International Journal of Neuropsychopharmacology (2017) 20(6): 485-497

doi:10.1093/ijnp/pyx009
Advance Access Publication: February 21, 2017
Regular Research Article

REGULAR RESEARCH ARTICLE

Z-Guggulsterone Produces Antidepressant-Like
Effects in Mice through Activation of the BDNF
Signaling Pathway

Feng-Guo Liu, BA; Wen-Feng Hu, MD; Ji-Li Wang, MD; Peng Wang, MD; Yu
Gong, MD; Li-Juan Tong, MD; Bo Jiang, MD, PhD; Wei Zhang, MD; Yi-Bin Qin,
MD, PhD; Zhuo Chen, MD; Rong-Rong Yang, MD, PhD; Chao Huang, MD, PhD

Department of Neurology, Danyang People’s Hospital, Danyang, Jiangsu, China (Mr Liu); Department of
Anesthesiology, Affiliated Hospital of Nantong University, Nantong, Jiangsu, China (Drs Qin and Yang);
Department of Pharmacology, School of Pharmacy, Nantong University, Nantong, Jiangsu, China (Drs Huang,
Hu, J.-L. Wang, P. Wang, Tong, Jiang, and Zhang); Key Laboratory of Inflammation and Molecular Drug Target of
Jiangsu Province, Nantong, Jiangsu, China (Drs Huang, Hu, J.-L. Wang, P. Wang, Gong, Tong, Jiang, and Zhang);
Invasive Technology Department, Nantong First People’s Hospital, the Second Affiliated Hospital of Nantong
University, Nantong, Jiangsu, China (Dr Chen).

F.-G.L. and W.-EH. contributed equally to the article. R.-R.Y. and C.H. contributed equally to the article.

Correspondence: Rong-Rong Yang, MD, Department of Anesthesiology, Affiliated Hospital of Nantong University, Jiangsu Province, #20 Xisi Road,
Nantong, Jiangsu, China 226001 (charliechao888888@163.com).

Abstract

Background: Z-guggulsterone, an active compound extracted from the gum resin of the tree Commiphora mukul, has been
shown to improve animal memory deficits via activating the brain-derived neurotrophic factor signaling pathway. Here, we
investigated the antidepressant-like effect of Z-guggulsterone in a chronic unpredictable stress mouse model of depression.
Methods: The effects of Z-guggulsterone were assessed in mice with the tail suspension test and forced swimming
test. Z-guggulsterone was also investigated in the chronic unpredictable stress model of depression with fluoxetine as
the positive control. Changes in hippocampal neurogenesis as well as the brain-derived neurotrophic factor signaling
pathway after chronic unpredictable stress/Z-guggulsterone treatment were investigated. The tryptophan hydroxylase
inhibitor and the tyrosine kinase B inhibitor were also used to explore the antidepressant-like mechanisms of
Z-guggulsterone.

Results: Z-guggulsterone (10, 30 mg/kg) administration protected the mice against the chronic unpredictable stress-induced
increases in the immobile time in the tail suspension test and forced swimming test and also reversed the reduction in
sucrose intake in sucrose preference experiment. Z-guggulsterone (10, 30 mg/kg) administration prevented the reductions in
brain-derived neurotrophic factor protein expression levels as well as the phosphorylation levels of cAMP response element
binding protein, extracellular signal-regulated kinase 1/2, and protein kinase B in the hippocampus and cortex induced by
chronic unpredictable stress. Z-guggulsterone (10, 30 mg/kg) treatment also improved hippocampal neurogenesis in chronic
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Significance Statement

The impairment of the CREB-BDNF signal as well as the overproduction of proinflammatory factors contributes to the formation
and/or development of major depression. Our previous findings showed that Z-guggulsterone, an active compound extracted
from the gumresin of the tree Commiphora mukul, prevents neuroinflammation-triggered behavioral abnormalities and sco-
polamine-induced memory impairment via attenuation of the dysfunction of the CREB-BDNF signaling pathway. Within this
context, our findings showed that Z-guggulsterone exerts antidepressant-like effects via activation of the CREB-BDNF signaling
pathway, providing a new insight into the pharmacological role of Z-guggulsterone in the central nervous system and shedding
light on the development of new antidepressants. Our results also extend the pharmacological role of Z-guggulsterone beyond a
metabolic regulator to a potential modulator of major depression.

unpredictable stress-treated mice. Blockade of the brain-derived neurotrophic factor signal, but not the monoaminergic
system, attenuated the antidepressant-like effects of Z-guggulsterone.

Conclusions: Z-guggulsterone exhibits antidepressant activity via activation of the brain-derived neurotrophic factor
signaling pathway and upregulation of hippocampal neurogenesis.
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Introduction

Depression is one of the common public health problems facing
the world today. In clinical practice, several different antidepres-
sants have been developed and confirmed to alleviate the symp-
toms of major depression. However, the application of these drugs
is always accompanied with many limitations (Fava, 2010; Fabbri
et al., 2013; Sanchez et al., 2015). For instance, the first application
of antidepressants is effective in only about one-third of patients,
and approximately two-thirds of patients fail to achieve clinical
improvements, even after several times trying (Schwartz et al.,
2016). Thus, there is a strong need to explore new antidepressants.

The cAMP response element binding protein (CREB)-brain-
derived neurotrophic factor (BDNF) signal is an attractive topic
in research into the pathophysiological mechanism of major
depression and new antidepressants. Chronic stresses have been
reported to impair the function of the CREB-BDNF signal in the
hippocampus and medial prefrontal cortex (mPFC) (Jiang et al.,
2015; Xu et al., 2015), and administration of antidepressants can
normalize the CREB-BDNF signal (Mizuki et al., 2014; Li et al., 2015).
The impairment of the CREB-BDNF signal has also been observed
in the postmortem hippocampus and mPFC of depressive indi-
viduals (Pandey et al., 2007). Most evidence proving the protective
effect of the CREB-BDNF signal in major depression comes from
the rodent experiments in which direct infusion of CREB or BDNF
into hippocampus or mPFC exhibits obvious antidepressant-like
effects through activation of the molecule downstream of the
CREB-BDNF signal, such as extracellular-signal related kinase 1/2
(ERK1/2) and protein kinase B (Akt) (Gass and Riva, 2007; Castren
and Rantamaki, 2010). Moreover, knockout of the brain BDNF has
been confirmed to make rodents more susceptible to chronic
stresses (Burke et al., 2013). Therefore, enhancement of the CREB-
BDNF signal should be helpful for the therapy of major depression.

