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Abstract
Background and Objective Women with postpartum depression (PPD) may expose their infants to antidepressants via breast 
milk. Brexanolone is the only FDA-approved antidepressant specifically indicated for the treatment of PPD. This open-label, 
phase Ib study of healthy lactating volunteers assessed pharmacokinetic (PK) properties of brexanolone and a population 
PK (PopPK) model determined the relative infant dose (RID) in breastfeeding mothers.
Methods Twelve participants received a 60-h infusion of brexanolone (titration up to 90 µg/kg/h). Allopregnanolone con-
centration was measured in breast milk and plasma. The RID was computed using a nonlinear mixed-effects PopPK model 
of patients with PPD and healthy women (N = 156). Model results were extended across an integrated dataset of participants 
through day 7.
Results Allopregnanolone concentration–time profiles were similar between breast milk and plasma (partition coefficient for 
concentration gradient [milk : plasma] 1.36). Mean (95% CI) Cmax was 89.7 ng/mL (74.19–108.39), and median (95% CI) 
tmax was 47.8 h (47.8–55.8) in plasma. The overall PK profile was best described by a two-compartment model with linear 
elimination and distribution. Body weight was the only significant covariate identified. There were no apparent differences in 
PopPK AUC and Cmax between participants with or without concomitant antidepressant treatment. Maximum RID was 1.3%.
Conclusion The PopPK model successfully described the variability and concentration–time profiles of allopregnanolone 
in breast milk and plasma in healthy participants and in the plasma of brexanolone-treated patients with PPD. The rapid 
elimination of allopregnanolone from plasma and breast milk, and low RID, suggests the appropriateness of brexanolone 
weight-based dosing and supports other PK-related labeling recommendations.
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1 Introduction

Postpartum depression (PPD), defined as a major depres-
sive episode with onset during pregnancy or within the 
first 4 weeks postpartum, remains one of the most common 

medical complications during and after pregnancy [1–3]. 
In the United States, estimates of new mothers experienc-
ing PPD symptoms vary by state from 9.7 to 23.5% annu-
ally (overall prevalence, 13.2%) [4]. Symptoms of PPD can 
be associated with significant impairment in mother–infant 
bonding and maternal function [5, 6], including breastfeed-
ing [7] and reduced nurturing interactions or caring for the 
child [6, 7], all of which have implications for the child’s 
health and development [8–11]. Multiple environmental and 
biological risk factors have been proposed to play a role in 
the development of PPD, including a history of depression 
[3, 12].

Women at risk of peripartum depression have an altered 
neuroactive steroid profile and significantly lower peripar-
tum γ-aminobutyric acid (GABA) levels compared with 
healthy women without PPD [13]. Allopregnanolone is an 
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Key Points 

Given the potential infant exposure to antidepressants 
via excretion into breast milk, this study evaluated the 
concentrations of allopregnanolone in breast milk and 
maternal plasma from the start of a 60-h infusion of 
brexanolone injection through 7 days in 12 healthy 
volunteers.

A population pharmacokinetic model was constructed 
to successfully describe the variability and concentra-
tion versus time profile of allopregnanolone in plasma of 
brexanolone-treated patients with postpartum depression 
(PPD) and healthy volunteers, and the distribution into 
breast milk of healthy volunteers (total, 156 women). 
The maximum relative infant dose was estimated to be 
1.3% of the maternal dose.

Together, these findings suggest the appropriateness of 
weight-based dosing and support other pharmacokinetic-
related labeling recommendations of brexanolone in 
adult patients with PPD.

one open-label proof-of-concept study in women with PPD 
[14, 15, 21]. These studies showed that a single 60-h infu-
sion of brexanolone titrated to a maximum dosage of 90 
μg/kg/h (BRX90) resulted in rapid and statistically 
 significant improvements in depressive symptoms compared 
with placebo, with acceptable tolerability. Furthermore, the 
BRX90 dose regimen yielded plasma concentrations of 
 allopregnanolone that approximated endogenous levels at 
the end of pregnancy [22]. Brexanolone, as a 60-h intrave-
nous infusion, was approved in 2019 by the US Food and 
Drug Administration (FDA) for the treatment of adults with 
PPD [23].

