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Abstract. The present study aimed to investigate whether 
apigenin elicits antidepressant effects in depressant‑like 
mice via the regulation of autophagy. The depressant‑like 
behaviors were established in a chronic restraint stress model. 
Male BALB/c mice were subjected to restraint stress for 
6 h/day for a period of 21 days, and deficits in sucrose prefer-
ence, tail suspension and forced swim tests were confirmed 
to be improved following oral apigenin. To investigate the 
underlining mechanisms, the hippocampal levels of p62 and 
microtubule‑associated protein light chain 3‑II/I (LC3‑II/I) 
were measured using western blot analysis. The expression 
levels of LC3‑II/I and p62 indicated that the significantly 
inhibited autophagy level induced by chronic restraint stress 
can be increased following apigenin treatment. Similar to 
the level of autophagy, the expression levels of adenosine 
monophosphate‑activated protein kinase (AMPK) and Unc‑51 
like autophagy activating kinase‑1 were downregulated after 
chronic restraint stress stimulation and, subsequently upregu-
lated following treatment with apigenin. Conversely, the levels 
of mammalian target of rapamycin (mTOR) were increased 
in chronic restraint stress mice and inhibited by apigenin. 
Collectively, the present findings indicated that apigenin poten-
tially promotes autophagy via the AMPK/mTOR pathway and 
induces antidepressive effects in chronic restraint stress mice.

Introduction

Depression results in economically and emotionally 
over‑burdened patients due to the lack of a definitive cure; 
therapeutic strategies to combat depression are focused on 

treating the symptoms  (1,2). Selective serotonin reuptake 
inhibitors (SSRIs) are the most frequently used drugs for the 
treatment of depression (3,4); however, after long‑term clinical 
observation, the shortcomings of the long‑term clinical admin-
istration of SSRIs have been noted, such as side effects and 
delayed efficacy (5‑7). Furthermore, >30% of patients do not 
respond strongly to SSRIs (8). Therefore, there is a pressing 
need for the development of effective drugs to improve 
depression‑like behaviors.

Apigenin is one of the most common f lavonoid 
compounds that are widely distributed in Chinese herbs, 
such as duckweed and celery (9,10). Previous studies have 
indicated that apigenin exhibits several pharmacological 
activities, including antioxidant, anticancer, and anti‑inflam-
matory effects  (11‑13). In addition, apigenin was found 
to exert antidepressant effects in chronical unpredictable 
mild stress‑ and corticosterone‑induced animals  (14,15). 
Evidence indicates that the antidepressant activity of 
apigenin is partly related to the upregulation of peroxi-
some proliferator‑activated receptor γ and brain‑derived 
neurotrophic factor expression levels  (14,15). However, 
the underlying molecular mechanisms of depression are 
complex and remain to be elucidated.

It is well‑known that autophagy is highly associated with 
the pathogenesis of depressive disorder (16). Autophagy can 
eliminate damaged organelles and proteins, and is considered 
to be a conserved process that regulates catabolic processes, 
and it contributes to the maintenance of cellular energy 
homeostasis and regulation of cell growth  (17). A recent 
literature review reported that low levels of autophagy have 
been observed in patients with depression  (18). Thus, it is 
reasonable to hypothesize that normalization of the levels of 
autophagy may be a potential therapeutic mechanism for the 
treatment of depression. As indicated in a number of previous 
studies, apigenin can regulate autophagy in human cancer 
cell lines (19,20). However, there is little evidence available 
regarding the underlying mechanisms via which apigenin 
regulates the levels of autophagy in vivo.

Mammalian target of rapamycin (mTOR)/adenosine 
monophosphate‑activated protein kinase (AMPK) signaling 
is well known as a classic autophagy‑related pathway and is 
considered to be involved in depression (21,22). The present 
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study aimed to clarify the underlying mechanisms by which 
apigenin might ameliorate depressive‑like actions in mice, 
and hypothesized that apigenin might regulate the activity of 
AMPK or mTOR, or both. In addition, to access the safety of 
apigenin, the cytotoxic assay was also performed in vitro. The 
experimental design is presented in Fig. 1.

