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inhibition of systemic inflammatory pathways
Irina Balan,a,c Riah Patterson,a,c Giorgia Boero,a Holly Krohn,a Todd K. O’Buckley,a Samantha Meltzer-Brody,a and A. Leslie Morrowa,b,∗

aDepartment of Psychiatry, University of North Carolina School of Medicine, Chapel Hill, 27599, NC, USA
bDepartment of Pharmacology, University of North Carolina School of Medicine, Chapel Hill, 27599, NC, USA

Summary
Background Brexanolone has rapid, long-lasting, and remarkable efficacy in the treatment of post-partum depression
(PPD). We test the hypothesis that brexanolone inhibits proinflammatory modulators and macrophage activation in
PPD patients, which may promote clinical recovery.

Methods PPD patients (N = 18) provided blood samples before and after brexanolone infusion according to the FDA-
approved protocol. Patients were unresponsive to prior treatment before brexanolone therapy. Serum was collected to
determine neurosteroid levels and whole blood cell lysates were examined for inflammatory markers and in vitro
responses to the inflammatory activators lipopolysaccharide (LPS) and imiquimod (IMQ).

Findings Brexanolone infusion altered multiple neuroactive steroid levels (N = 15–18), reduced levels of inflammatory
mediators (N = 11) and inhibited their response to inflammatory immune activators (N = 9–11). Specifically, brex-
anolone infusion reduced whole blood cell tumor necrosis factor-α (TNF-α, p = 0.003), and interleukin-6 (IL-6,
p = 0.04) and these effects were correlated with HAM-D score improvement (TNF-α, p = 0.049; IL-6, p = 0.02).
Furthermore, brexanolone infusion prevented LPS and IMQ-induced elevation of TNF-α (LPS: p = 0.02; IMQ:
p = 0.01), IL-1β (LPS: p = 0.006; IMQ: p = 0.02) and IL-6 (LPS: p = 0.009; IMQ: p = 0.01), indicating inhibition of
toll-like receptor (TLR)4 and TLR7 responses. Finally, inhibition of TNF-α, IL-1β and IL-6 responses to both LPS
and IMQ were correlated with HAM-D score improvements (p < 0.05).

Interpretation Brexanolone actions involve inhibition of inflammatory mediator production and inhibition of in-
flammatory responses to TLR4 and TLR7 activators. The data suggest that inflammation plays a role in post-partum
depression and that inhibition of inflammatory pathways contributes to the therapeutic efficacy of brexanolone.
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Introduction
Postpartum depression (PPD), defined here as a major
depressive episode starting in the third trimester of
pregnancy or within 4 weeks after delivery, is the one of
the most common complications of childbirth, with
prevalence estimates around 15%.1–3 In 2019, brex-
anolone became the first Food and Drug Administration
(FDA) approved treatment for PPD.4 Brexanolone is an
intravenous formulation of allopregnanolone, a deriva-
tive of progesterone, and a highly active neurosteroid.
The drug is given via intravenous infusion over 60 h, and
patients’ mood dramatically improves compared to
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placebo with a low non-response rate and duration of
action up to 9 months.2,5,6 In light of these rapid and
sustained clinical improvements, we posited that inves-
tigation of its mechanisms of action would also advance
our understanding of the etiology of postpartum
depression.

Like many psychiatric disorders, PPD likely has
biological and psychosocial components. Indeed, PPD
has unique features involving dysregulation of the
hypothalamic-pituitary-adrenal (HPA) stress axis, pro-
inflammatory signaling, and GABA circuitry.7 Previous
work has shown that allopregnanolone (specifically–
lina School of Medicine, Chapel Hill, NC, 27599, USA.
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Research in context

Evidence before this study
The mechanisms of the long-lasting and strong therapeutic
efficacy of brexanolone in postpartum depression are
unknown. Brexanolone is an intravenous preparation of the
endogenous neuroactive steroid allopregnanolone, which
has potent activity as a positive modulator of GABAA

receptors, is an inhibitor of the hypothalamic-pituitary stress
response and inhibits inflammatory pathways in
macrophages and brain mediated by toll-like receptors
(TLR4 and TLR7). Brexanolone infusion for 60 h produces
therapeutic actions within 8–10 h that last up to 90 days. It
is unknown which actions account for its therapeutic effects
and these investigations have relevance to the core
pathology of post-partum depression, as well other forms of
depression.

Added value of this study
The data show that brexanolone infusion alters multiple
neuroactive steroid levels, inhibits production of
inflammatory mediators TNF-α and IL-6 and inhibits
inflammatory responses to lipopolysaccharide (LPS) and
imiquimod (IMQ) in immune cells in the blood in association
with clinical improvement. This data directly links a
mechanism of brexanolone action to its therapeutic efficacy.

Implications of all the available evidence
Together with previous studies showing that depression can be
associated with elevations of pro-inflammatory modulators in
blood, these results implicate the TLR4 and TLR7 inflammatory
pathways along with TNF-α, IL-1β and IL-6 in the etiology of
post-partum depression and suggest that other inhibitors of
these pathways may have therapeutic efficacy in both post-
partum and major depression.
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[3α,5α]-3-hydroxy-pregnan-20-one; 3α,5α-THP) has
anti-inflammatory effects in macrophages and the
brain via inhibition of toll-like receptor-4 (TLR4) and
TLR7 pathway activation.8,9 Indeed, elevations in
proinflammatory cytokines IL-6 (>27%; median levels:
0.70 pg/ml/healthy subjects and 0.89 pg/ml/PPD pa-
tients), TNF-α (12.5%; median levels: 2.4 pg/ml/
healthy subjects and 2.7 pg/ml/PPD patients) and
other modulators in plasma of PPD patients at 6–12
weeks post-partum compared to healthy subjects have
been reported.10 Elevation in IL-1β (∼122%) was also
reported in urine of women with PPD symptoms
(16.2 pg/ml) on day 28 post-partum compared to levels
in women without depressive symptoms (7.3 pg/ml).11

