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INTRODUCTION

Major depressive disorder, a complex and diverse condi-
tion, affects approximately 20% of all individuals during their 
lifetime and is a leading cause of disability worldwide.1-3 Cur-
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rent therapeutic approaches for this disorder focus on the 
monoamine hypothesis of depression. These approaches in-
volve the use of conventional antidepressants that inhibit the 
reuptake of monoamine neurotransmitters, thus increasing 
their synaptic levels and mediating their interaction with post-
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synaptic receptors. However, the efficacy of current therapeu-
tic approaches is limited, with only approximately 50% of all 
patients recovering within 6 months after diagnosis. More-
over, a noticeable gradual decline has been noted in the rate 
of recovery. Despite regular therapy, many patients continue 
to experience recurrent depressive episodes. The current 
monoamine-based antidepressants must be used for several 
weeks for obtaining therapeutic benefits.4 The delayed bene-
fits and limited efficacy of current antidepressants pose ma-
jor challenges, particularly for patients with depression who 
are at risk of suicide. These challenges indicate the need for 
next-generation antidepressants with rapid benefits and ro-
bust efficacy. Studies have demonstrated that a single sub-
anesthetic dose of ketamine, an N-methyl-D-aspartate recep-
tor (NMDAR) antagonist, exerts rapid and lasting antidepressant 
effects.5,6 Subsequent preclinical studies have explored the 
mechanisms underlying the rapid antidepressant effects of 
ketamine, revealing that this drug promotes the activation of 
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid re-
ceptor (AMPAR) by inhibiting the glutamate NMDAR. The 
activated AMPAR further activates the downstream protein 
kinase B (Akt)/extracellular signal-regulated kinase (ERK) 
pathway and then the mammalian target of rapamycin (mTOR) 
pathway.7,8 Rapid activation of “The AMPAR-Akt/ERK-mTOR 
pathway may serve as a mechanism.” that is shared by various 
fast-acting antidepressants.9-14 Therefore, agents that can in-
duce the signaling cascades that mediate the rapid antidepres-
sant effects of ketamine—for example, the AMPAR-Akt/ERK–
mTOR pathway—hold promise as fast-acting antidepressants.

Danshen, which is derived from the dry root and rhizome 
of Salvia miltiorrhiza, is commonly used in China for the 
treatment of various microcirculatory disturbance–related 
conditions and central nervous system disorders.15,16 The ma-
jor water-soluble component of danshen is danshensu—the 
phenylpropanoid compound of 3-(3,4-dihydroxyphenyl)-
2-hydroxypropanoic acid. Several studies have reported the 
biological activities of danshensu, including enhancing mi-
crocirculation, suppressing reactive oxygen species genera-
tion, inhibiting platelet adhesion and aggregation, and pro-
tecting the myocardium from ischemia and endothelial cells 
from inflammation-induced injury.15,17-20 Evidence suggests 
that danshensu protects isolated hearts against oxidative stress 
due to ischemia/reperfusion injury, indicating the cardiopro-
tective benefits of danshensu.15 The mechanisms underlying 
its cardioprotective effects include the activation of the Akt/
ERK1/2/nuclear factor erythroid 2-related factor 2 (Nrf2) 
pathway, which strengthens the antioxidant defense system.21-23 
Danshensu reduced 6-hydroxydopamine-induced cytotoxic-
ity and reactive oxygen species generation in PC12 cells as 
well as reduced dopaminergic neuronal loss in zebrafish by 

regulating the phosphoinositide 3-kinase (PI3K)/Akt/heme 
oxygenase 1 pathway.24 This compound also mitigated motor 
dysfunction in animal models of Parkinson’s disease; dansh-
ensu protected neurons against rotenone toxicity, possibly by 
exerting antioxidative effects through the activation of the 
PI3K/Akt/Nrf2 pathway.25 Furthermore, danshensu promotes 
the regeneration of brain cells after an ischemic event, possi-
bly by upregulating the expression of vascular endothelial 
growth factor (VEGF), brain-derived neurotrophic factor 
(BDNF), and endothelial nitric oxide synthase in the peri-in-
farct region.26 Recently, the therapeutic benefits of danshensu 
against mental disorders have attracted increasing research 
attention. Danshensu ameliorated cognitive impairment in 
mice with streptozotocin-induced diabetes by alleviating neu-
roinflammation.27 In mice, danshensu activated the dopamine 
receptor D1 by inhibiting the expression of monoamine oxi-
dase A, thereby exerting anxiolytic-like effects.28

Evidence suggests that danshensu exerts rapid antidepres-
sant effects by activating the mTOR signaling cascade through 
the activation of the Akt/ERK pathway.8 However, these ef-
fects are yet to be explored. Moreover, the effects of danshen-
su on mTOR signaling downstream of the Akt/ERK pathway 
in the brain remain unknown. Therefore, in this study, we in-
vestigated the acute antidepressant-like effects of danshensu 
and measured the danshensu-induced changes in the expres-
sion levels of Akt, ERK, mTOR, and BDNF. We further used 
pharmacological inhibitors to determine the potential asso-
ciations between the antidepressant-like effects of danshensu 
and the activation of AMPAR, Akt, ERK, and mTOR. In ad-
dition, we evaluated the effects of danshensu on the expres-
sion levels of BDNF and phosphorylated Akt, ERK, and mTOR 
with or without pretreatment with relevant inhibitors.