Materials and methods

Animals. A total of 60 male BALB/c mice (age ~6 weeks, 
weight ~20  g) were purchased from Shanghai SIPPR‑BK 
Laboratory Animal Co., Ltd. (SCXK2013‑0016). All animal 
experiments were approved by the Institutional Animal Care 
and Use Committee at Nanjing University of Traditional 
Chinese Medicine, and were conducted in accordance with 
institutional guidelines for the care and use of laboratory 
animals. The experimental animals were randomly housed in 
mouse cages (5 mice/cage) for 1 week under the conditions of 
constant temperature (~23˚C) and humidity (~50%), and a 12‑h 
light/dark cycle, with free access to food and water prior to the 
experiment.

Establishing the chronic restraint stress model. The 
chronic restraint stress model was established as previously 
described (23). Each mouse was single‑housed for the whole 
experimental procedure and placed in a 50‑ml centrifuge tube 
with several ventholes for 6 h daily (from 9:00 to 15:00) for 
3 weeks. Following chronic restraint stressing, the mice were 
returned to their original cages. Additionally, overnight illumi-
nation was randomly performed on all mice twice‑weekly. The 
mice in the control group were group‑housed under standard 
conditions (n=8). The body weights of all mice were recorded 
every week.

Drugs and administration. Apigenin was obtained from 
Jiangsu Collaborative Innovation Center of Chinese Medicinal 
Resources Industrialization (Nanjing University of Traditional 
Chinese Medicine), and subsequently dissolved in normal 
saline with 0.5% w/v Tween-80 prior to administration via 
gavage (20, 40 and 60 mg/kg; n=10/group). Further, 25 mg/kg 
fluoxetine hydrochloride (Tokyo Chemical Industry Co., Ltd.) 
was dissolved in normal saline and administered via gavage 
(n=10). The mice in the control group were treated with 
normal saline with 0.5% w/v Tween‑80 via gavage (n=8). 
The administration was started on the 22th day of modeling 
(modeling was carried out from the day one) and lasted for 
14 days (once a day). The drug doses were optimized according 
to our previous optimal dose‑response‑relationship studies 
(data not shown).

Sucrose preference test. The sucrose preference test was 
performed every 7 days throughout the experimental period. 
Mice were single‑housed, and then each mouse was presented 
with two bottles filled with 2% sucrose water for 3 consecutive 
days. After an 18‑h deprivation of both water and food, each 
mouse was presented with two bottles for 2 h with the same 
appearance: One filled with clear water and the other with 
2% sucrose water. Sucrose preference was calculated using the 
following formula: Sucrose preference (%)=sucrose solution 
consumption (g)/total consumption (g).

Open field test. The anxiety‑like behavior and physical condi-
tion of the mice were analyzed in the open field test, which 
was conducted as described previously (24). On the 36th day 
of the experimental process, each mouse was subjected to the 
open field test in a bright open area (~300 lux, 40x40 cm). 
The mice were softly placed in the test area and allowed to 
explore freely for 5 min. Digitized images of the active orbit 
of each mouse were recorded. The total distance travelled and 
the time spent in the center were analyzed using ANY‑maze 
software (version 4.3; Stoelting Co.) to evaluate the locomotor 
activity and anxiety‑like behavior of mice. The experimental 
apparatus was washed with 70%  ethyl alcohol between 
consecutive tests.

Forced swim test. Following a 2‑week intervention 
administration, each mouse were gently placed into a 5‑l 
cylindrical transparent glass tank with clear water (~23˚C) 
and forced to swim for 6 min. The immobility time was 
measured during the final 4 min of the 6 min from the video 
recorded using ANY‑maze software. Following the test, the 
mice were dried with an electric hair dryer and returned to 
their cages.

Tail suspension test. The tail suspension test is employed to 
evaluate depressive‑like behavior and the response to anti-
depressant treatments in mice at day 36 (25). The test was 
performed by an ANY‑maze system that recorded 6 animals at 
a time. Each mouse was suspended by the tail at 50 cm above 
the floor with adhesive tape affixed 1 cm from the tip of the 
tail. The entire test required 6 min to complete, and animals 
were considered to be mobile or immobile. The final 4 min of 
the total 6 min were analyzed using ANY‑maze software to 
quantify the immobility time.