Elevations in proinflammatory modulators have been
also reported in other forms of depression.12–15 How-
ever, it is unknown if the inhibition of inflammation
through these pathways contributes to the therapeutic
efficacy of brexanolone in PPD. We hypothesized that
brexanolone inhibits proinflammatory neuroimmune
signaling and/or responses to inflammatory activators
in PPD patients to promote clinical recovery. Better
understanding the therapeutic mechanisms of this
drug may lead to faster development of additional
effective treatments that optimize patient care while
minimizing the need for hospital admission and
treatment cost.
Methods
Participants, brexanolone administration
procedure, and HAM-D score evaluation
Participants
This study received institutional review board approval
for recruited patients in the University of North Car-
olina (UNC), Chapel Hill. Informed consent from all
participants was obtained. Subjects in this study met
criteria for infusion as outlined in UNC’s Clinical
Brexanolone Treatment Program,6 which offers access
to this treatment for women with moderate to severe
PPD with HAM-D scores greater or equal to 18. Eigh-
teen post-partum depression participants aged between
24 and 41 years of age volunteered for the study. By
definition, the PPD would have started during the third
trimester or within 4 weeks of delivery, and yet on
average these women received the brexanolone infusion
at 3.4 months postpartum. Most of these women were
in outpatient treatment for their depression, with 17 out
of the 18 participants being on some sort of psychotro-
pic regimen to address their PPD. Despite this treat-
ment in the community, these cases still met criteria for
moderate to severe PPD and thus brexanolone treat-
ment was warranted. See Table 1 for patient de-
mographics including the concurrent psychotropic
medications used by number and class. No patients in
the study were cigarette smokers.

Brexanolone administration procedure
Brexanolone injection is a sterile solution of 5 mg/ml
allopregnanolone in 250 mg/ml sulfobutylether-β-cyclo-
dextrin, buffered with citrate and diluted with sterile
water. Each patient received a continuous infusion ac-
cording to the FDA-approved protocol: 30 μg/kg per
h (0–4 h); 60 μg/kg per h (4–24 h); 90 μg/kg per h
(24–52 h); 60 μg/kg per h (52–56 h); 30 μg/kg per h
(56–60 h). Patients were treated in a medically-
supervised setting for 72 h, consisting of 60 h of study
drug infusion and an additional 12 h for completion of
assessments. Blood was drawn approximately 1 h before
(9-10 am) and 6 h after (10-11 am) brexanolone infusion.
No fasting was required. Meals were provided at the
usual intervals throughout hospitalization, but not prior
www.thelancet.com Vol 89 March, 2023
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Mean age (years) 31 (24–41)
N = 18 (%)

Race/ethnicity

Non-Hispanic white 16 (88)

Hispanic white 1 (6)

Other, Non-Hispanic 1 (6)

Marital status

Married 16 (88)

Domestic partner 1 (6)

Legally separated 1 (6)

Patient characteristics Statistic
N = 18 (%)

HAM-D score baseline (SD) HAM-D score post infusion (SD)

Presence of psychiatric comorbidity/historya

No 0 – –

Yes 18 (100) 23 (5) 11 (7)

Concurrent psychiatric treatment

None 1 (6) 23 (0) 12 (0)

Single psychotropic 4 (22) 25 (3) 8 (3)

Two psychotropics 4 (22) 22 (3) 12 (7)

Three psychotropics 5 (28) 22 (7) 10 (8)

Four psychotropics 4 (22) 25 (4) 15 (7)

Psychotropic class typeb

SSRI 12 (67)

SGA 9 (50)

Mood stabilizer 5 (28)

Benzodiazepine 3 (17)

Anxiolytic 3 (17)

SNRI 2 (11)

SARI 2 (11)

NDRI 2 (11)

Antihistamine 2 (11)

Beta blocker 1 (6)

Alpha blocker 1 (6)

Anti-epileptic 1 (6)

SD: standard deviation. aPsychiatric Comorbidity/History includes: anxiety (67%), previous PPD episodes (39%), past major depressive episodes (33%), and PTSD (22%).
bSSRI (selective serotonin reuptake inhibitor): sertraline, escitalopram, fluoxetine. SGA (second generation antipsychotic): quetiapine, aripiprazole, lurasidone, olanzapine.
Mood stabilizer: lithium. Benzodiazepines: clonazepam, ativan. Anxiolytic: buspar. SNRI (serotonin norepinephrine reuptake inhibitor): desvenlafaxine, duloxetine. SARI
(serotonin 2 antagonist/reuptake inhibitor): trazodone. NDRI (norepinephrine dopamine reuptake inhibitor): Wellbutrin. Antihistamine: vistaril, Benadryl. Beta blocker:
propranolol. Alpha blocker: prazosin. Anti-epileptic: pregabalin.

Table 1: Demographic and clinical data of study patients with post-partum depression (PPD).

Articles
to the pre-brexanolone or post-brexanolone blood draws
on admission day or discharge day.