Approximately 2.9–5.5% of nursing mothers have been 
reported using antidepressants in European countries [24, 
25]. Pregnancy-related physiological changes and breast-
feeding may impact the pharmacokinetics (PK) of antide-
pressants, and these changes have been linked to higher dose 
requirements to maintain a therapeutic antidepressant dose 
during pregnancy, especially during the third trimester [26, 
27]. The ability of an antidepressant to enter breast milk is 
dependent on several factors, including its protein binding, 
absorption rate, half-life, volume of distribution, and solu-
bility [28, 29]. In addition, milk-related factors (pH, protein 
content, and lipid content) impact the drug’s ability to enter 
breast milk [27]. However, conventional PK studies in post-
partum breastfeeding mothers present practical and ethical 
constraints, making it difficult to examine interindividual 
variations of drug excretion into breast milk and infant expo-
sure [28, 29]. There is a general lack of data from large-
scale outcome trials describing antidepressant exposure to 
the infant through breast milk that may contribute to pre-
mature discontinuation of breastfeeding or poor adherence 
by the mother to drug therapy [28]. Population PK (PopPK) 
studies are based on sparse sampling from a relatively large 
population and are ideal for simulation analyses of variations 
of drug exposure levels in breastfeeding mothers and their 
infants [28, 29].

Given the potential infant exposure to antidepressants 
via excretion into breast milk, this study aimed to evalu-
ate the concentrations of allopregnanolone in breast milk 
and plasma of healthy lactating volunteers from the start 
of a 60-h infusion of BRX90 through 7 days. To further 
characterize maternal milk and plasma concentrations of 
allopregnanolone in lactating women, a PopPK model 
was constructed to assess the impact of clinically rel-
evant covariates on the PK of BRX90 in an integrated 
dataset of brexanolone-treated patients with PPD. The 
model was used to predict the brexanolone dose exposure 
of the infant through simulation and to calculate the rela-
tive infant dose (RID).

endogenous neuroactive steroid that functions as a GABA 
type A receptor  (GABAAR) positive allosteric modulator 
[14, 15]. A large prospective study reported that increased 
allopregnanolone levels were significantly associated with 
the severity of peripartum depression and dysregulated 
excitatory–inhibitory balance in brain networks of women 
with PPD [16]. Allopregnanolone levels have been shown 
to vary during the menstrual cycle from 0.5 nmol/L in the 
follicular phase to approximately 4–5 nmol/L in the mid-
luteal phase [17]. During pregnancy, allopregnanolone lev-
els rise almost 10-fold from the maximum menstrual cycle 
levels, while the  GABAAR are downregulated; however,  
allopregnanolone levels rapidly drop to approximately 
2 nmol/L (0.637 ng/mL) following childbirth, while the lev-
els of the  GABAAR subunit are upregulated [13, 17]. Failure 
of  GABAAR to adapt to decreased allopregnanolone levels at 
parturition in preclinical studies in mice has been suggested 
to play a role in the development of PPD [18].

Brexanolone is a synthetic analog of allopregnanolone 
[14, 15]. Unlike benzodiazepines, which target only syn-
aptic  GABAAR, brexanolone targets both synaptic and 
extrasynaptic  GABAAR [19, 20]. Brexanolone selectively 
interacts with  GABAAR, which may help restore excita-
tory–inhibitory balance in the brain [14, 18]. The efficacy 
and safety of brexanolone were demonstrated in three ran-
domized, double-blind, placebo-controlled trials and in 
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2  Methods

2.1  Study Participants

This was an open-label, phase Ib lactation study designed 
to assess the concentration of allopregnanolone in the 
breast milk of healthy adult lactating women during and 
after brexanolone intravenous infusion. The study enrolled  
12 non-smoking participants aged 18–45 years who were  
≤ 6 months postpartum and lactating. Participants agreed to 
temporarily discontinue breastfeeding until day 7 after initia-
tion of brexanolone infusion. Participants agreed to maximally 
pump breast milk (at least every 12 h) from day 1 until day 
7. Participants with renal failure, fulminant hepatic failure, 
anemia, known allergy to progesterone or  allopregnanolone, 
or exposure to other investigational study drugs or devices 
within 30 days prior to screening were excluded.

The study was conducted at six clinical sites in the United 
States. The study protocol was reviewed and approved by an 
Independent Ethics Committee and/or Institutional Review 
Board (Schulman Associates Institutional Review Board, 
Inc; Cincinnati, OH, USA), and the study was conducted 
in accordance with the Declaration of Helsinki, the Inter-
national Conference for Harmonisation, and Good Clinical 
Practice guidelines. Written informed consent was obtained 
from all participants before starting any study procedure.

2.2  Study Design

Participants received a single 60-h continuous infusion of 
brexanolone, with a dosing regimen as follows: 30 μg/kg/h 
(BRX30; 0–4 h), 60 μg/kg/h (BRX60; 4–24 h), BRX90 
(24–52 h), BRX60 (52–56 h), and BRX30 (56–60 h) [23]. 
Participants were discharged after completion of hour 72 
safety assessments (see below) and were followed up with 
an outpatient visit on day 7. Blood samples for analysis of 
plasma allopregnanolone were collected pre-infusion at day 
1, at pre-defined time points (hours 12, 24, 36, 48, 56, 60, 
61, 62, and 64) until 72 h after the start of infusion, and 
at day 7. PK blood draws during the treatment period had 
a window of ± 10 min. In the event of an unplanned dose 
adjustment, the unscheduled PK sample was collected just 
prior to the infusion rate change. Breast milk samples were 
collected pre-infusion; at least every 12 h between hour 0 
and hour 72; and at days 4, 5, 6, and 7. The collected plasma 
and breast milk samples were kept frozen until analyzed.