Western blot analysis. All mice were euthanized by cervical 
dislocation after the behavioral tests, and the hippocampus 
samples were promptly collected and placed on ice. The 
samples were then placed into radioimmunoprecipitation 
assay buffer (Beyotime Institute of Biotechnology) with an 
enzyme inhibitor (Beyotime Institute of Biotechnology) at 5˚C 
and rapidly homogenized for western blotting, as previously 
reported (21,26). Protein concentration was determined colori-
metrically by BCA assay (Pierce; Thermo Fisher Scientific, 
Inc.). Protein lysates (30 µg) were separated by 10% SDS‑PAGE 
electrophoresis and were transferred onto polyvinylidene 
difluoride (PVDF) membranes. The primary antibodies, 
incubated at  4˚C for 12  h, included: Rabbit anti‑AMPKɑ 
(1:1,000; 2532S), rabbit anti‑phosphorylated (p)‑AMPKɑ 
(Thr172; 1:1,000; 2535S), anti‑p‑Unc‑51 like autophagy 
activating kinase‑1 (ULK1; Ser317; 1:1000; 12753S), rabbit 
anti‑p‑mTOR (1:1,000; 2971S), rabbit anti‑mTOR (1:1,000; 
2792S; all obtained from Cell Signaling Technology, Inc.), 
rabbit anti‑microtubule‑associated protein light chain  3 
(LC3)‑II/I (1:1,000, 14600‑1‑AP), rabbit anti‑ULK1 (1:1,000; 
20986‑1‑AP), rabbit anti‑p62/sequestosome  1 (SQSTM1; 
1:1,000; 18420‑1‑AP) and rabbit anti‑GAPDH (1:3,000; 
10494‑1‑AP; all purchased from ProteinTech Group, Inc.). 
The secondary antibody, incubated at room temperature for 
2 h, was horseradish peroxidase‑conjugated goat anti‑rabbit 
immunoglobulin  G (1:3,000; SA00001‑2; ProteinTech 
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Group, Inc.). Densitometry was conducted and analyzed 
using ImageJ software (version  1.52a, National Institutes 
of Health). Blots were visualized using a SuperSignal West 
Pico Chemiluminescent Substrate (Thermo Fisher Scientific, 
Inc.). The loading amounts in each lane were normalized to 
GAPDH. All experiments were performed three times.

Cytotoxicity assay. For cytotoxicity assays, cells were grown in 
Dulbecco's Modified Eagle's medium (Gibco; Thermo Fisher 
Scientific Inc.) with 10% fetal bovine serum (Gibco; Thermo 
Fisher Scientific Inc.) in an atmosphere of 5% CO2 and 95% air 
for 24 h at 37˚C. HT22, SH‑SY5Y and N2a cells (obtained 
from Shanghai Zhong Qiao Xin Zhou Biotechnology Co., Ltd.) 
were seeded into 60 wells of a 96‑well plate (6,000 cells/well), 
with the remaining wells holding media. Following incubation 
for 24 h, cells were treated with various concentrations of 
apigenin (0, 3.125, 6.25, 12.5, 25, 50 and 100 µM dissolved in 
0.1% DMSO) for 48 h. Thereafter, MTT was added into each 
well with a volume of 20 µl and incubated for 4 h. DMSO 
was added to each well and the absorbance was measured at 
492 nm using a microplate reader (Thermo Fisher Scientific, 
Inc.). The CC50 values were calculated as the concentration of 
apigenin resulting in 50% reduction of absorbance compared 
to untreated cells. All experiments were performed three 
times.

Statistical analysis. All data were expressed as the 
mean ± standard error of the mean. Differences among groups 
were analyzed using one‑way ANOVA with Bonferroni correc-
tion to adjust for multiple testing, and P<0.05 was considered 
to indicate a statistically significant difference. Statistical 
analysis was performed with GraphPad Prism 6.0 software 
(GraphPad Software, Inc.).

Results

Apigenin improves the deficits in sucrose preference and 
body weight. A significant difference in sucrose preference 
was observed in the chronic restraint stress group (vehicle 
group) compared with the control group (P<0.05; Fig. 2A). 
A significant effect of treatment on sucrose preference was 
observed (F(5,39)=2.646, P=0.0375); as presented in Fig. 2A, the 
deficits induced by chronic restraint stress were significantly 
ameliorated following treatment with 60 mg/kg apigenin for 
14 days (P<0.05 vs. vehicle group). Additionally, a significant 
effect of treatment on body weight was observed (F(5,44)=11.55, 
P<0.0001); specifically, both 20 and 60 mg/kg apigenin signifi-
cantly increased body weight compared with the vehicle group 
(20 mg/kg, P<0.01; 60 mg/kg, P<0.001; Fig. 2B).

