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Abstract

Background: Major depressive disorder is a worldwide neuropsychiatric disorder associated with various symptoms, but
current antidepressants used in clinical practice have various side effects and high failure rates. Andrographolide is the main
bioactive ingredient of Andrographis paniculata and exhibits numerous pharmacological actions. This study aimed to evaluate
the antidepressant-like effects of andrographolide in male C57BL/6] mice.

Methods: The antidepressant-like effects of andrographolide in mice were explored in a forced swim test, tail suspension
test, and chronic unpredictable mild stress model of depression. Western blotting and immunofluorescence were further
performed to assess the effects of chronic unpredictable mild stress and andrographolide on the brain-derived neurotrophic
factor signalling cascade and hippocampal neurogenesis. Moreover, a pharmacological inhibitor (K252a) and a lentiviral-short
hairpin RNA (LV-TrkB-shRNA) were used to clarify the antidepressant-like mechanism of andrographolide.

Results: Andrographolide exhibited antidepressant-like potential in the forced swim test and tail suspension test without
influencing the locomotor activity of mice. Repeated andrographolide treatment not only produced significant antidepressant-
like effects in the chronic unpredictable mild stress model but also prevented the decreasing effects of chronic unpredictable
mild stress on hippocampal brain-derived neurotrophic factor signalling and neurogenesis in mice. Importantly, blockade of
the hippocampal brain-derived neurotrophic factor system by K252a and TrkB-shRNA fully abolished the antidepressant-like
effects of andrographolide in mice.

Conclusions: Andrographolide exerts antidepressant-like effects in mice via promoting the hippocampal brain-derived
neurotrophic factor signalling cascade.
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Significance Statement

It is now popular and necessary to develop novel antidepressants beyond monoaminergic targets. As a natural diterpene lac-
tone, Andro has numerous bioactivities, including hepatoprotective, anti-inflammatory, anti-tumour, antibacterial and anti-
cardiovascular activities. This study is the first comprehensive study to our knowledge showing that Andro has antidepressant-like
effects in mice that involve hippocampal BDNF signalling and neurogenesis, extending the knowledge of its pharmacological

effects and supporting it as a novel potential antidepressant.

Introduction

Major depressive disorder is a neuropsychiatric disorder asso-
ciated with loss of interest, helplessness, anhedonia, and even
thoughts of suicide (Cui, 2015). According to published reports
from the World Health Organization, major depressive disorder
is projected to be a major reason for disability worldwide by 2030
(Yang et al., 2015). Selective serotonin reuptake inhibitors are
the most commonly prescribed drugs for depression treatment
but have various side effects and high failure rates (Gordon and
Melvin, 2013). Therefore, more efforts should be made to explore
antidepressants with increased effectiveness against depres-
sion and enhanced safety. In recent years, the development of
new antidepressants from natural herbal medicine has become
one of the important research hotspots (Liu et al., 2015).

Although monoamine deficiency was thought to be involved
in the pathogenesis of depression, numerous recent studies have
demonstrated that the brain-derived neurotrophic factor (BDNF)
signalling pathway in various brain regions participates in the
pathophysiology of depression (Neto et al,, 2011; Yu and Chen,
2011; Adlam and Zaman, 2013; Jiang and Salton, 2013). BDNF
induces the phosphorylation and activation of cyclic adeno-
sine monophosphate response element-binding protein (CREB)
by binding tyrosine receptor kinase B (TrkB) and subsequently
promoting the activity of the downstream mitogen-activated
protein kinase-extracellular regulated protein kinase (ERK) and
phosphoinositide 3-kinase-protein kinase B (AKT) signalling
pathways (Sasi et al., 2017). Clinical trials and animal studies
have revealed that depression is accompanied by decreased
expression of BDNF and pCREB in the hippocampus, whereas
long-term treatments with antidepressant reverse these mo-
lecular changes (Blendy, 2006; Kozisek et al., 2008). Additionally,
chronic stress reduces the levels of BDNF and pCREB in the
medial prefrontal cortex (mPFC) while enhancing their expres-
sion in the nucleus accumbens (NAc) of rodents (Nestler and
Carlezon, 2006; Shirayama and Chaki, 2006).

Andrographolide (Andro), a natural diterpene lactone, is the
main active compound distributed in Andrographis paniculata.
Andro has been explored for its numerous bioactivities
including immunological, hepatoprotective, anti-inflammatory,
anti-tumour, and anti-cardiovascular activities in humans and
animals (Wen et al., 2014; Kishore et al,, 2017; Li et al., 2017;
Nie et al., 2017; Islam et al., 2018). Recent studies have dem-
onstrated that Andro also has numerous pharmacological ac-
tions on the central nervous system, including anti-dementia,
anti-neuroinflammation, anti-stroke, pro-neurogenic, and
neuroprotective actions in rodents (Chan et al.,, 2010; Zhang
et al., 2014, Varela-Nallar et al., 2015; Geng et al., 2018;). In 2016,
Xu et al. reported that Andro treatment was able to promote
the gene expression of several neurotrophic factors, including
BDNF, in RSC96 Schwann cells (Xu et al., 2016). In 2015, Varela-
Nallar et al., showed that Andro stimulated neurogenesis in
the hippocampus of adult mice (Varela-Nallar et al., 2015).
According to these reports, we speculated that Andro may have
antidepressant-like actions. To test this assumption, various

methods were used in this study, and the aim was to extend the
knowledge of Andro’s pharmacological effects, supporting it as
a novel potential antidepressant.

