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ABSTRACT
Objective: Depression imposes a huge health problem in the world. 
Recent studies report that berberine has neuroprotective effects. This 
study was investigated to evaluate the effects of berberine on depression 
and the potential underlying mechanisms. Methods: This experimental 
study included 48 mice, 8 CD1 mice and 40 C57 mice. Experiments 
were performed in the Laboratory Animal Center of China Three Gorges 
University, between May 2016 and February 2017. Chronic social defeat 
stress  (CSDS) was used to build the depressive‑like behaviors model. 
Three behavior tests, quantitative polymerase chain reaction, and 
Western blot were used to assay the changes in  vivo. Results: We 
found that, in mice model induced by CSDS, berberine treatment 
increased mobility times in forced swim test and tail suspension test 
and reduced corticosterone level in serum. Furthermore, berberine 
increased traveled distance, frequencies in enter the central square, 
and duration time on the center square in the open field test as well. 
Further experiments showed that berberine treatment upregulated 
neuronal PAS domain protein 4 (NPAS4) and brain‑derived neurotrophic 
factor  (BDNF) protein/mRNA expressions in hippocampus tissue of 
CSDS mice. Conclusion: The present results suggested that berberine 
possessed properties in antidepressive‑like behaviors, which might be 
partly attributed to upregulation of NPAS4 and BDNF expressions in 
hippocampus.
Key words: Berberine, brain‑derived neurotrophic factor, chronic social 
defeat stress, depression, neuronal PAS domain protein 4

SUMMARY
•  Berberine protects mice against chronic social defeat stress‑induced

depressive‑like behaviors
•  Berberine upregulates neuronal PAS domain protein 4/BDNF signaling

pathway.

Abbreviations used: CSDS: Chronic social defeat stress; 
BDNF: Brain‑derived neurotrophic factor; NPAS4: Neuronal PAS domain 
protein 4; FST: Force swim test; TST: Tail 
suspension test; OFT: Open field test.
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INTRODUCTION
Depression, one of the most prevailing psychiatric disorders, is associated 
with notable changes within specific brain regions.[1] To understand this 
disorder, various animal models, including chronic or acute stress, have 
been used to study the brain regions involved in the pathophysiological 
of depression. However, it is still elusive that the possible mechanism 
by which adverse stress exerts dysfunctional effects. Therefore, much 
additional work which was used to identify the potential mechanism 
involved in the depression‑like behaviors will be required. All the 
above information will be necessary for the development of selective 
therapeutic strategies to treat depression.
Over the past decade, intracellular signaling pathways, target genes, 
and neurotrophic factors have been identified to involve in the 

pathogenesis of depression. Multiple evidences have indicated that 
neurotrophic factors might serve as attractive therapeutic candidates 
for various neurodegenerative and neuropsychiatric disorders including 
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depression, such as neuronal PAS domain protein 4 (NPAS4). NPAS4 is 
an activity‑regulated transcriptional factor and regulates the formation 
of inhibitory synapses on excitatory neurons to maintain excitatory/
inhibitory balance. It has been demonstrated that decrease of NPAS4 
expression might be in response to the behavioral changes in anxiety and 
depression animal models.[2,3] Moreover, NPAS4 is suggested to influence 
emotion and cognitive function by regulating cooperate and regulate 
expression of brain-derived neurotrophic factor (BDNF) gene in the 
hippocampus.[4] Stress elevated glucocorticoid level, accompanied with 
depressive condition, reduces NPAS4/BDNF pathway in hippocampus 
region.[5] Therefore, abnormal levels of NPAS4 are widely observed in 
depression.
To investigate the pathophysiological mechanisms of depression, 
a proper animal model is needed. Recently, the common accepted 
experimental animal model to study potential mechanisms and 
treatment of depressive disease is the chronic social stress mice model. 
This model might be suitable since the phenomenon that the dominant 
animals bully the subordinate animals is similar to bullying among 
human social environment.[6] However, whether NPAS4 is decreased in 
the hippocampus region of chronic social defeat stress (CSDS) mice is 
unclear. Recently, safe agents obtained from traditional herbs, such as 
berberine, have been extensively served as therapeutic approaches for 
depressive disease.[7]

Berberine, isoquinoline alkaloid present in several plants, is used 
to treat gastrointestinal infections in traditional Chinese medicine. 
Recently, an increasing number of studies have reported that berberine 
possessed outstanding antidepressant effects in depressive animal 
models established through different stresses.[8‑10] Nevertheless, 
there is no report suggested whether berberine possessed function in 
protection CSDS mice against depressive‑like behaviors. Therefore, in 
our present study, CSDS animal model was used to explore the possible 
involvement of neurotrophic activity in the hippocampus in mediating 
the antidepressant effects of berberine, and further mechanisms were 
needed to explore.