The primary endpoint was allopregnanolone lev-
els in breast milk after a 60-h infusion of brexanolone 
in healthy lactating women. Secondary endpoints were 
 allopregnanolone levels in plasma after a 60-h brexanolone 
infusion and the safety and tolerability of a 60-h brexanolone 
infusion in healthy lactating women.

2.3  Assessments

2.3.1  Pharmacokinetics

Plasma samples were collected for PK analyses at predefined 
time points. Breast milk samples were collected ad libitum 
and retained for analysis. Allopregnanolone levels in plasma 
and breast milk were determined using a validated high-
performance liquid chromatography–mass spectroscopy 
(LC–MS) method. The lower limit of quantitation (LLOQ) 
was 1 ng/mL for plasma and 5 ng/mL for breast milk. Assay 
methods were documented internally and calibrated to detect 
allopregnanolone levels during infusion conditions rather 
than detection of low endogenous levels. Pharmacokinetic 
parameters derived from plasma brexanolone concentra-
tions by model-independent methods (non-compartmen-
tal analysis) included area under the concentration–time 
curve (AUC) from time 0–60 h (AUC 0–60), AUC from time 
0–infinity (AUC 0–∞), AUC from time 24–56 h (AUC 24–56) 
during the infusion plateau, maximum plasma drug con-
centration (Cmax), time to peak plasma concentration (tmax), 
steady-state drug concentration in plasma during constant-
rate infusion (Css), clearance (CL), and average drug concen-
tration in plasma at steady state during the infusion plateau 
(Cavg). Breast milk volume, allopregnanolone concentration 
(ng/mL), and amount of allopregnanolone (µg) were determined 
for each sample.

2.3.2  Safety

Safety was assessed by adverse events (AEs), vital signs, 
clinical laboratory measurements, electrocardiograms, 
and suicidal ideation and behavior (via Columbia Suicide 
Severity Rating Scale) [30]. All AEs were coded using the 
Medical Dictionary for Regulatory Activities Version 20.0. 
Treatment-emergent AEs (TEAEs; defined as AEs that 
occurred after treatment initiation) and serious AEs (SAEs) 
were recorded through day 7. Vital signs were measured 
at screening; pre-infusion; and at h 2, 4, 8, 12, 18, 24, 30, 
36, 42, 48, 56, 60, 66, 72, and day 7. Clinical laboratory 
assessments were performed at screening, hour 72, and day 
7. Electrocardiogram and C-SSRS were assessed at screen-
ing, pre-infusion, hour 72, and day 7.

2.3.3  Population Pharmacokinetics (PopPK) Modeling

Data from three randomized, double-blind, placebo-con-
trolled trials (ClinicalTrials.gov identifiers: NCT02614547, 
NCT02942004, NCT02942017) [14, 15]; one open-label 
study (NCT02285504) [21]; and one open-label study of 
healthy lactating women (547-CLP-108; current study; see 
Electronic Supplementary Materials [ESM]) were used to 
evaluate the PopPK properties of brexanolone. Patients 
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with PPD in the three controlled trials and healthy lactating 
women in the current study received a 60-h continuous intra-
venous infusion of brexanolone, with infusion rates escalat-
ing up either to BRX60 by hour 4 or to BRX90 by hour 24. 
Brexanolone was tapered during the last 8 h of the infusion. 
Four patients with PPD in the open-label study received a 
slightly different schedule of a single 60-h continuous infu-
sion of BRX90 (see ESM). Plasma samples were collected 
for PK analyses at predefined time points and were assayed 
by an LC–MS assay with an LLOQ of 1 ng/mL.

A PopPK model describing brexanolone PK in plasma 
and breast milk was developed using the current study and 
supported by phase II/III data (N = 156; see ESM for details 
on study characteristics, PK sampling, and model develop-
ment). PopPK modeling analyses were conducted using non-
linear mixed-effects modeling  (NONMEM®, Version 7.3, 
ICON Development Solutions, Ellicott City, MD, USA; see 
ESM). Models of increasing complexity were examined with 
NONMEM and were diagnosed and qualified using criteria 
for graphical assessment of goodness-of-fit, visual predictive 
check, shrinkage, numerical assessment of goodness-of-fit, 
and assessment of uncertainty-of-parameter estimates. The 
general form of the model was a two-compartment model for 
plasma with estimation of a partition coefficient to account 
for the concentration gradient between plasma and breast 
milk. Body weight was included in the base PopPK model 
prior to stepwise covariate modeling. Later, with availabil-
ity of data from the full set of clinical trials, the model for 
plasma PK was updated to incorporate all available results 
while keeping constant the estimates for milk obtained based 
on 547-CLP-108. See ESM for full details.