Methods
Animals

Adult male C57BL/6] mice (8 weeks old) were obtained from
SLAC Laboratory Animal Co., Ltd. (Shanghai, China). Before use,
all mice were acclimatized to their housing for 1 week under
standard conditions (5 per cage, 12-hour-light/-dark cycle, lights
on from 7:00 am to 7:00 pM; 23°C +1°C ambient temperature;
55% +10% relative humidity; noise <50 db; ammonia concentra-
tion <14 mg/m?; bedding replacement twice a week), with ad lib-
itum access to food and water. The behavioral experiments were
carried out during the light phase. For animal sacrifice, all mice
were anaesthetized using carbon dioxide and then killed by cer-
vical dislocation. The experimental procedures involving the
care and use of animals were conducted in accordance with the
ARRIVE guidelines (Kilkenny al., 2010; McGrath and Lilley, 2015)
and approved by the Animal Welfare Committee of Nantong
University (approval no. 20170420-001).

Materials

Andro, fluoxetine, K252a (a pharmacological inhibitor of TrkB),
and 5-Bromo-2-deoxyUridine (BrdU) were purchased from Sigma
(St. Louis, MO). Lentiviral (LV)-TrkB-short hairpin RNA (shRNA)-
enhanced green fluorescent protein (EGFP) and LV-Control-
ShRNA-EGFP were provided by GeneChem Co., Ltd (Shanghai,
China). The doses of Andro (10, 20, 50, and 100 mg/kg), fluoxetine
(20 mg/kg), and K252a (25 pg/kg) were selected based on pre-
vious reports (Chen et al., 2014; Serrano et al., 2014; Jiang et al.,
2017; Ren et al,, 2017; Wang et al., 2017; Ni et al., 2018). Andro,
fluoxetine, and K252a were dissolved in 0.9% sodium chloride
(NaCl) containing 10% dimethyl sulfoxide and 20% Cremaphor
EL (Vehicle). BrdU was dissolved in 0.9% NaCl. All compounds
were i.p. injected at a concentration of 10 mL/kg. LV-TrkB-
shRNA-EGFP and LV-Control-shRNA-EGFP were stereotaxically
injected into the hippocampus.

Forced Swim Test (FST)

The FST is a widely used test for assessing potential
antidepressant-like medications. This test was performed ac-
cording to Porsolt et al. (1977) with slight modifications. Briefly,
the test mice were placed individually in glass cylinders (45 cm
height, 20 cm internal diameter) containing fresh water (15 cm
height, 25+ 1°C) and forced to swim for 6 minutes. The water was
replaced after each trial. The immobility time was scored (for
the last 4 minutes) when the mice were floating in the water
without struggling with only slight movements to keep the nose
above the water.
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Figure 1. A single andrographolide (Andro) injection produced antidepressant-like ac

tivity in naive mice, as seen in the forced swim test (FST) (A) and tail suspension

test (TST) (B) without affecting their locomotor activity (C and D). All results are expressed as the means+SEMs (n=10); *P<.05, *P<.01 vs Vehicle. The data were com-

pared by 1-way ANOVA followed by the least significant difference (LSD) test.

Tail Suspension Test (TST)

Similar to the FST, the TST is also widely used to screen po-
tential antidepressants. This test was performed according
to Steru et al.,, (1985) with slight modifications. Briefly,
the test mice were individually suspended with adhesive
tape 60 cm above the floor for 6 minutes (approximately
1 cm from the tip of tail). The duration of immobility was
scored when the mice hung passively and were completely
motionless.

Open Field Test (OFT)

This test was performed according to Covington et al. (2009)
with slight modifications. Briefly, the test mice were indi-
vidually placed in an open field apparatus (100 x 100 x 40 cm)
containing 25 equal squares (5x5 cm) for 5 minutes under
dim light conditions. The amounts of square crossing,
grooming, and rearing performed by each mouse during
the test period were scored. Before each trial, the apparatus
was cleaned.

Sucrose Preference Test (SPT)

This test lasted for 4 days and was performed according to
Pothion et al. (2004) with some modifications. On the first day,
the mice were free to drink 2 bottles of 1% sucrose water. On
the next day, 1 bottle of sucrose water was replaced by pure
water. After 18 hours of fasting, the test mice were individually
given 1 bottle of 1% sucrose water (pre-weighed) and 1 bottle of
pure water (pre-weighed). After the mice were allowed to drink
for 6 hours, the consumption by each mouse was calculated by
weighing the 2 bottles. Sucrose preference=(sucrose consump-
tion/water consumption +sucrose consumption) x 100%

Chronic Unpredictable Mild Stress (CUMS)

The CUMS model of depression was established as previously
described (Ren et al., 2017; Ni et al., 2018). Briefly, mice were ex-
posed to different stressors for 8 weeks. The stressors included
light/dark cycle inversion, food/water deprivation for 24 hours,
having the cage titled at 45° for 24 hours, behavior restric-
tions for 2 hours (using 50-mL conical plastic centrifuge tubes
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Figure 2. Repeated andrographolide (Andro) administration induced significant antidepressant-like effects in the chronic unpredictable mild stress (CUMS) model of
depression, as revealed by the forced swim test (FST) (B), tail suspension test (TST) (C), and sucrose preference test (SPT) (D). A schematic of the procedural timeline is
shown in A. All results are represented as the means+SEMs (n=10); *P<.01 vs Vehicle; #P<.01 vs CUMS +Vehicle. The data were compared by 1-way ANOVA followed

by the least significant difference (LSD) test.

containing vent holes at both ends), damp bedding, rotation on
a shaker for 30 minutes, and exposure to 4°C for 1 hour. Each
stress stimulus was discontinuous and irregular. Administration
of Andro/fluoxetine/K252a/vehicle was performed daily during
the final 2 weeks (Zu et al,, 2017; Sanna et al., 2018; Villas Boas
et al.,, 2018; Wang et al., 2018). To assess the depressive-like be-
haviors of mice, the FST, TST, and SPT were performed.

