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Abstract—Depression is a serious global affective disorder and one of the most common neurological diseases.
Tanshinone IIA (TSA) is the mainly active constituent of Salvia miltiorrhiza and has diverse biological effects,
including anti-inflammatory and antioxidant effects and significant neuroprotective effects against cerebral ische-
mia and Alzheimer’s disease. However, whether TSA has an antidepressant effect remains unknown. The present
study attempted to explore the antidepressant effects and the mechanism of TSA by examining the brain-derived
neurotrophic factor (BDNF) expression in the hippocampus of depressive mice. The tail suspension test (TST)
and forced swim test (FST) showed that TSA can significantly reduce the immobility time of depressed mice.
Chronic administration of TSA increased p-ERK and p-CREB, BDNF proteins in mice hippocampus. We further
explored the potential mechanism of TSA’ antidepressant effect. TSA significantly increased the expression of
p-ERK, p-CREB and BDNF proteins in dexamethasone-treated PC12 cells, and this enhancement was suppressed
by pretreatment with the extracellular signal-regulated kinase (ERK) inhibitor SL327. Moreover, we observed that
SL327 treatment markedly suppressed the increased levels of p-ERK, p-CREB and BDNF in mice hippocampus
induced by TSA, preventing the antidepressant effects of TSA. Taken together, our results suggest that the
antidepressant-like effects of TSA were mediated by ERK-CREB-BDNF pathway in mice hippocampus. � 2020

IBRO. Published by Elsevier Ltd. All rights reserved.
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INTRODUCTION

Depression is a serious global affective disorder and one

of the most common neurological diseases whose clinical

manifestations are low mood, disproportionate to the

situation, loss of interest, anhedonia, loss of energy,

and fatigue (Bousser, 2000). People with severe depres-

sion also have suicidal thoughts and behaviors, which

place a heavy psychological and economic burden on

families and society (O’Leary et al., 2001; Kessler et al.,

2003). Depression is caused by genetic abnormalities or

an emotional dysfunction caused by a major change in

the environment (Lesch, 2004). The worldwide preva-
https://doi.org/10.1016/j.neuroscience.2020.01.026
0306-4522/� 2020 IBRO. Published by Elsevier Ltd. All rights reserved.

*Corresponding authors. Address: Institute of Neuroscience, Soo-
chow University, Suzhou City, China.

E-mail addresses: bowan@fudan.edu.cn (B. Wan), sxmiaomiao@
163.com (Z. Miao).

y Co-first authors.
Abbreviations: BDNF, brain-derived neurotrophic factor; CREB, (ERK)-
cAMP response element binding protein; Dex, dexamethasone; EDTA,
ethylenediaminetetraacetic acid; FST, Forced swim test; Q-PCR,
quantitative real-time polymerase chain reaction; TSA, Tanshinone
IIA; TST, tail suspension test.

1

lence of depression is estimated to be approximately 3–

5%, according to the World Health Organization. Affecting

approximately 1–200 million people by 2020, depressive

disorders will become the most serious disease burden

in modern society and depression will become the second

leading cause of death (Sonnenberg et al., 2000).

Recently, a high safe Chinese herbal medicine with

antidepressant effects has become a novel drug therapy

for depression (Butler and Pilkington, 2013; Li et al.,

2016b; Wang et al., 2017). Tanshinone IIA (TSA) is the

mainly active constituent of Salvia miltiorrhiza, and has

a variety of pharmacological effects, such as anti-

inflammatory, antioxidant and neuroprotective effects

(Imanshahidi and Hosseinzadeh, 2006; Hamidpour

et al., 2014). Many signaling pathways have been impli-

cated in the mechanism of TSA functionality, including

MAPK signaling, NF-jB, and TGF-b (Sui et al., 2017;

Cheng et al., 2018; Guan et al., 2018; Lu et al., 2018).

