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INTRODUCTION 
 

Stroke particularly ischemic stroke usually results in the 

serious brain damage and the prolonged neural 

dysfunctions to affect the daily life of the patients [1]. 

Depression is the most frequent psychiatric symptom 

following ischemic stroke. Apart from suffering from 

panic, patients with post-stroke depression (PSD) 

usually have negative functional outcome upon survival, 

delayed rehabilitation and decreased quality of life [2]. 

Several lines of evidence indicate that administration of 

antidepressants such as selective serotonin reuptake 

inhibitors (SSRIs) could benefit the post stroke brain 

recovery [3]. Therefore, preventing the development of 

PSD is the critical therapeutic task to post stroke 

rehabilitation.  

 

Adult hippocampal neurogenesis is a lifelong process 

initiated by adult neural stem cells in the hippocampal 

dentate gyrus (DG) region [4]. Adult neural stem cells 

undergoing self-renewal and neural lineage commitment 

would form into immature neurons and mature functional 
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ABSTRACT 
 

Adult hippocampal neurogenesis provides a regenerative resource for neural tissue and enhances neural 
plasticity, which is beneficial for brain functional rehabilitation post stroke. Recently, an increasing number of 
metabolic drugs have been reported to attenuate behavioral symptoms in neurodegeneration or psychiatric 
disorders via promoting adult hippocampal neurogenesis. Bioeffects of catapol show its potential as an 
antidiabetic though it has been previously widely indicated to perform the neuroprotective functions. However, 
the systematic evidence to support the behavioral effects of catapol to PSD model and what is the role of adult 
neurogenesis in such effects remains unexplored. In current study, we created the PSD model by combining 
MCAO procedure and CORT feeding. The treatment of catapol strikingly reduced the depressive/anxiety behavior 
in PSD model. Moreover, treatment of catapol also improved the cognitive functions. Immunofluorescence 
indicates that catapol could promote adult hippocampal neurogenesis in PSD model, and TMZ treatment further 
confirmed the role of the hippocampal neurogenesis in catapol’s therapeutic effects to PSD. Cultural neurons also 
indicates that PI3K is the key signal in regulating catapol mediated neurogenesis. By administrating the PI3K 
specific inhibitor, we found that PI3K is the key to mediate the behavioral effects of catapol to PSD. In conclusion, 
catapol could perform as the effective drug to treat PSD via the PI3K mediated adult hippocampal neurogenesis. 
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neurons to integrate into the hippocampal circuit. Adult 

hippocampal neurogenesis are widely considered as one 

of main brain functions not only support the intrinsic 

regeneration but also the structural plasticity to facilitate 

the brain to adapt the environmental stress. The new 

formed neurons was reported to act critically in 

regulating antidepressant behaviors [5]. Therefore, 

exploring the new compounds with the neurogenic 

promotion functions would help the development of new 

drugs in neural repairing during post-stroke. There are 

many natural compounds that extracted from traditional 

Chinese Medical herbs have been demonstrated can 

perform the roles in regulating hippocampal neural 

functions. Previous report indicated that catapol could 

reduce the neurological dysfunctions in stroke model [6]. 

However, whether catapol could exert the long-term 

improvement to post-stroke brain and play as the 

therapeutic agent to PSD remains unidentified. If the 

hippocampal neurogenesis is the prerequisite for the 

effects of catapol to improve the neurological functions 

after stroke is yet to known.  

 

It was widely reported that metabolic regulators play the 

pivotal role in regulating adult hippocampal neurogenesis 

[7]. Metabolic factors particularly insulin pathway are 

widely reported to mediate the neural differentiation of 

the neural stem cells in vivo and in vitro [8, 9]. Key 

signaling proteins act in regulating insulin or insulin 

growth factor pathway also mediate stem cell behaviors 

including the proliferation, differentiation and survive of 

the neural stem/progenitor cells [10]. PI3K signaling 

pathway was also reported as the key molecular 

mechanism underlying the pro-neurogenic effects of the 

antidepressant [11]. It was also demonstrated that catapol 

could ameliorates hepatic insulin resistance in type 2 

diabetes through acting on PI3K/Akt pathway [12]. 

Hence, in current study we further analysis the role of the 

PI3K in the pro-neurogenic effects as well as the 

behavioral protection of catapol in PSD mice.  

 

MATERIALS AND METHODS 
 

Animals 

 

Animals were housed in groups of four or five and 

maintained in standard conditions (controlled room 

temperature and humidity, 12 h/12 h light/dark cycle, 

with lights on at 8:00 A.M., ad libitum access to dry food 

pellets and water). Anesthesia was achieved using nose 

cone-delivered isoflurane (maintained at 1.5% in 80% 

N2O and 20% O2). MCAO was induced by a silicon 

rubber-coated 7-0 monofilament (Doccol Corporation, 

Redlands, CA, USA) in the internal carotid artery, after 
which the monofilament was advanced to occlude the 

MCA. The filament was withdrawn 45 min after 

occlusion, and reperfusion was confirmed by laser 

Doppler monitoring. The surgical wound was sutured, 

and mice could recover from anesthesia. Mice were 

anesthetized with halothane (1.5 to 2% in O2-enriched air 

by face mask) and kept warm on water pads.  