The Hamilton rating scale for depression (HAM-D) score
evaluation
The HAM-D, a 17-item diagnostic questionnaire, was
used to measure depression severity ∼2 h before and 6 h
after brexanolone infusion. HAM-D consists of indi-
vidual ratings related to depressed mood, feelings of
guilt, suicide, insomnia, agitation, anxiety, somatic and
genital symptoms, hypochondriasis, loss of weight, and
insight. Higher HAM-D scores indicate more severe
depression.16 We report the % HAM-D score improve-
ment as the % decrease in HAM-D score 6 h following
brexanolone infusion compared to HAM-D scores
measured 1 h prior to brexanolone infusion.
www.thelancet.com Vol 89 March, 2023
Serum preparation and neuroactive steroid
measurements
Blood was collected in Vacutainer® Glass Serum Tubes
(BD, 366430), allowed to clot for 30–60 min at room
temperature, then centrifuged at 1300×g at 20◦C for
10 min. Serum was collected in 2 ml polypropylene
tubes, then stored at −80◦C until assay. Serum was
assayed by gas chromatography-mass spectrometry
(GCMS) as previously described,17 with extraction
modifications.18 Briefly, 300 μl of serum was applied to a
preconditioned Strata™-X 33 μm column (Phenom-
enex, 8B-S100-UBL), washed with water, 30% methanol
in water, dried on a vacuum manifold, and washed
again with n-hexane. Steroids were eluted with aceto-
nitrile into glass vials treated with Sigmacote® (Sigma-
Aldrich, SL2) and dried down. Samples were derivatized
3
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with heptafluorobutyric acid in ethyl acetate, dried
down, and transferred to deactivated glass inserts. The
samples were diluted in 10 μl of heptane, and 2 μl was
injected into the GCMS in duplicate. GCMS settings
and analysis were performed as previously described17

which allowed simultaneous measurement of allopreg-
nanolone, pregnanolone (3α,5β-THP), allotetrahy-
drodeoxycorticosterone (3α,5α-THDOC), pregnenolone,
3α,5α-androsterone and 3α,5α-androstan-diol in PPD
patient serum. Other pregnane steroids such as the 3β-
reduced derivatives of allopregnanolone and THDOC
were not measured. Results are expressed as picograms/
milliliter (pg/ml).

Whole blood collection for in vitro whole-blood
immune challenge
Whole blood (∼8 ml/subject) was drawn in sodium
heparin coated Vacutainer® Plastic Tubes (BD, 367878).
Immediately after blood drawing, the tubes were gently
inverted 8–10 times to prevent breakage of red blood
cells, but to ensure proper mixture with sodium heparin
to prevent clotting and put on ice to minimize blood
cell degeneration. Blood was kept on ice <1 h for tra-
nsfer from the hospital to the laboratory before
experimentation.

Baseline measurements of TNF-α, IL-6, IL-1β, and
IP-10
Whole blood cell lysates were prepared by adding 500 μl
of radioimmunoprecipitation (RIPA) buffer (Sigma, Cat.
#R0278) supplemented with protease inhibitor cocktails
(ratio 1:100) (Sigma, Cat. #P8340) to 500 μl of whole
blood (ratio 1:1) and the mixtures were immediately
centrifuged (9500×g; 4◦C) for 5 min. Pellets were iso-
lated by gently removing the supernatant and the su-
pernatant residuals. RIPA buffer supplemented with
protease inhibitor cocktails (100 μl) was added to the cell
pellets. The mixtures were vortexed, kept on ice for
15 min, sonicated twice for 30 s at 25% output power
with a Sonicator ultrasonic processor (Misonix, Inc.,
Farmingdale, NY) and centrifuged (14,000×g; 4◦C) for
30 min. Cell lysates were kept at −80◦C until the levels
of TNF-α, IL-6, IL-1β, and IP-10 were assessed by
enzyme-linked immunosorbent assays (ELISAs).

In vitro stimulation of whole blood by
lipopolysaccharide and imiquimod and cell lysate
preparation
To avoid blood contamination, under sterile conditions,
1000 μl of blood was added into each well of low adhe-
sion 24-well plates (Corning, #3473) on ice. To prevent
protein degradation, 5 μl of cell culture specific protease
inhibitor (Sigma, #P1860) (ratio 1:200) was added into
each well. The selective agonists for TLR4 [lipopolysac-
charide (LPS); 10 μg/ml] (Cat. #L9641, Lot #
071M4120V, Sigma-Aldrich, Saint Louis, MO, USA),
and TLR7 [imiquimod (IMQ); 30 μg/ml] (Cat. #tlrl-imqs,
InvivoGen, San Diego, CA, USA) were added and the
plates were gently transferred to cell culture incubator
(37◦C, 5% CO2) and incubated for 4 h. RIPA buffer
(1000 μl) supplemented with protease inhibitor cocktails
(ratio 1:100) (Sigma, Cat. #P8340) was added into each
well (ratio 1:1) on ice and the mixtures were immedi-
ately centrifuged (9500×g; 4◦C) for 5 min. Cell pellets
were collected by gently removing supernatants and the
supernatant residuals. RIPA buffer supplemented with
protease inhibitor cocktails (100 μl) was added to the cell
pellets. The mixtures were vortexed, kept on ice for
15 min, sonicated twice for 30 s at 25% output power
with a Sonicator ultrasonic processor, and centrifuged
(14,000×g; 4◦C) for 30 min. Cell lysates were kept
at −80◦C until the levels of TNF-α, IL-6, and IL-1β were
assessed by ELISAs.

Enzyme-linked immunosorbent assay (ELISA)
Total protein levels were determined by the bicinchoninic
acid assay (BCA, Thermo Fisher Scientific, Waltham,
MA, USA, Cat.# 23228 and Cat.# 1859078). Protein ex-
tracts were assayed with ELISA kits (Raybiotech, Nor-
cross, GA, USA) for TNF-α (Cat. # ELH-TNFa-CL-1), IL-6
(Cat. # ELH-IL6-CL-1), IL-1β (Cat. # ELH-IL1b-1), and IP-
10 (Cat.# ELH-IP10-1) as per the manufacturer’s in-
structions. Results are expressed as picograms/milligram
total protein (pg/mg).