Effects of apigenin on the center time in the open field test. In the 
open field test (Fig. 3A), the time spent in the center of the experi-
mental area was not significantly affected by treatment group 
(F(5,31)=2.014, P=0.1041); however, all doses of apigenin demon-
strated a non‑significant trend towards prolonging the time spent 
in the center, which was markedly reduced by chronic restraint 
stress. The total distance travelled (Fig. 3B) was significantly 
affected by animal treatment (F(5,42)=3.684, P=0.0075); however, 
no significant differences were observed between the control 
and vehicle groups, or the vehicle and apigenin groups (P>0.05). 
Reduced time spent in the center is indicative of anxiety‑like 
behavior in mice, and the total distance indicated that apigenin 
or chronic restraint stress did not alter the motor ability of mice.

Apigenin decreases the immobility time in both the forced 
swim test and tail suspension test. As presented in Fig. 4, 
treatment significantly affected the immobility time in the 

Figure 2. Apigenin treatment induces increased preference for sucrose and body weight. (A) 2‑week treatment with apigenin or fluoxetine improved deficits 
in sucrose preference in chronic restraint stress mice (n=7‑8/group). (B) Body weight was increased by apigenin (n=8‑9/group). *P<0.05, ***P<0.001 vs. ctl; 
#P<0.05, ##P<0.01, ###P<0.001 vs. veh. SPT, sucrose preference test; ctl, control group; veh, vehicle group; fluo, fluoxetine group.

Figure 1. Schedule of the study. Mice were subjected to 2 weeks' administration of vehicle, fluoxetine or apigenin (20, 40 or 60 mg/kg) following 21 days' 
stress. On the 36th day, behavioral tests were conducted on each mouse. Subsequently, the mice were euthanized, and the hippocampal tissues were removed 
to analyze the protein expression levels.
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tail suspension (F(5,37)=3.162, P=0.0178) and forced swim tests 
(F(5,39)=5.282, P=0.0008). The prolonged immobility time 
induced by chronic restraint stress (P<0.05 vs. control group) 
in the tail suspension test was rescued by the administration 
of 60 mg/kg apigenin (P<0.01 vs. vehicle group; Fig. 4A). 
In the forced swim test (Fig. 4B), the increased immobility 
time induced by chronic restraint stress (P<0.001 vs. control 
group) was significantly reduced following 40 mg/kg apigenin 
treatment (P<0.05 vs. vehicle group). The alleviation of these 
behavioral test deficits indicated the antidepressive actions of 
apigenin in depressive‑like mice.

Apigenin regulates the degree of autophagy in hippocampus. 
The expression levels of LC3‑II/I and p62/SQSTM1 were 
assessed in order to measure the degree of autophagy in the 
hippocampus; treatment significantly affected the expression 
of LC3‑II/ (F(4,22)=5.621, P=0.0028) and p62 (F(4,17)=7.041, 
P=0.0016; Fig.  5). As presented in Fig.  5, the levels of 
autophagy were found to be reduced in the vehicle group, as 
determined by the significantly downregulated expression of 
LC3‑II/I (P<0.01 vs. control group) and increased level of 
p62/SQSTM1 (P<0.05 vs. control group). Conversely, apigenin 
significantly enhanced the levels of LC3‑II/I (20  mg/kg, 
P<0.05; 40 and 60 mg/kg, P<0.01 vs. vehicle group) and down-
regulated the expression of p62 (20 mg/kg, P<0.01; 40 mg/kg, 

P<0.05; 60 mg/kg, P<0.001 vs. vehicle group) in hippocampal 
samples. These findings indicated that apigenin regulated the 
degree of autophagy in chronic restraint stress mice.

Apigenin activity is mediated via AMPK/ULK1 signaling. 
Treatment significantly affected the phosphorylation of AMPK 
(F(4,21)=4.298, P=0.0107; Fig. 6A); the expression levels of 
p‑AMPK were rescued following administration of apigenin 
(20  mg/kg, P<0.01; 60  mg/kg, P<0.05 vs. vehicle group). 
ULK1‑Ser317 levels were not significantly affected by treat-
ment (F(4,15)=2.907, P=0.0578; Fig. 6B). Fig. 6C and D present 
the significant effects of treatment on the p‑AMPK/AMPK 
(F(4,21)=17.83, P<0.0001; Fig. 6C) and ULK1‑Ser317/ULK1 
ratios (F(4,15)=8.596, P=0.0008; Fig.  6D). The decreased 
levels of p‑AMPK/AMPK (P<0.001 vs. control group) and 
ULK1‑Ser317/ULK1 (P<0.05 vs. control group) induced by 
chronic restraint stress were significantly reversed following 
the administration of apigenin (all doses, P<0.001 vs. vehicle 
group; Fig. 6C; 60 mg/kg, P<0.05 vs. vehicle group; Fig. 6D). 
The results indicated that the AMPK/ULK1 pathway may be a 
target of apigenin in the hippocampus of depressive‑like mice.