Virus-Mediated Gene Transfer

Mice were anaesthetized with 0.5% sodium pentobarbital and
fixed in stereotactic frames (Stoelting) (Ren et al., 2017; Wang
et al,, 2017; Ni et al., 2018). The scalp of each mouse was cut, and
the skull was exposed using 75% ethanol and 1% H,0,. Five-mL
microsyringes were used to deliver the LV. After a small drill hole
was made on the skull of each mouse, the microsyringes were
positioned at the following coordinates determined according
to Paxinos and Franklin (2001): anteroposterior=-2.3 mm,
mediolateral=+1.5 mm, and dorsoventral=+1.4 mm for CA1 and
1.8 mm for the dentate gyrus (DG). The Control-shRNA/TrkB-
shRNA lentiviral constructs were injected bilaterally into the
hippocampus at a rate of 0.5 pL/min (2 pL/side: 1 pL for CA1, 1 pL for
DG). The microsyringes were maintained in place for 4 minutes to
limit reflux of the LV. The incision of each mouse was sutured, and

the mice were allowed to recover for 3 days before further experi-
ments. The production of LV-TrkB-shRNA-EGFP and LV-Control-
shRNA-EGFP was described in our previous reports (Ren et al.,
2017; Wang et al.,, 2017; Ni et al.,, 2018). The sequences of TrkB-
shRNA and control-shRNA were 5’-GCAACCTGCGGCACATAAA-3’
and 5’-TTCTCCGAACG TGTCACGT-3’, respectively. They were di-
luted to 5 x 10° TU/mL before use.

Western Blotting

After mice were sacrificed, the tissues (hippocampus, mPFC, and
NAc) were immediately dissected from each mouse and stored at
-80°C as previously described (Jiang et al., 2017; Ren et al., 2017;
Wang et al., 2017; Ni et al., 2018). Protein was extracted from
the tissues using NP-40 lysis buffer. After quantification and de-
naturation, the protein samples were loaded and separated by
10/12% SDS/PAGE and were then transferred to nitrocellulose
membranes. Membranes were incubated overnight at 4°C with
primary antibodies against BDNF (1:500; Abcam), TrkB (1:1000;
Abcam), p-TrkB (1:500; Abcam), ERK1 and 2 (1:500; Cell Signaling),
p-ERK1 and 2 (1:500; Cell Signaling), AKT (1:500; Cell Signaling),
p-AKT (1:500; Cell Signaling), CREB (1:500; Cell Signaling), p-CREB
(1:500; Cell Signaling), and f-actin (1:5000; Santa Cruz, CA). After
washing, membranes were incubated with IR-Dye 680-labelled
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Figure 3. Repeated andrographolide (Andro) treatment fully reversed the effects of chronic unpredictable mild stress (CUMS) on the hippocampal brain-derived neuro-
trophic factor (BDNF) signalling cascade in mice. Representative western-blot images and the quantitative analyses are shown in A and B, respectively. All results are
represented as the means+SEMs (n=5); *P<.01 vs Vehicle; #P<.01 vs CUMS +Vehicle. The data were compared by 1-way ANOVA followed by the least significant dif-

ference (LSD) test.

secondary antibodies (1:10000) for 2 hours at room temperature.
An Odyssey CLx system (LI-COR) was used to detect the bands.

Immunofluorescence

Mice were anesthetized and perfused transcardially using 4%
paraformaldehyde in 0.1 M phosphate buffer (Jiang et al., 2017
Wang et al.,, 2017). The brain of each mouse was dissected,
postfixed, and dehydrated. Then, hippocampal slices of 25 pm
were cut using a freezing microtome (Leica). For hippocampal

doublecortin (DCX) staining, the sections were processed as fol-
lows: 1, incubated in 0.3% Triton X-100 for 30 minutes; 2, incu-
bated in 3% bovine serum albumin for 30 minutes; 3, incubated
in anti-DCX antibody (1:100; Cell Signaling) overnight at 4°C; 4,
washed; 5, incubated in fluorescein isothiocyanate-labelled sec-
ondary antibody (1:50; Pierce) for 1 hour at room temperature; 6,
washed; 7, incubated with 4’,6-diamidino-2-phenylindole (DAPI)
for 10 minutes; 8, washed; and 9, cover slipped and observed.
For hippocampal neuronal nuclei (NeuN)*/BrdU* co-labelling,
mice were first injected with BrdU (4x75 mg/kg at 2-hour
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Figure 4. Repeated andrographolide (Andro) treatment fully reversed the effects of chronic unpredictable mild stress (CUMS) on hippocampal neurogenesis in mice. (A)
Representative confocal microscopy images showing the localization of doublecortin (DCX; green) and 4’,6-diamidino-2-phenylindole (DAPI; blue) in the dentate gyrus
(DG). The scale bar represents 150 ym for the representative images and 50 pm for the enlarged images. (B) Representative microscopic images showing the co-staining
(yellow) of neuronal nuclei (NeuN; green) and 5-Bromo-2-deoxyUridine (BrdU; red) in the DG. The scale bar represents 150 pm for the representative images and 75 pm
for the enlarged images. The quantitative analyses are shown in (C). All results are represented as the means+SEMs (n=5); *P <.01 vs Vehicle; #P<.01 vs CUMS +Vehicle.
The data were compared by 1-way ANOVA followed by the least significant difference (LSD) test.