The extracellular signal-regulated kinase (ERK)-cAMP

response element binding protein (CREB) signaling path-

way is implicated in learning, memory, and neuroplasticity

and plays an important role in regulating many brain
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functions, including cell growth, apoptosis, differentiation,

and cellular responses to stress (Ying et al., 2002; Liu

et al., 2015). Presently, the vital role of the ERK signaling

system in response regulation has become the focus of

many studies, ERK1 and ERK2 are present in significant

amounts in the hippocampus (Ortiz et al., 1995; Flood

et al., 1998), most likely in relation to the stress response

and depression (Feng et al., 2003; Guan et al., 2013;

Yang et al., 2013). Previous studies have shown that

brain-derived neurotrophic factor (BDNF) can improve

depressive symptoms by activating the ERK pathway

(Shirayama et al., 2002; Chen et al., 2015; Wang et al.,

2016). These data suggest that the ERK signaling path-

way may be a potential target for antidepressants and

may participate in the molecular mechanism of

depression.

There are growing evidences indicating that

neurotrophic factors, such as BDNF, play vital roles in

promoting neural growth and survival during

development (Huang and Reichardt, 2001). Numerous

studies have shown that neurotrophic factors are powerful

candidates in the development of several neuropsychi-

atric disorders including depression (Castren et al.,

2007; Bjorkholm and Monteggia, 2016). For example,

clinical results showed that depressive patients or those

who experienced prolonged exposure to stressful condi-

tions have decreased levels of BDNF in the hippocampus

(Karege et al., 2002; Karege et al., 2005; Wysokinski,

2016).

The exact mechanisms of Tanshinone IIA’s

antidepressant effects has not been fully defined. Many

reports have show that 60 min after intraperitoneal

injection of Tanshinone IIA (16 mg/kg), the blood brain

barrier reached a peak concentration of 0.41 nmol/g

brain wet weight (Lam et al., 2003), and exhibited benefi-

cial effects in experimental models of some diseases

(Wang et al., 2010; Zhang et al., 2010). In the current

study, we aimed to investigate the antidepressant effects

of Tanshinone IIA and explore the role of the ERK-CREB-

BDNF pathway in the antidepressant mechanism of Tan-

shinone IIA.
EXPERIMENTAL PROCEDURES

Animals

Six-week-old male adult ICR mice were obtained from the

SLAC Company (Shanghai, China). Mice were

maintained at a temperature of 25 ± 2 under a normal

12-h light/dark schedule. All procedures were approved

by the Soochow University Animal Care and Use

Committee and were in accordance with the animal use

and care guide of the National Institutes of Health. The

weights of the mice were measured every three days

with an electronic balance.
Spatial restraint stress

Chronic spatial restraint stress is extensively used to

cause depression phenotypes in mice. Mice were

placed in well-ventilated 50-ml tubes for 2-h from 9 to
11 am daily for 3 weeks. Mice were unable to move in

the tube.
Animal drug administration

The dose of Tanshinone IIA (TSA, SelleckChem,

Houston, TX, USA, 40 mg/kg body weight) was chosen

based on a previous report (Liu et al., 2016). Tanshinone

IIA was dissolved in DMSO/PEG300/Tween 80/H2O,

5/30/2/63, v/v/v/v. The dose of SL327 (a selective

MEK1/2 inhibitor, SelleckChem, Houston, TX, USA,

30 mg/kg) was chosen based on a previous report (Li

et al., 2016a). SL327 was dissolved in DMSO/PEG300/

Tween 80/H2O, 2/30/5/63, v/v/v/v. As shown in Fig. 1A,

Mice adaptation for 3 days, after stressed for 3 weeks,

these mice were then subjected to behavioral test. After

behavioral test, the mice in the control group and stress

group were randomly assigned to four groups: control

group, TSA treated control group, stress group, TSA trea-

ted stress group. Tanshinone IIA was injected intraperi-

toneally (i.p.) for 14 days, SL327 was injected

intraperitoneally (i.p.) for 7 days and dissolved in corn oil

before use. Control mice were injected with same volume

of vehicle (5% DMSO+ 30% PEG300 + 2% Tween80

+ ddH2O dissolved in corn oil).
Tail suspension test (TST)

TST protocol was based on the methods described in

previous reports (Steru et al., 1985). The medical tape

fixed the tail of the mouse at a height of 45 cm from the

ground, and recorded the immobility time of the mouse

within six minutes (Mice were considered immobile when

hung passively and motionlessly without escape-oriented

behavior). The experiment was double-blind.
Forced swim test (FST)

FST protocol was based on the methods described in

previous reports (Porsolt et al., 1977). The mice were

placed in a glass cylinder (20 cm high, 15 cm in diameter)

containing water (25 , water depth 15 cm), and the immo-

bility time of the mice was recorded for six minutes (de-

fined as floating or the absence of active behaviors such

as swimming or struggling to escape, was measured.

