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ABSTRACT

Postpartum depression has deleterious effects on childbearing persons globally. Existing treat-
ments have been largely extrapolated from those for other forms of depression and have
included pharmacotherapy, psychotherapy, and neuromodulation. Hormonal treatments with
oestrogen and progestogens, thought to be a rational approach to treatment in response to an
emerging literature on the pathophysiology of postpartum depression, have only limited evi-
dence for efficacy to date. Novel antidepressant development with allopregnanolone analogues,
in contrast, has proven a promising avenue for the development of rationally designed and effi-
cacious treatments. This state-of-the-art review presents the evidence for the current standard-
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of-care pharmacotherapy, hormonal treatment, and emerging allopregnanolone analogues for
the treatment of postpartum depression along with a discussion of the current understanding

of its neuroactive steroid-driven pathophysiology.

Introduction

Postpartum depression (PPD) is a major complication
of pregnancy and childbirth, with a pooled prevalence
of 14% in one meta-analysis of global data (Liu et al.
2022). Although major depressive disorder with peri-
partum onset is defined as development of a major
depressive episode during pregnancy or within four
weeks postpartum by the Diagnostic and Statistical
Manual of Mental Disorders 5 (American Psychiatric
Association 2022), epidemiological studies suggest the
period of elevated risk for development of postpartum
depressive symptoms may be longer (Wisner et al.
2010), and genetic evidence indicates that episodes
that arise during pregnancy may be aetiologically dis-
tinct (Figueiredo et al. 2015). PPD has been associated
with maternal suicidal ideation, poor quality of life,
more relationship difficulties, decreased household
functioning, and lactation difficulties as well as
adverse effects on infant motor, cognitive, language,
social, and emotional development (Slomian et al.
2019). Mental health conditions are a leading cause of

pregnancy-related deaths in the United States (US)
(mTrost et al. 2022), and completed suicide is a lead-
ing cause of direct maternal mortality in the first post-
partum year per recent data from the United Kingdom
and Ireland (Knight et al. 2021). Depression has also
been identified as a risk factor in infanticide and fili-
cide (Flynn et al. 2013).

Treatment for PPD includes psychotherapy, antide-
pressants, hormonal treatments, and neuromodulation.
Psychotherapy, particularly cognitive behavioural ther-
apy, and interpersonal psychotherapy has a well-estab-
lished evidence base for its efficacy in the treatment
of PPD (Cuijpers et al. 2008), however, the use of med-
ications instead of or in addition to psychotherapy
may be warranted by severe symptoms or by failure
to respond to psychotherapy only. Many standard-of-
care (SOC) antidepressants for PPD are extrapolated
from the treatment of other depressive disorders;
recent advances in the understanding of the patho-
physiology of PPD, however, have led to the develop-
ment of novel antidepressants specific to the
condition. The present article will focus on the current
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SOC antidepressants as well as existing evidence for
hormonal treatment of PPD while highlighting novel
rational antidepressant design emerging as the pur-
ported pathophysiology of PPD is increasingly
described.

Antidepressants in the treatment of PPD
Selective serotonin reuptake inhibitors (SSRIs)

SSRIs are widely considered the first line of pharmaco-
therapy for PPD. As the present work concerns the
treatment of depression in the postpartum, a review
of the risks of using any of the following medications
in pregnancy is considered beyond its scope. The
authors recommend referring to Byatt et al. (2013) for
a review and discussion of that issue (Byatt et al.
2013). A recent meta-analysis of randomised con-
trolled trials (RCTs) including trials of sertraline, parox-
etine, and fluoxetine, as well as one study with a
pragmatic approach with multiple different antidepres-
sants, concluded that treatment with SSRIs is superior
in efficacy to placebo for response and remission of
depressive symptoms, with no differences between
groups for acceptability of treatment (Brown et al.
2021). However, the authors characterised this conclu-
sion as ‘low certainty’ due to the few studies con-
ducted and the observed risk of bias (Brown et al.
2021). SSRIs are also favoured for their safety profile in
breastfeeding due to their minimal expression into
breastmilk and lack of significant associated adverse
effects to the infant, with fluoxetine considered the
least favourable of the class due to its relatively
greater expression into breastmilk and long half-life
(Anderson 2021). Vortioxetine, a newer SSRI, may be
prudent to avoid given the lack of data compared to
other agents in this class.