METHODS

Animals
Male C57BL/6 mice (age: 6–8 weeks; weight: 23–25 g) were 

used for this study. The mice were acclimatized at our labora-
tory animal center for at least 7 days before the initiation of 
experiments. In this period, the mice were housed under reg-
ulated environmental conditions (temperature, 23°C±1°C; 
humidity, 55%±5%; 12-h light/dark cycle) and were provided 
with food and water ad libitum. Then, they were transferred 
to the experimental room for further testing. Approval for all 
animal experiments was granted by the Institutional Animal 
Care and Use Committee of China Medical University, Tai-
wan (permit number: CMUIACUC-2021-112).

Treatment
Danshensu (MedChemExpress, Monmouth Junction, NJ, 
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USA) was dissolved in either 0.9% normal saline or 0.5% eth-
anol. Desipramine (traditional tricyclic antidepressant; Sig-
ma-Aldrich, Saint Louis, MO, USA), 2,3-dioxo-6-nitro-7-sul-
famoyl-benzo(f)quinoxaline (NBQX [AMPAR inhibitor]; 
Sigma-Aldrich, Saint Louis, MO, USA), and rapamycin (mTOR 
inhibitor; TOKU-E, Bellingham, WA, USA) were dissolved 
in 0.9% normal saline. MK2206 (Akt inhibitor; MedChem-
Express, Monmouth Junction, NJ, USA) and SL327 (ERK in-
hibitor; Sigma-Aldrich, Saint Louis, MO, USA) were dissolved 
in 0.5% ethanol. Danshensu and inhibitors were then intra-
peritoneally injected (separately) into the experimental mice 
at a dose of 0.01 mL per gram of body weight. To conduct the 
forced swimming test (FST), the mice were treated with sa-
line, desipramine (20 mg/kg; positive control), or danshensu 
(5, 10, or 30 mg/kg) 30 min before the test. Notably, a group 
of mice was treated with rapamycin (20 mg/kg) or NBQX (30 
mg/kg) 30 min before the administration of danshensu (10 
mg/kg; this was found to be the optimal dose) or saline. An-
other group of mice were treated with MK2206 (60 mg/kg) or 
SL327 (30 mg/kg) 60 min before the administration of dan-
shensu (10 mg/kg) or saline.

FST
The FST is a behavioral test for rodents. This test evaluates 

the efficacy of antidepressants by measuring the duration of 
immobility.29,30 Duman’s group was the first to discover that 
mTOR activation in brain is required for the rapid antidepres-
sant mechanism of ketamine soon after that, mTOR became 
a major target in the studies of depression and antidepressant 
action.9 A day before the 5-min formal FST, the mice were 
subjected to a 15-min swimming session, which was con-
ducted in a water-filled transparent cylindrical tank, follow-
ing established protocols. For the formal FST, mice were 
placed in a cylindrical container (height: 40 cm; diameter: 20 
cm) filled with water (depth: 10 cm) at a temperature of 25°C 
for a duration of 5 minutes. Their behaviors in this test were 
captured by a digital camera, and the duration of immobility 
was automatically measured using EthoVision (Noldus Infor-
mation Technology, Wageningen, The Netherlands).

Open field test
To rule out the possibility of false-positive results in the 

FST, we evaluated the locomotor activity of the mice through 
the open field test (OFT).30 In this experiment, the mice were 
housed in a plastic enclosure containing a 60-cm×60-cm base, 
enclosed by walls standing at a height of 50 cm. Following 
treatment, the mice were given a 5-minute period to explore 
the cage. Their locomotion was captured via a digital camera, 
and the overall movement within the 5-minute timeframe 
was quantified using EthoVision.

Western blotting
After the FST, four mice were euthanized. The hippocam-

pus was excised, dried with liquid nitrogen, and stored at -80°C 
for further analyses. Subsequently, each tissue sample was ho-
mogenized and mixed with 250 μL of lysis buffer (per tube). 
Subsequently, the mixture underwent centrifugation at 15,000 
rpm for 15 minutes at 4°C. The resulting supernatant was then 
transferred to a fresh centrifuge tube, supplemented with sam-
ple buffer, and heated at 100°C for 7 minutes. Next, the mix-
ture was cooled in a cooling machine set at 4°C and stored at 
-80°C. Western blotting was performed to measure the ex-
pression levels of target proteins in the hippocampus of the 
treated mice. For western blotting, we followed the protocol 
described by Chen et al.11

Statistical analysis
The normality of data distribution was assessed using the 

Shapiro–Wilk test. The results of the behavioral experiments 
were analyzed through one-way analysis of variance, followed 
by the Tukey post hoc test. The results of western blotting 
were analyzed using the Kruskal–Wallis test, followed by the 
Conover–Iman post hoc test. All tests were two-tailed, and a 
p-value of <0.05 indicated statistical significance. Parametric 
data were analyzed using SPSS (version 12.0; SPSS Statistics, 
SPSS Inc., Chicago, IL, USA), whereas nonparametric data 
were analyzed using Microsoft Office Excel® (version 2019; 
Microsoft Corp., Redmond, WA, USA; add in: Real Statistics 
Resource Pack).

