progesterone across the menstrual cycle

Allopregnanolone levels increased from the follicular to the luteal
phase [27.3 * 4.4 (follicular) vs 64.2 * 21.3 (mid-cycle) vs
165.3 = 37.1 (luteal) pg/mL, p = 0.02; Fig. 1a]. Progesterone levels
also rose across the menstrual cycle [143 = 44 (follicular) vs
1254 + 515 (mid-cycle) vs 4694 = 646 (luteal) pg/mL, p < 0.0001;
Fig. 1b]. The allopregnanolone/progesterone ratio decreased 8-fold
from the follicular to the luteal phase [0.33 = 0.08 (follicular) vs
0.16 + 0.09 (mid-cycle) vs 0.04 = 0.007 (luteal), p = 0.0003;
Fig. 1c].

3.3. Allopregnanolone and progesterone in postmenopausal women

Mean allopregnanolone levels were lower in postmenopausal
women compared to premenopausal women at all menstrual cycle
phases [12.7 = 1.4 (POST) vs 27.3 = 4.4 (follicular) pg/mlL,
p = 0.0002; 12.7 = 1.4 (POST) vs 64.2 = 21.3 (mid-cycle) pg/mL,
p < 0.0001; 12.7 +1.4 (POST) vs 165.3 = 37.1 (luteal) pg/mlL,
p < 0.0001; Fig. 1a]. Similarly, mean progesterone levels were lower
in postmenopausal women compared to premenopausal women across
the menstrual cycle [57 + 12 (POST) vs 143 = 44 (follicular) pg/mL,
p =0.006; 57 =12 (POST) vs 1254 =515 (mid-cycle) pg/mL,
p < 0.0001; 57 =12 (POST) vs 4694 = 646 (luteal) pg/mlL,
p < 0.0001; Fig. 1b]. The mean allopregnanolone/progesterone ratio
was similar between postmenopausal women and premenopausal
women in the follicular phase [0.39 + 0.08 (POST) vs 0.33 + 0.08
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(follicular), p = 0.94; Fig. 1c] but was significantly higher in post-
menopausal women compared to premenopausal women in the mid-
cycle phase [0.39 = 0.08 (POST) vs 0.16 = 0.09 (mid-cycle),
p = 0.004; Fig. 1c] and the luteal phase [0.39 *= 0.08 (POST) vs
0.04 + 0.007 (luteal), p < 0.0001; Fig. 1c].

4. Discussion

This preliminary study is the first to characterize the allopregna-
nolone to progesterone ratio, as a proxy for metabolism of progesterone
to allopregnanolone, across the menstrual cycle and in non-depressed
post-menopausal women using serum GC/MS measurements for both
allopregnanolone and progesterone. As we hypothesized and now show,
the ratio of allopregnanolone to progesterone decreases across the
menstrual cycle; our data show that this decrease is 8-fold from the
follicular to the luteal phase despite the increase in both progesterone
and allopregnanolone across the cycle. Pineles et al. recently demon-
strated by GC/MS that the ratio of ALLO (which includes allopregna-
nolone and its stereoisomer pregnanolone) to 5a-DHP — the immediate
allopregnanolone precursor — increases from the follicular to the luteal
phase (Pineles et al., 2018), which may be due to increased gene ex-
pression of 3a-HSD by estradiol (Mitev et al., 2003; Pineles et al.,
2018). Despite these findings suggesting increased activity of 3a-HSD
during the luteal phase, we show that levels of allopregnanolone do not
increase proportionally to progesterone levels. We hypothesize that 5a-
reductase may be saturated in the luteal phase from high progesterone
levels, as it has been shown that 5a-reduction is the rate-limiting step in
conversion of progesterone to allopregnanolone (Cai et al., 2018; Do
Rego et al., 2009). Alternatively, it is possible that more progesterone is
metabolized to pregnanolone through increased activity of 5p-re-
ductase or 3a-HSD. Preclinical studies suggest that modulation of
GABA, transmission by allopregnanolone plays a role in the patho-
genesis of mood disorders. There are as yet few clinical data supporting
a link between allopregnanolone and mood disorders, although, of note,
a recently published placebo-controlled trial of an oral positive allos-
teric modulator of GABA4 receptors (SAGE-217) demonstrated efficacy
in major depressive disorder when administered for 14 days (Gunduz-
Bruce et al., 2019). Our finding that the allopregnanolone/progesterone
ratio decreases in the luteal phase suggests that relative allopregnano-
lone deficiency may be implicated in premenstrual syndrome or luteal
phase mood disorders, although the cause of PMDD is likely multi-
factorial with hormonal, genetic, and psychiatric contributors. More
studies investigating the role of allopregnanolone in the pathogenesis of
mood disorders are needed.

Studies in women with PMDD have found that serum allopregna-
nolone levels and/or the allopregnanolone/progesterone ratio at the
luteal phase are low (Monteleone et al., 2000; Nyberg et al., 2005;
Rapkin et al., 1997), high (Girdler et al., 2001), or no different
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Fig. 1. Both allopregnanolone (a) and progesterone (b) increased across the menstrual cycle. Mean levels of allopregnanolone (a) and progesterone (b) were lower in
postmenopausal women compared to premenopausal women at all menstrual cycle phases. The allopregnanolone/progesterone ratio (c) decreased across the
menstrual cycle and was lower than postmenopausal levels at the mid-cycle and in the luteal phase. *indicates p < 0.05 for premenopausal women Vs post-
menopausal women. **indicates p < 0.05 for hormone measurements across the entire menstrual cycle. Error bars indicate SEM. PRE = premenopausal women,

POST = postmenopausal women.
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compared to healthy women (Martinez et al., 2016; Schmidt et al.,
1994; Timby et al., 2016; Wang et al., 2004, 1996), and one suggested
that changes in allopregnanolone levels rather than low absolute levels
contribute to premenstrual symptoms (Martinez et al., 2016). However,
none measured both allopregnanolone and progesterone levels by GC/
MS across the menstrual cycle. As progesterone levels are variable in
premenopausal women, and the capacity to convert progesterone to
allopregnanolone via 5a-reduction may also vary, we hypothesize that
the decrease in the allopregnanolone to progesterone ratio from the
follicular to the luteal phase may be more pronounced in women with
PMDD. Our findings thus add to the limited studies measuring allo-
pregnanolone and progesterone by GC/MS and lay the foundation for
future work investigating the relationship between neuroactive steroid
levels and mood symptoms in women with luteal phase disorders such
as PMDD.