Tricyclic antidepressants (TCAs)

Only two RCTs have been conducted to date assessing
the efficacy of TCAs in PPD. One RCT examining ami-
triptyline for PPD found it inferior to group problem
solving therapy (Chabanda 2014). One RCT found no
difference in response, time to response, remission, or
proportion of adverse events reported between sertra-
line and nortriptyline (Wisner et al. 2006). Use of doxe-
pin in the postpartum is generally avoided given
reports of serious adverse events in breastfed infants,
while other TCAs are considered compatible with
breastfeeding (Eberhard-Gran et al. 2006). TCAs can be
especially useful in clinical practice during pregnancy
due to the ability to guide dosing with blood levels.
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Other antidepressants

While open-label trials have suggested efficacy for
nefazodone (Suri et al. 2005), bupropion (Nonacs et al.
2005), venlafaxine (Cohen et al. 2001), and desvenla-
faxine (Misri et al. 2016) in treatment of PPD, there no
RCTs evaluating the efficacy of these agents over
placebo. Evidence above case-level data on efficacy of
other antidepressants including mirtazapine, milnaci-
pran, levomilnacipran, duloxetine, vilazodone, and
agomelatine are lacking, although these antidepres-
sants and others are used in clinical practice extrapo-
lating from their efficacy in treating non-peripartum
depression. Many antidepressants appear compatible
with breastfeeding based on limited data, and it is
prudent to consult with a comprehensive database
such as LactMed (Drugs and Lactation Database
(LactMed®)) 2006) to ensure the delivery of up-to-date
information in counselling a breastfeeding patient.

Oestrogen and progestogens/progestins in the
treatment of PPD

Advances in the understanding of the pathophysi-
ology of PPD as uniquely tied to hormonal, including
neuroactive steroid (NAS), flux in the postpartum has
led to increased interest and study of exogenous
administration of forms of oestrogen and progesto-
gens in the treatment of PPD. To date, only one early
RCT has demonstrated efficacy of transdermal oestra-
diol over placebo for treatment of PPD, but although
use of antidepressants was not found to be a signifi-
cant influence on response to oestradiol in the
authors’ analysis, the inclusion of subjects using anti-
depressants complicates interpretation of these results
(Gregoire et al. 1996). A subsequent small pilot RCT
was unable to replicate any significant effect over pla-
cebo for transdermal oestradiol (Li et al. 2020), and a
more recent RCT was halted when serum levels of oes-
tradiol were found to be lower than projected (Wisner
et al. 2015). The latter trial was able to conclude that
infant growth and serum levels of oestradiol were not
affected by doses administered in the study
(Figueiredo et al. 2015). One small RCT of sublingual
oestradiol for treatment of PPD similarly did not dem-
onstrate significant efficacy over placebo (Kettunen
et al. 2022).

Data for the use of progestins is very limited, and
as one RCT of norethisterone enanthate injection ver-
sus placebo (Lawrie et al. 1998) and one RCT of
medroxyprogesterone acetate injection versus copper
intrauterine device (Singata-Madliki et al. 2016) both
demonstrated worsening depressive symptoms in the
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treatment groups, progestins are not recommended
for treatment of PPD (Dennis et al. 2008). Progestins
are not contraindicated for breastfeeding (Pieh Holder
2015). Although ‘natural’ or ‘bio-identical’ progester-
one derived from plants has been suggested to be
superior to progestins due to differences in their
metabolism (Stefaniak et al. 2023), to date, there are
no data examining their efficacy for PPD.