Statistics
Heparinized whole blood for chemokine/cytokine level
evaluation in cell lysates and serum for neurosteroid
level evaluation were collected from 18 PPD patients
(Table 1). GCMS steroid measures were excluded if a
pre-treatment value was not detected. The evaluated
inflammatory chemokine/cytokines were not detectible
at baseline before brexanolone administration in cell
lysates obtained from 4 patients and the samples from
the patients were excluded from the analysis. If in vitro
LPS and IMQ treatments (n = 3, 5 respectively) did not
increase the levels of evaluated cytokines compared with
in culture baseline levels in cell lysates, these samples
were excluded from the analysis, since the immune cells
were biologically inactive.

Each steroid or chemokine/cytokine data set were
first tested for normal (Gaussian) distribution using the
Kolmogorov–Smirnov normality test and if any of the
groups failed the normality test, the Multiple Wilcoxon
matched-pairs signed rank tests with Bonferroni-Dunn
corrections (MLT Wilcoxon BFD) for multiple compari-
sons were applied. The mean values (pg/ml for steroids,
and pg/mg total protein for chemokine/cytokines),
standard error of mean (SEM), 95% confidence intervals
(CI) of mean, median values of differences and % CI of
differences, sum of signed ranks (W), p and adjusted p
values were examined. The levels of evaluated cytokines
in culture at baseline and following in vitro treatments
with LPS or IMQ were examined in parallel. Then, the
www.thelancet.com Vol 89 March, 2023
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values of the baseline adjusted LPS- or IMQ-induced
levels of the cytokines in the pre- or post-brexanolone
condition, were subjected to statistical analysis.

Linear regression analysis was used to examine
whether there is a significant correlation between the %
change of each steroid or chemokine/cytokine and the
% decrease (improvement) in HAM-D score where the
predictor was the change in the steroid or chemokine/
cytokine (an independent variable) and the outcome was
the change in HAM-D score (a dependent variable). The
coefficient of determination (R2 value), F statistic, de-
grees of freedom, and p value were examined. Graph-
Pad Prism 9.4.1 was used for the statistical analysis.
p < 0.05 was considered as statistically significant.

Ethics statement
This study received institutional review board approval
(#20-1944) for the study at the University of North Caro-
lina School of Medicine, School of Medicine, Chapel Hill.

Role of funders
The Foundation of Hope had no role in study design,
data collection, analysis or reporting.
Fig. 1: Brexanolone infusion alters multiple steroid levels in PPD patie
(Brex) infusion (60 h) and simultaneously analyzed for the levels of
ycorticosterone (3α,5α-THDOC), pregnenolone, 3α,5α-androsterone and
(GCMS). Since the data values did not represent normal (Gaussian) di
Wilcoxon matched-pairs signed rank tests with Bonferroni-Dunn correctio
determine the effects of brexanolone infusion on the levels of the neuros
ml), % confidence intervals (CI) of differences, sum of signed ranks (W), p
the levels of allopregnanolone (Npairs = 16) and 3α, 5α-THDOC (Npairs =
androstan-diol (Npairs = 18). The changes in the levels of 3α,5β-THP (Npairs

not statistically significant. The W values, p and adjusted p values ar
****p < 0.0001 [MLT Wilcoxon BFD].
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Results
Participant characteristics
Eighteen PPD patients aged between 24 and 41 years of
age participated in the study. All patients were between 5
weeks and 6 months postpartum, with an average of 3.4
months, at the time of receiving the 60 h inpatient
brexanolone dosing protocol. Brexanolone was generally
well tolerated. All patients except one patient were under
concurrent psychiatric treatments with at least one psy-
chotropic drug but were unresponsive to concurrent
medications prior to brexanolone therapy. The patient
characteristics are presented in Table 1. ThemeanHAM-
D score value at baseline was 23 (standard deviation (SD)
5) and was 11 (SD 7) after brexanolone infusion.

Brexanolone infusion alters multiple neuroactive
steroid levels in PPD patient serum
Perinatal depression has been associated with decreased
allopregnanolone levels during pregnancy.19 The levels of
allopregnanolone, 3α,5β-THP, 3α,5α-THDOC, pregnen-
olone, 3α,5α-androsterone and 3α,5α-androstan-diol in
serum before and following brexanolone infusion were
simultaneously examined. The data values of the steroid
nt serum. Serum was collected ∼1 h pre- and 6 h post-brexanolone
allopregnanolone, pregnanolone (3α,5β-THP), allotetrahydrodeox-
3α,5α-androstan-diol by gas chromatography-mass spectrometry

stribution using the Kolmogorov–Smirnov normality test, Multiple
n (MLT Wilcoxon BFD) for the multiple comparisons were applied to
teroids. The median values of differences in picograms/milliliter (pg/
and adjusted p values were examined. Brexanolone infusion increased
18), while decreasing 3α,5α-androsterone (Npairs = 16) and 3α,5α-
= 15) and pregnenolone (Npairs = 18) after brexanolone infusion were
e presented in the figure. *p < 0.05; **p < 0.01; ***p < 0.001;

5
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Fig. 2: Brexanolone infusion inhibits IL-6 and TNF-α, but not IP-10 in blood cells of post-partum depression (PPD) patients. The in-
hibition of IL-6 and TNF-α correlates with HAM-D score improvement after brexanolone infusion. Cell lysates were isolated from whole
blood of PPD patients ∼1 h before and 6 h after 60 h duration of brexanolone (Brex) infusion and the levels of IL-6, TNF-α, and IP-10 were
examined by ELISAs. a: Since the groups with TNF-α and IP-10 values did not pass the Kolmogorov–Smirnov normality test, the Multiple
Wilcoxon matched-pairs signed rank tests with Bonferroni-Dunn correction for the multiple comparisons were applied to determine the effects
of brexanolone infusion on the levels of IL-6, TNF-α, and IP-10. The median values of differences in picograms/milligram total protein (pg/mg),
% confidence intervals (CI) of differences, sum of signed ranks (W), p and adjusted p values were examined. Brexanolone infusion decreased the
levels of IL-6 (Npairs = 11) and TNF-α (Npairs = 11), but not IP-10 (Npairs = 11). The W values, p and adjusted p values are presented in the figure.