Slight movements of the feet and tail necessary to keep

the head above water were excluded as mobility). The

experiment was double-blind.
Cell culture & drug administration

PC12 were obtained from the American Type Culture

Collection (ATCC, Rockville, MD, USA) and grown in

Dulbecco’s modified Eagle’s medium (DMEM, HyClone,

Logan, UT, USA), 10% FBS (Gibco BRL Co. Ltd, USA),

and 100 lg/ml penicillin/streptomycin. PC12 cells were

kept at 37 �C under 5% CO2 in a humidified

atmosphere. Drug administration was performed when

cells reached 50–60% proliferation, the concentration of

dexamethasone (Dex) is 20 lM for 48 h, TSA was

administered at 3 lM for 24 h, and SL327 was

administered at 5 lM for 24 h.



Fig. 1. TSA provided antidepressant effects in spatial restraint-induced depressive mice. (A) Schematic diagram of treatment plan. (B, C) After
3 weeks of spatial restraint stress, the immobility time in the tail suspension test (TST, N= 23) and the forced swim test (FST, N= 23) were tested

in mice (Student’s t-test). (D) Body weight was reduced in the stress group compared with control group (Student’s t-test, N= 23). (E, F) Mice were

treated with TSA (40 mg/kg) or vehicle for 2 weeks, The TST and the FST were performed 2 weeks after treatment. Data were presented as mean

± SEM (*P< 0.05, **P < 0.01, ***P < 0.001 versus Con + Vehicle, #P< 0.05, ##P< 0.01, ###P< 0.001 versus Str + Vehicle, N= 10–13).

(Con: Control, Str: Stress, Tanshinone IIA: TSA).
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Western blot analysis

At the end of the experiment, mice were euthanized by

rapid decapitation. The whole brain tissue was removed

immediately and snap-frozen in liquid nitrogen and

stored at �80 �C. Total protein from hippocampal tissue

and cells was extracted using RIPA lysis buffer (1%

Triton X-100, 1% SDS, 500 mM NaCl, 1 mM EDTA and

50 mM Tris-HCl, pH 7.4) with a cocktail of protease

inhibitor and phosphatase inhibitor. Protein

concentration was determined using a BCA Protein

Assay Kit (Pierce, Bonn, Germany). The samples were

heated at 96 for 10 min, then electrophoresed on 12%

Bis-Tris polyacrylamide gels and subsequently electro-
transferred to nitrocellulose membranes. Blocked in

blocking buffer (Tris-buffered saline containing 5% skim

milk) for 1 h at 25 , the membranes were incubated with

primary antibodies: anti-phospho-ERK1/2 (Thr 202/Tyr

204; 1:1000, Cat: A5036), anti-ERK1/2 (1:1000, Cat:

A5029), GAPDH (1:1000, Cat: A5036), anti-CREB

(1:1000, Cat: A5014, Selleckchem, Houston, TX, USA),

anti-phospho-CREB (Ser133, Cat: YP0075

Immunoway), anti-BDNF (1:1000, Santa Cruz

Biotechnology, CA, USA), anti-beta-tubulin (RRID:

AB_477556, 1:20,000, Sigma-Aldrich, Saint Louis, MO,

USA) in the same buffer overnight at 4 �C. On the

second day, the samples were washed three times with



Fig. 2. Effect of Tanshinone IIA on BDNF protein, mRNA expression level in hippocampus of mice. The expression of BDNF protein, mRNA among

groups was detected by Western blot and real-time RT-PCR. (A) Immunoblot images of BDNF protein. (B) BDNF mRNA levels determined by

real-time RT-PCR. Data were analyzed with a one-way ANOVA, All values were presented as mean ± SEM (*P< 0.05, **P< 0.01 versus

Con + Vehicle, #P< 0.05 versus Str + Vehicle). (Con: Control, Str: Stress, Tanshinone IIA: TSA).
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TBST, then incubated with the secondary antibodies at

25 for 1 h, and detected using an Odyssey infrared

imaging system (LI-COR Biosciences).