Guggulsterone, an active compound extracted from the gum-
resin of the tree Commiphora mukul, has been used for thou-
sands of years to cope with obesity, arthritis, hypothyroidism,
and lipid metabolism disorders. To date, little information has
been reported regarding the role of guggulsterone in the cen-
tral nervous system. For example, Z-guggulsterone has been
reported to regulate the respiratory rhythm in the brainstem
medulla slice of neonatal Sprague-Dawley rats in vitro (Zhao
et al, 2014). Guggulsterone also improves the streptozocin-
induced impairment of mouse memory (Saxena et al., 2007).
Recently, our group reported that Z-guggulsterone can attenuate

the behavioral abnormalities induced by neuroinflammation in
the forced swimming test (FST) and tail suspension test (TST)
(Huang et al., 2016a) and also prevents memory impairment in a
scopolamine-induced memory impairment model through acti-
vation of the CREB-BDNF signal (Chen et al., 2016). The patho-
physiological process of depression is associated with working
memory impairment (Richter et al., 2013; Moreno et al., 2015)
and neuroinflammation (Lisi et al.,, 2013; Couch et al., 2016).
The impairment of the CREB-BDNF signal in the hippocampus
and mPFC in depressive animals (Calabrese et al., 2014; Daniele
et al., 2015) has also been shown to be mediated by the over-
production of proinflammatory factors. Thus, together with a
recently reported antidepressant-like effect of a standardized
hydroalcoholic extract of Commiphora mukul in olfactory bul-
bectomized rats (Kalshetti et al., 2015), we raised the possibil-
ity that Z-guggulsterone may have antidepressant-like activity.
In the present study, we systematically investigated the antide-
pressant-like effect of Z-guggulsterone as well as its underlying
mechanisms using the experiments of sucrose preference, TST,
and FST in a mouse model of chronic unpredictable stress (CUS).

Materials and Methods

Animals

Eight- to 10-week-old male C57BL/6] mice were housed 5/cage
under standard conditions (12-h-light/-dark cycle; lights on from
7:00 aM to 7:00 pMm; 23 + 1°C ambient temperature; 55 + 10% rela-
tive humidity) for 1 week with free access to food and water. Each
experimental group consisted of 10 mice. Behavioral experiments
were carried out during the light phase. Animal experiments were
conducted in accordance with internationally accepted guidelines
for the use of animals in toxicology as adopted by the Society of
Toxicology in 1999 and approved by the University Animal Ethics
Committee of Nantong University (permit no. 2110836).

Experimental materials and procedures are available online
in the supplementary Materials and Methods.

Statistical Analysis

All analyses were performed using SPSS 13.0 software, and data
are presented as mean + SEM. Differences between mean values



were evaluated using 1-way or 2-way ANOVA, as appropriate.
For 1-way ANOVA, posthoc tests were performed using LSD
test. For 2-way ANOVA, Bonferroni’s posthoc tests were used to
assess isolated comparisons. P<.05 was considered statistically
significant.

Results

Antidepressant-Like Effects of Z-Guggulsterone in
the FST and TST of Mice

TST and FST, with a high predictive validity for antidepressant
activity, have been widely used to detect the potential antidepres-
sant activity of different compounds (Porsolt et al., 1977; Steru
et a., 1985). Here, we first evaluated the effect of Z-guggulsterone
(supplementary Figure 1) on potential antidepressant-like activ-
ity in TST assay. Results showed that similar with the effect
of fluoxetine (20 mg/kg), a single injection of Z-guggulsterone
(10 or 30 mg/kg, i.p., 30 minutes) produced an obvious antide-
pressant-like effect in the TST (Figure 1A). The data were sub-
jected to a 1-way ANOVA with drug treatment as the factor and
showed a significant main effect for Z-guggulsterone treatment
[F(3, 36) = 4.31, P<.05] (Figure 1A). Subsequent posthoc analysis
indicated that similar with fluoxetine, Z-guggulsterone admin-
istration (10, 30 mg/kg) decreased the immobile time of mice in
the TST (n = 10, P<.05 vs control) (Figure 1B). Data from the FST
revealed a significant main effect for Z-guggulsterone treatment
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[F(3, 36) = 6.46, P<.01], and posthoc analysis indicated that
Z-guggulsterone treatment (10 or 30 mg/kg, i.p., 30 min) mark-
edly reduced the immobile time compared with vehicle-treated
mice (n = 10, P<.05 vs control), and fluoxetine also decreased the
immobile time as expected in the FST (n = 10, P<.01 vs control)
(Figure 1B).

To exclude the possibility that the reduced immobility
in these tests may be induced by an increase in spontaneous
activity (Bourin et al., 2001), naive mice treated as in the above
schedule were exposed to the open-field apparatus for 5 min-
utes. Results showed that there was no difference in the number
of squares an animal crossed between areas of the center and
periphery in all groups (Figure 1C), and ANOVA showed no sig-
nificant effects for Z-guggulsterone treatment (10 or 30 mg/kg,
i.p., 30 minutes) on peripheral [F(3, 36) = 0.07, P =.70], central [F(3,
36) = 0.22, P = .92], and total activity [F(3, 36) = 0.02, P = .46]. These
data indicated that the reduction of immobility observed in the
TST and FST after Z-guggulsterone treatment was not due to the
change in locomotor activity.

Chronic Z-Guggulsterone Treatment Reverses the
CUS-Induced Depressive Symptoms of Mice

To further characterize the antidepressant effect of
Z-guggulsterone, we employed CUS, which is currently regarded
as one of the most predictive animal models of depression. In
the TST, the 2-way ANOVA indicated significant effects for stress
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Figure 1. Z-Guggulsterone produces antidepressant-like effects in the tail suspension test (TST) and forced swimming test (FST). (A) Z-Guggulsterone (10, 30 mg/kg)
treatment significantly decreased the immobile time of C57BL/6] mice in the TST. (B) Z-Guggulsterone (10, 30 mg/kg) treatment decreased the immobile time of C57BL/6]
mice in the FST. (C) Z-Guggulsterone (10, 30 mg/kg) treatment had no effects on the spontaneous locomotor activity of C57BL/6] mice in the open-field test. Fluoxetine
(20 mg/kg) was used as a positive control. All these behavioral tests were conducted 30 minutes after the injection. All data were expressed as mean + SEM.
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[F(1, 72) = 56.85, P<.001] and treatment [F(3, 72) = 21.84, P<.001],
but there was no significant stress xtreatment interaction
[F(3, 72) = 0.41, P = .75] (Figure 2B). CUS treatment robustly
increased the immobile time of mice in the TST (n = 10, P<.05
vs control group), and this increase was substantially reversed
by 12 days of Z-guggulsterone (10, 30 mg/kg) treatment, similar
to fluoxetine treatment (n = 10, P<.05, P<.01 vs vehicle + CUS
group) (Figure 2B). Z-guggulsterone treatment also reduced the
immobile duration of naive mice in the TST (n = 10, P<.01 vs
control group) (Figure 2B).