METHODS
Animals
All laboratory operations, approved by the Ethics Committee of China 
Three Gorges University, aimed to reduce animal suffering. This 
experimental study included 48 mice, 8 CD1 mice and 40 C57 mice. 
Experiments were performed in the Laboratory Animal Center of China 
Three Gorges University, between May 2016 and February 2017. CD1 
mice (8–9 weeks age, male and female) and C57/BL6j mice (8 weeks age, 
male) were both purchased from Beijing HFK Bioscience Co., Ltd. All 
mice, given freely food and water, were housed in a temperature‑ and 
relative humidity‑controlled  (22°C  ±  2°C and 55% ±5%) room with a 
light/dark cycle of 12 h.

Chronic social defeat stress procedure
The CSDS model was established as described previously with minor 
modifications.[11] CD1 mice  (8–9  weeks age, male and female) and 
C57  male mice  (8  weeks age, male) were numbered from 1 to 10, 
respectively. First cage fed number 1  male and number 1  female 
CD1 mice for 1 or 2  weeks; this environment produces territory 
consciousness in CD1  male mouse. After the CD1  female mouse 
isolated, number 1 C57 mouse, as an invader, was put into the first cage 
to make itself suffered attacks from the number 1 CD1 male mouse for 
5–10 min. Then, the two mice were separated with transparent plastic 
clapboard with dense holes, which made the two mice still see and 
sniff each other but could not touch. The next day, the number 1 C57 
mouse was put into the second cage housed with number 2 CD1 male 

mouse. The 3rd day, the same C57 mouse was put into the third cage 
housed with number 3 CD1 male mouse. These stresses sustained for 
10 days and ensured that the same C57 male mouse suffered attacks 
from different CD1 male mice. At the end of experiment, all C57 mice 
were sacrificed between 9:00 AM and 10:00 AM to avoid fluctuations 
of hormone levels. The organs and blood samples were collected and 
prepared for following tests.

Drug treatment and dose
C57/BL6J mice  (8  weeks age, male), separately fed, were randomly 
divided into five groups (n = 8/group): (1) control group (nonstressed 
group); (2) CSDS group; (3) berberine group (25, 50, and 100 mg/kg/day 
in the drinking water). CSDS mice were received berberine treatment 
from the 1st  day of model establishment, totally 10  days. The body 
weights of C57 mice were measured every day.

Sucrose preference test
Sucrose preference test was a classic method to detect loss of 
pleasure. The sucrose preference test was performed at the 11th day 
after CSDS establishment as described previously.[12] Before the test, 
to prevent the location preference, normal water and 1% sucrose 
solution were put in the two sides of cage housed with one C57 
mouse and switched positions for every 12  h for 2  days. On the 
3rd  day, the C57 mouse was fast for 24  h with no food and water. 
Then, sufficient food and water were provided; all C57 mice were 
allowed to drink freely for 1 h. At begin and end of free drink, weight 
of 1% sucrose solution and normal water were recorded, respectively. 
Formula: A/(A + B) × 100% was used to calculate the rate of sucrose 
preference in C57 mice.
(A: 1% sucrose solution consumption weight and B: normal water 
consumption weight).

Open field test
The levels of mouse anxiety and locomotor activity were assessed 
by open field test  (OFT). The yellow sentence changed into:Te OFT 
apparatus (height 40 cm, width 100 cm, length 100 cm) with the floor 
divided into 25 equal areas (20 × 20 cm). At the beginning of the OFT, 
one mouse was put into the boxes and left free to explore for 1 h under 
low light conditions (5 lux). The total distance traveled in the open field, 
the number of entries, and duration time spent in the center field were 
all recorded.

Forced swim test
This test was carried out after OFT according to the method of Porsolt 
et al.[13] C57 mice were forced to swim in a jar (15 cm diameter and 30 cm 
height) filled with 10 cm water (25°C ± 2°C). C57 mice were allowed to 
swim for 6 min. During the first 2 min, C57 mice remained to struggle 
to get out of the water. After struggling time passed, animal gradually 
gave up and floated (immobility) inside the jar. The total record times of 
immobility  (floating without movements necessary to keep their head 
above water) were the last 4 min.