 

With a 5 days habituation, mice were then fed with 

corticosterone (CORT, 70μg/ml in drinking water) for 

2 weeks for inducing post-stroke depression, during 

which the survive of the mice were recorded for 

evaluating the drug effects. For drug treatment, catapol 

with two dosages (5mg/kg, 20mg/kg) as well as the 

clinical medication control fluoxetine (FLX, 10mg/kg) 

and piracetam (75mg/kg) were administrated to the 

subjects daily with IP injection. The dosage of FLX 

and piracetam were followed with previous reports 

[13, 14]. The treatment was performed simultaneous 

with the CORT administration. For pre-temozolomide 

(TMZ), TMZ (2.5mg/kg) was treated to the mouse by 

IP for 3 days before the MCAO performance. For post-

TMZ treatment, the mice were received with TMZ 

(2.5mg/kg) for 3 days alongside with the catapol 

administration from the treatment of CORT. For pre-

LY294002, LY294002 (5mg/kg) was treated to the 

mouse by IP for 3 days before the MCAO 

performance. For post-LY294002 treatment, the mice 

were received with LY294002 (5mg/kg) for 3 days 

alongside with the catapol administration from the 

treatment of CORT. 

 

Behavioral tests 

 

Mice in all groups were conducted with behavioral 

test the day after the drug treatments. The mood 

behaviors were evaluated with forced swim test 

(FST), splash test, open field test (OFT) and sucrose 

preference test (SPT). While the cognitive 

performance of the mice was reflected in the objective 

recognition test (ORT). 

 

Forced swim test 

Mice were put into a cylinder water tank (30 cm height 

× 20 cm diameters) with the water and allow the free 

swimming for 6min. Whole behavior test process was 

video recorded, and mobility time within last 4 min 

(define the first 2 min as habituation) including 

struggling and free swim time were recorded for 

analyzing. 

 

Splash test 

In splash test, 10% of the sucrose water solution was 

splashed on the back of the mouse and behavior of the 

mice in 10min after the splash were video recorded. 

During the test, a far-red light was used for warming 
the back of the mouse, and the grooming time of the 

mouse was recorded for analyzing its antidepressant 

ability. 
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Open field test 

Mice were put into an open field with the size of 43cm 

× 43cm for 10min. Mice could freely move in the arena, 

which was artificially separated by 16 equal squares. 

Duration of the animal traveled in the central area was 

recorded to analyze the anxiety level. Open field would 

be cleaned with 75% ethanol before the test. 

 

Sucrose preference test 

For SPT, mouse was single caged and fed with two 

bottles of water, one with normal tape water and another 

with 2% of sucrose solution dissolved in tap water. For 

first 3 days, the consumption of the sucrose water 

percentage was recorded as the preference index. Then 

the mouse was conducted with food and water 

deprivation for 18h as the stress. Afterward, two bottles 

of water were provided again and recorded the preference 

index in 1h.  

 

Objective recognition test 

24h after OFT, the mouse was put into the open field 

again with the two identical same toys (3cm3 blue cube) 

and allowed the free exploring for 10min or until the 

total exploration time to the toys over 20 sec. The 

explore behavior was identified as the nose near the toy 

within 2cm. After the learning period, the mouse was 

put out and stay with an interval of 5h. Then put the 

mouse back into the open field with one original toy and 

another new toy (3cm diameter, 3cm height red 

cylinder). The mouse was allowed for free explore in 

the open field. During the 10 min test, the mouse was 

taken out when total exploration time over 20 sec. The 

recognition index was calculated as exploration time to 

new object/total exploration time.  

 

Immunofluorescence 

 

Brain cyrosections and cell cultural slices on cover slips 

were prepared. Primary antibodies (Rabbit-anti-DCX, 

CST, 1:400) were incubated with sections at 4° C 

overnight. Secondary antibodies (Goat-anti-Rabbit-

Alexa fluor 488, Thermo Fisher, 1:800) were incubated 

with sections for 2h at RT. DAPI (Sigma) was 

incubated with sections for 10min. Tissue IF images 

were obtained with confocal microscopy (Nikon, C2+) 

with Z-stack for 20μm and projection on Z-stack was 

performed with ImageJ. 

 

Neural progenitor cells culture and induction 

 

Briefly, fetal Sprague–Dawley rats (embryonic days 

E14-15). The dissociated cells (1 × 105 cells/ml) were 

suspended in DMEM/F12 medium replenished with 2% 
B27 supplement, recombinant human bFGF (20 ng/ml), 

and EGF (20 ng/ml) with B27 applied. NSCs were 

mechanically dissociated as single cells and directly 

plated onto poly-L-lysine coated coverslips in the 

culture medium withdraw growth factors for 7 days. 

The cell was treated with hypoxia for 48h following 

with 24h dexamethasone (10μM) administration to 

mimic PSD in neurons. Catapol (20μM) and LY294002 

(10μM) was dissolved in the cultural medium for 24h. 

Then the cultural neurons were fixed and perform the IF 

test. 