In the FST, 2-way ANOVA indicated significant effects for
stress [F(1, 72) = 55.23, P<.001] and treatment [F(3, 72) = 15.99,
P<.001], but not for stress x treatment interaction [F(3, 72) = 1.32,
P =.27] (Figure 2C). CUS treatment robustly increased the immo-
bile time of mice in the FST (n = 10, P<.01 vs control group),
and this increase was reversed by 12 days of Z-guggulsterone
(10, 30 mg/kg) treatment (n = 10, P<.01 vs vehicle + CUS group)
(Figure 2C). In addition, Z-guggulsterone also reduced the immo-
bile duration of naive mice in the FST (n = 10, P<.05 vs control
group) (Figure 2C).

We then evaluated the antidepressant effect of
Z-guggulsterone using the sucrose preference experiment.
After a daily exposure to a group of unpredictable stresses for
23 days, the CUS-treated mice received 12 days of treatment of
Z-guggulsterone, fluoxetine, or vehicle, and behavioral tests were
then performed. The Z-guggulsterone (10, 30 mg/kg) or fluoxetine
(20 mg/kg) was administrated i.p.. Two-way ANOVA indicated
significant effects for stress [F(1, 72)=22.26, P<.001], treatment
[F(3, 72) = 11.66, P<.001], and stress x treatment interaction [F(1,
72) = 9.06, P<.001] (Figure 2D). The CUS treatment induced a
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significant decrease in sucrose consumption compared with the
control group (n = 10, P<.01 vs control group) (Figure 2D). While
Z-guggulsterone produced no significant effects in naive mice,
12 days of Z-guggulsterone (10, 30 mg/kg) treatment in CUS-
stimulated mice caused a significant increase in sucrose intake
(n = 10, P<.05, P<.01 vs vehicle + CUS group) (Figure 2D). Taken
together, these results suggest that Z-guggulsterone is able to
reverse the CUS-induced depressive symptoms in mice.

Z-Guggulsterone Attenuates the CUS-Induced
Impairment of the CREB-BDNF Signal

Since one of our previous studies showed that Z-guggulsterone can
affect the CREB-BDNF signaling pathway in a memory-deficient
model induced by scopolamine (Chen et al., 2016), we then inves-
tigated whether Z-guggulsterone could improve depressive symp-
toms via activating the BDNF signal in CUS models. Adult normal
mice received daily injections of Z-guggulsterone (10, 30 mg/kg)
for 12 days, and the protein expression levels of BDNF in the hip-
pocampus and mPFC were detected. Twwo-way ANOVA revealed
significant effects for stress [F(1, 42) = 6.99, P<.05] and treatment
[F(3, 42) = 6.03, P<.01], but not for stress x treatment interaction
[F(3, 42)=2.24, P=.10] in the hippocampus (Figure 3B). The pro-
tein expression level of BDNF was significantly downregulated by
CUS treatment in the hippocampus (n = 5, P<.05 vs control group),
and this downregulation was reversed by Z-guggulsterone treat-
ment at doses of 10 and 30 mg/kg (n = 5, P<.05 vs vehicle + CUS
group) (Figure 3A-B). In the mPFC, 2-way ANOVA revealed sig-
nificant effects for stress [F(1, 42) = 51.43, P<.01] and treatment
[F(3, 42) = 3.02, P<.05], but not for stress x treatment interaction
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Figure 2. Effects of Z-guggulsterone on chronic unpredictable stress (CUS)-induced behavioral abnormalities. (A) The schematic diagram for the experimental timeline
and tissue preparation in the present study. (B-C) Quantitative analysis showing the inhibitory effect of Z-guggulsterone (10 or 30 mg/kg) on CUS-induced increase in
the immobile time in the TST (A, n = 10, *P<.05, *P<.01 vs control; #P <.05, ##P <.01 vs vehicle + CUS) and FST (B, n = 10, *P<.05, **P<.01 vs control; ##P<.01 vs vehicle +
CUS). (D) Quantitative analysis showing the inhibitory effect of Z-guggulsterone (10 or 30 mg/kg) on CUS-induced decrease in sucrose intake (n = 10, **P<.01 vs control;
#P<.05, ##P <.01 vs vehicle + CUS). The fluoxetine administration (20 mg/kg) was used as a positive control, and all data were shown as mean + SEM.
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Figure 3. Effects of Z-guggulsterone on chronic unpredictable stress (CUS)-induced impairments of the hippocampal and cortical cAMP response element binding
protein- brain-derived neurotrophic factor (CREB-BDNF) signals. (A) Representative images showing the restoration effects of Z-guggulsterone (10 or mg/kg) on CUS-
induced decreases in the protein expression level of BDNF as well as the phosphorylation levels of extracellular-signal related kinase 1/2 (ERK1/2), CREB, and protein
kinase B (Akt) in mice hippocampus. (B) Quantitative analysis showing the restoration effect of Z-guggulsterone on CUS-induced decrease in hippocampal BDNF
protein expression (n=5, *P<.05 vs control; #P<.05 vs vehicle + CUS). (C) Quantitative analysis showing the restoration effects of Z-guggulsterone on CUS-induced
decreases in hippocampal ERK1/2, CREB, and Akt phosphorylation levels (n = 5, *P<.05, **P<.01 vs control; #P<.05, ##P<.01 vs vehicle + CUS). (D) Representative images
showing the restoration effects of Z-guggulsterone (10, 30 mg/kg) on CUS-induced decreases in the protein expression level of BDNF as well as the phosphorylation
levels of ERK1/2, CREB, and Akt in medial prefrontal cortex (mPFC). (E) Quantitative analysis showing the restoration effect of Z-guggulsterone on CUS-induced decrease
in cortical BDNF protein expression (n = 5, *P<.05 vs control; #P<.05 vs vehicle + CUS). (F) Quantitative analysis showing the restoration effects of Z-guggulsterone on
CUS-induced decreases in cortical ERK1/2, CREB, and Akt phosphorylation levels (n = 5, *P<.05 vs control; #P <.05, ##P <.01 vs vehicle + CUS). The fluoxetine administra-
tion (20 mg/kg) was used as a positive control, and all data were shown as mean + SEM.