RESULTS

Effects of danshensu on the duration of immobility 
in the FST and the levels of phosphorylated mTOR, 
Akt, and ERK

The FST is commonly conducted to determine the antide-
pressant effects of an agent.29,30 We conducted this test to eval-
uate the effects of danshensu on immobility in the mice (Fig-
ure 1A). To rule out false-positive results in the FST, we also 
performed the OFT (Figure 1C).30 Treatment with 10 and 30 
mg/kg danshensu significantly reduced the immobility dura-
tion by 31% and 20%, respectively, compared with the results 
observed in the control mice (Figure 1B). Furthermore, a sin-
gle dose of desipramine (20 mg/kg) significantly reduced the 
immobility duration. Neither danshensu nor desipramine af-
fected the locomotor activity of the mice (Figure 1D). These 
findings suggest that danshensu exerts antidepressant-like 
effects.

Previous research has shown that danshensu can enhance 
Akt and ERK signaling,21-23 and that the rapid antidepressant 
effects of ketamine rely on Akt/ERK downstream mTOR ac-
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tivation.8 In this study, we investigated whether danshensu 
promotes the activation of the Akt/ERK–mTOR pathway. 
Through western blotting, we measured the levels of phos-
phorylated Akt, ERK, and mTOR after danshensu treatment 
Figure 2A). The activation of mTOR exhibited a dose-depen-
dent pattern (Figure 2B). Specifically, at higher doses (10 and 
30 mg/kg), but not at a lower dose (5 mg/kg), danshensu pro-
moted the activation of mTOR. This pattern was consistent 
with the reduction in the immobility duration during the FST. 
Furthermore, a significant increase was noted in the level of 
phosphorylated Akt across all doses of danshensu (5, 10, and 
30 mg/kg) (Figure 2C). Treatment with 10 and 30 mg/kg dan-
shensu resulted in significant increases in the level of phos-
phorylated ERK; however, treatment with 5 mg/kg danshensu 
exerted no significant effects (Figure 2D). Although desipra-
mine exerted no significant effect on the levels of phosphory-
lated mTOR or ERK, it altered the level of phosphorylated Akt.

Treatment with 10 mg/kg danshensu resulted in significant 
increases in the levels of phosphorylated mTOR, Akt, and 

ERK; danshensu exerted antidepressant effects. Therefore, 
this dose was used in the subsequent experiments.

Effects of NBQX and rapamycin on the danshensu-
induced reduction in immobility in the FST

To determine the roles of AMPAR and mTOR in mediating 
the antidepressant-like effects of danshensu, we treated the 
mice with NBQX or rapamycin before danshensu treatment 
and then conducted the FST. The timeline for pretreatment 
with inhibitors is depicted in Figure 3A. The danshensu-in-
duced reduction in immobility was prevented by NBQX and 
rapamycin (Figure 3B). This finding confirms that the antide-
pressant-like effects of danshensu are dependent on the acti-
vation of mTOR and AMPAR.

Effects of NBQX and rapamycin on the danshensu-
induced activation of mTOR, Akt, and ERK

To determine the roles of AMPAR and mTOR in the dan-
shensu-induced activation of mTOR signaling-related pro-
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Figure 1. Performance of study groups in the FST and OFT. In this study, male C57BL/6 mice were subjected to various treatments: normal 
saline, desipramine (20 mg/kg; positive control), and danshensu (5, 10, or 30 mg/kg). The placebo or drug was administered through intra-
peritoneal injection. Subsequently, the behaviors of the treated mice were assessed through the FST (A) and OFT (C). For the FST, the mice 
were treated with saline, desipramine (20 mg/kg), or danshensu (5, 10, or 30 mg/kg) 30 min before the test, which was conducted 15 min af-
ter the initial treatment. Treatment with danshensu and desipramine led to significant reductions in the duration of immobility during the FST 
(B; analysis of variance; F[4,35]=35.760; p<0.001; N=8 per group). For the OFT, the mice were treated with saline, desipramine (20 mg/kg), 
or danshensu (5, 10, or 30 mg/kg) 30 min before the test. The total distance traveled, which indicates the level of locomotor activity, did not 
differ significantly between the treatment (danshensu- and desipramine-treated) groups and the saline-treated group (D; analysis of variance; 
F[4,35]=0.741; p>0.05; N=8 per group). Compared with saline treatment: Tukey post hoc analysis. Data are presented in terms of the 
mean±standard error of the mean values. ***p<0.001. FST, forced swimming test; OFT, open field test.
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teins, we measured the levels of phosphorylated mTOR, Akt, 
and ERK in the mice treated with danshensu with or without 
pretreatment with NBQX or rapamycin. A single injection of 
danshensu significantly increased the levels of phosphorylat-
ed mTOR, Akt, and ERK (Figure 3C); however, the levels of 
total mTOR, Akt, and ERK remained unchanged. Pretreat-
ment with NBQX prevented the danshensu-induced increas-
es in the levels of phosphorylated mTOR (Figure 3D), Akt 
(Figure 3E), and ERK (Figure 3F), indicating that danshensu-
induced activation of AMPAR is upstream of the activation of 
Akt, ERK, and mTOR. However, pretreatment with rapamy-
cin prevented the danshensu-induced increase in the level of 
phosphorylated mTOR (Figure 3D) but did not attenuate phos-

phorylated Akt or ERK (Figure 3E and F); this finding suggests 
that danshensu-induced mTOR activation is downstream of 
the activation of Akt and ERK.