 

Statistic 

 

For comparison across multiple groups, statistical 

comparisons were performed by one-way analysis of 

variance (ANOVA) followed by multiple comparison 

test via GraphPad Prism 9 (GraphPad software Inc, CA, 

USA). For SPT analysis, two-way ANOVA following 

multiple comparison test was performed. A p value of 

0.05 is considered as statistically significant. All values 

are expressed as mean ± SEM. 

 

RESULTS 
 

Catapol attenuates post stroke induced depressive 

symptoms 

 

We firstly investigated the behavioral effects of the 

catapol to PSD mouse. Catapol were treated to the 

mouse after MCAO with the dosage of 5mg/kg/d and 

20mg/kg/d. Another two groups of mice were treated 

with frequent used brain recovery medications piracetam 

and SSRIs antidepressant fluoxetine (FLX) as 2 groups 

of positive control. Forced swim test (FST) was 

conducted for testing the learned helplessness behavior. 

Compared with PSD model, treatment of catapol with 

low (5mg/kg) and high (20mg/kg) dosages both reduced 

the immobility time in FST (Figure 1A, one-way 

ANOVA, p<0.001 vs. PSD group). Piracetam and FLX 

treatments gained the comparable effects as catapol 

(Figure 1A, one-way ANOVA, p<0.001 vs. PSD group). 

In splash test result, high dosage of catapol could 

significantly elevate the grooming behavioral as the 

piracetam and FLX did (Figure 1B, one-way ANOVA, 

catapol and FLX: p<0.001 vs. PSD group; Piracetam: 

p<0.05 vs. PSD), which suggested the dose dependent 

effects of catapol in alleviating the depression mood. 

Anxiety symptom was assessed with open field test 

(OFT). Compared with PSD group, treatment of both 

catapol with low and high dosages significantly 

increased the activity of mice in central region as the 

piracetam and FLX did (Figure 1C, one-way ANOVA, 

5mg/kg/d vs. PSD: p<0.01; 20mg/kg/d, piracetam and 

FLX vs. PSD: p<0.001). The anhedonia was detected 

with the sucrose preference test (SPT). As the result 

showed, the preference index during habituation stage 

did not show any significant difference among groups. 

With the stress of 18h water deprivation, high dosage of 
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catapol treatment and FLX improved the preference in 

compared with PSD group (Figure 1D, two-way 

ANOVA, catapol and FLX: p<0.05 vs. PSD). Moreover, 

in objective recognition test, high dosage of catapol 

treatment and piracetam improved the recognition index 

in compared with PSD group (Figure 1E, one-way 

ANOVA, catapol and piracetam: p<0.001 vs. PSD). 

Collectively, 20mg/kg/d catapol treatment could result in 

a stable improvement effect of depressive and cognitive 

behaviors in PSD model.  

 

Catapol treatment enhanced the hippocampal 

neurogenesis in PSD model 

 

We next tested the effects of catapol to adult 

neurogenesis via evaluating the tissue contribution of 

doublecortin (DCX) positive neuron at hippocampal, 

which was suggested as the hall mark of immature 

neurons [15]. Given that catapol treatment with 

20mg/kg/d exerted the stable behavioral effects to PSD 

model, we compared effects of this dosage to other two 

commonly used drugs. As the result showed, PSD 

induced the significant decreased hippocampal neuro-

genesis that was reflected by the reduced density of 

DCX+ newborn neurons (Figure 2A, 2B; one-way 

ANOVA, Tukey’s post-hoc test, p<0.01 FLX vs. PSD; 

p<0.001 Control vs. PSD). Treatment of the catapol 

rescued the immature neuronal defects in PSD model 

(Figure 2A, 2B; one-way ANOVA, Tukey’s post-hoc 

test, p<0.01 FLX vs. PSD; p<0.001 Catapol vs. PSD). 

To further assess the migration of the newborn neurons, 

we analyzed the DCX+ fibers in the granular cell layer 

 

 
 

Figure 1. Catapol attenuates post stroke induced depressive symptoms. (A) Statistical analysis on the immobility time of the FST 

test. One-way ANOVA, Tukey’s post-hoc, compared with PSD: ****: p<0.001. (B) Statistical analysis on the grooming time in splash test. One-
way ANOVA, Tukey’s post-hoc, compared with PSD: *: p<0.05, ****: p<0.001. (C) Statistical analysis on the time in center region of OFT. One-
way ANOVA, Tukey’s post-hoc, compared with PSD: **: p<0.01, ****: p<0.001. (D) Statistical analysis on the preference index in SPT. Two-
way ANOVA, Tukey’s post-hoc, compared with PSD: *: p<0.05. (E) Statistical analysis on the recognition index in ORT. One-way ANOVA, 
Tukey’s post-hoc, compared with PSD: ****: p<0.001. 
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(GCL) region. Treatment of catapol remarkably 

increased the DCX+ fibers in the GCL in relative to PSD 

group (Figure 2A, 2C; one-way ANOVA, Tukey’s post-

hoc test, p<0.001 Catapol vs. PSD). Such effect was 

absent from the hippocampus that administrated with 

piracetam and FLX (Figure 2A, 2C). We further detected 

the DCX+ fibers in the molecular layer (ML) for further 

assess the dendritic enrichment of the newborn neurons. 