2.4  Statistical Analysis

The safety set of the 547-CLP-108 study comprised all par-
ticipants who were administered the study drug. The PK 
set comprised all participants with at least one evaluable 
PK sample. The breast milk set comprised all participants 
who began the infusion and had at least one breast milk 
sample collected. Continuous variables were summarized 
descriptively by number, mean, standard deviation, median, 
minimum, and maximum. Change from baseline values were 
calculated at each time point and summarized descriptively. 
Categorical variables were summarized with counts and 
percentages. Breast milk concentration of allopregnanolone, 
volume, and amount secreted were summarized by descrip-
tive summary statistics, and are displayed in figures using 
both linear and log scales. Using the model parameters and 
assuming an infant feeding rate of 150 mL/kg/day [31], 
RID was computed as the infant dose divided by maternal 
dose, as previously described [32]. To test the hypothesis 
that concentrations in milk are a constant fraction of the 
plasma concentration and to support simulations in a more 

expansive population of patients, the model was used to 
characterize the shape of the milk concentration versus the 
time profile and to elucidate how long detectable levels of 
 allopregnanolone might remain in the milk after cessation of 
dosing or at the end, after the completion of therapy.

where Dose.infant = dose in infant/day and Dose.mother = 
dose in mother/day.

3  Results

3.1  Participant Disposition and Demographics

All 12 healthy lactating women enrolled in this trial com-
pleted the study. The median age was 28.5 years (range 
22–42 years), mean body weight was 83 kg, and a major-
ity (75%) were White. Demographic and baseline charac-
teristics of participants included in the PopPK model are 
described in Table 1.

3.2  Pharmacokinetic Properties

All pre-dose plasma samples were below the LLOQ for 
allopregnanolone (1 ng/mL). During the 60-h infusion, the 
mean plasma concentration of allopregnanolone increased 
with dose and subsequently decreased during dose taper 
(Fig. 1) [14, 15]. By 72 h, plasma allopregnanolone con-
centrations were approaching the LLOQ for all participants. 
All participants were near or below LLOQ by day 7 (Fig. 1).

Variability in milk production between participants was 
relatively large but generally consistent for each individual. 
Because breast milk collection times varied by partici-
pant and pumping was ad libitum, mean concentration of 
allopregnanolone over time in breast milk could not 
be directly compared with mean plasma concentration 
over time, and the data were summarized individually. 
 Allopregnanolone concentrations in breast milk declined rap-
idly after the end of the 60-h infusion to undetectable levels 3 
days after the end of infusion (Fig. 2). This decline paralleled 
that observed in plasma allopregnanolone levels (Fig. 1). 
Maximum concentrations of allopregnanolone in breast milk 
were observed between hour 24 and hour 48, which cor-
responded with the administration of the maximum dosage 
in this period (Fig. 2). Concentrations of  allopregnanolone 
in breast milk followed a temporal pattern similar to those 
in plasma, with the mean concentrations in breast milk 
approaching the LLOQ (5 ng/mL) on day 4 (11.6 ng/mL)  
and day 5 (5.6 ng/mL) (Table 2). Six of 11 participants on 

RID =
Dose.infant

(

mg∕kg

day

)

Dose.mother
(

mg∕kg

day

) ,
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day 5 and 11 of 11 participants on day 6 had breast milk 
levels of allopregnanolone below the LLOQ. 

One of 12 participants in the PK set was excluded from 
the PK statistical analysis owing to discontinuation of dosing 
at hour 47. However, all available data were included in the 
PopPK model. A summary of the plasma PK parameters in 

the 11 participants analyzed is given in Table 3. The geo-
metric mean (95% CI) Cmax was 89.7 ng/mL (74.2–108.4), 
tmax was 47.8 h (47.8–55.8), AUC 0-60 was 3358.4 ng∙h/mL 
(2998.6–3761.4), and elimination half-life (t½) was 11.3 h 
(9.8–13.1; Table 3).