Effects of SL327 and MK2206 on the danshensu-
induced reduction in immobility in the FST

To determine the roles of ERK and Akt in mediating the 
antidepressant effects of danshensu, we treated the mice with 
SL327 or MK2206 before danshensu treatment and then con-
ducted the FST. The timeline for pretreatment with inhibitors 
is depicted in Figure 4A. The antidepressant-like effects of 
danshensu were blocked by SL327 and MK2206 (Figure 4B). 
However, no significant difference was noted between the 
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Figure 2. Effects of danshensu and desipramine on the levels of phosphorylated mTOR, Akt, and ERK. We evaluated the effects of different 
intraperitoneal doses of danshensu (5, 10, and 30 mg/kg) and a single dose of desipramine (20 mg/kg) on the activation of mTOR, Akt, and 
ERK in the hippocampus of mice. For this, we measured the levels of phosphorylated mTOR, Akt, and ERK through western blotting (A). 
Densitometric analyses of the blots (normalized to β-actin levels) confirmed the increased levels of phosphorylated mTOR in mice treated 
with 10 or 30 mg/kg danshensu but not in those treated with 5 mg/kg danshensu or desipramine (B). Treatment with danshensu dose-de-
pendently increased the level of phosphorylated Akt in the mouse hippocampus (C). A significant increase was noted in the level of phos-
phorylated ERK after treatment with 10 or 30 mg/kg danshensu (D). No between-group differences were noted in the level of total mTOR, 
Akt, or ERK. Between-group comparisons were performed using the nonparametric Kruskal–Wallis test, followed by the Conover–Iman post 
hoc test. N=4 per group. Data are presented in terms of the mean±standard error of the mean values. *p<0.05; **p<0.01; ***p<0.001. p-mTOR, 
phosphorylated mTOR; mTOR, mammalian target of rapamycin; p-Akt, phosphorylated Akt; Akt, protein kinase B; p-ERK, phosphorylated 
ERK; ERK, extracellular signal-regulated kinase.
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SL327- or MK2206-treated mice and the saline-treated mice. 
These findings confirm that the antidepressant-like effects of 
danshensu are dependent on the activation of ERK and Akt.

Effects of SL327 and MK2206 on the danshensu-
induced activation of mTOR, Akt, and ERK

To determine the roles of Akt and ERK in the danshensu-
induced activation of the AMPAR–mTOR pathway, we mea-
sured the levels of phosphorylated mTOR, Akt, and ERK in 
the mice treated with danshensu with or without pretreat-
ment with SL327 or MK2206. Figure 4C depicts the target 
protein bands obtained after western blotting. Pretreatment 
with SL327 prevented the danshensu-induced increases in the 
levels of phosphorylated mTOR (Figure 4D) and ERK (Figure 
4F), but not that of phosphorylated Akt (Figure 4E). This re-
sult indicated that ERK activation is upstream of mTOR acti-
vation. However, pretreatment with MK2206 prevented the 
danshensu-induced increases in the levels of phosphorylated 
mTOR (Figure 4D), Akt (Figure 4E), and ERK (Figure 4F), 

suggesting that the activation of Akt and ERK is upstream of 
mTOR activation. Together, these findings imply that, similar 
to ketamine,8 danshensu exerts its effects by activating the 
AMPAR-Akt/ERK–mTOR pathway.

Danshensu-induced changes in the patterns of 
AMPAR insertion into the cell membrane