Treatment of catapol remarkably increased the DCX+ 

fibers in the ML compared with PSD group (Figure 2A, 

2D; one-way ANOVA, Tukey’s post-hoc test, p<0.01 

Catapol vs. PSD). Such effect was not observed in 

neither piracetam nor FLX treatment group. 

Collectively, catapol could sufficiently improve the 

hippocampal neurogenesis in PSD animal model, which 

includes an enriched biological effects in compared with 

classic neuroprotective or antidepressant drugs. 

 

Catapol perform the behavioral effects in PSD 

model in dependent with hippocampal neurogenesis  

 

To confirm whether hippocampal neurogenesis serve as 

the prerequisite to the behavioral effects of catapol, we 

treated the catapol administrated PSD mice with 

temozolomide (TMZ), an imidazotetrazine that capable 

of blocking DNA replication and lead to cytotoxicity in 

proliferating cells [16]. TMZ were administrated before 

and after MCAO performance respectively, which aimed 

to block the newborn immature neurons and newborn 

mature neurons [17] (Figure 3A). We applied FST and 

objective recognition tests to evaluate the antidepressant 

and cognitive functions. TMZ administration before  

the MCAO and catapol treatment remarkably affected  

the recognizing time but did not affect the immobility  

in FST (Figure 3B, 3C; one-way ANOVA, Tukey’s  

post-hoc test, B: p<0.001 catapol+TMZ vs. PSD; C:  

no significance, catapol+TMZ vs. PSD). While 

administrating the TMZ after MCAO resulted in  

the insignificant cognitive alteration but remarkable 

decreased immobility in FST. (Figure 3D, 3E; one-

way ANOVA, Tukey’s post-hoc test, B: p<0.01 

catapol vs. catapol+TMZ; C: no significance, catapol 

vs. catapol+TMZ). The result indicates long-term process 

of neurogenesis could be necessary for the effects of the 

catapol to cognitive behavior, while short-term immature 

neurons act as the key mechanism underlying the effects 

of the catapol to antidepressant behaviors. Therefore, 

persist neurogenesis in hippocampus perform as the key 

biological underpinning for the effects of catapol to 

improve the brain functions in PSD model.  

 

 
 

Figure 2. Catapol perform the behavioral effects in PSD model in dependent with hippocampal neurogenesis. (A) IF image to 

show the density of DCX+ immature neurons (Green) in DG region. DAPI (Blue) was labelled with blue color. (B) Statistical analysis of DCX+ 
immature neurons. One-way ANOVA, Tukey’s post-hoc. (C) Statistical analysis of the ratio of DCX+ immature neurons GCL region. One-way 
ANOVA, Tukey’s post-hoc. (D) Statistical analysis of the ratio of DCX+ immature neural fiber density in ML. One-way ANOVA, Tukey’s post-hoc. 
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Figure 3. Catapol perform the behavioral effects in PSD model in dependent with hippocampal neurogenesis. (A) Timeline of 
the injection procedure of TMZ administration alongside with the drug treatment. (B) Statistical analysis on the grooming time in splash test 
for pre-TMZ treatment. One-way ANOVA, Tukey’s post-hoc, ***: p<0.001. (C) Statistical analysis on the recognition index in ORT in pre-TMZ 
treatment. One-way ANOVA, Tukey’s post-hoc, ***: p<0.001. (D) Statistical analysis on the grooming time in splash test for post-TMZ 
treatment. One-way ANOVA, Tukey’s post-hoc, **: p<0.01. (E) Statistical analysis on the recognition index in ORT in post-TMZ treatment. 
One-way ANOVA, Tukey’s post-hoc, ***: p<0.001. 
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PI3K signaling plays the key roles in catapol mediated 

neurogenesis and behavioral effects in PSD 
 

Previous study reported that PI3K signaling plays 

critical roles in the effects of catapol in preventing 

apoptosis in hydrogen peroxide-induced endothelium 

[18]. In this study, we used the human derived neural 

progenitor cells to induce neurons and treated the 

catapol under hypoxia in combined with agonist of the 

glucocorticoid receptor dexamethasone (Dex). We  

used LY294002 the specific PI3K inhibitor to in the 

group of catapol treatment (Figure 4A). As the results 

showed, Dex plus hypoxia dramatically decreased the 

density of the NeuN and MAP2 signals, indicating the 

dampened neurogenesis in vitro (Figure 4B, 4C; one-

way ANOVA, Tukey’s post-hoc test, p<0.01 vs. 

control). Catapol treatment recovered the density of 

NeuN and MAP2 positive neurons (Figure 4B, 4C;  

one-way ANOVA, Tukey’s post-hoc test, p<0.01 vs. 