Table 1  Demographic and clinical characteristics used for modeling

Data are reported as mean (SD) or N (%)
BMI body mass index, HVs healthy volunteers, PPD postpartum depression
a Current study

Study Open label Double-blind placebo-controlled randomized Open label All (N = 156)

Lactating  HVsa PPD patients PPD patients PPD patients PPD patients

108
(N = 12)

202A
(N = 10)

202B
(N = 79)

202C
(N = 51)

201
(N = 4)

Age (years) 28.8 (5.7) 27.4 (5.3) 27.6 (6.2) 28.2 (6.1) 32 (6.9) 28 (6.1)
 Median (range) 28.5 (22–42) 27 (20–40) 27 (18–42) 27 (19–42) 29.5 (27–42) 27 (18–42)

Weight (kg) 83 (19) 86.6 (29) 83.7 (21) 87.3 (25) 84 (21) 85 (22)
 Median (range) 79.6 (60.4–128) 76.5 (49.7–131) 82.7 (48.5–135) 84.2 (44.9–150) 87.3 (58.2–103) 82.9 (44.9–150)

BMI (kg/m2) 29.5 (5.9) 32.7 (9.9) 31 (7.3) 32.2 (8.5) 28 (6.5) 31.3 (7.8)
 Median (range) 28.2 (20.9–41.6) 30.5 (20.4–47.1) 30.2 (19–50.7) 30.6 (18–52) 29.3 (19.4–34) 30.4 (18–52)

Race
 White 8 (66.7) 3 (30.0) 45 (57.0) 20 (39.2) 3 (75.0) 79 (50.6)
 Asian 0 (0.0) 0 (0.0) 1 (1.3) 0 (0.0) 0 (0.0) 1 (0.6)
 Black or African American 1 (8.3) 7 (70.0) 20 (25.3) 21 (41.2) 1 (25.0) 50 (32.1)
 Other 2 (16.7) 0 (0.0) 3 (3.8) 0 (0.0) 0 (0.0) 5 (3.2)

Ethnicity
 Hispanic 1 (8.3) 0 (0.0) 10 (12.7) 10 (19.6) 0 (0.0) 21 (13.5)

Fig. 1  Mean allopregnanolone concentration in plasma. Mean and 
standard error allopregnanolone plasma concentration by nominal 
time points for blood sample collection pre-infusion and at 12, 24 
(before infusion-rate change), 36, 48, 56, 60 (before infusion end), 61, 

62, 64, and 72 h after the start of infusion. Samples were also col-
lected on day 7. All participants were near or below the lower limit 
of quantitation (LLOQ) (1 ng/mL) by day 7 after starting brexanolone 
infusion
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3.3  Safety

Brexanolone was generally well tolerated in this population of 
healthy adult lactating women. There were no SAEs, TEAEs, 
or deaths, and no clinically significant laboratory findings 
were reported. Seven (58%) of the 12 participants experienced 
at least one TEAE; all TEAEs were mild (n = 5) or moder-
ate in severity (n = 2). Two TEAEs (nausea and abnormal 
dreams; n = 1 each) were considered by the investigator to 
be related to the study drug. The most frequently reported 
TEAEs (occurring in > 1 participant) were infusion-site pain 
(50%), infusion-site swelling (50%), infusion-site erythema 
(33%), and headache (17%). One participant discontinued the 
study drug because of TEAEs (edema, pain, and redness at 

the injection site) but continued in the study and completed all 
assessments, including collection of breast milk.

3.4  PopPK Modeling

The parameter values for the final model and validation of 
the model are described in the ESM. The overall PK profile 
was best described by a two-compartment model with linear 
elimination and distribution. A partition coefficient describ-
ing the gradient in concentrations between milk and plasma 
was estimated to be 1.36 (milk:plasma). The final model was 
qualified by goodness-of-fit criteria and plots, and by visual 
predictive checks for BRX60 and BRX90 (Supplementary 
Fig. S1, see ESM). The only covariate included in the final 

Fig. 2  Allopregnanolone concentration in breast milk for each par-
ticipant. Breast milk was collected pre-infusion, at least every 12  h 
between hour 0 and hour 72, and on days 4, 5, 6, and 7. When pos-
sible, expression of breast milk, including the pre-infusion sample, 
occurred within ±  1  h of the collection of blood samples for PK 

analysis. Breast milk concentration data are presented for individual 
participants, as pumping was ad libitum. Maximum allopregnanolone 
concentration in breast milk was observed between hour 24 and hour 
48, when the maximum brexanolone dose was being administered. 
PK pharmacokinetics

Table 2  Mean volume of expressed breast milk, allopregnanolone amount in milk, and concentration over each 24-h period until 168 h (day 7) 
after initiating administration of brexanolone

SD standard deviation
a One participant was excluded owing to an early discontinuation of the infusion