Regarding ‘natural’ or ‘bioidentical’ formulations of
oestrogen or progesterone, it is important to note
that the ‘bioidentical hormone’ industry is able to
escape the black box warning on Food and Drug
Administration (FDA)-approved oestrogens, including
increased risk of dementia, myocardial infarction,
stroke, blood clots, and breast and endometrial can-
cers, on their products due to their status as
‘supplements’ (Santoro and Liss 2021). The result is a
largely unregulated industry, promoting compounds
for which there is little evidence of efficacy and safety.
For these reasons, these products should be treated
with extreme caution by clinicians pending further
investigation.

Neuroactive steroids and the pathophysiology
of PPD

One promising avenue for novel therapeutics in PPD
is that of NAS. This umbrella term includes both neu-
rosteroids (molecules derived from cholesterol and
synthesised in the brain) as well as steroids synthes-
ised in the periphery that act on the brain (Figure 1).
Synthetic NAS refer to those synthesised in a lab. Both
oestrogen and progesterone are steroids derived from
cholesterol, and the rapid and substantial shifts in
these hormones across pregnancy and parturition, ris-
ing as much as 100-fold across pregnancy with an
abrupt drop at childbirth (Hendrick et al. 1998; Schock
et al. 2016), has made them a natural early target for
research into the aetiology of PPD. Oestradiol with-
drawal has been posited as a mechanism of PPD
(Galea et al. 2001), and considerable attention has
been paid to derivatives of progesterone, in particular
to those, such as allopregnanolone, that are potent
allosteric modulators (PAMs) of the gamma-aminobu-
tyric acid (GABA) A receptor (GABAAR). GABAA4Rs,
which bind NAS, are ligand-gated ion channels that
reduce neuronal excitability; they are the target not
only of GABA, the chief inhibitory neurotransmitter,
but also of alcohol, benzodiazepines, and barbiturates.
NAS can mediate immediate effects on the central
nervous system by binding neuronal membrane recep-
tors as well as slower effects by binding nuclear

steroid hormone receptors (McEvoy et al. 2018).
Outside of the perinatal period, there is a substantial
literature pointing to the role of inhibitory NAS in
numerous psychiatric illnesses, including major depres-
sive disorder, schizophrenia, anxiety disorders, and
premenstrual dysphoric disorder (PMDD). This evi-
dence demonstrates both reduced levels of inhibitory
NAS in depressed individuals and increases in NAS fol-
lowing treatment with SSRIs, with a more complicated
relationship evident in PMDD (McEvoy et al. 2018).
There is clear evidence for the role of GABAergic
dysfunction in depression across the perinatal period,
but exactly what that role is, how the GABA system
connects to other systems, and whether the relation-
ship between NAS and mood changes across the peri-
partum is not yet clear. There is evidence for both
differential vulnerability to normal hormonal fluctua-
tions (Bloch et al. 2000) and for differing levels of NAS
(Hellgren et al. 2014; Deligiannidis et al. 2016; Hellgren
et al. 2017; Osborne et al. 2017, 2019; Deligiannidis
et al. 2020), but the evidence is not consistent. While
the direct effect on GABAergic transmission is the
most obvious role for NAS acting on the receptor, it
may also be that NAS exert a large part of their effect
through interactions with other systems, including
stress reactivity, the hypothalamic-pituitary-adrenal
(HPA) axis, the immune system, and regulation of
other neurotransmitters including serotonin, dopa-
mine, norepinephrine, and glutamate (McEvoy et al.
2018; Payne and Maguire 2019; Balan et al. 2023).
Additionally, plasticity in the receptor (Maguire and
Mody 2008, 2009; Maguire et al. 2020) may be a more
important element than levels of NAS themselves. In
short, while the exact mechanisms remain hazy, it is
clear that dysfunction in GABAergic signalling is a key
component of the pathophysiology of PPD.

Novel allopregnanolone analogue antidepressant
development for PPD

Current Food and drug administration (FDA)-
approved antidepressants for the treatment
of PPD

Brexanolone

In 2019, brexanolone (ZULRESSO™) was the first medi-
cation approved in the US for the indication of uni-
polar PPD in patients ages 15years old and older. A
soluble, intravenous preparation of synthetic allopreg-
nanolone (Supplemental Figure 1), brexanolone is a
potent, selective, PAM of extrasynaptic and synaptic
GABAARs (ZULRESSO Prescribing Information 2022). It
is administered as a 60-hour peripheral intravenous
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Figure 1 shows the pathways involved in the synthesis of neuroactive steroids, including allopregnanolone, from cholesterol.