AMPAR has been implicated in mediating the antidepres-
sant effects of new-generation glutamate-based antidepres-
sants.11-13,31-33 In this study, we investigated the effects of dan-
shensu on the activated forms of the glutamate A1 (GluA1) 
subunit of AMPAR at its protein kinase A (GluA1ser845)34-36 
and protein kinase C (GluA1ser831)37,38 sites; thus, we assessed 
the danshensu-mediated changes in the patterns of AMPAR 
insertion into the cell membrane. We found that the levels of 
phosphorylated GluA1ser845 and GluA1ser831 were in-
creased after treatment with 10 and 30 mg/kg danshensu, but 
not after treatment with 5 mg/kg danshensu or desipramine 
(Figure 5A-C). Pretreatment with NBQX, but not rapamycin, 
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Figure 3. Effects of pretreatment with NBQX and rapamycin. We evaluated the effects of pretreatment with NBQX (10 mg/kg) and rapamycin 
(20 mg/kg) on the duration of immobility during the FST and the levels of phosphorylated mTOR, Akt, and ERK in the hippocampus of mice 
treated with danshensu (10 mg/kg). The timeline for the FST under different treatment conditions is shown (A). Pretreatment with NBQX and 
rapamycin prevented the danshensu-induced reduction in the duration of immobility during the FST (B; analysis of variance; F[3,28]=14.831; 
p<0.001; N=8 per group). Compared with saline treatment: Tukey post hoc analysis. Western blotting was performed to evaluate the activa-
tion of mTOR, Akt, and ERK (C). Densitometric analyses of the blots (normalized to β-actin levels) confirmed the increased levels of phos-
phorylated mTOR (D), Akt (E), and ERK (F) in mice treated with danshensu. Pretreatment with NBQX prevented the danshensu-induced in-
creases in the levels of phosphorylated mTOR (D), Akt (E), and ERK (F). Pretreatment with rapamycin blocked the danshensu-induced 
increase in the level of phosphorylated mTOR (D) but not the level of phosphorylated Akt (E) or ERK (F). N=4 per group. Between-group com-
parisons were performed using the nonparametric Kruskal–Wallis test, followed by the Conover–Iman post hoc test. Data are presented in 
terms of the mean±standard error of the mean values. *p<0.05; **p<0.01; ***p<0.001. FST, forced swimming test; NBQX, 2,3-dioxo-6-nitro-
7-sulfamoyl-benzo(f)quinoxaline; p-mTOR, phosphorylated mTOR; mTOR, mammalian target of rapamycin; p-Akt, phosphorylated Akt; Akt, 
protein kinase B; p-ERK, phosphorylated ERK; ERK, extracellular signal-regulated kinase.
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prevented the danshensu-induced increases in the levels of 
phosphorylated GluA1ser845 and GluA1ser831 (Figure 5D-F). 
Furthermore, pretreatment with SL327 or MK2206 signifi-
cantly prevented the danshensu-induced increases in the lev-
els of phosphorylated GluA1ser845 and GluA1ser831 (Figure 
5H and I). However, the level of total GluA1 remained un-
changed across treatments (Figure 5A, D, and G). Our find-
ings suggest that danshensu promotes the insertion of AM-
PAR into the cell membrane—a process that is dependent on 
AMPAR activation.

Effects of danshensu on BDNF expression
BDNF, a neurotrophin, plays pivotal roles in neuronal de-

velopment, differentiation, and survival, as well as emotional 
regulation.39 ERK signaling–induced BDNF release triggers a 
rapid antidepressant response.40 To evaluate the effects of dan-
shensu on BDNF expression, we measured the level of BDNF 
in the mice subjected to various treatments. Treatment with 

danshensu (10 and 30 mg/kg), but not desipramine, signifi-
cantly upregulated BDNF expression in the mouse hippo-
campus (Figure 6A). The observed trend was consistent with 
the antidepressant-like effects of danshensu and the danshen-
su-induced activation of mTOR. Notably, pretreatment with 
NBQX, rapamycin, SL327, and MK2206 prevented the dan-
shensu-induced increase in the BDNF level (Figure 6B and C).

DISCUSSION

In this study, we investigated whether danshensu exerts 
antidepressant-like effects by promoting Akt/ERK signaling 
downstream of mTOR signaling in the hippocampus. For this, 
we evaluated the effects of the compound on the Akt/ERK 
pathway in the brain, which has been demonstrated to be pro-
moted by danshensu.21-25 In the present study, treatment with 
10 and 30 mg/kg danshensu promoted the Akt/ERK pathway 
downstream of mTOR activation. By using pharmacological 

Figure 4. Effects on pretreatment with SL327 and MK2206. We evaluated the effects of SL327 (30 mg/kg) and MK2206 (60 mg/kg) on the du-
ration of immobility during the FST and the levels of phosphorylated mTOR, Akt, and ERK in the hippocampus of mice treated with danshen-
su (10 mg/kg). The timeline for the FST under different treatment conditions is shown (A). Pretreatment with SL327 and MK2206 prevented 
the danshensu-induced reduction in the duration of immobility during the FST (B; analysis of variance; F[3,28]=31.316; p<0.001; N=8 per 
group). Compared with saline treatment: Tukey post hoc analysis. Western blotting was performed to evaluate the activation of mTOR, Akt, 
and ERK (C). Densitometric analyses of the blots (normalized to β-actin levels) confirmed the increased levels of phosphorylated mTOR (D), 
Akt (E), and ERK (F) in mice treated with danshensu. Pretreatment with SL327 and MK2206 prevented the danshensu-induced increase in 
the level of phosphorylated mTOR (D). Pretreatment with MK2206, but not SL327, prevented the danshensu-induced increase in the level of 
phosphorylated Akt (E). Furthermore, pretreatment with SL327, but not MK2206, prevented the danshensu-induced increase in the level of 
phosphorylated ERK (F). No significant between-group difference was observed in the level of total Akt, ERK, or mTOR. N=4 per group. Be-
tween-group comparisons were performed using the nonparametric Kruskal–Wallis test, followed by the Conover–Iman post hoc test. Data 
are presented in terms of the mean±standard error of the mean values. *p<0.05; **p<0.01; ***p<0.001. FST, forced swimming test; p-mTOR, 
phosphorylated mTOR; mTOR, mammalian target of rapamycin; p-Akt, phosphorylated Akt; Akt, protein kinase B; p-ERK, phosphorylated 
ERK; ERK, extracellular signal-regulated kinase. 
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inhibitors, we confirmed that the antidepressant effects of 
danshensu were dependent on the activation of the AMPAR-
Akt/ERK–mTOR pathway (Figure 7); the underlying mecha-
nism is similar to the mechanism involved in mediating the 
effects of ketamine or echinacoside.8,12 Danshensu facilitated 
the insertion of AMPAR into the cell membrane and upregu-
lated BDNF expression. These findings suggest that danshen-
su can be used for the rapid treatment of depression.