Day 1
0–24 h

Day 2
> 24–48 h

Day 3
> 48–72 h

Day 4
> 72–96 h

Day 5
> 96–120 h

Day 6
> 120–144 h

Day 7
> 144–168 h

Breast milk volume (N = 12)
 Mean (SD), mL 633.4 (374.2) 580.4 (325.0) 584.8 (334.1) 498.5 (324.4) 516.9 (397.3) 463.4 (293.5) 374.8 (224.4)

Amount of allopregnanolone measured (N =  11a)
 Mean (SD), μg 30.0 (21.9) 72.4 (51.4) 36.3 (26.0) 5.8 (5.0) 2.9 (3.8) 0.5 (0.9) 0.4 (1.3)

Allopregnanolone concentration
 Mean, ng/mL 47.4 124.7 62.1 11.6 5.6 1.1 1.1
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model was body weight (Supplementary Fig. S2, see ESM). 
For a typical patient with a median weight of 82.9 kg, clear-
ance was 89.8 L/h, and the steady-state volume of distribu-
tion (Vss) was 587 L. There were no apparent differences in 
exposure to brexanolone (AUC and Cmax) in patients with or 
without concomitant antidepressant treatment (Supplemen-
tary Fig. S3, see ESM).

3.5  Pharmacokinetics Simulations

Allopregnanolone concentrations in milk and plasma were 
simulated using median values and the 5th and 95th percen-
tiles from the final PopPK model (Fig. 3a, b). The model 
characterized milk and plasma data from the 547-CLP-108 
study well. Milk and plasma allopregnanolone levels showed 
a linear relationship and were independent of concentration, 
time, or expressed milk volume. The model predicted milk 
allopregnanolone (combined natural and synthetic) levels 
< 10 ng/mL 36 h after cessation of brexanolone treatment 
in 95% of the participants. Predicted milk concentrations 
late in the profile showed apparent under-prediction, likely 
as the result of samples affected by the contribution of unde-
tected endogenous allopregnanolone in milk at these late time 
points (Fig. 3a).

Allopregnanolone concentrations increased during dose 
up-titration and decreased during dose taper similarly 
in breast milk and plasma (Fig. 4). Figure 4a, b show the 
simulated concentration of plasma allopregnanolone vs 
time in the BRX60 and BRX90 infusion groups, respec-
tively. Figure 4c, d show the simulated concentration of 
breast milk allopregnanolone versus time in the BRX60 
and BRX90 infusion groups, respectively. After infusion 
with brexanolone, there was a rapid systemic clearance of 
allopregnanolone and a large steady-state volume of distri-
bution. Interindividual variability in systemic clearance was 
small, whereas interindividual variability in central volume 
of distribution was large, likely owing to uncertainty in the 
estimation of other distribution parameters. Using estimated 
exposures to allopregnanolone in plasma and breast milk, 
the median (range) RID calculated for the BRX90 group for 
hours 24–48 of the infusion period (period with the highest 
infusion rate) was 0.69% (0.18%–1.3%) (Table 4).

Table 3  Plasma PK parameters for the 547-CLP-108 study (non-com-
partmental analysis, N = 11)

AUC 0–60 area under the concentration–time curve from time 0 to 60 
h, AUC 24–56 from 24 to 56 h, AUC 0–t AUC from time 0 to last meas-
urable concentration, AUC o–∞ from time 0 to infinity, Cavg average 
plasma concentration from 24 to 56 h, Cmax maximum (peak) plasma 
concentration, Css concentration in plasma at steady state, CL total 
body clearance of drug from plasma, λz individual estimate of the ter-
minal elimination rate constant, PK pharmacokinetics, R2 coefficient 
of determination, t½ elimination half-life, tlast time of last measurable 
plasma concentration, tmax time to peak plasma concentration, Vz vol-
ume of distribution

PK parameters Geometric mean 95% confidence interval

Cmax, ng/mL 89.7 (74.2–108.4)
tmax, h 47.8 (47.8–55.8)
Cavg, ng/mL 70.6 (61.9–80.5)
Css, ng/mL 80.1 (70.9–90.4)
AUC 0–60, ng·h/mL 3358.4 (2998.6–3761.4)
AUC 24–56, ng·h/mL 2257.9 (1979.5–2575.5)
AUC 0–t, ng·h/mL 3557.8 (3177.6–3983.4)
AUC 0–∞, ng·h/mL 3736.5 (3309.1–4219.1)
tlast, h 72.0 (72.0–72.0)
R2 adjusted 0.9 (0.9–1.0)
t½, h 11.3 (9.8–13.1)
λZ, 1/h 0.06 (0.05–0.07)
CL, L/h 87.5 (78.8–97.2)
VZ, L 1431.2 (1224.8–1672.3)