Articles
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groups were tested for normal (Gaussian) distribution
using the Kolmogorov–Smirnov normality test. Since the
values did not represent normal distribution, the MLT
Wilcoxon BFD for the multiple comparisons were
applied to determine the effects of brexanolone infusion
on the levels of the steroids. The mean values (pg/ml),
SEM, 95% CI of mean for each steroid before and
following brexanolone infusion were evaluated. The
levels of allopregnanolone before brexanolone infusion
were 147.6 ± 43.47 pg/ml (95% CI 54.98–240.3; N = 16)
and following infusion were 8125 ± 3852 pg/ml (95%
CI −85.55 to 16336; N = 16). The levels of 3α,5β-THP
before brexanolone infusion were 41.30 ± 9.23 pg/ml
(95% CI 21.51–61.09; N = 15) and following infusion
were 35.35 ± 6.49 pg/ml (95% CI 21.43–49.28; N = 15).
The levels of 3α,5α-THDOC before brexanolone infusion
were 26.51 ± 2.99 pg/ml (95% CI 20.20–32.81; N = 18)
and following infusion were 85.19 ± 7.22 pg/ml (95% CI
69.97–100.40; N = 18). The levels of pregnenolone before
brexanolone infusion were 3528 ± 624.4 pg/ml (95% CI
2210–4845; N = 18) and following infusion were
4415 ± 584.6 pg/ml (95% CI 3181–5648; N = 18). The
levels of 3α,5α-androsterone before brexanolone infu-
sion were 1335 ± 230.1 pg/ml (95% CI 844.1–1825;
N = 16) and following infusion were 596.7 ± 86.29 pg/ml
(95% CI 412.8–780.7; N = 16). The levels of 3α,5α-
androstan-diol before brexanolone infusion were
36.99 ± 6.00 pg/ml (95% CI 24.34–49.65; N = 18) and
following infusion were 13.85 ± 1.32 pg/ml (95% CI
11.07–16.63; N = 18). To determine if there are signifi-
cant differences in the steroid levels in serum before vs.
following brexanolone infusion, the median values of
differences and % CI of differences, W, p and adjusted p
values were examined. As expected, brexanolone infu-
sion increased the levels of allopregnanolone (+2342 pg/
ml; 97.87% CI 2057–2725; W = 136, p = 0.00003,
adjusted p = 0.0002 [MLT Wilcoxon BFD], Npairs = 16).
Surprisingly, brexanolone infusion also increased 3α,5α-
THDOC (+72.60 pg/ml; 96.91% CI 36.10–76.30;
W = 167, p = 0.00002, adjusted p = 0.0001 [MLTWilcoxon
BFD], Npairs = 18), while decreasing 3α,5α-androsterone
(−662.1 pg/ml; 97.87% CI −1155 to −173.3; W = −102,
p = 0.006, adjusted p = 0.04 [MLT Wilcoxon BFD],
Npairs = 16) and 3α,5α-androstan-diol (−14.95 pg/ml;
96.91% CI −31.90 to −11.60; W = −165, p = 0.00004,
adjusted p = 0.0002 [MLT Wilcoxon BFD], Npairs = 18).
Brexanolone infusion did not change the levels of preg-
nenolone (+862.7 pg/ml; 96.91% CI −120.9 to 1788;
W = 83, p = 0.07, adjusted p = 0.44 [MLTWilcoxon BFD],
Npairs = 18) and 3α,5β-THP (−5.60 pg/ml; 96.48%
CI −11.30 to 9.90; W = −16, p = 0.68, adjusted p > 0.99
*p < 0.05; **p < 0.01, [MLT Wilcoxon BFD] b: Linear regression analysis w
10 after brexanolone infusion correlated with the % decrease (improvem
statistic, degrees of freedom, and p value were examined. The inhibition (
(improvement) in HAM-D score after brexanolone infusion. The % chang
HAM-D score. *p < 0.05, [Linear regression analysis].
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[MLT Wilcoxon BFD], Npairs = 15) (Fig. 1). To determine
if the % change in each steroid after brexanolone infu-
sion correlated with the % decrease (improvement) in
HAM-D score, linear regression analysis was applied and
the coefficient of determination (R2 value), F statistic,
degrees of freedom, and p value were examined. No ef-
fects were found (Fig. S1).