Dex+Hypo). While administration of LY294002 

compromised the effects of catapol to increase new 

neurons (Figure 4B, 4C; one-way ANOVA, Tukey’s 

post-hoc test, p<0.01 vs. Dex+Hypo+Cat). This result 

indicates PI3K signaling plays the key roles in the 

regulating the pro-neurogenic effects of catapol under 

PSD condition. To further investigate the biological 

roles of PI3K signaling in catapol regulated behavioral 

effects, we next treated LY294002 before and after the 

MCAO (Figure 3). LY294002 treated before the MCAO 

model did not result in the significant difference of the 

mobility time (Figure 4D, 4E; one-way ANOVA, 

Tukey’s post-hoc test). In contrast, LY294002 treated 

after the MCAO model significantly increased 

immobility compared with the catapol administration 

(Figure 4D, 4F; one-way ANOVA, Tukey’s post-hoc 

test, p<0.01 catapol vs. catapol+LY294002). Taken 

together, our results suggest that PI3K signaling plays 

the key role in regulating neurogenesis and the 

antidepressant behaviors during the newborn immature 

neurons formation.  

 

DISCUSSION 
 

Hippocampal neurogenesis is widely regarded as the key 

neural plasticity in regulating hippocampus dependent 

animal behaviors. Brain ischemia induced the neural 

tissue damage not only results in the acute hippocampal 

tissue insult but also a long-term stress to depress the 

hippocampal neurogenesis [19]. In clinical practice, 

brain functions including emotional behaviors as well as 

cognitive functions could be improved by treating 

antidepressants [2]. In current study, we discovered the 

translational utilization of catapol to improve both 

cognitive and antidepressant functions in PSD, which 

was comparable to the effects of commonly used clinical 

medications piracetam and FLX. Neurogenesis is the 

prerequisite for the effects of catapol in cognitive and 

antidepressant improvement. Moreover, PI3K is the key 

molecular mechanism underlying the effects of catapol 

in PSD treatment.  

 

The PSD models were commonly performed with the 

restraint or chronic unpredictable stress following the 

surgery of MCAO [20, 21]. In current study, we 

optimized such model to match with the clinical patient’s 

condition better. Patients after stroke common undergo 

intrinsic mood stress due to the suffering of the stroke 

occurrence as well as the panic emotion. Corticosterone 

long-term feeding has been reported that could induce the 

depression/anxiety symptoms associating with the 

declined neurogenesis [17, 22]. Therefore, we used 

corticosterone treatment after stroke model one for mimic 

the clinical condition. 

 

Piracetam and FLX are two commonly used clinical 

drugs for improving brain functions during post-stroke. 

It was reported that piracetam could improve the 

generation and the dendritic enrichment of newborn 

neurons by regulating mitochondrial electronic transport 

chain (ETC) [23]. On the other hand, by regulating the 

serotonin transmission, FLX regulate the hippocampal 

neurogenesis and the relative antidepressant behaviors. 

In our study, we detected that treatment of catapol 

enhanced the cognitive behavior and attenuated the 

depressive emotion as piracetam and FLX treatments 

(Figure 1). Hippocampal neurogenesis acted as the key 

regulator to cognitive and antidepressant behaviors. By 

staining hippocampal tissue with immature neuronal 

marker DCX, we found that catapol could improve the 

generation of the immature neurons (Figure 2), which 

play the key roles in regulating panic memory clearance 

and enhance the cognitive ability [24]. Since 

hippocampal neural plasticity includes not only 

neurogenesis but also synaptogenesis and post synaptic 

functions, we therefore tested the role of adult 

neurogenesis in behavioral effects of catapol by treating 

animal with TMZ. Blockage of the neurogenesis before 

MCAO resulted in the impaired generation of mature 

neurons, while treatment of TMZ after MCAO could 

induce the impaired generation of immature neurons. As 

noted, enhancement effects of catapol in generation of 

mature neurons is required for its improvement of 

cognitive behaviors. The immature neurons formation 

promoted by catapol is required for the antidepressant 

function (Figure 3). Consistently, hippocampal mature 

neurons and immature neurons play distinct roles to 

animal behaviors. It was reported that immature neurons 

could establish the GABA-induced excitatory actions 

that regulate the panic experience separation [25]. 
Therefore, catapol regulated generation of immature and 

mature neurons could result in the different types of 

behavioral effects.  
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Figure 4. PI3K signaling plays the key roles in catapol mediated neurogenesis and behavioral effects in PSD. (A) Confocal image 

to show the primary neuron induction profile under hypoxia and DEX treatment. NeuN was for neural nuclear labelling and MAP2 was used 
for fiber labelling. (B, C) Statistical analysis of the NeuN+ and MAP2+ neural density under different treatment. One-way ANOVA, post-hoc, *: 
p<0.05, **: p<0.01. (D) Timeline to show the treatment of LY294002 before and after the MCAO model. (E, F) Statistical analysis to show the 
immobility time in FST during the LY294002 pre- or post-MCAO administration. One-way ANOVA, post-hoc, **: p<0.01, ***: p<0.001. 
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Since the effects of catapol to insulin signaling have 

been widely reported [12, 26, 27]. Metabolic signaling 

plays the critical roles in neurogenic regulation [7]. By 

treating human neural progenitor cells with PI3K 

inhibitor, we detected the prohibited neural differen-

tiation, indicating PI3K is the key regulator in 

neurogenesis (Figure 4). By treating PI3K inhibitor 

before and after the MCAO time point, we observed that 

only post-treatment of LY294002 could obtained the 

compromised antidepressant of catapol to PSD model 

(Figure 4). Therefore, PI3K is the key regulator to the 

therapeutic effects of catapol to PSD behavioral 

dysfunctions. However, the roles of other molecular 

targets that serve as the potential mechanism of catapol 

cannot be fully explored in current study. More deeper 

understanding via omics research would be further 

performed in the future. 