(IV) infusion through a programmable peristaltic infu-
sion pump with a goal dose of 90 ug/kg/hour. A
reduction in dosage to 60 pg/kg/hour may be consid-
ered for poor tolerability.

Brexanolone treatment has been associated with a
rapid reduction of depressive symptoms in open-label
(Kanes et al. 2017) and placebo-controlled RCTs (Kanes
et al. 2017; Meltzer-Brody et al. 2018). Participants
were randomised to receive placebo or brexanolone IV
90 pg/kg/hour or 60 pg/kg/hour for 60h. Across a
range of depression severity, at hour 60, there were
significantly larger mean reductions from baseline in
Hamilton Rating Scale for Depression (HAMD,;) total
scores with brexanolone IV 90 pg/kg/hour (—17.0;
p <0.001) and brexanolone IV 60 pg/kg/hour (—19.1;
p < 0.001) versus placebo (—12.8). Significant differen-
ces from placebo were observed at hour 24 (both
dose groups p=0.001) and maintained through day
30 (p<0.021) (Meltzer-Brody et al. 2018). Posthoc
analyses revealed depression remission (defined as
HAMD,, total score <7) and response (defined as
>50% reduction in HAMD,; total score from baseline)
rates of 50% vs. 25% (brexanolone vs. placebo) and
75% vs. 55% (brexanolone vs. placebo) at hour 60,
respectively. Post-hoc analyses that pooled results

from the phase 2 (Kanes et al. 2017) and the phase 3
RCTs (Kanes et al. 2017; Meltzer-Brody et al. 2018)
reported that adults receiving brexanolone IV
90 png/kg/hour versus placebo achieved a more rapid
HAMD,, response with a median time of 24 vs. 36 h
(p =0.0265) with a cumulative response rate of 81.4%
versus 67.3% at hour 60 (Epperson et al. 2023).

The most common adverse events reported in the
brexanolone group included sedation/somnolence, dry
mouth, loss of consciousness, and flushing/hot flush.
Adverse events involving  sedation/somnolence
required dose interruption or reduction in 5% of brex-
anolone-treated patients. 4% of the brexanolone-
treated patients experienced loss or altered state of
consciousness, with time to full recovery ranging from
15 to 60 min (Meltzer-Brody et al. 2018). Recent post
marketing surveillance data demonstrated that clinical
rates of excessive sedation and loss of consciousness
are lower than what was observed in research trials
(Garafola et al. 2023). Brexanolone is a Schedule IV
medication with a black box warning for excessive
sedation and sudden loss of consciousness. The infu-
sion should be stopped for any signs of excessive sed-
ation; it may be restarted after symptoms resolve with
or without a dose reduction as clinically appropriate.
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In the event of hypoxia or loss of consciousness, the
infusion should not be restarted.

In the US, brexanolone is currently available only
through a restricted risk evaluation and mitigation
strategy (REMS) program. The REMS program ensures
that brexanolone is administered in a medically super-
vised setting capable of providing medical monitoring,
healthcare setting certification, and a patient registry
to monitor for adverse events. Implementation of
brexanolone treatment programs has been hampered
by the complexity of setting up the treatment in med-
ical settings, cost, and insurance coverage (Patterson
et al. 2022). A Phase 4 trial assessing the safety of
administration of IV brexanolone in a home setting
was recently completed; no results have been pub-
lished to date (Sage Therapeutics 2023).

The use of brexanolone has been studied in healthy
lactating women, where the maximum relative infant
dose during infusion was between 1-2% of the mater-
nal weight adjusted dosage (Wald et al. 2022).