Our finding that allopregnanolone, when measured by GC/MS, in-
creases across the menstrual cycle is consistent with prior studies using
GC/MS (Havlikova et al., 2006; Martinez et al., 2016; Pineles et al.,
2018) and immunoassays (Girdler et al., 2001; Monteleone et al., 2000;
Nyberg et al., 2005; Wang et al., 1996) and is in line with the known
increase in levels of the allopregnanolone precursor, progesterone,
produced after ovulation by the corpus luteum during the luteal phase
of the menstrual cycle. Ottander et al. showed in an in vitro study that
the corpus luteum also makes allopregnanolone directly, which may
account for some of the rise in allopregnanolone in the luteal phase
(Ottander et al., 2005). Of note, the progesterone levels we measured
are lower than those measured by immunoassay and can be explained
by the greater specificity of GC/MS assays.

Additionally, we found that allopregnanolone and progesterone le-
vels are lower in postmenopausal women than premenopausal women
at all phases of the menstrual cycle. A study by Ke et al. similarly de-
monstrated lower serum allopregnanolone levels by LC/MS-MS in
postmenopausal women than premenopausal women but did not con-
trol for timing of the menstrual cycle (Ke et al., 2017). In contrast,
Genazzani et al. found similar serum allopregnanolone levels by im-
munoassay in postmenopausal women and premenopausal women
during the follicular phase despite lower progesterone levels in the
postmenopausal women (Genazzani et al., 1998); however, they did not
report or control for BMI, which may be relevant given prior work from
our group showing lower levels of allopregnanolone in overweight/
obese women than lean women (Dichtel et al., 2018). No prior study
has compared serum allopregnanolone and progesterone levels by GC/
MS in postmenopausal women and premenopausal women across the
menstrual cycle.

As hypothesized, we found that the allopregnanolone/progesterone
ratio is similar between premenopausal women in the follicular phase
and postmenopausal women selected for lack of depression. We also
found that as the allopregnanolone/progesterone ratio declined at mid-
cycle and in the luteal phase, it became lower than that of post-
menopausal women. Of note, estimation of the mid-cycle phase was not
precise because we did not document the timing of ovulation, which
can vary among individuals. However, we did confirm the luteal phase
(d 20-23) using the established cut-off (serum progesterone > 5ng/mL
by immunoassay) (Leiva et al., 2015).

The main limitations of this study include its small sample size,
estimation of the mid-cycle time point in the premenopausal sample,
and measurement of serum rather than central levels of allopregnano-
lone, although many studies have shown an excellent correlation be-
tween serum and central levels of allopregnanolone (Bixo et al., 1997;
Kancheva et al., 2011, 2010). Additionally, we relied on self-report of
psychiatric disorders and did not assess alcohol intake or use of illicit
drugs. Acute intoxication has been shown to raise allopregnanolone
levels (Torres and Ortega, 2003, 2004); as no subjects appeared acutely
intoxicated at the time of laboratory assessment, it is unlikely that al-
cohol or illicit drug use systemically impacted the results of the study.
Standardized sample collection and the assay procedures were strengths
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of this study. Nevertheless, it is not possible to compare the raw neu-
roactive steroid levels from this study to those reported in the literature
or to use these data toward establishment of normal ranges across the
menstrual cycle or for menopause. Absolute steroid levels may vary
between GC/MS assay batches due to the effects of storage time on the
internal standards used or due to small variations in the extraction or
derivatization processes. Use of serum vs plasma or variations in blood
collection and processing procedures also may affect steroid levels.
Studies are thus needed to determine the best uniform blood collection,
processing, and GC/MS analytic procedures for measurement of these
neuroactive steroids before clinically useful normal ranges can be es-
tablished.

In conclusion, our study showed an 8-fold decrease in the ratio of
allopregnanolone to progesterone from the follicular to luteal phase of
the menstrual cycle despite an increase in allopregnanolone and pro-
gesterone across the menstrual cycle. Moreover, compared to post-
menopausal women, the allopregnanolone/progesterone ratio was si-
milar in premenopausal women in the follicular phase, but significantly
lower at mid-cycle and in the luteal phase. Additional larger studies
using standardized specific and sensitive mass spectrometric meth-
odologies and careful control for effects of ambient stress are needed to
establish normative levels of these neuroactive steroids across the
menstrual cycle and after menopause in healthy women, as well as in
women with disorders in which synthesis of allopregnanolone is dys-
regulated. Further studies are also needed to advance our knowledge of
the complex relationship between cortisol and allopregnanolone ac-
tivity in the brain, as the normal negative feedback of allopregnanolone
on the hypothalamic-pituitary-adrenal axis may be disrupted in states
of stress and depression (Mody and Maguire, 2011; Rasmusson et al.,
2001). A better understanding of the role of centrally acting steroids
including allopregnanolone in the pathophysiology of luteal phase
mood disorders such as PMDD could give rise to potential new targeted
therapies for these conditions.
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