[F(3,42) =0.06, P=.98] (Figure 3E). The CUS treatment reduced the pro-
tein expression level of BDNF in the mPFC, and this reduction was
attenuated by Z-guggulsterone treatment at doses of 10 and 30 mg/
kg (n =5, P<.05 vs control or vehicle + CUS group) (Figure 3D-E).
Accordingly, the phosphorylation levels of ERK1/2, CREB, and
Akt in the mice hippocampus (n = 5, P<.05, P<.01 vs control;
Figure 3A,C) and mPFC (n = 5, P<.05 vs control group; Figure 3D,F)
were also reduced by CUS treatment, and these reductions were
substantially reversed by Z-guggulsterone treatment (10, 30 mg/
kg, P<.05, P<.01 vs vehicle + CUS group; Figure 3A,C, D,F). For hip-
pocampal phospho-ERK1/2, 2-way ANOVA revealed significant
effects for stress [F(1, 42) = 24.41, P<.05], treatment [F(3, 42) = 11.16,
P<.01], and stress x treatment interaction [F(3, 42) = 4.40] (Figure 3C).
For hippocampal phospho-CREB, 2-way ANOVA revealed sig-
nificant effects for stress [F(1, 42) = 33.76, P<.01] and treatment
[F(3, 42) = 3.47, P<.05], but not for stress x treatment interaction
[F(3, 42) = 0.96] (Figure 3C). For hippocampal phospho-Akt, 2-way
ANOVA revealed significant effects for stress [F(1, 42) = 12.14, P<.05],
treatment [F(3, 42) = 22.99, P<.01], and stress x treatment inter-
action [F(3, 42) = 11.43] (Figure 3C). For cortical phospho-ERK1/2,

2-way ANOVA revealed significant effects for stress [F(1, 42) = 63.06,
P<.001] and treatment [F(3, 42) = 5.71, P<.05], but not for stress x
treatment interaction [F(3,42) = 0.59, p = 0.62] (Figure 3F). For cortical
phospho-CREB, 2-way ANOVA revealed significant effects for stress
[F(1,42) = 76.68,P<.001] and treatment [F(3,42) = 5.29, P<.01], but not
for stress x treatment interaction [F(3, 42) = 2.07, P = .12] (Figure 3F).
For cortical phospho-Akt, 2-way ANOVA revealed significant effects
for stress [F(1, 42) = 89.10, P<.001] and treatment [F(3, 42) = 3.12,
P<.05], but not for stress x treatment interaction [F(3, 42) = 1.91,
P = .15] (Figure 3F). Taken together, these data indicated that the
Z-guggulsterone-induced restoration of BDNF protein expression
in the hippocampus and cortex was tightly associated with the
activation of the signal molecules upstream of the BDNF signaling
pathway.

Z-Guggulsterone Restores the CUS-Induced
Impairment of the Hippocampal Neurogenesis

Since hippocampal neurogenesis is closely implicated in the
pathogenesis of major depression and can be modulated by
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CREB-BDNF signals (Kotani et al., 2008; Lee et al., 2013), we
then explored whether Z-guggulsterone could affect the
process of hippocampal neurogenesis in CUS-treated mice.
Results showed that the CUS treatment induced a significant
decrease in the number of doublecortin (DCX)-positive cells
in the hippocampus (n = 5, P<.01 vs control; Figure 4A-B),
and the DCX protein expression levels were inhibited by
CUS treatment (n = 5, P<.05 vs control; Figure 4C-D). Chronic
treatment of mice with Z-guggulsterone (10 or 30 mg/kg) sub-
stantially reversed the CUS-induced decreases in the number
of DCX-positive cells (P<.05, P<.01 vs vehicle + CUS group;
Figure 4A-B) as well as the DCX protein expression level
(P<.05 vs vehicle + CUS group; Figure 4C-D). For DCX-positive
cells, 2-way ANOVA revealed significant effects for stress
[F(1,42)=75.16,P<.001] and treatment [F(3, 42) = 7.04, P<.001],
but not for stress x treatment interaction [F(3, 42) = 1.43,
P = .25] (Figure 4B). For DCX protein expression levels, 2-way
ANOVA revealed significant effects for stress [F(1, 42) = 92.50,
P<.001] and treatment [F(3, 42) = 11.29, P<.001] treatment, but
not for stress x treatment interaction [F(3, 42) = 0.11, P = .95]
(Figure 4D).

A
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Blockade of the BDNF Signal Prevents the
Antidepressant-Like Effects of Z-Guggulsterone