Phosphorylation of mTOR is inhibited by apigenin. The phos-
phorylation of mTOR normalized to GAPDH (F(4,22)=7.425, 
P=0.0006) and total mTOR (F(4,22)=10.75, P<0.0001) was 

Figure 3. Effects of chronic restraint stress and apigenin on mouse behavior in the open field test. (A) Chronic restraint stress mice spent reduced time in the 
center in the OFT (n=6‑7/group). (B) No significant difference was observed in the total distance among groups (n=8/group). OFT, open field test; ctl, control 
group; veh, vehicle group; fluo, fluoxetine group.

Figure 4. Apigenin decreases the immobility time in the TST and FST. (A) Apigenin significantly reduced the immobility time in the TST (n=7‑8/group). 
(B) Deficits in the FST were also improved by apigenin (n=7‑8/group). *P<0.05, ***P<0.001 vs. ctl; #P<0.05, ##P<0.01 vs. veh. TST, tail suspension test; 
FST, forced swim test; ctl, control group; veh, vehicle group; fluo, fluoxetine group.
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Figure 6. AMPK‑ULK1 pathway is regulated by apigenin in the hippocampus. (A) Expression of p‑AMPK was promoted by apigenin (p‑AMPK was normal-
ized to GAPDH, n=5‑6/group). (B) Apigenin activated ULK1‑Ser317 signaling (ULK1‑Ser317 was normalized to GAPDH, n=3‑5/group). (C) Expression of 
p‑AMPK/AMPK was significantly upregulated by apigenin (p‑AMPK/AMPK= , n=5/group). (D) Low level of ULK1‑Ser317/ULK1 induced by 
chronic restraint stress were increased by apigenin ULK1 Ser317/ULK1= , n=3‑5/group). *P<0.05 and ***P<0.001 vs. ctl; #P<0.05, ##P<0.01 and 
###P<0.001 vs. veh. AMPK, adenosine monophosphate‑activated protein kinase; ULK1, Unc‑51 like autophagy activating kinase‑1; p‑, phosphorylated; ctl, 
control group; veh, vehicle group.

Figure 5. Hippocampal p62 and LC3‑II/I are regulated by apigenin. (A) Expression levels of LC3‑II/I were increased after administration of apigenin 
(LC3‑II/I= , n=5‑6/group). (B) Levels of p62 were significantly increased in chronic restraint stress mice, and significantly reduced following 
apigenin treatment (p62 was normalized to GAPDH, n=4‑5/group). *P<0.05, **P<0.01 vs. ctl; #P<0.05, ##P<0.01, ###P<0.001 vs. veh. LC, microtubule‑associated 
protein light chain; ctl, control group; veh, vehicle group.
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significantly affected by treatment group (Fig. 7). As presented 
in Fig. 7A, the increase in the levels of p‑mTOR induced by 
chronic restraint stress in the vehicle group was significantly 
reversed following treatment with apigenin (20 mg/kg, P<0.001 
vs. vehicle group). The expression levels of p‑mTOR/mTOR 
were significantly increased by chronic restraint stress (P<0.05 
vs. control group; Fig. 7B); however, following administra-
tion of apigenin, the p‑mTOR/mTOR ratio was significantly 
reduced (20 and 60 mg/kg, P<0.001; 40 mg/kg, P<0.01 vs. 
vehicle group). These results suggest that the activity of mTOR 
was involved in apigenin‑mediated autophagy level.

Cytotoxic effects of apigenin in  vitro. To determine the 
cytotoxic potential of apigenin, its effects on the viability of 
different cell lines were evaluated (Fig. 8A). Apigenin induced 
a significant increase in the viability of HT22 cells at concen-
trations of ≤12.5 µM (P<0.001); however, it induced cytotoxic 
effects in all cell lines at high concentrations (F(6,49)=8,653, 
P<0.0001 for N2a; F(6,49)=2,445, P<0.0001 for HT22; 
F(6,49)=1,533, P<0.0001 for SH‑SY5Y). As presented in Fig. 8B, 
it was revealed that the CC50 of apigenin in SH‑SY5Y, HT22 
and N2a cells were 42.97, 74.96 and 50.06 µM, respectively. 