intervals per day) for 2 days, and hippocampal slices of 25 pm
were cut after 28 days. The sections were processed as follows:
1, incubated in 50% formamide/2 x SSC at 65°C for 2 hours; 2, in-
cubated in 2 N HCI at 37°C for 30 minutes; 3, incubated in 0.1 M
boric acid buffer (pH 8.5) at room temperature for 10 minutes;
4, incubated in 0.3% Triton X-100 for 30 minutes; 5, incubated
in 3% bovine serum albumin for 30 minutes; 6, incubated with
mouse anti-BrdU (2 pg/mL, Roche) and rabbit anti-NeuN (1:500;
Abcam) primary antibodies overnight at 4°C; 7, washed; 8, in-
cubated with fluorescein isothiocyanate-conjugated anti-rabbit
and rhodamine-conjugated anti-mouse secondary antibodies
(1:50; Pierce) at room temperature for 1 hour; 9, washed; and 10,
cover slipped and observed.

Experimental Protocols

Experiment 1

This experiment aimed to preliminarily assay the antidepressant-
like potential of Andro in mice. Briefly, naive mice received a single
injection of vehicle/fluoxetine (20 mg/kg)/Andro (10, 20, 50, or
100 mg/kg). After 30 minutes, the FST, TST, or OFT was performed
(Farzin and Mansouri, 2006; Wang et al., 2008; Guan et al., 2014).
Separate groups of mice were used for the 3 tests (n=10).

Experiment 2

This experiment was performed to determine the
antidepressant-like actions of Andro in mice using CUMS.
Briefly, naive mice were subjected to 8 weeks of CUMS and re-
ceived a daily injection of vehicle/fluoxetine (20 mg/kg)/Andro

(20 or 50 mg/kg) during the final 2 weeks (n=10). Then, the FST,
TST, and SPT were performed successively. Furthermore, mice
from each group were randomly selected for western blot (n=
5) and immunofluorescence (n=5) assays.

Experiments 3 and 4

These 2 experiments were performed to explore the
antidepressant-like mechanism of Andro in mice using K252a.
In experiment 3, naive mice were first injected with K252a
(25 pg/kg) and then with Andro (50 mg/kg, 30 minutes later) fol-
lowed by the FST or TST (60 minutes later) (Jiang et al., 2017;
Wang et al., 2017; Ni et al., 2018). Separate groups of mice were
used for the 2 tests (n=10).

In experiment 4, naive mice were subjected to 8 weeks of
CUMS and received daily treatment with vehicle/K252a (25 pg/
kg)/Andro (50 mg/kg)/Andro+K252a during the final 2 weeks
(n=10).Then, the FST, TST, and SPT were performed successively.
Furthermore, mice from each group were randomly selected for
western blot (n=5) and immunofluorescence (n=5) assays.

Experiments 5 and 6

These 2 experiments were performed to explore the
antidepressant-like mechanism of Andro in mice using TrkB-
shRNA. In experiment 5, naive mice received hippocampal in-
fusion of LV-Control-shRNA/TrkB-shRNA and were housed for
14 days until the lentiviral expression was stable. On the 15th
day, a single injection of vehicle/Andro (50 mg/kg) was admin-
istered, and after 30 minutes the FST or TST was performed.
Separate groups of mice were used for the 2 tests (n=10).
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Figure 5. The usage of K252a attenuated the antidepressant-like effects of andrographolide (Andro) both in naive mice (B) and in the chronic unpredictable mild stress
(CUMS) model of depression (C-E). Schematics showing the timelines of the procedures are shown in A. All results are represented as means+SEM (n=10); *P<.05,
*P<.01 vs Vehicle; #P<.01 vs CUMS +Vehicle. The comparisons were made by 1-way ANOVA followed by the least significant difference (LSD) test.

In experiment 6, naive mice infused with LV-Control-shRNA/
TrkB-shRNA were housed for 14 days and were then subjected
to 8 weeks of CUMS and 2 weeks of vehicle/Andro (50 mg/kg)
administration. Then, the FST, TST, and SPT were performed
successively. Furthermore, mice from each group were ran-
domly selected for western blot (n=5) and immunofluorescence
(n=5) assays.

Statistical Analysis

The results are presented as the means+SEMs and were ana-
lyzed using SPSS 13.0 software. Multiple group comparisons
were performed using 1-way ANOVA followed by the least
significant difference (LSD) test. Pearson correlation coeffi-
cients (r) were determined to examine the correlation between
the antidepressant-like effects of Andro and its effects on
hippocampal BDNF using Graph Pad Prism version 5.0. A value
of P<.05 was considered as significant.