To further investigate the potential role of BDNF in the anti-
depressive effects of Z-guggulsterone, a potent inhibitor of
BDNF receptor, K252a (Tapley et al., 1992; Yan et al., 2010), was
employed in this study. The CUS-treated mice were co-injected
with Z-guggulsterone (30 mg/kg) and K252a (25 pg/kg) for
12 days, with behavioral tests performed 2 hours after the last
injection. Results showed that K252a co-administration almost
completely reversed the CUS-induced increase in the immobile
time in the experiments of TST (P<.01 vs control or vehicle +
CUS group; Figure 5A) and FST (P<.01 vs control or vehicle +
CUS group; Figure 5B). For TST, ANOVA revealed significant main
effects for K252a [F(1, 36) = 4.82, P<.05] and Z-guggulsterone [F(1,
36) = 6.95, P<.05] with a significant K252a x Z-guggulsterone
interaction [F(1, 36) = 8.33, P<.01] (Figure 5A). For FST, ANOVA
revealed significant main effects for K252a [F(1, 36)=20.01,
P<.001] and Z-guggulsterone [F(1, 36) = 30.80, P<.001] with a
significant K252a x Z-guggulsterone interaction [F(1, 36)=11.40,
P<.01] (Figure 5B). In the experiment of sucrose preference,
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Figure 4. Effects of Z-guggulsterone on chronic unpredictable stress (CUS)-induced impairments of the hippocampal neurogenesis. (A) Representative images showing
the restoration effect of Z-guggulsterone (10 or 30 mg/kg) on CUS-induced decrease in hippocampal doublecortin (DCX)* cells. (B) Quantitative analysis showing the
restoration effect of Z-guggulsterone on CUS-induced decrease in hippocampal DCX* cells (n = 5, **P<.01 vs control; #P<.05, ##P<.01 vs vehicle + CUS). (C) Representa-
tive images showing the restoration effect of Z-guggulsterone on CUS-induced decrease in the protein expression level of hippocampal DCX. (D) Quantitative analysis
showing the restoration effect of Z-guggulsterone on CUS-induced decrease in hippocampal DCX protein expression (n = 5, *P<.05 vs control; #P<.05 vs vehicle + CUS).
The fluoxetine administration (20 mg/kg) was used as a positive control, and all data were shown as mean + SEM.
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Figure 5. Effects of the inhibitor of brain-derived neurotrophic factor (BDNF), K252a, on Z-guggulsterone-mediated restoration of behavioral abnormalities induced
by chronic unpredictable stress (CUS). (A) Quantitative analysis showing that K252a co-administration (25 pg/kg) attenuated the restoration effect of Z-guggulsterone
(30 mg/kg) on CUS-induced increase in the immobile time in the tail suspension test (TST) (n = 10, **P<.01 vs control; ##P < .01 vs vehicle + CUS). (B) Quantitative analysis
showing that K252a co-administration (25 pg/kg) attenuated the restoration effect of Z-guggulsterone (30 mg/kg) on CUS-induced increase in the immobile time in the
forced swim test (FST) (n = 10; **P<.01 vs control; ##P<.01 vs vehicle + CUS). (C) Quantitative analysis showing that K252a co-administration (25 png/kg) attenuated the
restoration effect of Z-guggulsterone (30 mg/kg) on CUS-induced decrease in sucrose intake (n = 10; **P<.01 vs control; ##P<.01 vs vehicle + CUS). All data were shown

as mean + SEM.

K252a co-administration (25 pg/kg) also reversed the CUS-
induced decrease in sucrose intake (Figure 5C, P<.01 vs control
or vehicle + CUS group), and ANOVA revealed significant main
effects for K252a [F(1, 36) = 13.12, P<.001] and Z-guggulsterone
[F(1,36) = 8.93, P<.01] with a significant K252a x Z-guggulsterone
interaction [F(1, 36) = 5.50, P<.05] (Figure 5C).

The Z-guggulsterone-induced increases in the protein
expression level of BDNF (P<.05 vs control or vehicle + CUS
group; Figure 6A-B) as well as the phosphorylation levels of
ERK1/2 (P<.05 vs control or vehicle + CUS group; Figure 6A,
C), CREB (P<.05 or P<.01 vs control or vehicle + CUS group;
Figure 6A, C), and Akt (P<.05 or P<.01 vs control or vehicle + CUS
group; Figure 6A, C) in the hippocampus of stressed mice were
blocked by K252a co-administration (25 pg/kg). For hippocam-
pal BDNF, 2-way ANOVA revealed significant effects for K252a
[F(1, 16) = 24.79, P<.001] and K252a x Z-guggulsterone interac-
tion [F(1, 16) = 44.79, P<.001] (Figure 6B). For hippocampal phos-
pho-ERK1/2, 2-way ANOVA revealed significant effects for K252a
[F(1, 16) = 39.35, P<.001], Z-guggulsterone [F(1, 16)=81.39,
P<.001],and K252a x Z-guggulsterone interaction [F(1, 16) =36.54]
(Figure 6C). For hippocampal phospho-CREB, 2-way ANOVA
revealed significant effects for K252a [F(1, 16)=29.07,P<.001] and
K252a x Z-guggulsterone interaction [F(1, 16)=29.19] (Figure 6C).
For hippocampal phospho-Akt, 2-way ANOVA revealed signifi-
cant effects for K252a [F(1, 16) = 6.68, P<.05] and Z-guggulsterone
[F(1, 16) = 7.08, P<.05] (Figure 6C).

In the mPFC region of CUS-treated mice, K252a co-admin-
istration (25 pg/kg) also abolished the restoration effects of
Z-guggulsterone on the protein expression level of BDNF (P<.05
or P<.01 vs control; P<.05 vs vehicle + CUS group; Figure 6D-E)
as well as the phosphorylation levels of ERK1/2 (P<.05 vs con-
trol; P<.05 vs vehicle + CUS group), CREB (P<.05 vs control;
P<.01 vs vehicle + CUS group), and Akt (P<.05 or P<.01 vs
control; P<.05 vs vehicle + CUS group) (Figure 6D, F). For corti-
cal BDNF, 2-way ANOVA revealed significant effects for K252a
[F(1, 16) = 24.53, P<.001], Z-guggulsterone [F(1, 16) =30.20, P<.001]
and K252a x Z-guggulsterone interaction [F(1, 16) = 12.61,
P<.01] (Figure 6E). For cortical phospho-ERK1/2, 2-way ANOVA
revealed significant effects for Z-guggulsterone [F(1, 16)=32.26,
P<.001] and K252a x Z-guggulsterone interaction [F(1, 16) = 30.83,
P<.001] (Figure 6F). For cortical phospho-CREB, 2-way ANOVA
revealed significant effects for K252a [F(1, 16) = 30.28, P<.001],

Z-guggulsterone [F(1, 16) = 22.87, P<.001], and K252a x
Z-guggulsterone interaction [F(1, 16) = 36.56, P<.001] (Figure 6F).
For cortical phospho-Akt, 2-way ANOVA revealed significant
effects for K252a [F(1, 16)=76.59, P<.001] and Z-guggulsterone
[F(1, 16)=29.79, P<.001] and K252a x Z-guggulsterone interaction
[F(1, 16) = 91.34, P<.001] (Figure 6F).

Immunofluorescence studies showed that the BDNF signal
was essential for the effect of Z-guggulsterone on hippocampal
neurogenesis, as K252a co-administration (25 pg/kg) was found
to block the increases in the hippocampal neurogenesis (P<.01
vs control or vehicle + CUS group; Figure 7A-B) and DCX protein
expression level (P<.01 vs control; P<.05 vs vehicle + CUS group;
Figure 7C-D) after Z-guggulsterone treatment. For DCX-positive
cells, 2-way ANOVA revealed significant effects for K252a [F(1,
16) = 9.86, P<.01] and Z-guggulsterone [F(1, 16) = 9.19, P<.01]
(Figure 7B). For DCX protein levels, 2-way ANOVA revealed sig-
nificant effects for K252a [F(1, 16)=6.03, P<.05], Z-guggulsterone
[F(1, 16)=12.50, P<.01], and K252a x Z-guggulsterone interaction
[F(1, 16) = 5.43, P<.05] (Figure 7D).