Zuranolone
Zuranolone (ZURZUVAE™), a synthetic allopregnano-
lone analogue (Supplemental Figure 2) containing a
cyanopyrazole ring at carbon 21 (Martinez Botella
et al. 2017), has become the second medication
approved in the US for unipolar PPD in adults.
Zuranolone is a potent, selective extrasynaptic and
synaptic GABA,R PAM (Martinez Botella et al. 2017)
that is orally bioavailable. A double-blind, placebo-
controlled phase 3 trial randomised 153 participants
to a 14-day course of zuranolone 30mg or placebo
(Deligiannidis et al. 2021), then evaluated participants
for four additional weeks. Zuranolone administration
was associated with significant reduction in least
mean squares (LSM) HAM-D,, total score versus pla-
cebo (—17.8 vs. —13.6, p=0.003 at Day 15). In addition
to efficacy for the primary endpoint, significant differ-
ences in efficacy of zuranolone were observed at Day
3 (p=0.026) and were sustained through Day 45
(p=0.003). HAM-D;; response (72% vs. 48%,
p =0.005) and remission rates (45% vs. 23%, p=0.012)
were significantly greater in the zuranolone group at
Day 15, and these significant differences were main-
tained through Day 45, 4 weeks after zuranolone ces-
sation. The most common adverse events reported in
the zuranolone group included sedation, headache,
somnolence, dizziness, upper respiratory tract infec-
tion, and diarrhoea. No loss of consciousness or
increased suicidal ideation/behavior were observed.

In a similarly designed double-blind, placebo-con-
trolled phase 3 trial in women with severe PPD, 196

participants were randomised to a 14-day course of
zuranolone 50mg or placebo (Deligiannidis et al.
2023). Treatment with zuranolone versus placebo
resulted in statistically significant improvement in
depressive symptoms at Day 15 (LSM HAMD-17 total
score, —15.6 versus —11.6, p<0.001); significant
improvement in depressive symptoms was also
reported as early as Day 3 (p < 0.001), and also at Day
28 (p=0.02) and Day 45 (p =0.007). The median time-
to-first HAMD-17 response was 9days for participants
receiving zuranolone versus 43 days for placebo. The
proportion of patients achieving HAMD-17 response at
Day 15 was significantly higher with zuranolone
(57.0%) versus placebo (38.9%). The most common
adverse events associated with zuranolone were som-
nolence, dizziness, sedation, headache, diarrhoea, nau-
sea, urinary tract infection, and COVID-19. No loss of
consciousness, withdrawal symptoms, or increased sui-
cidal ideation/behavior were observed (Deligiannidis
et al. 2023). Zuranolone has been approved with a
black box warning on potential impairment when driv-
ing or engaging in other hazardous activities
(ZURZUVAE Prescribing Information 2023).

An open-label study examined the transfer of zura-
nolone into breast milk and its pharmacokinetics,
safety, and tolerability in healthy lactating women.
Zuranolone 30mg was discovered to be highly
plasma-protein bound with an estimated mean rela-
tive infant dose of 0.357% (Bullock et al. 2022).

Other neuroactive steroids in development for the
treatment of PPD

Ganaxolone
Ganaxolone, the 3B-methylated synthetic analogue of
allopregnanolone  (Supplemental Figure 3), was
recently in development for the treatment of PPD
(Marinus Pharmaceuticals 2019; Hecking et al. 2021),
however its development for this indication was
halted by the sponsor. In 2022, ganaxolone was US
FDA-approved for seizure-disorder associated with
Cyclin-dependent Kinase-like 5 Deficiency Disorder (De
2023). Ganaxolone, like allopregnanolone, is an extra-
synaptic and synaptic GABA-, receptor PAM, but it dif-
fers significantly in its lack of affinity for oestrogen or
progesterone receptors (Bialer et al. 2017). Trials of
ganaxolone have included both IV and oral formula-
tions and have not been published outside of clinical-
trials.gov, a resource provided by the US National
Library of Medicine.