Results

The Antidepressant-Like Effects of Andro Were
Preliminarily Detected in Naive Mice via the FST,
TST, and OFT

The antidepressant-like potential of Andro was first exam-
ined via the FST and TST. The FST results are shown in Figure
1A. Our data demonstrated that the immobility times of the
vehicle-treated mice were significantly longer than those of
the fluoxetine-treated and Andro-treated mice (n=10, P<.01).
Detailed analysis showed that compared with the vehicle,
10-, 20-, and 50-mg/kg Andro treatment induced a 17.2+3.4%,
23.2+2.8%, and 29.1+3.5% decrease in immobility in the FST, re-
spectively. The effects of 100 mg/kg Andro were similar to those
of 50 mg/kg Andro, and 1-way ANOVA analysis revealed a sig-
nificant effect of drug treatment [F(5, 54)=23.827, P<.01]. Figure
1B also shows that administration of 10, 20, and 50 mg/kg Andro
induced a 11.2+2.6%, 23.9+4.1%, and 31.3+4.5% reduction in
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Figure 6. K252a blocked the promoting effects of andrographolide (Andro) on hippocampal brain-derived neurotrophic factor (BDNF) signalling in chronic unpredictable
mild stress (CUMS)-treated mice. Representative western-blot images and the quantitative analyses are shown in A and B, respectively. All results are represented as
the means+SEMs (n=5); *P<.01 vs Vehicle; #P<.01 vs CUMS +Vehicle. The data were compared by 1-way ANOVA followed by the least significant difference (LSD) test.

immobility in the TST, respectively (n=10, P<.01). The effects
of 100 mg/kg Andro were comparable with those of 50 mg/kg
Andro, and 1-way ANOVA analysis also indicated a significant
effect of drug treatment [F(5, 54)=27.413, P<.01]. Therefore,
20 mg/kg and 50 mg/kg were selected as the doses of Andro for
the following studies.

In addition, no significant effects of Andro on the locomotor
activity of mice were observed in the OFT. There was no differ-
ence among the groups in the number of squares that an animal
crossed in the central area or peripheral area (n=10; Figure 1C).
One-way ANOVA analysis revealed no significant effects of drug
treatments [F(5, 54)=1.875, P=.213]. Additionally, all groups

of mice displayed similar grooming [F(5, 54)=1.834, P=.251]
and rearing [F(5, 54)=3.273, P=.106] behaviors (n=10, Figure
1D). Collectively, these findings indicate that Andro may have
antidepressant-like effects in mice.

Repeated Andro Administration Reversed the CUMS-
Induced Depressive-Like Behaviors in Mice

We further investigated the antidepressant-like effects of Andro
using the CUMS model of depression. As shown in Figure 2B and
C, the stressed mice had significantly greater immobility than the
vehicle-treated control mice in the FST and TST (n=10, P<.01),
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Figure 7. K252a blocked the enhancing effects of andrographolide (Andro) on hippocampal neurogenesis in chronic unpredictable mild stress (CUMS)-treated mice. (A)
Representative confocal microscopy images showing the localization of doublecortin (DCX; green) and 4’,6-diamidino-2-phenylindole (DAPI; blue) in the dentate gyrus
(DG). The scale bar represents 150 pm for the representative images and 50 pm for the enlarged images. (B) Representative microscopic images showing the co-staining
(yellow) of neuronal nuclei (NeuN; green) and 5-Bromo-2-deoxyUridine (BrdU; red) in the DG. The scale bar represents 150 pm for the representative images and 75 pm
for the enlarged images. The quantitative analyses are shown in (C). All results are represented as the means+SEMs (n=5); *P<.01 vs Vehicle; P <.01 vs CUMS +Vehicle.
The data were compared by 1-way ANOVA followed by the least significant difference (LSD) test.

verifying the effectiveness of our model. Repeated administration
of both fluoxetine and Andro fully reversed the effects of CUMS on
the immobility of mice in the FST [ANOVA: F(4, 45)=26.143, P<.01]
and TST [ANOVA: F(4, 45)=32.783, P<.01] (n=10, P<.01). Repeated
Andro treatment also decreased the immobility of naive control
mice, as shown in supplementary Figure 1A (n=10, P<.01).

Figure 2D illustrates the SPT results. CUMS induced a
35.9%+4.6% decrease in sucrose preference in the stressed
mice compared with that in vehicle-treated mice (n=10, P<.01),
while this change was fully prevented by repeated Andro treat-
ment (n=10, P<.01). Specifically, the sucrose preference of the
stressed mice was enhanced by 18.3%+2.9% and 32.5%+5.1%
under administration of 20 and 50 mg/kg Andro, respectively.
One-way ANOVA analysis revealed a significant overall effect
[F(4, 45)=22.086, P<.01]. In contrast, repeated Andro treatment
barely affected the sucrose preference of naive control mice
(n=10; supplementary Figure 1A). Taken together, these findings
indicate that Andro has antidepressant-like effects in mice.