Brexanolone infusion inhibits IL-6 and TNF-α, but
not interferon γ-induced protein 10 (IP-10) in
blood cells of PPD patients
Postpartum depression as well as other forms of
depression have been associated with increases in the
levels of inflammatory cytokines TNF-α, IL-6, and IL-
1β10,12–15 that are indicative of TLR signal activation.20 Cell
lysates were isolated from whole blood of PPD patients
∼1 h before and 6 h after 60 h duration of brexanolone
infusion and the levels of the cytokines IL-6, TNF-α, IL-
1β and the chemokine IP-10 were examined by ELISAs.
Since the TNF-α and IP-10 values did not pass the
Kolmogorov–Smirnov normality test, the MLT Wilcoxon
BFD for the multiple comparisons were applied to
determine the effects of brexanolone infusion on the
levels of the chemokine/cytokines in blood cells. The
mean values (pg/mg total protein), SEM, 95% CI of
mean for each chemokine/cytokine before and
following brexanolone infusion were first evaluated. The
levels of IL-6 before brexanolone infusion were
4.14 ± 0.95 pg/mg (95% CI 2.03–6.26; N = 11) and
following infusion were 1.64 ± 0.32 pg/mg (95% CI
0.91–2.36; N = 11). The levels of TNF-α before brex-
anolone infusion were 54.17 ± 13.23 pg/mg (95% CI
24.68–83.66; N = 11) and following infusion were
23.03 ± 3.10 pg/mg (95% CI 16.14–29.93; N = 11). The
levels of IP-10 before brexanolone infusion were
25.29 ± 4.17 pg/mg (95% CI 16.00–34.59; N = 11) and
following infusion were 21.57 ± 3.95 pg/mg (95% CI
12.77–30.37; N = 11). IL-1β was not detectible at baseline
in most samples (data not shown). To determine if there
are significant differences in the chemokine/cytokine
levels in blood cells post- vs. pre-brexanolone infusion,
the median values of differences and % CI of differ-
ences, W, p and adjusted p values were examined. We
found that brexanolone infusion inhibited IL-6
(−0.85 pg/mg; 98.83% CI −7.75 to −0.31; W = −54,
p = 0.01, adjusted p = 0.04 [MLT Wilcoxon BFD],
Npairs = 11) and TNF-α (−19.95 pg/mg; 98.83%
CI −51.81 to −2.51; W = −66, p = 0.001, adjusted
p = 0.003 [MLT Wilcoxon BFD], Npairs = 11), but not IP-
10 (−0.39 pg/mg; 98.83% CI −17.53 to 6.11; W = −20,
p = 0.41, adjusted p > 0.99 [MLT Wilcoxon BFD],
as applied to examine whether the % inhibition in IL-6, TNF-α, or IP-
ent) in HAM-D score. The coefficient of determination (R2 value), F
%) of both IL-6 and TNF-α positively correlated with the % decrease
e in IP-10 did not correlate with the % decrease (improvement) in
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Fig. 3: Brexanolone infusion alters in vitro blood cell responses to the TLR4 inflammatory agonist lipopolysaccharide (LPS) as defined by
the levels of cytokines IL-6, IL-1β, and TNF-α. The inhibition of the LPS-induced IL-6, IL-1β, and TNF-α correlates with HAM-D score
improvement after brexanolone infusion. Whole blood drawn from post-partum depression (PPD) patients ∼1 h before and 6 h after 60 h
duration of brexanolone (Brex) infusion was exposed to LPS (10 μg/ml; 37 ◦C; 4 h) in cell culture in vitro. The levels of IL-6, IL-1β, and TNF-α in
culture at baseline, and following the in vitro exposure to LPS were examined in isolated cell lysates by ELISAs. a: Since the values of the baseline
adjusted LPS-induced levels of the cytokines in the pre- or post-brexanolone condition, did not represent normal (Gaussian) distribution (the
Kolmogorov–Smirnov normality test), the Multiple Wilcoxon matched-pairs signed rank tests with Bonferroni-Dunn correction for the multiple
comparisons were applied. The median values of differences in picograms/milligram total protein (pg/mg) and % confidence intervals (CI) of
differences were examined. The levels of IL-6 (Npairs = 11), IL-1β (Npairs = 11), and TNF-α (Npairs = 11) were significantly reduced in the
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Npairs = 11) (Fig. 2a). Linear regression analysis was
applied to determine if the % change in each chemo-
kine/cytokine after brexanolone infusion correlated with
the % decrease (improvement) in HAM-D score. The
inhibition (%) of IL-6 (R2 = 0.47, F(1,9) = 7.84, p = 0.02
[Linear regression]) was positively correlated with the %
decrease (improvement) in HAM-D score. The inhibi-
tion (%) of TNF-α (R2 = 0.37, F(1,9) = 5.20, p = 0.049
[Linear regression]) was also positively correlated with
the % decrease (improvement) in HAM-D score. The %
change in IP-10 (R2 = 0.19, F(1,9) = 2.07, p = 0.18 [Linear
regression]) did not correlate with the % decrease
(improvement) in HAM-D score (Fig. 2b).