The Magnolia study was a phase 2a, double-blind
placebo controlled multiple-dose escalation study in
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women with severe PPD. Part 1 of the study evaluated
a 48-hour IV infusion of ganaxolone (60, 90 and
140 pg/kg/h) and Part 2 evaluated a 6-hour-IV infusion
followed by a 28-day oral regimen (900 mg) compared
to placebo (Marinus Pharmaceuticals 2023a). The
Amaryllis Study was a phase 2, dose-optimization
study in which patients with PPD received 675 mg of
oral ganaxolone at dinner for 28days or patients
received 675mg of oral ganaxolone at dinner and
bedtime for two days, followed by a dinner time dose
of 1125mg once daily for 26 days. The primary out-
come measure was the change from baseline in
HAMD-17 at day 29 (Marinus Pharmaceuticals 2023b).
There are no reports that ganaxolone has been
studied in lactating women. Adverse effects of ganax-
olone reported in the course of published clinical trials
include sedation, dizziness, fatigue, diarrhoea, anxiety,
and vomiting (De 2023).

The pipeline: Novel allopregnanolone analogues
in development

Research is underway covering other routes for admin-
istering existing drugs as well as the development of
additional allopregnanolone analogues, for both PPD
and other uses (Cerne et al. 2022). NORA-520 is an
oral prodrug that is hydrolysed to brexanolone. It con-
sists of an active moiety with rapid onset of action as
a PAM of the GABAAR as well as two moieties that
prolong the half-life and promote oral absorption. It is
currently in Phase 2 trials for PPD and is also being
investigated in preclinical trials for other disorders
including major depressive disorder (MDD), general-
ised anxiety disorder (GAD), essential tremor, and epi-
lepsy; no results have been posted (Gerbera
Therapeutics Inc 2023). LYT-300 is an oral pro-drug of
allopregnanolone. Phase 1 results indicated that the
drug demonstrated oral bioavailability at a level asso-
ciated with therapeutic benefit as well as target
engagement; Phase 2 trials are expected to follow
soon. No results have been published to date. BRII-296
is an extended-release injectable aqueous suspension
formulation of brexanolone. Phase 1 trials in 116 sub-
jects testing 6 dose regimens are complete with the
sponsor reporting that a single intramuscular injection
of 600 mg achieved dose linearity, early drug absorp-
tion, and gradual and extended-release profiles with-
out the need for dose titration or tapering, however
results have not been published (Brii Biosciences
Limited 2023b). A significant majority (98 participants)
reported treatment-emergent adverse effects of
unclear severity. A Phase 1 trial to test safety, efficacy,
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and pharmacokinetics of the related BRII-297 s
planned in 2023 (Brii Biosciences Limited 2023a).

Conclusion

PPD is a serious potential consequence of childbirth
for which safe, effective, easily accessible treatments
are urgently needed. Psychotherapies and SOC antide-
pressants are effective for many patients, however
time to response can be lengthy, and treatment dur-
ation is often chronic. Side effects are common with
antidepressants. Evidence for the exogenous adminis-
tration of oestrogen and progestogens is too limited
to recommend these treatments, and in the case of
progestogens, may be associated with worsening
depressive symptoms. Acute treatment courses of NAS
and their analogues are a promising novel approach
to the treatment of PPD. Not only is their mechanism
of action distinctly different from that of current SOC
antidepressants, data from brexanolone and zurano-
lone indicate that these novel therapeutics are rapid-
acting with a durable response (as studied thus far)
once the acute treatment course is complete. If future
NAS and NAS analogues gain regulatory approval, the
field will need to study response durability over the
long-term, their potential to prevent PPD in high-risk
individuals, and whether there are subtypes of PPD
more likely to respond to NAS-based antidepressants
as compared to SOC antidepressants. NAS are not
only important to our understanding of the patho-
physiology and treatment of PPD, but NAS are also
under active study in a broad range of neuropsychi-
atric illnesses (e.g. Alzheimer’s disease, stroke, intract-
able seizure disorders, tremor, traumatic brain injury,
anxiety disorders, other depressive disorders, etc.),
which makes these agents of particular importance to
the broader field of neurology and psychiatry.
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