Quantitative real-time polymerase chain reaction (Q-
PCR)

Isolate of total RNA with an RNAiso Plus kit (TaKaRa,

Japan) according to the manufacturer’s protocol. One

microgram of total RNA was reverse transcribed with M-

MLV (H�) Reverse Transcriptase (Vazyme, Nanjing,

China). Q-PCR was performed using FastStart universal

SYBR Green Master (Roche, Indianapolis, IN, USA) and

Applied Biosystems StepOnePlus instrument (Thermo

Fisher, Singapore), according to the manufacturer’s

instructions. The sequences of Bdnf forward primer: 50-
GCGGCAGATAAAAAGACTGC-30, reverse primer 50-G
CAGCCTTCCTTGGTGTAAC-30 (Chen et al., 2017), b-
actin forward: 50-ACCTCCTACAATGAGCTGC-30, Rev-

erse: 50-TGCCAATAGTGATGACCT-30.

Data analysis

Statistical analyses were performed using GraphPad

Prism software (Version 6; La Jolla, CA, USA). The

difference between the two groups was determined by

Student’s t-test. Differences between multiple groups

were carried out by one-way analysis of variance

(ANOVA). Significance was set at P< 0.05. All data are

expressed as the mean ± SEM.

RESULTS

TSA administration alleviated depression-like
behaviors induced by spatial restraint stress mice

To elucidate whether the neuroprotective effects could

serve as a basis for their antidepressant effects, we first

examine the ability of TSA to improve depression-like

behavior in spatial restraint stress mouse model of

depression. After 3 weeks of spatial restraint stress, the

immobility time in the stress group was higher than

control group in the TST (n= 23, P= 0.0127, Fig. 1B)
and FST (n= 23, P= 0.0046, Fig. 1C). Additionally,

the weight of mice in the stress group was significantly

reduced (n= 23, P< 0.001, Fig. 1D). Mice were

chronic pretreatment with Tanshinone IIA (TSA, 40 mg/

kg body weight, i.p.) or vehicle for two weeks. The

results revealed that animals treated with TSA

significantly decreased the immobility time compared

with vehicle treated animals in TST (n= 10–13, F (3,

41) = 4.862), P= 0.0055, Fig. 1E) and FST (n= 10–

13, F (3, 41) = 10.73, P< 0.001, Fig. 1F). There were

no significant differences between the vehicle-treated

control group and TSA-treated control group with regard

to struggling behavior. Overall, our results showed that

TSA has a potential antidepressant effects in spatial

restraint stress-induced mice.
TSA treatment increased the expression of BDNF in
stressed mice

Many studies have shown that BDNF level are highly

correlated with depression (Hashimoto, 2006; Chen

et al., 2017). Therefore, we detected BDNF levels within

the hippocampus of mice. Our results revealed that the

expression of BDNF protein (P= 0.0086) and mRNA

(P= 0.0042) was reduced in the stress group. After treat-

ment with TSA, the levels of BDNF protein (P= 0.027)

and mRNA (P= 0.0488) were significantly increased in

the TSA treated stress group compared with the vehicle

treated stress group (Fig. 2A, B). This result suggests that

TSA can up-regulate BDNF levels in the hippocampus of

stressed mice.
Effects of TSA on the ERK-CREB-BDNF signaling
pathway in PC12 cells

Previous reports have shown that patients with major

depressive disorder have high levels of glucocorticoids

and that chronic treatment with Dex (a synthetic

glucocorticoid steroid) can lead to depressive-like

behavior in mice(Ridder et al., 2005; Chen et al., 2017).

To explore the effects of TSA, PC12 cells were treated

with Dex for 48 h and then treated with TSA for 24 h.



Fig. 3. TSA up-regulates the expressions of BDNF, p-ERK and p-CREB in dex-induced PC12 cells.