Furthermore, the anti-BDNF antibody was used to block the
BDNF signal. Mice were first infused with anti-BDNF antibody
for 3 days and then treated with Z-guggulsterone (30 mg/kg),
followed by behavioral experiments. As shown in Figure 8A,
anti-BDNF or IgY infusion alone produced no significant effects
on the immobile time in the TST and FST. However, anti-BDNF
infusion significantly blocked the antidepressant effect of
Z-guggulsterone in the TST and FST (n = 10, P<.05 or P<.01 vs
control or IgY alone-treated group) (Figure 8A). The CUS-treated
mice were co-treated with Z-guggulsterone and anti-BDNF anti-
body for 12 days and behavioral tests were then performed.
Results showed that anti-BDNF infusion abolished the antide-
pressant effects of Z-guggulsterone in the TST (n = 10, P<.05 vs
control; P<.01 vs vehicle + CUS or IgY + CUS; Figure 8B), FST
(n =10, P<.05, P<.01 vs control; P<.05, P<.01 vs vehicle + CUS or
IgY + CUS; Figure 8C), and sucrose preference experiment (n = 10,
P<.01 vs control; P<.05, P<.01 vs vehicle + CUS or IgY + CUS;
Figure 8D). For TST, 2-way ANOVA revealed significant effects
for Z-guggulsterone treatment [F(2, 54) = 22.05, P<.001] but not
for anti-BDNF treatment [F(2, 54)=0.92] and Z-guggulsterone x
anti-BDNF interaction [F(2, 54)=2.79] (Figure 8B). For FST, 2-way
ANOVA revealed significant effects for Z-guggulsterone treat-
ment [F(2, 54)=19.78, P<.001] but not for anti-BDNF treatment
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Figure 6. Effects of K252a on Z-guggulsterone-mediated restoration of the impairments of the hippocampal and cortical cAMP response element binding protein-
brain-derived neurotrophic factor (CREB-BDNF) signals induced by chronic unpredictable stress (CUS). (A) Representative images showing that K252a co-administration
(25 pg/kg) attenuated the restoration effect of Z-guggulsterone (30 mg/kg) on CUS-induced decreases in the protein expression level of BDNF as well as the phospho-
rylation levels of extracellular-signal related kinase 1/2 (ERK1/2), CREB, and protein kinase B (Akt) in the hippocampus. (B) Quantitative analysis that K252a co-admin-
istration attenuated the restoration effect of Z-guggulsterone on CUS-induced decrease in hippocampal BDNF protein expression (n = 5; *P<.05 vs control; #P<.05 vs
vehicle + CUS). (C) Quantitative analysis that K252a co-administration attenuated the restoration effects of Z-guggulsterone on CUS-induced decreases in hippocampal
ERK1/2, CREB, and Akt phosphorylation levels (n = 5; *P<.05, **P<.01 vs control; #P <.05, ##P<.01 vs vehicle + CUS). (D) Representative images showing that K252a co-
administration (25 pg/kg) attenuated the restoration effect of Z-guggulsterone (30 mg/kg) on CUS-induced decreases in the protein expression level of BDNF as well
as the phosphorylation levels of ERK1/2, CREB, and Akt in mouse medial prefrontal cortex (mPFC). (E) Quantitative analysis that K252a co-administration attenuated
the restoration effect of Z-guggulsterone on CUS-induced decrease in cortical BDNF protein expression (n = 5; *P<.05, *P<.01 vs control; #P<.05 vs vehicle + CUS). (F)
Quantitative analysis that K252a co-administration attenuated the restoration effect of Z-guggulsterone on CUS-induced decreases in cortical ERK1/2, CREB, and Akt
phosphorylation levels (n = 5; *P<.05, **P<.01 vs control; #P<.05, ##P<.01 vs vehicle + CUS). All data were shown as mean + SEM.

[F(2, 54) = 0.32] and Z-guggulsterone x anti-BDNF interac-
tion [F(2, 54) = 0.21] (Figure 8C). For sucrose preference, 2-way
ANOVA revealed significant effects for Z-guggulsterone treat-
ment [F(2, 54)=19.21, P<.001] but not for anti-BDNF treatment
[F(2,54)=1.02] and Z-guggulsterone x anti-BDNF interaction [F(2,
54) = 2.01] (Figure 8D).

Serotonin Depletion Does Not Alter the
Antidepressant-Like Effects of Z-Guggulsterone

Since the monoaminergic system, especially the serotonin sys-
tem, is also closely involved in the etiology of depression (Berton
and Nestler, 2006; Dell’Osso et al., 2016), we then assessed
whether the 5-hydroxytryptamine is associated with the anti-
depressant effect of Z-guggulsterone through depletion of sero-
tonin using the tryptophan hydroxylase inhibitor PCPA (Coryell
et al., 2009). The CUS-treated mice were first co-injected with
Z-guggulsterone (30 mg/kg) and PCPA (300 mg/kg) for 12 con-
secutive days and then the experiments of TST, FST, and sucrose
preference were performed to evaluate the behavioral changes
in C57BL/6] mice. As shown in supplementary Figure 2A-C,