Brexanolone infusion inhibits activation of TLR4
and TLR7 inflammatory signals in whole blood cells
in vitro
To estimate the effect of brexanolone on blood cell
response to inflammatory agonists that specifically
activate TLR4 or TLR7 inflammatory pathways, whole
blood collected before and after brexanolone adminis-
tration was exposed to LPS (TLR4 signal activator; 10 μg/
ml; 37◦C; 4 h) or IMQ (TLR7 signal activator; 30 μg/ml;
37◦C; 4 h) in cell culture in vitro. The levels of IL-6, IL-
1β, and TNF-α in culture at baseline, and following the
in vitro exposure to LPS or IMQ were examined in iso-
lated cell lysates by ELISAs. Since the values of the
baseline adjusted LPS or IMQ-induced levels of the cy-
tokines in the pre- or post-brexanolone condition, did
not represent normal (Gaussian) distribution (the
Kolmogorov–Smirnov normality test), the MLT Wil-
coxon BFD for the multiple comparisons were applied.
The mean values (pg/mg total protein), SEM, 95% CI of
mean for each LPS- or IMQ-induced cytokine before
and following brexanolone infusion were evaluated. The
levels of IL-6 before brexanolone infusion were
271.4 ± 45.63 pg/mg (95% CI 169.8–373.1; N = 11) and
161.0 ± 56.41 pg/mg (95% CI 30.88–291.1; N = 9) after
the exposure to LPS and IMQ, respectively and
following brexanolone infusion were 120.6 ± 35.89 pg/
mg (95% CI 40.64–200.6; N = 11) and 79.73 ± 22.13 pg/
mg (95% CI 28.69–130.80; N = 9) after the exposure to
LPS and IMQ, respectively. The levels of IL-1β before
brexanolone infusion were 15.95 ± 4.03 pg/mg (95% CI
6.97–24.93; N = 11) and 6.12 ± 1.53 pg/mg (95% CI
2.60–9.65; N = 9) after the exposure to LPS and IMQ,
respectively and following brexanolone infusion were
6.88 ± 1.93 pg/mg (95% CI 2.58–11.19; N = 11) and
3.51 ± 0.96 pg/mg (95% CI 1.30–5.73; N = 9) after the
post-brexanolone (After Brex) condition when compared with the pre-b
values are presented in the figure. *p < 0.05; **p < 0.01, [MLT Wilcoxon B
the % inhibition in LPS-induced IL-6, IL-1β, or TNF-α after brexanolone in
score. The coefficient of determination (R2 value), F statistic, degrees of fre
IL-6, IL-1β, and TNF-α were each positively correlated with the % de
*p < 0.05, [Linear regression analysis].
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exposure to LPS and IMQ, respectively. The levels of
TNF-α before brexanolone infusion were 73.13 ±
17.28 pg/mg (95% CI 34.63–111.6; N = 11) and
72.37 ± 4.96 pg/mg (95% CI 60.93–83.80; N = 9) after
the exposure to LPS and IMQ, respectively and foll-
owing brexanolone infusion were 53.37 ± 15.26 pg/mg
(95% CI 19.37–87.38; N = 11) and 43.81 ± 9.61 pg/mg
(95% CI 21.65–65.97; N = 9) after the exposure to LPS
and IMQ, respectively. To determine if there are sig-
nificant differences in the LPS- or IMQ-induced cyto-
kine levels in blood cells post- vs. pre-brexanolone
infusion, the median values of differences and % CI of
differences, W, p and adjusted p values were examined.
Brexanolone infusion partially inhibited the LPS-
induced elevation of IL-6 (−106.3 pg/mg; 98.83%
CI −319.0 to −11.90; W = −62, p = 0.003, adjusted
p = 0.009 [MLT Wilcoxon BFD], Npairs = 11), IL-1β
(−4.50 pg/mg; 98.83% CI −27.30 to −1.80; W = −64,
p = 0.002, adjusted p = 0.006 [MLT Wilcoxon BFD],
Npairs = 11), and TNF-α (−17.76 pg/mg; 98.83%
CI −46.46 to −0.01; W = −58, p = 0.007, adjusted p = 0.02
[MLT Wilcoxon BFD], Npairs = 11) (Fig. 3a). Brexanolone
infusion also partially inhibited the IMQ-induced
elevation of IL-6 (−44.50 pg/mg; 96.09% CI −136.1
to −13.70; W = −45, p = 0.004, adjusted p = 0.01 [MLT
Wilcoxon BFD], Npairs = 9), IL-1β (−2.50 pg/mg; 96.09%
CI −4.30 to −0.40; W = −43, p = 0.008, p = 0.02 [MLT
Wilcoxon BFD], Npairs = 9), and TNF-α (−26.05 pg/mg;
96.09% CI −49.17 to −7.04; W = −45, p = 0.004, adjusted
p = 0.01 [MLT Wilcoxon BFD], Npairs = 9) (Fig. 4a).
These results suggest inhibition of the inflammatory
response to TLR4 and TLR7 activators following brex-
anolone infusion. Linear regression analysis was applied
to examine whether the % inhibition in the LPS- or
IMQ-induced IL-6, IL-1β, and TNF-α after brexanolone
infusion correlated with the % decrease (improvement)
in HAM-D score. The inhibition (%) of LPS-induced IL-
6 (R2 = 0.37, F(1,9) = 5.20, p = 0.048 [Linear regression]),
IL-1β (R2 = 0.41, F(1,9) = 6.23, p = 0.03 [Linear regres-
sion]), and TNF-α (R2 = 0.45, F(1,9) = 7.34, p = 0.02
[Linear regression]) were each positively correlated with
the % decrease (improvement) in HAM-D score after
brexanolone infusion (Fig. 3b). The inhibition (%) of the
IMQ-induced IL-6 (R2 = 0.47, F(1,7) = 6.19, p = 0.04
[Linear regression]), IL-1β (R2 = 0.47, F(1,7) = 6.21,
p = 0.04 [Linear regression]), and TNF-α (R2 = 0.49,
F(1,7) = 6.95, p = 0.03 [Linear regression]) was positively
correlated with the % decrease (improvement) in HAM-
D score after brexanolone infusion (Fig. 4b).
rexanolone (Before Brex) condition. The W values, p and adjusted p
FD] b: The linear regression analysis was applied to examine whether
fusion were correlated with the % decrease (improvement) in HAM-D
edom, and p value were examined. The inhibition (%) of LPS-induced
crease (improvement) in HAM-D score after brexanolone infusion.