 

To summarize, our research identified the behavioral 

functions of catapol to PSD behavioral disorders. PI3K 

mediated adult hippocampal neurogenesis plays the key 

role in such behavioral effects. This study provided the 

new insight to harness the natural compounds as the 

neuroprotective agent to promote brain functional 

recovery after stroke. 

 

AUTHOR CONTRIBUTIONS 
 

Li Bo designed the whole project and edited the 

manuscript. Zhou Xin and Zhen Lu performed the 

animal experiment and Stroke modelling. Zhang 

Weiwei conducted the IF experiment. Zhou Jie, Tang 

Huoquan and Wang Huangsuo analyzed data and 

performed the statistical comparisons. 

 

CONFLICTS OF INTEREST 
 

All authors listed in this study have no conflicts of 

interest. 

 

ETHICAL STATEMENT  
 

Male C57BL/6 mice (8 weeks) were provided by the 

Department of Laboratory Animal Science, Shanxi 

Medical University. Animal experiment procedure was 

approved by ethical committee in TISCO Hospital  

(2105-334A). 

 

FUNDING 
 

No funding was provided for this study. 

 

REFERENCES 
 

1. Robinson RG, Jorge RE. Post-Stroke Depression:  
A Review. Am J Psychiatry. 2016; 173:221–31. 

 https://doi.org/10.1176/appi.ajp.2015.15030363 
PMID:26684921 

2. Villa RF, Ferrari F, Moretti A. Post-stroke depression: 
Mechanisms and pharmacological treatment. 
Pharmacol Ther. 2018; 184:131–44. 

 https://doi.org/10.1016/j.pharmthera.2017.11.005 
PMID:29128343 

3. Loubinoux I, Kronenberg G, Endres M, Schumann-Bard 
P, Freret T, Filipkowski RK, Kaczmarek L, Popa-Wagner 
A. Post-stroke depression: mechanisms, translation 
and therapy. J Cell Mol Med. 2012; 16:1961–9. 

 https://doi.org/10.1111/j.1582-4934.2012.01555.x 
PMID:22348642 

4. Kuhn HG, Toda T, Gage FH. Adult Hippocampal 
Neurogenesis: A Coming-of-Age Story. J Neurosci. 
2018; 38:10401–10. 

 https://doi.org/10.1523/JNEUROSCI.2144-18.2018 
PMID:30381404 

5. Mahar I, Bambico FR, Mechawar N, Nobrega JN. Stress, 
serotonin, and hippocampal neurogenesis in relation 
to depression and antidepressant effects. Neurosci 
Biobehav Rev. 2014; 38:173–92. 

 https://doi.org/10.1016/j.neubiorev.2013.11.009 
PMID:24300695 

6. Liu Y, Xue Q, Li X, Zhang J, Fu Z, Feng B, Chen Y, Xu X. 
Amelioration of stroke-induced neurological deficiency 
by lyophilized powder of catapol and puerarin. Int J 
Biol Sci. 2014; 10:448–56. 

 https://doi.org/10.7150/ijbs.8571  
PMID:24719562 

7. Gao C, Wang Q, Chung SK, Shen J. Crosstalk of 
metabolic factors and neurogenic signaling in adult 
neurogenesis: Implication of metabolic regulation for 
mental and neurological diseases. Neurochem Int. 
2017; 106:24–36. 

 https://doi.org/10.1016/j.neuint.2017.02.001 
PMID:28188802 

8. Aghanoori MR, Smith DR, Shariati-Ievari S, Ajisebutu A, 
Nguyen A, Desmond F, Jesus CH, Zhou X, Calcutt NA, 
Aliani M, Fernyhough P. Insulin-like growth factor-1 
activates AMPK to augment mitochondrial function 
and correct neuronal metabolism in sensory neurons in 
type 1 diabetes. Mol Metab. 2019; 20:149–65. 

 https://doi.org/10.1016/j.molmet.2018.11.008 
PMID:30545741 

9. Ronaghi A, Zibaii MI, Pandamooz S, Nourzei N, 
Motamedi F, Ahmadiani A, Dargahi L. Entorhinal cortex 
stimulation induces dentate gyrus neurogenesis 
through insulin receptor signaling. Brain Res Bull. 2019; 
144:75–84. 