(A, B) PC12 cells were exposure with dex (20 mM) for 48 h and then treated with different

concentrations of TSA (0.01 lM, 0.1 lM, 1 lM, 3 lM, or 5 lM) for 24 h. Representative immunoblot

images of BDNF protein and quantitative date. (C, D) Western blot was used to analyze the levels of

p-ERK and p-CREB. Data were analyzed with a one-way ANOVA, All values were presented as

mean ± SEM (*P< 0.05, **P< 0.01 versus Con + Vehicle, #P< 0.05, ##P< 0.01 versus Str +

Vehicle). (Con: Control, Str: Stress, Tanshinone IIA: TSA, Dexamethasone: dex).
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The results revealed that Dex

reduced the expression of BDNF

(P= 0.0149) and TSA (3 lM)

enhanced the content of BDNF

protein (P= 0.0148, Fig. 3A). As

shown in Fig. 3B, a significant dif-

ference in BDNF protein content

among the four groups [F (3, 12)

= 11.72, P= 0.0007]. The

expression of BDNF were up-

regulated in Dex and TSA treated

group, compared to the vehicle

and TSA treated group

(P= 0.0099, Fig. 3B). To further

determine the possible involved

with ERK-CREB signaling pathway

in the anti-depressant effects

induced by TSA. Significant differ-

ences in ERK phosphorylation

levels were obtained among the

four groups [F (3, 8) = 5.449,

P= 0.0246, Fig. 3C], our results

showed that p-ERK levels were

reduced after treatment with Dex

(P= 0.0193), and TSA reversed

this reduction (P= 0.0262,

Fig. 3C). Similarly, the results

showed significant differences in

CREB phosphorylation levels

between the four groups in

Fig. 3D [F (3, 8) = 12.32,

P= 0.0023]. The level of p-CREB

protein was also reduced in the

Dex-treated group (P= 0.0049),

and TSA treatment enhanced the

content of p-CREB protein

(P= 0.0281, Fig. 3D). No signifi-

cant between the control group

and con group with TSA treatment

group. These results indicated that

the ERK-CREB-BDNF signaling

pathway in the possible mecha-

nisms of antidepressant-like

effects of TSA.

Treatment with TSA increased
the expression of p-ERK and p-
CREB in the hippocampus

Next, we investigated whether

MAPK signaling pathways is

activated in the hippocampus and

are involved in the antidepressant

effect induced by TSA. As shown

in Fig. 4, the results revealed that

there was an overall difference

among the four groups with

regard to the phosphorylation



Fig. 4. TSA ameliorated p-ERK and p-CREB levels in hippocampus of mice. (A, B) Mice were treated with TSA (40 mg/kg) or vehicle for 2 weeks,

and p-ERK and p-CREB protein levels in the hippocampus were detected by western blot analysis. Data were analyzed with a one-way ANOVA, all

values were presented as mean ± SEM. (*P< 0.05, **P< 0.01 as compared with the con + Vehicle group, #P< 0.05, ##P< 0.01 as compared

to the Str + Vehicle group). (Con: Control, Str: Stress, Tanshinone IIA: TSA).
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levels of ERK [F (3, 8) = 7.780, P= 0.0093], and the

phosphorylation levels of CREB within hippocampus

regions [F (3, 8) = 6.783, P= 0.0137]. Western blot

showed that the expression of p-ERK protein was

reduced in the Vehicle treated stress group compared

with vehicle treated control group (P= 0.0087). The

expression of p-ERK protein was enhanced significantly

after treatment with TSA compared to levels in the

stress group (P= 0.0493, Fig. 4A). Similarly, the

expression of p-CREB in the stress group was

significantly lower than vehicle treated control group

(P= 0.0197), and the levels of p-CREB was increased

in the hippocampus after treatment with TSA

(P= 0.0016, Fig. 4B). These results indicated that the

ERK signaling pathway in the hippocampus is involved

in the antidepressant effects induced by TSA, as

assessed by the TST and FST in mice.
SL327 blocked the ERK-CREB-BDNF signaling
pathway in PC12 cells

To further prove our hypothesis, PC12 cells were treated

with SL327. As shown in Fig. 3C, the expression of p-ERK

in Dex-treated PC12 cells was enhanced significantly

after treatment with TSA. Therefore, we treated Dex-

treated PC12 cells with TSA and SL327. We examined
the content of p-ERK and p-CREB, the expression of p-