Z-guggulsterone administration (30 mg/kg) markedly reversed
the increases in the immobile time in the experiment of TST (n =
10, P<.01 vs vehicle + CUS; supplementary Figure 2A) and FST (n
=10, P<.01 vs vehicle + CUS; supplementary Figure 2B) induced
by CUS, and also reversed the decrease in sucrose intake in
the experiment of sucrose preference (n = 10, P<.01 vs vehicle
+ CUS; supplementary Figure 2C). PCPA (300 mg/kg) treatment
showed no significant effect on the increase in the immobile
time in the TST (n = 10, P<.05 vs PCPA + CUS; supplementary
Figure 2A), FST (n = 10, P<.01 vs PCPA + CUS group; supple-
mentary Figure 2B), and sucrose intake (n = 10, P<.01 vs PCPA +
CUS group; supplementary Figure 2C) induced by CUS. These
data suggest that the monoaminergic system is not involved
in the antidepressant-like effects of Z-guggulsterone. For TST,
2-way ANOVA revealed significant effects for Z-guggulsterone
[F(1, 36) = 13.19, P<.001] but not for PCPA [F(1, 36)=0.055] and
PCPA x Z-guggulsterone interaction [F(1, 36)=1.50, P=.23] (sup-
plementary Figure 2A). For FST, 2-way ANOVA revealed signifi-
cant effects for Z-guggulsterone [F(1, 36) = 62.26, P<.001] but
not for PCPA [F(1, 36)=1.04, P=.31] and PCPA x Z-guggulsterone
interaction [F(1, 36)=0.41, P=.53] (supplementary Figure 2A).
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Figure 7. Effects of K252a on Z-guggulsterone-mediated restoration of the impairment of hippocampal neurogenesis induced by chronic unpredictable stress (CUS).
(A) Representative images showing that K252a co-administration (25 pg/kg) attenuated the restoration effect of Z-guggulsterone (30 mg/kg) on CUS-induced decrease
in hippocampal doublecortin (DCX)* cells. (B) Quantitative analysis showing that K252a co-administration attenuated the restoration effect of Z-guggulsterone on
CUS-induced decrease in hippocampal DCX* cells (n = 5; **P<.01 vs control; ##P<.01 vs vehicle + CUS). (C) Representative images showing that K252a co-administration
(25 ng/kg) attenuated the restoration effect of Z-guggulsterone (30 mg/kg) on CUS-induced decrease in the protein expression level of hippocampal DCX. (D) Quantita-
tive analysis showing that K252a co-administration attenuated the restoration effect of Z-guggulsterone on CUS-induced decrease in the protein expression level of
hippocampal DCX (n = 5; **P<.01 vs control; #P<.05 vs vehicle + CUS). All data were shown as mean + SEM.

For sucrose preference, 2-way ANOVA revealed significant
effects for Z-guggulsterone [F(1, 36) = 183.30, P<.001] but not
for PCPA [F(1, 36)=1.13] and PCPA x Z-guggulsterone interaction
[F(1, 36) = 0.61] (Supplementary Figure 2A). These data suggest
that the monoaminergic system is not involved in the antide-
pressive effects of Z-guggulsterone.

Discussion

One of the major findings in the present study is the identifi-
cation of the antidepressant-like effect of Z-guggulsterone,
an active compound extracted from the gum resin of the tree
Commiphora mukul, in a mice depression model induced by
CUS. This effect was similar to fluoxetine and mediated by the
activation of BDNF signaling pathway but not the 5-hydroxy-
tryptaminergic system.

Commiphora mukul is a popular herb that has been used
for a long time in Ayurvedic medicine to treat various disorders,
such as obesity, arthritis, and some lipid metabolism disorders,
and most of its effects are being confirmed by modern scientific
research. For example, Commiphora mukul has been shown to
reduce high cholesterol via lowering harmful low-density lipo-
proteins and elevating the beneficial high-density lipoproteins in

animals (Singh et al., 1994; Shields and Moranville, 2005; Sharma
et al., 2009). Commiphora mukul is also demonstrated to prevent
inflammation (Tariq et al., 1986; Song et al., 2010; Huang et al.,
2016a) and stroke (Adams et al., 2002) and improve the function
of the immune system (Mencarelli et al., 2009). However, to date,
the potential application of Commiphora mukul in depression
therapy is largely unknown, though a study by Kalshetti et al.
(2015) has already reported an antidepresant-like activity of
Commiphora mukul in olfactory bulbectomized rats. Our study
provides direct evidence to show that Z-guggulsterone, an active
ingredient extracted from Commiphora mukul, displays signifi-
cant antidepressant-like activity in a chronic depression model,
extending the role of Z-guggulsterone beyond a metabolic regu-
lator to a potential modulator of major depression.

Acute injection of Z-guggulsterone at doses of 10 and 30 mg/
kg in mice produced significant reductions in the immobile time
in TST and FST, and these effects were thought not to be induced
by the change in locomotor activity, as Z-guggulsterone at both
doses did not result in a significant change in locomotor activ-
ity. Furthermore, chronic daily injections of Z-guggulsterone
(12 days) markedly improved the behavioral impairments
induced by CUS in the experiments of TST, FST, and sucrose
preference. More importantly, the antidepressant-like effects
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Figure 8. Effects of brain-derived neurotrophic factor (BDNF) antibody on the antidepressant-like effect of Z-guggulsterone. (A) Preinfusion of anti-BDNF antibody
blocked the Z-guggulsterone-induced decrease in the immobile time of C57BL/6] mice in the tail suspension test (TST) and forced swim test (FST) (n = 10, *P<.05, *P<.01
vs control or IgY alone-treated group). (B-C) Preinfusion of anti-BDNF antibody prevented the Z-guggulsterone-induced decrease in the immobile time of C57BL/GJ mice
in the TST (B, n = 10, *P<.05 vs control, ##P<.01 vs vehicle, vehicle + CUS, or IgY + CUS) and FST (C, n = 10, *P<.05 or *P<.01 vs control, #P<.05 or ##P<.01 vs vehicle +
CUS or IgY + CUS). (D) CUS-treated mice were co-treated with Z-guggulsterone and anti-BDNF antibody for 12 days. CUS + Z-guggulsterone + anti-BDNF mice displayed
significantly lower sucrose consumption than CUS + Z-guggulsterone + IgY mice (n = 10, *P<.01 vs control, #P<.05 or ##P<.01 vs vehicle + CUS or IgY + CUS). All results

were expressed as means + SEM.