The data indicated that apigenin exerted dose‑dependent 
cytotoxic effects on neuronal cells.

Discussion

Apigenin is a natural product in various Chinese herbs 
and exhibits high bioactivity, including anticancer, anti‑​
inflammatory, and antifibrotic effects (27‑29). In addition, 
previous studies have indicated that it also elicits neuropro-
tective effects (30,31). In the present study, depressive‑like 
mice, induced by chronic restraint stress, were used to 
investigate the antidepressant effects of apigenin. Chronic 
restraint stress has become a widely employed rodent model 
for depression‑like disorders  (23,32‑34). Fluoxetine was 
used as a positive control drug, and, similar to fluoxetine, 
apigenin was observed to increase sucrose preference 
and decrease the immobility time in behavioral tests. 
According to the cytotoxicity assay, apigenin is a safe and 
easily‑accessed compound, widely used in various Chinese 
herbs and food. The findings of the present study suggested 
that apigenin can exert antidepressive effects in chronic 
restraint stress model mice.

Figure 8. Apigenin exerts cytotoxic effects at high concentrations in vitro. (A) Decreased cell viability was observed in SH‑SY5Y, HT22 and N2a cells 
following 48‑h treatment with apigenin at high concentrations (n=8/group). (B) Dose‑response inhibition curves revealed the inhibition of different cell 
lines following exposure to apigenin (0, 3.125, 6.25, 12.5, 25, 50 and 100 µM) for 48 h. The rate of inhibition=(100‑cell viability)%. ***P<0.001, ###P<0.001, 
$$$P<0.001 vs. respective ctl groups. ctl, control group.

Figure 7. mTOR signaling is regulated by apigenin in the hippocampus. (A) Expression of p‑mTOR was increased in chronic restraint stress mice (p‑mTOR 
was normalized to GAPDH, n=4‑6/group). (B) Expression of p‑mTOR/mTOR was reduced in the treatment groups (p‑mTOR/mTOR= , n=4‑6/group). 
*P<0.05 vs. ctl; ##P<0.01, ###P<0.001 vs. veh. mTOR, mammalian target of rapamycin; p‑, phosphorylated; ctl, control group; veh, vehicle group.
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Clinically, the degree of autophagy has been reported to 
be significantly reduced in the sera and brains of patients with 
depression (35,36). Autophagy has been demonstrated to be 
closely associated with the pathogenesis of various neuro-
logical disorders or conditions, including Alzheimer's and 
Parkinson's disease, and depression (37‑39). LC3‑II/I and p62 
have been confirmed to be relevant biomarkers of upregulated 
autophagy (40). In the present study, low levels of autophagy, 
as determined by these two biomarkers, were observed 
in depressive‑like mice, but were attenuated by apigenin 
treatment, indicating that apigenin is capable of promoting 
autophagy. This result suggested that the antidepressant 
effects of apigenin in chronic restraint stress mice were due to 
its ability to regulate autophagy.

mTOR/AMPK/ULK1 signaling has been demonstrated to 
be a crucial pathway associated with autophagy (41). ULK1 
initiates autophagic processes, and AMPK directly phos-
phorylates ULK1 at Ser317 to promote autophagy (42). mTOR 
complex 1 also serves a crucial role in the molecular processes 
of autophagy (43). Compelling evidence indicates that mTOR 
inhibits autophagy, and that rapamycin, which suppresses the 
activity of mTOR, can block this action (44). mTOR competi-
tively binds ULK1 at Ser757 and inhibits autophagy, disturbing 
the connection between AMPK and ULK1 (45). The present 
study revealed elevated levels of p‑mTOR in the hippocampus 
of depressive‑like mice. The two‑week administration of 
apigenin significantly modulated the activity of mTOR. 
According the results of the present study, the responses of 
ULK1 and AMPK to stress and apigenin treatment were oppo-
site to that of mTOR, indicating that apigenin may regulate 
autophagy via mTOR/AMPK/ULK1 signaling.

In conclusion, the results of the present study suggested 
that apigenin exerts antidepressant effects on chronic 
restraint stress mice and promotes autophagy by regulating 
mTOR/AMPK/ULK1 signaling. The present study prelimi-
narily revealed the potential mechanisms of apigenin; however, 
further metabonomic, proteomic and transcriptomic studies 
are required as next steps in the development of apigenin as a 
therapeutic agent for the treatment of depression.
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