Tail suspension test
The tail suspension test  (TST) was performed after 11  days of CSDS 
as described previously.[14] A rack  (60 cm high) was placed in a quiet 
experimental environment. A  tongs, used to clamp a C57 mouse tail 
(1 cm to the end of the tail), was then put on the shelf of the rack to make 
the C57 mouse upside down. The C57 mouse struggled to overcome 
the uncomfortable postures. We recorded the immobility time within 
5 min.
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Elisa assay
The corticosterone level in serum was quantified using a commercial 
ELISA kit (Hengdailao, Shanghai, China) according to the manufacturer’s 
instructions.

Real‑time quantitative polymerase chain reaction
Quantitative polymerase chain reaction (Q‑PCR) was performed according 
to the previously described procedure.[15] One‑Step SYBR® PrimeScript™ 
reverse transcription‑PCR kit (Takara, Japan) and real‑time quantitative 
PCR instrument (Agilent Technologies Co., Ltd.) were used to analyze PCR 
results. The following primer sequences were designed according to the 
corresponding C57 mouse genes: 5′‑GGAAGTTGCTATACCTGTCGG‑3′ 
and 5′‑GTCGTAAATACTGTCACCCTGG‑3′ for NPAS4, 
5′‑AAGTCTGCATTACATTCCTCGA‑3′ and 5′‑GTTTTCTGAAA 
GAGGGACAGTTTAT‑3′ for BDNF, and 5′‑ACATTGTTGCCATC 
AACGAC‑3′ and 5′‑ACGC CAGTAGACTCCACGAC‑3′ for GAPDH 
(Invitrogen, Shanghai, China).

Western blot analysis
To detect proteins expression difference in hippocampus tissue, Western 
blotting was used. Isolated hippocampus was homogenized for 30 s 
on ice in radioimmunoprecipitation assay buffer, and then the protein 
concentration was measured using commercial kit (Boster Technology, 
Wuhan, China). Equal amounts of protein were resolved by 8% 
SDS‑polyacrylamide gel electrophoresis and transferred to nitrocellulose 
membranes  (Millipore, MA, USA). After blocked by 5% skim milk 
powder in Tris‑buffered saline with Tween 20, nitrocellulose membranes 
were incubated with NPAS4 (1:200, Santa Cruz Biotechnology, Santa 
Cruz, CA, USA), BDNF  (1:1000, Cell Signaling, MA, USA), and 
β‑actin  (1:3000, Cell Signaling, MA, USA) antibodies, respectively, 
in 1% skim milk solution, followed by incubation with a horseradish 
peroxidase‑conjugated secondary antibody  (Wuhan Goodbio 
Technology Co, Ltd, China) for 2 h at room temperature. Protein bands 
were detected using chemiluminescence kit  (Thermo, Rockford, USA) 
and visualization instrument (Clinx Science Instruments Co., Ltd.).

Data analysis
One‑way analysis of variance followed by the Bonferroni test for post 
hoc comparisons was used to analyze the data. SPSS 19.0 (Chicago, IL, 
USA) was used for all statistical procedures. Differences with P < 0.05 
were considered statistically significant. The results were expressed as 
mean ± standard error of the mean.

RESULTS
The effects of berberine on depression condition in 
chronic social defeat stress mice
To detect antidepressant effects of berberine, we adopted depression 
model induced by CSDS. Experimental procedure design was shown 
in Figure  1. At the end of 10‑day treatment, sucrose preference test 
and corticosterone level in C57 mice were tested. Body weights of C57 
mice were daily recorded. Figure  2a and b shows that, at the end of 
experiment, compared with control mice, the consumption of sucrose 
solution significantly decreased in CSDS mice (P < 0.01), accompanied 
with serum corticosterone level rose (P < 0.05), berberine at 50 mg/kg 
and 100 mg/kg partly reversed the above phenomenon (P < 0.05), and 
berberine at 100 mg/kg increased the sucrose preference ratio (P < 0.05). 
Meanwhile, body weights of CSDS mice were lower than control 
mice  [Figure  3], berberine treatment, at all dosage, increased body 
weights of CSDS mice (upward trend); however, there is no statistically 
significant.