 https://doi.org/10.1016/j.brainresbull.2018.11.011 
PMID:30472148 

https://doi.org/10.1176/appi.ajp.2015.15030363
https://pubmed.ncbi.nlm.nih.gov/26684921
https://doi.org/10.1016/j.pharmthera.2017.11.005
https://pubmed.ncbi.nlm.nih.gov/29128343
https://doi.org/10.1111/j.1582-4934.2012.01555.x
https://pubmed.ncbi.nlm.nih.gov/22348642
https://doi.org/10.1523/JNEUROSCI.2144-18.2018
https://pubmed.ncbi.nlm.nih.gov/30381404
https://doi.org/10.1016/j.neubiorev.2013.11.009
https://pubmed.ncbi.nlm.nih.gov/24300695
https://doi.org/10.7150/ijbs.8571
https://pubmed.ncbi.nlm.nih.gov/24719562
https://doi.org/10.1016/j.neuint.2017.02.001
https://pubmed.ncbi.nlm.nih.gov/28188802
https://doi.org/10.1016/j.molmet.2018.11.008
https://pubmed.ncbi.nlm.nih.gov/30545741
https://doi.org/10.1016/j.brainresbull.2018.11.011
https://pubmed.ncbi.nlm.nih.gov/30472148


www.aging-us.com 8442 AGING 

10. Zhou W, Rowitz BM, Dailey MJ. Insulin/IGF-1 enhances 
intestinal epithelial crypt proliferation through 
PI3K/Akt, and not ERK signaling in obese humans. Exp 
Biol Med (Maywood). 2018; 243:911–6. 

 https://doi.org/10.1177/1535370218785152 
PMID:29950119 

11. Wu Z, You Z, Chen P, Chen C, Chen F, Shen J, Xu H. 
Matrine Exerts Antidepressant-Like Effects on Mice: 
Role of the Hippocampal PI3K/Akt/mTOR Signaling. Int 
J Neuropsychopharmacol. 2018; 21:764–76. 

 https://doi.org/10.1093/ijnp/pyy028 PMID:29668939 

12. Yan J, Wang C, Jin Y, Meng Q, Liu Q, Liu Z, Liu K, Sun H. 
Catalpol ameliorates hepatic insulin resistance in type 
2 diabetes through acting on AMPK/NOX4/PI3K/AKT 
pathway. Pharmacol Res. 2018; 130:466–80. 

 https://doi.org/10.1016/j.phrs.2017.12.026 
PMID:29284152 

13. Koschnitzky JE, Quinlan KA, Lukas TJ, Kajtaz E,  
Kocevar EJ, Mayers WF, Siddique T, Heckman CJ. Effect 
of fluoxetine on disease progression in a mouse model 
of ALS. J Neurophysiol. 2014; 111:2164–76. 

 https://doi.org/10.1152/jn.00425.2013 
PMID:24598527 

14. Moran TH, Capone GT, Knipp S, Davisson MT, Reeves 
RH, Gearhart JD. The effects of piracetam on cognitive 
performance in a mouse model of Down’s syndrome. 
Physiol Behav. 2002; 77:403–9. 

 https://doi.org/10.1016/s0031-9384(02)00873-9 
PMID:12419416 

15. Hill AS, Sahay A, Hen R. Increasing Adult Hippocampal 
Neurogenesis is Sufficient to Reduce Anxiety and 
Depression-Like Behaviors. Neuropsychopharmacology. 
2015; 40:2368–78. 

 https://doi.org/10.1038/npp.2015.85 PMID:25833129 

16. Oldrini B, Vaquero-Siguero N, Mu Q, Kroon P, Zhang Y, 
Galán-Ganga M, Bao Z, Wang Z, Liu H, Sa JK, Zhao J, 
Kim H, Rodriguez-Perales S, et al. MGMT genomic 
rearrangements contribute to chemotherapy 
resistance in gliomas. Nat Commun. 2020; 11:3883. 

 https://doi.org/10.1038/s41467-020-17717-0 
PMID:32753598 

17. Gao C, Wu M, Du Q, Deng J, Shen J. Naringin Mediates 
Adult Hippocampal Neurogenesis for Antidepression 
via Activating CREB Signaling. Front Cell Dev Biol. 2022; 
10:731831. 

 https://doi.org/10.3389/fcell.2022.731831 
PMID:35478969 

18. Hu L, Sun Y, Hu J. Catalpol inhibits apoptosis in 
hydrogen peroxide-induced endothelium by activating 
the PI3K/Akt signaling pathway and modulating 
expression of Bcl-2 and Bax. Eur J Pharmacol. 2010; 
628:155–63. 

 https://doi.org/10.1016/j.ejphar.2009.11.046 
PMID:19962976 

19. Li H, Li X, Liu Z, Wu S, Guo J, Shi R, Sun Y, Wang Y, Yin H. 
Resveratrol reserved hypoxia-ischemia induced 
childhood hippocampal dysfunction and neurogenesis 
via improving mitochondrial dynamics. Neurosci Res. 
2020; 161:51–8. 

 https://doi.org/10.1016/j.neures.2019.11.012 
PMID:31790723 

20. Wu D, Zhang G, Zhao C, Yang Y, Miao Z, Xu X. 
Interleukin-18 from neurons and microglia mediates 
depressive behaviors in mice with post-stroke 
depression. Brain Behav Immun. 2020; 88:411–20. 