Danshensu can cross the blood-brain barrier.41 Administer-
ing single or repeated doses of danshensu does not induce 
toxicity.42 Danshensu has antioxidative, anti-inflammatory, 

and neuroprotective properties, which make it a promising 
therapeutic agent for neurodegenerative conditions such as 
Alzheimer’s disease and Parkinson’s disease.21-25,43,44 Given the 
strong correlations between oxidative stress, inflammation, 
and depression, danshensu may also exert antidepressant-like 
effects by alleviating oxidative stress and inflammation.45,46 
Danshensu can activate the Akt/ERK pathway in the brain,24,25 
which then induces downstream mTOR signaling. This con-
vergence of signaling cascades is closely associated with the 
pathophysiology of depression and has been implicated for 
mediating the rapid antidepressant effects of certain drugs.8,47-49 
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Figure 5. Post-treatment changes in the levels of phosphorylated GluA1ser845 and GluA1ser831. We evaluated the activation of GluA1s-
er845 and GluA1ser831 in the hippocampus of mice treated with saline, desipramine (20 mg/kg), or danshensu (5, 10, or 30 mg/kg). West-
ern blotting was performed to measure the levels of phosphorylated GluA1ser845 and GluA1ser831 in mice treated with 10 mg/kg dansh-
ensu (A), those pretreated with NBQX (10 mg/kg) or rapamycin (20 mg/kg) (D), and those pretreated with SL327 (30 mg/kg) or MK2206 (60 
mg/kg) (G). Treatment with 10 and 30 mg/kg danshensu significantly promoted the activation of GluA1ser831 (B) and GluA1ser845 (C). 
Densitometric analyses of the blots (normalized to β-actin levels) revealed that the levels of phosphorylated pGluA1ser831 (E) and pGluA1s-
er845 (F) were increased in mice treated with danshensu; these increases were blocked by pretreatment with NBQX but not rapamycin (D-F). 
Notably, pretreatment with SL327 or MK2206 block the danshensu-induced increase in the level of phosphorylated GluA1ser845 or GluA1s-
er831 (G-I). N=4 per group. Between-group comparisons were performed using the nonparametric Kruskal–Wallis test, followed by the 
Conover–Iman post hoc test. Data are presented in terms of the mean±standard error of the mean values. *p<0.05; **p<0.01; ***p<0.001.  
GluA1, glutamate A1 subunit of AMPAR; AMPAR, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; NBQX, 2,3-dioxo-6-ni-
tro-7-sulfamoyl-benzo(f)quinoxaline.
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Thus, in this study, we evaluated the potential effects of dan-
shensu against depression and explored the underlying mech-
anisms. Treatment with 10 and 30 mg/kg danshensu consid-
erably reduced the immobility duration in the FST but exerted 
no effects on locomotor activity, as noted in the OFT. These 
findings confirm the antidepressant-like properties of dansh-
ensu. The reduction in the immobility duration was more 
prominent after treatment with 10 and 30 mg/kg danshensu 
than after treatment with 5 mg/kg danshensu. Treatment with 
10 mg/kg danshensu substantially increased the levels of 
BDNF and phosphorylated Akt, ERK, and mTOR. Danshen-
su exerted nonlinear dose-response effects on the performance 
of the mice in the FST, which is consistent with the changes in 
the levels of BDNF and phosphorylated mTOR.

We elucidated the mechanisms underlying the antidepres-
sant-like effects of danshensu. To investigate whether these 
effects are mediated directly by mTOR activation, we treated 
the mice with rapamycin before danshensu treatment. The 
findings revealed that rapamycin blocked the antidepressant 
effects of danshensu by inhibiting mTOR, confirming that 
these effects are mediated by mTOR activation. In vitro and 
in vivo studies have explored the effects of danshensu on mTOR 
signaling after cerebral and cardiac ischemia/reperfusion in-
juries.50-56 Some of the aforementioned studies have indicated 
that danshensu reduces autophagy during cardiac ischemia/