ERK [F (3, 8) = 10.96, P= 0.0033] and p-CREB [F (3,

8) = 12.09, P= 0.0024] and BDNF [F (3, 8) = 24.99,

P= 0.0002] were significantly different among the four

groups. The results showed that the expression level of

p-ERK protein was significantly decreased in the SL327

treatment group compared with that in the TSA group

(P= 0.0306, Fig. 5A). Similarly, the expression levels of

p-CREB (P= 0.0307, Fig. 5B) and BDNF (P= 0.0075,

Fig. 5C) were significantly reduced after treatment with

SL327 (Fig. 5B, C). These results provide strong

evidence indicating that SL327 blocked the effects of

TSA on the ERK-CREB-BDNF signaling pathway in

PC12 cells.
SL327 blocked the activation of the MAPK signaling
pathway and abolished the antidepressant effect of
TSA in mice

We next investigated whether the activation of the MAPK

signaling pathway within the hippocampus is involved in

the antidepressant-like effects induced by TSA. SL327

was injected daily along with TSA administration for

7 days. In Fig. 6, the statistical analysis of the levels of

expression of p-ERK [F (4, 10) = 17.46, P= 0.0002]

and p-CREB [F (4, 10) = 25.21, P< 0.0001] and BDNF



Fig. 5. SL327 blocked the effects of TSA in dex-induced PC12 cells. (A–C) Dex-induced PC12 cells

were treated with TSA (3 lM) or SL327 (5 lM) for 24 h. Western blot was used to analyze the levels of

p-ERK, p-CREB, BDNF. Data were analyzed with a one-way ANOVA, all values were presented as

mean ± SEM. (*P< 0.05, **P< 0.01 compared with the control group #P< 0.05, ##P < 0.01

compared with the Dex + TSA group). (Con: Control, Str: Stress, Tanshinone IIA: TSA, Dexam-

ethasone: dex).
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[F (4, 10) = 7.358, P= 0.005]

showed significant differences

among groups. The results showed

that the activation of p-ERK by TSA

was significantly abolished by

SL327 (P= 0.0023, Fig. 6A).

Similarly, as expected the levels p-

CREB (P= 0.004, Fig. 6B) and

BDNF (P= 0.041, Fig. 6C) protein

were significantly reduced after

SL327 treatment. Consistent with

these finding, SL327 treatment

increased the immobility time of

mice in both the TST [n= 9–11, F

(4, 43) = 6.391, P= 0.0004,

Fig. 6D] and FST [n= 9–11, F (4,

43) = 7.657, P= 0.0001, Fig. 6E]

compared with the times of mice

treated with TSA. SL327 attenuated

the antidepressant effects of TSA

by blocking the MAPK signaling

pathway. These results provide

strong evidence indicating that the

hippocampus MAPK signaling

pathway is involved in TSA-induced

antidepressant effects as assessed

in the TST and FST in mice (see

Fig. 7).

DISCUSSION

In the present study, the effects of

Tanshinone IIA in the treatment of

a spatial restraint stress mouse

model of depression were

examined. Our results revealed that

3 weeks of spatial restraint stress

induced depressive-like behavior in

mice, which was characterized by

increased the immobility time and

decreased weight gain. These

indices of depression were

accompanied by decreased BDNF,

p-ERK and p-CREB levels in

hippocampal. Mice were chronic

pretreatment with Tanshinone IIA

significantly ameliorated all these

behavioral alterations associated

with stress-induced depression. To

further explore the therapeutic

effects of Tanshinone IIA on the

ERK-CREB-BDNF signaling

pathway, we treated mice and

PC12 cells with SL327 (a specific

inhibitor of p-ERK). SL327 not only

reduced p-ERK, p-CREB and

BDNF levels in vitro and in vivo but

also abolished the therapeutic

effects of TSA in stressed mice.

Therefore, these findings suggest

that the antidepressant-like effects



Fig. 6. The inhibitor SL327 blocked the decreased immobility duration induced by Tanshinone IIA. After 3 weeks of spatial restraint stress, control

mice and stressed mice were administered vehicle, TSA (40 mg/kg), or SL327 (30 mg/kg). Hippocampal tissues were collected. (A–C)Western blot

was used to analyze the levels of p-ERK, p-CREB, BDNF. (D, E) After treatment with SL327, the immobility time in the tail suspension test (TST)

and in the forced swim test (FST) was examined (N= 8–11). Data were analyzed with a one-way ANOVA, all values were presented as mean

± SEM. (*P< 0.05, **P< 0.01 as compared with the stress + Vehicle group, #P < 0.05, ##P< 0.01 as compared to the Str + TSA group). (Con:

Control, Str: Stress, Tanshinone IIA: TSA).