Repeated Andro Treatment Reversed the CUMS-
Induced Decrease in the Levels of Hippocampal
BDNF Signalling Pathway Proteins

Western blotting was then performed to examine the protein
level of BDNF in different brain regions following CUMS and
drug treatments. Figure 3 shows that the protein level of
hippocampal BDNF was significantly decreased in the mice
exposed to CUMS compared with that in vehicle-treated mice

(n=5, P<.01), while treatment with 20 mg/kg and 50 mg/kg
Andro enhanced it by 53.8+6.8% and 101.9+8.9%, respectively
(n=5, P<.01). One-way ANOVA analysis indicated a significant
overall effect [F(4, 20)=28.746, P<.01]. The data in supplemen-
tary Figure S3 further reveal that the variation in hippocampal
BDNF levels was highly correlated with the variations in the FST
(r=0.7312, P=.0163; n=10), TST (r=0.8516, P=.0018; n=10), and
SPT (r=0.8241, P=.0034; n=10) scores shown in Figure 2.

Next, we examined the protein phosphorylation of TrkB, ERK1
and 2, AKT, and CREB, the downstream signalling molecules of
BDNF. Andro treatment fully reversed the CUMS-induced de-
crease in the protein levels of hippocampal pTrkB [ANOVA: F(4,
20)=33.782, P<.01], pERK1 and 2 [ANOVA: F(4, 20)=31.885, P<.01],
PAKT [ANOVA: F(4, 20)=24.112, P<.01], and pCREB [ANOVA: F(4,
20)=35.862, P<.01] (n=5, P<.01). Moreover, Andro administra-
tion enhanced the protein levels of hippocampal BDNF [ANOVA:
F(2, 12)=27.263, P<.01], pTrkB [ANOVA: F(2, 12)=29.142, P<.01],
PERK1 and 2 [ANOVA: F(2, 12)=22.623, P<.01], pAKT [ANOVA: F(2,
12)=14.622, P<.01], and pCREB [ANOVA: F(2, 12)=20.633, P<.01]
in naive control mice (n=5, P<.01; supplementary Figure 1B-C).
In contrast, the protein levels of total TrkB, ERK1 and 2, AKT,
CREB, and p-actin were unchanged among the groups.

Supplementary Figure 2A and B show the mPFC data and NAc
data, respectively. CUMS significantly reduced the protein levels of
BDNF and pCREB in the mPFC (n=5, P<.01 vs vehicle) and enhanced
these levels in the NAc (n=5, P<.01), consistent with previous reports
(Nestler and Carlezon, 2006; Shirayama and Chaki, 2006). However,
Andro treatment did not reverse these stress-induced changes
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Figure 8. The usage of TrkB-shRNA fully abolished the antidepressant-like effects of andrographolide (Andro) both in naive mice (B) and in the chronic unpredictable
mild stress (CUMS) model of depression (C-E). Schematics showing the timelines of the procedures are shown in (A). All results are represented as the means+SEMs
(n=10); *P<.05, **P<.01 vs Vehicle; #P<.01 vs CUMS+Vehicle. The data were compared by 1-way ANOVA followed by the least significant difference (LSD) test.

(n=5). Taken together, these results indicate that the antidepressant-
like effects of Andro may involve the hippocampal BDNF system.

Repeated Andro Treatment Reversed the CUMS-
Induced Decrease in Hippocampal Neurogenesis

Chronic stress induces not only depressive-like behaviors and
BDNF signalling dysfunction but also decreases neuronal prolif-
eration and differentiation in the DG of mice (Lagace et al., 2010).
In addition, hippocampal neurogenesis is required for the effects
of many antidepressants including fluoxetine (Santarelli et al.,
2003). We thus examined whether Andro treatment can prevent

the effects of CUMS on hippocampal neurogenesis. In this study,
neuronal proliferation was assessed by DCX immunofluorescence
in the DG region. As shown in Figure 4A and C, CUMS induced a
49.9%+6.3% reduction in the number of DCX* cells in the DG (n=5,
P<.01), while Andro treatment completely reversed this change
(n=5, P<.01), similar to fluoxetine. One-way ANOVA analysis indi-
cated a significant overall effect [F(4, 20)=36.735, P<.01].
Newly-generated cells in the DG differentiate into mature
neurons within 28 days after their birth (Kempermann et al,
2003). To determine whether the Andro-induced newborn cells
differentiated into mature neurons, BrdU was administered to
label proliferating cells and NeuN was employed as a marker of
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Figure 9. TrkB-shRNA completely abolished the promoting effects of andrographolide (Andro) on hippocampal brain-derived neurotrophic factor (BDNF) signalling in
chronic unpredictable mild stress (CUMS)-treated mice. Representative western-blot images and the quantitative analyses are shown in (A) and (B), respectively. All
results are represented as the means +SEM (n=5); *P<.01 vs Vehicle; #P<.01 vs CUMS +Vehicle. The data were compared by 1-way ANOVA followed by the (LSD) test.

mature neurons. As shown in Figure 4B and C, CUMS resulted in
a 64.1+9.6% reduction in the number of NeuN*/BrdU* co-labelled
cells in DG (n=5, P<.01), while this change was fully reversed by
Andro (n=5, P<.01). One-way ANOVA analysis also revealed a sig-
nificant overall effect [F(4, 20)=32.659, P<.01]. These data indicate
that Andro has promoting effects on hippocampal neurogenesis.