of Z-guggulsterone were similar to that of fluoxetine. Together
with the fact that Commiphora mukul is widely used to treat
human disorders (Tariq et al., 1986; Singh et al., 1994; Adams
et al., 2002; Shields and Moranville, 2005; Mencarelli et al., 2009;
Song et al., 2010), our data indicate that Z-guggulsterone may be
a new compound with potential antidepressant-like activities.
Chronic stress has been confirmed to impair hippocampal
neurogenesis by numerous studies (Danzer, 2012). In this study,
the CUS-induced impairment of hippocampal neurogenesis
was largely reversed by chronic Z-guggulsterone treatment,
which was reflected by the increase in DCX-positive cells and
DCX protein expression levels after Z-guggulsterone treatment.
Our results also showed that Z-guggulsterone upregulated the
BDNF protein expression levels in both hippocampus and mPFC
of stressed mice. BDNF is known to play an important role in
adult hippocampal neurogenesis. Knockout of the brain BDNF
would make rodents more susceptible to chronic stresses via
attenuation of hippocampal neurogenesis (Gao and Chen,
2009; Burke et al., 2013). Overexpression of BDNF in mouse
hippocampal astrocytes has been reported to promote local
neurogenesis and elicits anxiolytic-like activities (Quesseveur
et al, 2013). Chronic treatment with most clinical-available
antidepressants can increase the BDNF protein levels in dif-
ferent regions (Buttenschegn et al., 2015; Hisaoka-Nakashima
et al., 2016). More and more experimental compounds are also
being confirmed as capable of regulating depressive progresses
via activating the BDNF signaling pathway (Osborn et al., 2013;
Yang et al., 2015). More importantly, the hippocampal BDNF and
other neurotrophic factors have been shown to be reduced in
patients with bipolar disorder and major depression (Polyakova

et al,, 2015; Vinberg et al., 2015). Therefore, increasing BDNF pro-
tein expression might be a common pathway for antidepres-
sants to exert their therapeutic actions, and searching agents
that can increase BDNF protein expression is beneficial for the
development of new antidepressants. Here, our data showed
that Z-guggulsterone reversed the CUS-induced decrease in the
protein expression levels of hippocampal and cortical BDNF in
parallel to the upregulation of hippocampal neurogenesis, sug-
gesting that BDNF is critical for the antidepressant-like activ-
ity of Z-guggulsterone. This finding was supported by the K252a
co-administration experiment, which showed that the antide-
pressant-like effects of Z-guggulsterone on mice behaviors and
hippocampal neurogenesis were blocked by co-treatment of
mice with K252a, a potent inhibitor of the BDNF receptor. This
result was to some extent in accordance with one of our recent
studies, which showed that Z-guggulsterone attenuates the sco-
polamine-induced memory impairments through activation of
the BDNF signaling pathway (Chen et al., 2016).

Our studies also answered how Z-guggulsterone augments
BDNF protein expression in stressed mice. CREB is a regulator
upstream of the BDNF signaling pathway (Lv et al., 2013). Increasing
evidence shows that the level of phospho-CREB is tightly associ-
ated with the formation and/or development of major depres-
sion. Phospho-CREB is found to be downregulated in postmortem
brain of suicide victims with a history of depression (Pandey et al.,
2007). CREB is also considered a molecular marker for the response
of patients with major depression to antidepressants, as major
classes of clinical antidepressants have been reported to increase
the transcriptional activity of CREB in several brain regions, includ-
ing the hippocampus and mPFC (Gass and Riva, 2007; Castren and



Rantamaki, 2010). In the present study, chronic treatment of mice
with Z-guggulsterone upregulated the levels of phospho-CREB in
both hippocampus and mPFC of stressed mice, to the basal level
of vehicle-treated mice, suggesting that the CREB may initiate the
transcription and expression of BDNF in Z-guggulsterone-treated
mice, thereby improving depressive symptoms. We also exam-
ined the activity of ERK/12 and Akt, whose activation is usually
considered an intracellular signaling mechanism downstream of
the BDNF signal mediating antidepressant efficacy in depressed
humans and animals (Gass and Riva, 2007; Castren and Rantamaki,
2010; Liu et al., 2015). Results showed that the activities of ERK1/2
and Akt, as evaluated by the anti-phospho-ERK1/2 and anti-phos-
pho-Akt specific antibody, were much higher in Z-guggulsterone-
treated mice than that in stressed mice. These data further
strengthened the importance of the CREB-BDNF signaling pathway
in the antidepressant-like effects of Z-guggulsterone.

How exactly Z-guggulsterone affects the CREB-BDNF sign-
aling pathway in stressed mice remains unknown. The hyper-
cholesterol and hyperlipidemic status has recently been shown
to decrease the expression of brain BDNF gene and protein
(Kaczmarczyk et al., 2013; Huang et al., 2016a), and guggulster-
one has hypolipidemic effects in the central nervous system
(Urizar and Moore, 2003). Thus, Z-guggulsterone may activate
the CREB-BDNF signaling pathway in CUS-treated mice through
reduction of brain lipid. The proinflammatory response also
mediates the formation and/or development of major depres-
sion (Lisi et al., 2013; Couch et al., 2016), and proinflammatory
cytokines have been reported to impair the brain BDNF signal-
ing pathway (Calabrese et al., 2014; Daniele et al., 2015). Given
the fact that Z-guggulsterone can attenuate the neuroinflam-
mation-mediated behavioral abnormalities in the FST and TST
(Huang et al., 2016a), we speculated that the proinflamma-
tory mechanism may be involved in the antidepressant-like
effects of Z-guggulsterone. More studies should be done to test
this hypothesis. Z-guggulsterone is considered a functional
inhibitor of farnesoid X receptor (FXR) (Urizar et al., 2002), and
FXR has recently been reported to inhibit the process of liver
autophagy through antagonizing the CREB function (Seok et al.,
2014). Therefore, there exists a possibility that Z-guggulsterone
restores the function of the CREB-BDNF signaling pathway,
likely through inhibition of the neuronal FXR. If this hypothesis
is the case, we may find out the true target for Z-guggulsterone
in depression therapy. It is worth mentioning that the functional
FXR in brain neurons has just been identified by our studies
(Huang et al., 2016b). That study may provide a molecular basis
for the effect of Z-guggulsterone on major depression.

Besides the BDNF and neurogenesis impairment hypothesis,
the dysfunction of the monoamine system is widely accepted
to contribute to the formation and/or development of major
depression, and most of the current available antidepressants
such as the selective serotonin reuptake inhibitors have been
reported to exert their therapeutic effects though balancing
the monoamine signal (Stewart et al., 2014; Barth et al., 2016).
However, in this study, we found that depleting the 5-hydrox-
ytryptamine by PCPA did not abolish the antidepressant-like
effect of Z-guggulsterone in the experiments of TST, FST, and
sucrose preference, indicating that the molecular mechanism
for Z-guggulsterone in depression therapy may be distinct from
the conventional antidepressants.

Collectively, our results showed that Z-guggulsterone exerts
antidepressant-like effects through promotion of the BDNF
signaling pathway, providing a new insight into the pharma-
cological role of Z-guggulsterone in the central nervous system
and shedding light on the development of new antidepressants.
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Supplementary data are available at International Journal of
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