Fig. 7. The proposed mechanism is that TSA improved depression-

like behavior by activating the ERK-CREB-BDNF signaling pathway.
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of TSA were mediated by ERK-CREB regulated

increases in BDNF expression in the hippocampus of

mice.
Our behavioral results are consistent with previous

studies, with stressed mice showing increased

immobility time in TST and FST (Kim et al., 2015;

Zhang et al., 2015). The effects of stress on body weight

remain controversial with some studied indicating a

decrease in body weight (Vancassel et al., 2008; Surget

et al., 2009), while some other studies showed no change

(Ibarguen-Vargas et al., 2008; Mutlu et al., 2009). The dis-

tinctions may be due to differences in animal strains,

stress schedule and stimulus intensity. We report that

the increased immobility time in TST and FST induced

by spatial restraint stress was significantly reversed by

chronic treatment with Tanshinone IIA. These findings

suggest an antidepressant-like action of Tanshinone IIA.

There is increasing evidence which suggests that a

decrease in BDNF support is a significant factor in the

pathogenesis of depression. Decreased plasma levels
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of BDNF were found in depressed patients (Khan et al.,

2019). Moreover, a decrease in BDNF in hippocampus

in chronic stress studies was found (Nibuya et al.,

1999). In accordance with these views, our study

revealed that chronic Tanshinone IIA treatment amelio-

rated the reduction of BDNF levels that were produced

by stress protocol.

The gene of BDNF contains CRE, which binds to

phosphorylated CREB to enhance transcription. Chronic

antidepressants treatment increases the expression,

phosphorylation of CREB and its downstream target

gene BDNF in the hippocampus, amygdala and other

limbic brain regions thought to be involved in depression

(Nibuya et al., 1996; Thome et al., 2000). Consistent with

these, chronic Tanshinone IIA treatment improved the

reduction of BDNF and p-CREB levels in hippocampus.

ERK belongs to the MAPK family, which is involved in

physiological activity, including signal transmission and

recognition and cell growth, development, and

proliferation (Almeida et al., 2006). Previous study has

demonstrated that BDNF could improve depressive

behavior by activating the ERK pathway (Shirayama

et al., 2002), and preclinical studies have suggested that

depression was relevant with an abnormal ERK signaling

pathway (Dwivedi et al., 2001), whereas chronic antide-

pressants treatment increased the expression of p-ERK

in the hippocampus and amygdala (First et al., 2011).

These results suggest that ERK signaling pathway may

be potential participate in the antidepressant therapy.

And consistent with the previous study, our results

demonstrated that the expression levels of p-ERK, p-

CREB, BDNF were decreased in hippocampus of

stressed mice, while chronic Tanshinone IIA administra-

tion ameliorated these alterations. Therefore, these find-

ings suggest that TSA can improve depression-like

behavior in mice by activating the ERK-CREB-BDNF sig-

naling Pathway.

Tanshinone IIA is one of the main active ingredients in

the Chinese herbal medicine ‘Salvia miltiorrhiza’ that can
promote blood circulation and counteract blood stasis.

Previous studies have shown that TSA can alleviate

neuronal impairment in Alzheimer’s disease and stroke

(Tang et al., 2010; Wang et al., 2011; Chen et al., 2012;

Qian et al., 2012; Chen et al., 2018). Recently, several

studies have indicated that TSA significantly activated

the ERK pathway and induced the autophagy cell death

(Yun et al., 2014). Moreover, TSA restored Ab-induced
spatial memory impairment and neuron damage by up-

regulating p-ERK and inhibiting the autophagy (Zhu

et al., 2017). Consistent with these report, the present

study also found that TSA could increase p-ERK in the

hippocampus of mice. These findings suggest that p-

ERK play vital roles in neuroprotective of TSA.

Our studies demonstrated the antidepressant effect of

TSA in a depressive mouse model mediated by activating

the ERK-CREB-BDNF signaling pathway.
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