a b

Fig. 3  A PopPK model of breast milk and plasma allopregnanolone 
levels. Simulated allopregnanolone concentrations in a breast milk 
and b plasma using median values and the 5th and 95th percentiles 

from the final model. Individual points correspond to observed data 
from Study 547-CLP-108. PopPK population pharmacokinetics
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Fig. 4  Pharmacokinetics 
simulation of brexanolone 
concentrations over time. a 
Plasma at the 60 µg/kg/h infu-
sion rate, b plasma at the 90 µg/
kg/h infusion rate, c breast milk 
at the 60 µg/kg/h infusion rate, 
and d breast milk at the 90 µg/
kg/h infusion rate. a, b Includes 
1000 simulated individual 
profiles. Body weight was 
resampled from the observed 
weight distribution in the study 
population. Median and 95% 
prediction intervals of simulated 
data are illustrated. The final 
PopPK model in patients with 
PPD was used to simulate 1000 
profiles for the c 60 µg/kg/h 
and d 90 µg/kg/h regimens. The 
body weights, which were used 
for computing the dose, were 
sampled from the population 
of participants in the PopPK 
model. The plots show the 
median (solid line) and the 95% 
prediction interval (shaded por-
tion). PopPK population phar-
macokinetics, PPD postpartum 
depression

b

a

c
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4  Discussion

This study evaluated allopregnanolone levels in the plasma 
and breast milk of 12 healthy adult lactating women who 
received a 60-hour infusion of brexanolone. Plasma con-
centrations of allopregnanolone exhibited linear PK, and the 
temporal profile in breast milk paralleled the plasma profile 
closely, albeit with slightly higher concentrations. Plasma 
allopregnanolone concentrations were undetectable 3 days 
after the end of the infusion period. PK [21] and safety [14, 
15] parameters of brexanolone in this study were consistent 
with those in prior studies. A structural PopPK model was 
constructed using data from three randomized, double-blind, 
placebo-controlled trials; one open-label study; and the cur-
rent study to describe the milk and plasma allopregnanolone 
levels in the study participants, and the results were then 
extended across the available BRX90 study database of 
patients with PPD from the start of the infusion through day 
7. The PopPK model effectively characterized plasma and 
breast milk data from participants in this study, with brex-
anolone concentrations increasing during dose titration and 
declining during dose taper similarly in plasma and milk. 

Outputs from the model further demonstrated that allopreg-
nanolone profile in breast milk followed the plasma profile 
closely. Using parameters from the model, the RID was low 
(maximum value, 1.3%), suggesting a low risk to breastfed 
infants.

PPD is associated with multiple negative consequences 
for mothers and children [8, 33–35], and standard-of-care 
antidepressants are among the most frequently prescribed 
medications during the postpartum period [26]. Previous 
reports have shown that patients with severe PPD who 
received brexanolone infusion showed a significant and rapid 
reduction in their 17-item Hamilton Rating Scale for Depres-
sion total score compared with placebo, with a durable 
response [14, 15, 21]. A double-blind, placebo-controlled 
phase II study (202A; NCT02614547) of patients with 
severe PPD previously showed that of ten patients receiv-
ing brexanolone, two who consented to and provided milk 
samples had allopregnanolone levels below or just above 
the detection limit by day 7 after the start of brexanolone 
infusion; on the basis of these data, breastfeeding women 
participating in a study of intravenous brexanolone for PPD 
are currently advised to pump and discard breast milk for 
7 days after the start of infusion. The current study shows 

dFig. 4  (continued)

Table 4  Calculation of relative 
infant dose

AUC  area under the curve, RID relative infant dose during the day with maximum infusion rate of  
90 µg/kg/h (2160 µg/kg/day)

Plasma AUC 24–48
ng∙h/mL

Milk AUC 24–48
ng∙h/mL

Average brexanolone 
in milk, ng/mL

Daily dose 
in milk, μg/
kg/day

RID, %

Minimum 462 628 26.18 3927 0.1818
Median 1760 2394 99.73 14,960 0.6926
Maximum 3410 4638 193.2 28,980 1.342
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that allopregnanolone levels in breast milk and plasma 
increased during dose up-titration, decreased during dose 
taper, and were undetectable 3 days after the end of the infu-
sion period. The PK parameters of brexanolone observed in 
this healthy volunteer study were consistent with data from 
an open-label, proof-of-concept study of brexanolone for 
the treatment of women with severe PPD [21]. Safety data 
showed similar results from previous phase II and phase III 
studies in patients with PPD [14, 15, 21] and showed that 
brexanolone was generally well tolerated in healthy lactat-
ing women, with no deaths, SAEs, or clinically significant 
safety findings.