Blockade of Hippocampal BDNF Signalling Abolished
the Antidepressant-Like Actions of Andro in Mice

To determine whether hippocampal BDNF was critical for the
antidepressant-like actions of Andro in mice, we used K252a, as

we have frequently done (Jiang et al., 2017; Ren et al., 2017; Wang
etal., 2017; Ni et al., 2018). As shown in Figure 5B, although K252a
alone did not influence the immobility of mice, pretreatment with
K252a significantly attenuated the effects of Andro on naive mice
in the FST [ANOVA: F(3, 36)=18.648, P<.01] and TST [ANOVA: F(3,
36)=19.331, P<.01] (n=10). Moreover, co-treatment with K252a
and Andro significantly prevented the reversal effects of Andro
on mice exposed to CUMS in the FST [ANOVA: F(4, 45)=27.407,
P<.01; Figure 5C], TST [ANOVA: F(4, 45)=31.225, P<.01; Figure
5D], and SPT [ANOVA: F(4, 45)=23.087, P<.01; Figure 5E] (n=10).
In addition, K252a prevented the reversing effects of Andro on
the levels of hippocampal BDNF protein [ANOVA: F(4, 20)=25.774,
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P<.01; Figure 6], pTrkB protein [ANOVA: F(4, 20)=34.699, P<.01;
Figure 6], pERK1 and 2 protein [ANOVA: F(4, 20)=23.524, P<.01;
Figure 6], pAKT protein [ANOVA: F(4, 20)=21.838, P<.01; Figure 6],
PCREB protein [ANOVA: F(4, 20)=28.112, P<.01; Figure 6], neur-
onal proliferation [ANOVA: F(4, 20)=35.096, P<.01; Figure 7A,C]
and differentiation [ANOVA: F(4, 20)=38.429, P<.01; Figure 7B-C]
in the stressed mice (n=5).

Furthermore, LV-TrkB-shRNA-EGFP was used to specific-
ally knock down hippocampal TrkB expression. The efficacy
of LV-TrkB-shRNA-EGFP was demonstrated in our previous re-
ports (Ren et al,, 2017; Wang et al., 2017; Ni et al., 2018). TrkB
knockdown significantly abolished the antidepressant-like ef-
fects of Andro on naive mice in the FST [ANOVA: F(5, 54)=14.542,
P<.01] and TST [ANOVA: F(5, 54)=16.708, P<.01] (n=10; Figure



8B). Additionally, TrkB-shRNA fully blocked the reversal ef-
fects of Andro on mice exposed to CUMS in the FST [ANOVA:
F(6, 63)=22.015, P<.01; Figure 8C], TST [ANOVA: F(6, 63)=27.503,
P<.01; Figure 8D], and SPT [ANOVA: F(6, 63)=19.887, P<.01; Figure
8E] (n=10). Moreover, the reversing effects of Andro on the levels
of hippocampal BDNF protein [ANOVA: F(6, 28)=26.957, P<.01;
Figure 9], pTrkB protein [ANOVA: F(6, 28)=32.164, P<.01; Figure
9], pERK1 and 2 protein [ANOVA: F(6, 28) =24.763, P<.01; Figure 9],
PAKT protein [ANOVA: F(6, 28)=23.227, P<.01; Figure 9], pCREB
protein [ANOVA: F(6, 28)=30.506, P<.01; Figure 9], neuronal pro-
liferation [ANOVA: F(6, 28)=33.663, P<.01; Figure 10A,C], and
differentiation [ANOVA: F(6, 28)=38.491, P<.01; Figure 10B,C]
in the stressed mice were abolished by TrkB-shRNA (n=5).
Taken together, these results indicate that Andro requires the
hippocampal BDNF system to exert its antidepressant-like ef-
fects in mice.

Discussion

From previous studies, we have learned that Andro exerts some
interesting pharmacological actions such as enhancing the ex-
pression of BDNF in vitro and promoting hippocampal neuro-
genesis in mice (Varela-Nallar et al., 2015; Xu et al., 2016). Since
depression is accompanied by decreased BDNF biosynthesis and
downregulated hippocampal neurogenesis (Aldam et al., 2013;
Lee et al.,, 2013), it is possible that Andro has antidepressant-like
effects. In this study, the effects of Andro were first investigated in
the FST and TST, 2 methods widely used to detect potential anti-
depressant activities. Our results in the FST and TST showed that
Andro had properties similar to those of fluoxetine. It is possible
that the effects of Andro observed in the FST and TST were due to
enhanced spontaneous locomotor activity in mice (Bourin et al.,
2001). To exclude this possibility, the OFT was performed, and no
locomotion-stimulating effects were observed in mice treated
with Andro. Furthermore, the effects of Andro were explored by
exposing mice to CUMS, a very widely used and accepted model
of depression in rodents. As expected, Andro significantly pre-
vented CUMS-induced depressive-like behaviors in mice.