reperfusion injury by enhancing mTOR signaling and sup-
pressing autophagosome formation.51,56 In rat models of cere-
bral ischemia/reperfusion injury, treatment with danshensu 
(7.5, 15, or 30 mg/kg) significantly reduced necrosis and apop-
tosis by increasing the levels of phosphorylated AKT1 and its 
downstream regulator (phosphorylated mTOR).25,52 Further-
more, danshensu enhanced bEnd.3 cell proliferation and an-
giogenesis by upregulating VEGF expression through the 
PI3K/Akt/mTOR pathway; simultaneously, it mitigated be-
havioral deficits in mice affected by cerebral ischemic inju-
ry.54 Although evidence suggests that danshensu promotes 
the PI3K/Akt/mTOR pathway in the brain of mice affected by 
cerebral ischemic injury, no in vitro or in vivo study has inves-
tigated the antidepressant-like effects of danshensu on Akt/
ERK signaling downstream of mTOR activation in the brain. 
Thus, our study is the first in vivo investigation to demon-
strate that the antidepressant-like effects of danshensu signif-
icantly promote the activation of the hippocampal Akt/ERK 
pathway downstream of mTOR signaling. In our study, ra-
pamycin blocked the danshensu-induced activation of mTOR, 
confirming the integral role of hippocampal mTOR activation 
in mediating the antidepressant effects of danshensu. These 
findings are consistent with those of studies indicating the 
role of mTOR activation in mediating the effects of antide-
pressants.8,47-49 The pioneering study of Duman’s research team 
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Figure 6. Post-treatment changes in the expression level of BDNF. We evaluated the expression of BDNF in the hippocampus of mice treat-
ed with saline, desipramine (20 mg/kg) or danshensu (5, 10, or 30 mg/kg). Western blotting was performed to measure the level of BDNF ex-
pression in mice treated with 10 mg/kg danshensu (A), those pretreated with NBQX (10 mg/kg) or rapamycin (20 mg/kg) (B), and those pre-
treated with SL327 (30 mg/kg) or MK2206 (60 mg/kg) (C). Treatment with 10 and 30 mg/kg danshensu significantly upregulated the expression 
of BDNF (A). Densitometric analyses of the blots (normalized to β-actin levels) revealed that the level of BDNF expression (B) was increased 
in mice treated with danshensu; these increases were blocked by pretreatment with NBQX and rapamycin (B). Furthermore, pretreatment 
with SL327 and MK2206 prevented the danshensu-induced upregulation of BDNF expression (C). N=4 per group. Between-group compari-
sons were performed using the nonparametric Kruskal–Wallis test, followed by the Conover–Iman post hoc test. Data are presented in terms 
of the mean±standard error of the mean values. *p<0.05; **p<0.01; ***p<0.001. BDNF, brain-derived neurotrophic factor; NBQX, 2,3-dioxo-
6-nitro-7-sulfamoyl-benzo(f)quinoxaline.
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identified the crucial role of mTOR activation in the brain in 
the rapid antidepressant effects of ketamine.9 Since this dis-
covery, mTOR has been a key topic in studies on depression 
and antidepressants. Subsequent study has validated the piv-
otal function of mTOR in the pathophysiology of depression. 
Conventional antidepressants such as escitalopram, fluox-
etine, and paroxetine promote mTOR activation.57 Our find-
ings highlight the rapid and beneficial effects of danshensu 
against depression.

In the present study, pretreatment with NBQX prevented 
the danshensu-mediated increases in the levels of phosphor-
ylated mTOR, Akt, and ERK. Notably, Akt and ERK are up-
stream kinases that regulate the activation of mTOR. Thus, 
the AMPAR-induced activation of mTOR signaling may me-
diate the antidepressant-like effects of danshensu. Further-
more, treatment with danshensu increased the hippocampal 
levels of Akt and ERK. These findings corroborate those of 
other studies.25,52,54 The inhibition of Akt or ERK expression 
suppressed the antidepressant-like effects of danshensu; there-
fore, these effects are mediated through Akt and ERK. In the 

mice treated with danshensu, Akt/ERK signaling occurred 
downstream of AMPAR activation and upstream of mTOR 
signaling. Collectively, our findings suggest that the antide-
pressant effects of danshensu are mediated by the activation 
of the AMPAR-Akt/ERK–mTOR pathway. These findings are 
consistent with the mechanisms underlying the effects of fast-
acting antidepressants.8,9,12,49

AMPAR, a subtype of ionotropic glutamate receptor, con-
sists of the GluA2 subunit along with either GluA1, GluA3, or 
GluA4 subunit.58 GluA1 plays a vital role in synaptic plastici-
ty.59 The trafficking of AMPAR is essential for antidepressant 
and neuroprotective effects.11,31-33,60 To elucidate the effects of 
danshensu on AMPAR trafficking, we examined the phos-
phorylation status of AMPAR subunits, particularly GluA1s-
er831 and GluA1ser845. These phosphorylation events serve 
as reliable markers of the insertion of GluA1 into the cell 
membrane.34-38 We found that treatment with danshensu in-
creased the levels of phosphorylated GluA1ser845 and Glu-
A1ser831. Therefore, danshensu can promote the integration 
of AMPAR into synaptic sites, thereby increasing postsynap-
tic AMPAR levels. This, in turn, increases the AMPAR/NM-
DAR ratio. The increase in AMPAR throughput induces the 
activation of mTOR, thus mediating the antidepressant-like 
effects of danshensu. These findings confirm the antidepres-
sant properties of danshensu and suggest the similar mecha-
nism for danshensu and ketamine, which also promotes the 
insertion of GluA1 into the postsynaptic membrane.10,61 The 
increase in AMPAR throughput after treatment with dansh-
ensu is also noted after treatment with many other antidepres-
sants; thus, this increase may be a common convergent re-
sponse in antidepressants.62,63