 https://doi.org/10.1016/j.bbi.2020.04.004 
PMID:32272223 

21. Pain LM, Baker R, Richardson D, Agur AM. Effect of 
trunk-restraint training on function and compensatory 
trunk, shoulder and elbow patterns during post-stroke 
reach: a systematic review. Disabil Rehabil. 2015; 
37:553–62. 

 https://doi.org/10.3109/09638288.2014.932450 
PMID:24963941 

22. Gao C, Du Q, Li W, Deng R, Wang Q, Xu A, Shen J. 
Baicalin Modulates APPL2/Glucocorticoid Receptor 
Signaling Cascade, Promotes Neurogenesis, and 
Attenuates Emotional and Olfactory Dysfunctions in 
Chronic Corticosterone-Induced Depression. Mol 
Neurobiol. 2018; 55:9334–48. 

 https://doi.org/10.1007/s12035-018-1042-8 
PMID:29675572 

23. Beckervordersandforth R, Ebert B, Schäffner I, Moss J, 
Fiebig C, Shin J, Moore DL, Ghosh L, Trinchero MF, 
Stockburger C, Friedland K, Steib K, von Wittgenstein J, 
et al. Role of Mitochondrial Metabolism in the Control 
of Early Lineage Progression and Aging Phenotypes in 
Adult Hippocampal Neurogenesis. Neuron. 2017; 
93:560–73.e6. 

 https://doi.org/10.1016/j.neuron.2016.12.017 
PMID:28111078 

24. Sahay A, Scobie KN, Hill AS, O’Carroll CM, Kheirbek 
MA, Burghardt NS, Fenton AA, Dranovsky A, Hen R. 
Increasing adult hippocampal neurogenesis is 
sufficient to improve pattern separation. Nature. 
2011; 472:466–70. 

 https://doi.org/10.1038/nature09817 PMID:21460835 

25. Ben-Ari Y. Excitatory actions of gaba during 
development: the nature of the nurture. Nat Rev 
Neurosci. 2002; 3:728–39. 

 https://doi.org/10.1038/nrn920 PMID:12209121 

26. Yap KH, Yee GS, Candasamy M, Tan SC, Md S, Abdul 
Majeed AB, Bhattamisra SK. Catalpol Ameliorates 
Insulin Sensitivity and Mitochondrial Respiration in 

https://doi.org/10.1177/1535370218785152
https://pubmed.ncbi.nlm.nih.gov/29950119
https://doi.org/10.1093/ijnp/pyy028
https://pubmed.ncbi.nlm.nih.gov/29668939
https://doi.org/10.1016/j.phrs.2017.12.026
https://pubmed.ncbi.nlm.nih.gov/29284152
https://doi.org/10.1152/jn.00425.2013
https://pubmed.ncbi.nlm.nih.gov/24598527
https://doi.org/10.1016/s0031-9384(02)00873-9
https://pubmed.ncbi.nlm.nih.gov/12419416
https://doi.org/10.1038/npp.2015.85
https://pubmed.ncbi.nlm.nih.gov/25833129
https://doi.org/10.1038/s41467-020-17717-0
https://pubmed.ncbi.nlm.nih.gov/32753598
https://doi.org/10.3389/fcell.2022.731831
https://pubmed.ncbi.nlm.nih.gov/35478969
https://doi.org/10.1016/j.ejphar.2009.11.046
https://pubmed.ncbi.nlm.nih.gov/19962976
https://doi.org/10.1016/j.neures.2019.11.012
https://pubmed.ncbi.nlm.nih.gov/31790723
https://doi.org/10.1016/j.bbi.2020.04.004
https://pubmed.ncbi.nlm.nih.gov/32272223
https://doi.org/10.3109/09638288.2014.932450
https://pubmed.ncbi.nlm.nih.gov/24963941
https://doi.org/10.1007/s12035-018-1042-8
https://pubmed.ncbi.nlm.nih.gov/29675572
https://doi.org/10.1016/j.neuron.2016.12.017
https://pubmed.ncbi.nlm.nih.gov/28111078
https://doi.org/10.1038/nature09817
https://pubmed.ncbi.nlm.nih.gov/21460835
https://doi.org/10.1038/nrn920
https://pubmed.ncbi.nlm.nih.gov/12209121


www.aging-us.com 8443 AGING 

Skeletal Muscle of Type-2 Diabetic Mice Through 
Insulin Signaling Pathway and AMPK/SIRT1/PGC-
1α/PPAR-γ Activation. Biomolecules. 2020; 10:1360. 

 https://doi.org/10.3390/biom10101360 
PMID:32987623 

27. Bhattamisra SK, Yap KH, Rao V, Choudhury H. Multiple 
Biological Effects of an Iridoid Glucoside, Catalpol and 

Its Underlying Molecular Mechanisms. Biomolecules. 
2019; 10:32. 

 https://doi.org/10.3390/biom10010032 
PMID:31878316 

https://doi.org/10.3390/biom10101360
https://pubmed.ncbi.nlm.nih.gov/32987623
https://doi.org/10.3390/biom10010032
https://pubmed.ncbi.nlm.nih.gov/31878316