Many natural antidepressants are great alternatives/supple-
ments to prescription antidepressant drugs (Liu et al., 2015). They
work as well or even better and have fewer side effects than pre-
scription antidepressants. Well-known natural antidepressants
include St. John'’s wort, omega-3 fatty acids, and saffron. As the
primary active component of Andrographis paniculata, Andro has
been widely used in China and other parts of Asia for treating
upper respiratory tract infections due to its potent anti-inflam-
matory activity. This study provides the first experimental evi-
dence to our knowledge that Andro has beneficial effects against
depression, which is interesting and stimulating as it extends
the knowledge of Andro’s pharmacological effects and supports
Andro as a new potential antidepressant. Andro can easily cross
the blood-brain-barrier in rats (Chan et al.,, 2010), and a pharma-
cokinetic study using rats revealed the highest tissue concentra-
tion of Andro in the kidney followed by the liver, spleen, and brain
(Bera et al., 2014). Although the kidney is likely to be the organ
most susceptible to Andro toxicity, some reports have demon-
strated a good safety profile of Andro as a drug. For example, a
daily oral dose of 1 g/kg A. paniculata extracts (with 10% Andro)
for 86 days showed no adverse reproductive and fertility effects
in rats (Allan et al., 2009). An oral dose of up to 5 g/’kg Andro ad-
ministered daily for up to 14 days in rats had no observable ad-
verse effects in an acute toxicity study (Bothiraja et al., 2012). The
LD,, of Andro administered via i.p. injection to mice is 11.46 g/
kg (Handa and Sharma, 1990; Bothiraja et al., 2012). Additionally,
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in a clinical trial, oral tablets containing up to 170 mg of puri-
fied A. paniculata extracts (about 85 mg Andro) were adminis-
tered every 12 hours for 12 months and found to be well tolerated
(Bertoglio et al., 2016). Thus, in our study, 50 mg/kg Andro was a
safe dose, producing minimal adverse effects in mice.

Our western blotting and immunofluorescence data showed
that Andro also protected against the inhibitory effects of CUMS
on the hippocampal BDNF system and neurogenesis in mice,
consistent with the findings of Varela-Nallar et al. (2015) and Xu
etal. (2016). Considering these results with the behavioral results,
it can be observed that the greater Andro’s promoting effects
on hippocampal BDNF, the greater were its antidepressant-like
actions. Here, we studied not only the hippocampal region but
also the mPFC and NAc regions. The results for the mPFC and
NAc samples were very interesting, indicating that the effects
of Andro on the central BDNF system are region selective, and
in-depth studies are ongoing in our group to clarify this region
selectivity. Although the usage of K252a and TrkB-shRNA col-
lectively showed that the antidepressant-like actions of Andro
required BDNF, it could not exclude other antidepressant tar-
gets for Andro. For example, Peng et al. (2016) reported that
Andro ameliorated ovalbumin-induced lung injury in mice by
suppressing reactive oxygen species-mediated nuclear factor-
kappa B (NF-«B) signalling and NLRP3 inflammasome activation.
Several in vitro and in vivo studies suggested that Andro was
able to activate the Wnt/B-Catenin signalling pathway, inducing
the transcription of Wnt target genes and inhibiting glycogen
synthase kinase3f (GSK3p) by dephosphorylation (Jiang et al.,
2015; Tapia-Rojas et al., 2015; Varela-Nallar et al., 2015). Many
studies have implicated the role of -Catenin, GSK3f, NF-«B,
and the NLRP3 inflammasome in the pathogenesis of depres-
sion, as (1) chronic stress significantly reduced the total and nu-
clear levels of -Catenin in the hippocampus of rats (Hui et al.,
2018); (2) GSK3p was highly expressed and phosphorylated in
the brain of chronically stressed mice, while inhibition of GSK3f
led to antidepressant-like actions (Peng et al., 2018); and (3) sev-
eral antidepressants exerted antidepressant-like effects in mice
via the inhibition of NF-kB and the NLRP3 inflammasome (Jia
et al., 2018; Song et al.,, 2018a, 2018b). Therefore, it is possible
that these molecules also contribute to the antidepressant-like
actions of Andro in mice, and more antagonists/shRNAs will be
used in our further study.

How does Andro activate the hippocampal BDNF system? It
has been demonstrated that Andro is a competitive inhibitor
of GSK3p, and interestingly, a correlation between GSK3f in-
hibition and BDNF-mediated signal transduction has been
found (Mai et al., 2002; Gupta et al., 2014). Therefore, GSK3p
may underlie the effects of Andro on BDNF. Moreover, BDNF
is initially synthesized as a precursor protein (proBDNF).
ProBDNF is converted to BDNF either intracellularly by furin
and/or prohormone convertases or extracellularly by matrix
metalloproteinase enzymes and/or plasmin (Qiao et al., 2017).
Both proBDNF and BDNF are biologically active but have op-
posite functions. For example, BDNF binds with TrkB and
induces neuronal survival, while proBDNF binds with the
apoptotic receptor p75 and induces neuronal death (Rahman
et al,, 2018). It is also possible that Andro has promoting ef-
fects on the conversion of proBDNF to BDNF, which needs
further study.

In addition to dysfunction in hippocampal neurogenesis and
the BDNF system, depression is accompanied by many other
pathological symptoms, including monoaminergic deficiency,
cognitive impairments, neuronal death, and neuroinflammation
(Adlam and Zaman, 2013; Brites and Fernandes, 2015; Natarajan
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et al,, 2017; Marathe et al., 2018). It is possible that Andro can
also ameliorate these symptoms since it has anti-dementia,
anti-neuroinflammatory, and neuroprotective effects in ro-
dents (Chan et al., 2010; Serrano et al., 2014; Zhang et al., 2014).
Moreover, there are some other acknowledged models of depres-
sion besides the CUMS model, such as the chronic social defeat
stress and chronic restraint stress models. The antidepressant-
like actions of Andro will be further assessed using chronic so-
cial defeat stress and chronic restraint stress in our next study.

In conclusion, our study provides new insight into the
pharmacological effects of Andro and sheds light on the de-
velopment of new antidepressants with improved efficacy and
fewer side effects.

Supplementary Materials

Supplementary data are available at International Journal of
Neuropsychopharmacology (JNPPY) online.
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