Danshensu confers neuroprotective benefits against Par-
kinson’s disease and Alzheimer’s disease.24,25 The beneficial 
effects are mediated through several pathways, including the 
PI3K/Akt/Nrf2 pathway and the Nrf2-induced upregulation 
of heme oxygenase 1 and glutathione cysteine ligase (regula-
tory and modifier subunits).24,25 However, the precise mecha-
nisms underlying these benefits remain unclear. Our study is 
the first to demonstrate that danshensu induces the insertion 
of AMPAR into the cell membrane. These findings indicate 
an alternative mechanism through which danshensu exerts its 
neuroprotective effects. After facilitating AMPAR insertion, 
danshensu regulates the expression of synaptic function-re-
lated proteins, thereby conferring protection against neuro-
synaptic deficits and cellular damage. Hence, danshensu may 
confer neuroprotection against various diseases, particularly 
those characterized by abnormal synaptic plasticity.

A study reported that danshensu upregulates the expres-
sion of both VEGF and BDNF, thereby promoting poststroke 
neurogenesis and angiogenesis in the brain.26 Beyond its neu-

Figure 7. The cellular mechanisms responsible for the antidepres-
sant-like effects of danshensu in postsynaptic glutamatergic neu-
rons. Danshensu, an active compound derived from danshen, ex-
erts antidepressant-like effects by activation of the AMPAR and 
promoting Akt/ERK signaling downstream of mTOR signaling in the 
postsynaptic neuronal membrane. Through the use of pharmaco-
logical inhibitors such as NBQX (an AMPAR inhibitor), rapamycin 
(an mTOR inhibitor), MK2206 (an Akt inhibitor), and SL327 (an ERK 
inhibitor), it was established that the antidepressant-like effects of 
danshensu depend on the activation of the AMPAR–Akt/ERK–mTOR 
pathway. In essence, the increase in glutamate binding to the AM-
PAR in the postsynaptic neuronal membrane triggers the activation 
of downstream factors, Akt, ERK, mTOR, and the release of BDNF, 
ultimately producing a positive regulatory effect and leading to the 
antidepressant-like outcome. NBQX, 2,3-dioxo-6-nitro-7-sulfamo-
yl-benzo(f)quinoxaline; AMPA, α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid; ERK, extracellular signal-regulated ki-
nase; Akt, protein kinase B; BDNF, brain-derived neurotrophic 
factor; mTOR, mammalian target of rapamycin; AMPAR, α-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor.
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roprotective role, BDNF holds a pivotal position in depression 
and the therapeutic mechanisms of antidepressant.64 To inves-
tigate whether the antidepressant-like effects of danshensu are 
mediated through BDNF, we measured BDNF expression. 
Our findings revealed that danshensu effectively upregulated 
BDNF expression aligns with prior research findings and bear-
ing relevance to its antidepressant effect. Notably, the effects 
of danshensu on BDNF expression are similar to those of ket-
amine. Treatment with the inhibitors of AMPAR, Akt, ERK, 
and mTOR effectively blocked the danshensu-induced upreg-
ulation of BDNF expression. Therefore, in the danshensu-treat-
ed mice, the upregulation of BDNF expression occurred down-
stream of the activation of the AMPAR-Akt/ERK–mTOR 
pathway. This mechanism differs from that underlying the 
effects of ketamine. Ketamine promotes glutamate release 
while inhibiting NMDAR activation, which is responsible for 
inducing AMPAR—another glutamate receptor. The results 
leads to BNDF release, which activates mTOR.64 Our findings 
indicate that BDNF plays a key role in mediating the antide-
pressant-like effects of danshensu and the danshensu-induced 
activation of the AMPAR-Akt/ERK–mTOR pathway. None-
theless, further mechanistic studies are needed to fully under-
stand the indicated interactions.

The depression-like phenotype involves not only the hip-
pocampus but also the prefrontal cortex, nucleus accumbens, 
and amygdala.65-69 One limitation of our study is that we only 
investigated the effects of danshensu treatment on mTOR sig-
naling and BDNF release in the hippocampus. Further re-
search is necessary to explore the impact of danshensu treat-
ment on mTOR signaling in other brain regions.

In conclusion, our findings confirm that danshensu exerts 
antidepressant-like effects are achieved via the activation of 
the AMPAR-Akt/ERK–mTOR pathway, which mirrors the 
mechanism observed with ketamine. Danshensu also pro-
motes the insertion of AMPAR into the cell membrane and 
upregulates BDNF expression, thereby conferring neuropro-
tective effects (Figure 7). Our findings suggest that danshensu 
may modulate the hippocampal glutamatergic pathway and 
can exert rapid antidepressant-like effects.
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