A PopPK model was constructed to describe the milk 
and plasma allopregnanolone concentrations in the 12 
healthy lactating volunteers in the current study, extend-
ing the results across all the available BRX90 clinical study 
databases. The model successfully described the variabil-
ity and typical concentration–time profile of allopregna-
nolone in women treated with brexanolone infusion. The 
data indicated that the overall plasma concentration–time 
profile of allopregnanolone is best described by a two-com-
partment model with linear elimination and distribution. 
The model predicted that 95% of patients would have milk 
  allopregnanolone levels <10 ng/mL 36 h after treatment ces-
sation. The by-weight model visual predictive checks dem-
onstrated that the estimated parameter covariate relations 
with body weight were adequate over the weight range, and 
that the variability in PK parameters was related to indi-
vidual patient weight. No other significant covariates were 
identified.

There is robust evidence for the transfer of antidepres-
sants into breast milk, and differences in penetration ratios 
of antidepressants in breast milk have been associated with 
oral bioavailability, protein binding, and lipid content [36]. 
RID—the ratio of infant to maternal dose—is influenced by 
a number of parameters, including milk intake, feeding inter-
vals, intervals between maternal dosing and feeding, and 
drug concentrations in milk, all of which contribute to inter-
participant and intraparticipant variability [28, 37]. Another 
important parameter for assessing infant exposure to drugs 
via breast milk is the absolute infant dose (AID), which is 
the concentration of drug multiplied by the volume of milk 
[37]. However, lactating women are typically excluded from 
drug development processes, and most lactation studies with 
antidepressants do not report data on AID or milk-to-plasma 
ratios per FDA guidelines [37]. This results in uncertainty 
about infant exposure to antidepressants through breast milk 
[38] as well as poor adherence to pharmacotherapy for PPD. 
Although the consequences of exposure of the infant to anti-
depressants through breast milk require careful assessment 
[27, 37–42], the difficulty of conducting large-scale PK stud-
ies in a population of breastfeeding mothers has spurred the 

development of model-based simulation approaches to pre-
dict infant exposure to drugs via breast milk [29].

PopPK models have been used previously to study infant 
exposure via breast milk to the selective serotonin reuptake 
inhibitor fluoxetine and its metabolite norfluoxetine [28, 
29]. Breast milk fluoxetine data were simulated in 1000 
mother–infant pairs based on a PopPK model constructed 
with plasma and breast milk fluoxetine concentrations from 
24 women treated with fluoxetine. This approach was shown 
to be feasible for evaluation of RID for fluoxetine [28]. A 
PopPK model was also recently constructed to predict the 
exposure of infants to escitalopram through breast milk [43].

Model parameters were used to calculate RID for brex-
anolone during the infusion period. An RID < 10% was 
previously reported as safe based on the number of adverse 
drug reaction reports in a literature search encompassing 
data on 205 drugs being an order of magnitude less than 
the weight-adjusted dose to the mother [32, 44]. AEs were 
more frequently reported in infants exposed to fluoxetine, 
which has RID values of approximately 10%, compared 
with sertraline, which has RID values of 1–3% [39]. These 
data suggest that the calculated maximum RID of 1.3% for 
brexanolone reported here represents a low risk to breastfed 
infants. Additionally, the oral bioavailability of brexanolone 
is < 5% in adults [45], suggesting a low potential for breast-
fed infant exposure. Overall, these findings offer support 
for the labeled dosing recommendations, weight-based dos-
ing, and other PK-related labeling recommendations for 
brexanolone.

The current study has some limitations. First, the lipid 
content of breast milk may be an important consideration; 
concentrations of lipophilic antidepressants vary consider-
ably between foremilk and hindmilk, with their penetration 
ratios being higher in hindmilk than in foremilk [36]. Sec-
ond, the current study did not evaluate penetration ratios of 
brexanolone into breast milk. Third, the current study did 
not assess milk production prior to brexanolone treatment.

5  Conclusions

Allopregnanolone concentrations in breast milk followed 
plasma concentrations closely, with a rapid decline after 
the end of the 60-h infusion to undetectable levels 3 days 
after the end of infusion. The results from the PopPK model 
reported here suggest that the model characterized milk and 
plasma data well. These data suggest that the developmental 
and health benefits of breastfeeding should be considered 
along with the mother’s clinical need for brexanolone and 
any potential adverse effects on the breastfed child from 
brexanolone administration or from the mother’s underly-
ing condition. Although no data on the potential effects of 
brexanolone on breastfed infants currently exist, the risk of 
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adverse events in the infant due to brexanolone is likely to 
be low, owing to the low RID (maximum of 1.3%) and the 
low oral bioavailability (< 5%) of brexanolone in adults. 
Overall PK and safety results were consistent with those of 
prior studies [14, 15] and are included in the brexanolone 
labeling [23].
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