9

www.thelancet.com/digital-health


Fig. 4: Brexanolone infusion alters in vitro blood cell responses to the TLR7 inflammatory agonist imiquimod (IMQ) as defined by the levels of
cytokines IL-6, IL-1β, and TNF-α. The inhibition of the IMQ-induced IL-6, IL-1β, and TNF-α correlates with HAM-D score improvement after
brexanolone infusion. Whole blood drawn from post-partum depression (PPD) patients ∼1 h before and 6 h after 60 h duration of brexanolone
(Brex) infusion was exposed to IMQ (30 μg/ml; 37 ◦C; 4 h) in cell culture in vitro. The levels of IL-6, IL-1β, and TNF-α in culture at baseline, and
following the in vitro exposure to IMQ were examined in isolated cell lysates by ELISAs. a: Since the values of the baseline adjusted IMQ-induced levels
of the cytokines in the pre- or post-brexanolone condition, did not represent normal (Gaussian) distribution (the Kolmogorov–Smirnov normality
test), the Multiple Wilcoxonmatched-pairs signed rank tests with Bonferroni-Dunn correction for the multiple comparisons were applied. Themedian
values of differences in picograms/milligram total protein (pg/mg) and % confidence intervals (CI) of differences were examined. The levels of IL-6
(Npairs = 9), IL-1β (Npairs = 9), and TNF-α (Npairs = 9) were significantly reduced in the post-brexanolone (After Brex) condition when compared with
the pre-brexanolone (Before Brex) condition. The W values, p and adjusted p values are presented in the figure. *p < 0.05, **p < 0.01, [MLTWilcoxon
BFD]. b: Linear regression analysis was applied to examine whether the % inhibition in the IMQ-induced IL-6, IL-1β, or TNF-α after brexanolone
infusion correlated with the % decrease (improvement) in HAM-D score. The coefficient of determination (R2 value), F statistic, degrees of freedom,
and p value were examined. The inhibition (%) of the IMQ-induced IL-6, IL-1β, and TNF-α were positively correlated with the % decrease
(improvement) in HAM-D score after brexanolone infusion. *p < 0.05, [Linear regression analysis].
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Discussion
The data indicate that brexanolone infusion inhibits in-
flammatory signaling in circulation of PPD patients 6 h
following infusion, and these effects are correlated with
its therapeutic efficacy measured by the reduction in
HAM-D scores. Furthermore, immune cells isolated
from whole blood samples of PPD patients also exhibi-
ted inhibition of responses to the inflammatory activa-
tors LPS and IMQ following brexanolone infusion,
compared to their activation prior to treatment. The
changes in response to LPS and IMQ were also corre-
lated with HAM-D score improvement in the patients.

These data implicate alterations in inflammatory
signaling in the therapeutic efficacy of brexanolone as
well increase our understanding of the potential etiol-
ogies of post-partum depression. This study demon-
strates inhibition of proinflammatory cytokines and
inhibition of responses to inflammatory activators in
PPD patients and may help to explain the antidepressant
actions of brexanolone following treatment.

The study was limited by several experimental con-
straints. The lack of a placebo control group restricted
our analysis to the effects of brexanolone in PPD and did
not allow us to specifically assess the etiology of PPD.
The lack of analysis at various intervals following treat-
ment prevented us from determining if the immune
response was inhibited or desensitized by brexanolone
therapy. Future studies will address these limitations.
Due to the relatively small sample sizes in the study, the
results should be replicated in further studies.

The present study focused on brexanolone inhibition
of IL-6, TNF-α and IL-1β since several (although not all)
previous studies have shown these markers of inflam-
mation are elevated in PPD10,11,21,22 as well as other forms
of depression.12–15 The fact that the same markers found
increased in PPD (TNF-α, IL-1β and IL-6)10,11 were
inhibited following brexanolone therapy, and this inhi-
bition was correlated with therapeutic response, sug-
gests that inflammation plays a role in the etiology of
PPD. However, there is also evidence that not all
depression symptoms are linked to inflammation.23

Moreover, four subjects (from eighteen subjects) were
left out of the analyses in this study because they did not
exhibit elevation of the evaluated inflammatory markers
in blood cells, raising further questions regarding the
role of these particular inflammatory markers and/or
blood cell inflammation in PPD. Therefore, further
studies are clearly warranted.

Allopregnanolone has previously been shown to have
pleotropic actions in the CNS,24,25 which include positive
allosteric modulation of GABAA receptors,26 inhibition of
the hypothalamic-pituitary-adrenal axis27 as well as inhi-
bition of pro-inflammatory and neuroimmune activation
in macrophages and the brain,8,9,28 all of which likely
contribute to alterations in brain network function.25

Importantly, this study directly links a specific mecha-
nism of action to therapeutic response in PPD patients.
www.thelancet.com Vol 89 March, 2023
As expected, brexanolone infusion increased serum
levels of allopregnanolone. However, changes in allo-
pregnanolone levels following brexanolone infusion
were not predictive of HAM-D score improvement. This
finding is consistent with the observation that the
therapeutic effects of brexanolone infusion are long-
lasting (up to 90 days post-infusion), despite the fact
that allopregnanolone levels return to baseline within
days of infusion.2,5,6 Furthermore, brexanolone infusion
induced unexpected changes in the serum levels of
several other neuroactive steroids, including 3α,5α-
THDOC, 3α,5α-androsterone, and 3α,5α-androstan-diol.
The observation that brexanolone alters the levels of
multiple neurosteroids is consistent with evidence that
allopregnanolone may act at nuclear pregnane-X re-
ceptors to change the expression of steroidogenic
genes.29 However, the mechanism of such divergent
effects on various steroids will require further study.

Brexanolone infusion is remarkable for its fast,
long-acting, and highly efficacious therapeutic ac-
tions.2,5,6 The efficacy of brexanolone in moderate and
severe PPD has been transformative in setting the bar
for the ideal standard of care for this devastating
condition and highlights the need for rapid and long-
acting therapies.6 Understanding the mechanisms of
its actions is important for further development of
more cost-effective medication that does not require
IV infusion and medical supervision. Furthermore,
depression is a common ailment in other patient
populations, including major depression outside of
the perinatal period and co-morbid with many other
neuropsychiatric conditions, that involve elevations in
pro-inflammatory signaling. Therefore, the ability of
brexanolone to inhibit inflammatory signaling
through both TLR4 and TLR7 receptors and to inhibit
immune cell responses to inflammatory activators
may represent an important breakthrough in the
treatment of depression associated with numerous
conditions.28,30
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