The effects of berberine on behavioral indicators of 
chronic social defeat stress mice
Immobility times in forced swim and tail suspension are common 
behavioral indicators to test whether CSDS model is successfully 
established and treatment of berberine. As shown in Figure  4a, at the 
end of 10‑day treatment, chronic social defeat caused an increase in the 
duration of immobility time in forced swim test (FST) compared with that 
of control mice [Figure 4a, P < 0.01]. A similar phenomenon was observed 
in TST [Figure 4b, P < 0.01]. Furthermore, in the OFT test, CSDS mice 
treated with berberine as well as exhibited longer travel distance [Figure 4c, 
P < 0.01], more frequency in enter the central square, and more time on 
the center square [Figure 4d, P < 0.01], which suggesting that berberine 
also increased exploration and the locomotor activity in the CSDS mice. 
Therefore, berberine treatment  (50  mg/kg and 100  mg/kg) improved 
behavioral defects in the CSDS mice.

The effects of berberine on neuronal PAS domain 
protein 4 and brain‑derived neurotrophic 
factor expression in chronic social defeat stress 
hippocampus
To study the underlying mechanisms of berberine protecting against 
depressive‑like behaviors, NPAS4 and BDNF expression were tested. 
The results showed that the expressions of NPAS4  [Figure  5a and b] 
and BDNF [Figure 5c and d] in the hippocampus of CSDS mice were 
reduced. After berberine treatment (50 and 100 mg/kg), these cytokines 
were normalized in terms of mRNA and protein levels, especially at a 
dose of 100 mg/kg.

DISCUSSION
Depression disease, a serious mental illness, has an estimated lifetime 
prevalence of about 15%–20% and imposes a huge health problem in 
the recent world.[1,16] Therefore, it is important to explore the underlying 
physiopathologic mechanisms and evaluate the treatment of it. Initially, 
a suitable animal model which simulates human condition of depression 
is needed. CSDS‑induced depressive model was used in our study. The 
previous study suggested that social defeat could trigger depressive‑like 
behaviors.[17] In this model, competition awareness between C57 and 
CD1 mice for territory lead them fight until C57 yielded. The defeat C57 
mice might have significant mood disorders after long time of the chronic 
physical and psychological stress. To verify whether the CSDS model was 
successfully established in our study, sucrose preference, corticosterone 
level in serum, and some behavior indexes including FST and TST were 
used. Sucrose preference, mimic the mood of depressive disease patients, 
serves as an indicator of anhedonia‑like behavior change.[18] In the 
present study, decreasing amounts of sucrose solution consumption were 
observed in CSDS mice after receiving 10‑day social defeat stress when 
compared with the nonstressed group. Chronic stress produces excessed 

Figure 1: Schematic figure of the experiment process design
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glucocorticoid and eventually resulted in the decreasing proliferation rate 
of nerve cell, even apoptosis.[19] Clinical studies also observe significantly 
elevation cortisol levels in depressive disease patients.[20,21] In our study, 
ELISA test showed the elevation of serum corticosterone levels in mice 
suffered chronic social defeat. In addition, immobility time, tested in 
FST and TST, is a valuable index to indicate despair or a depression‑like 
state.[22,23] CSDS mice in the present study displayed obvious increasing 
in immobility times in the FST and TST. Therefore, CSDS mouse is a 
proper animal model to explore the potential mechanisms and evaluate 
compounds with antidepressant‑like effects.
On the basis of CSDS mice, the antidepressant‑like effects of berberine were 
evaluated. Berberine, an isoquinoline alkaloid isolated from the Chinese 
herb Coptis Chinensis  (Huanglian), possesses various pharmacological 
actions and biological activities.[24] Recently, berberine exerts excellent 
effects on neuroprotection such as Alzheimer’s disease[25] and depressive 
disorders.[26] Previous studies demonstrated that berberine prevented 
morphine and corticosterone‑induced depressive‑like behaviors, 
reduced the immobility times in FST and TST.[7‑9] In our results, we 
found that treatment of berberine (100  mg/kg) significantly elevated 
sucrose solution consumption and declined the immobility times in 
FST and TST, meanwhile reducing serum corticosterone levels. In 
additional, berberine increased body weights of CSDS mice at the end of 

the experiment. Taken together, all these results, including ours, suggest 
that berberine treatment protects CSDS model against depressive‑like 
behavioral change, indicating that berberine is a promising agent to 
prevent depressive diseases.
To further investigate the underlying mechanisms related with the 
antidepressant‑like effects of berberine, we tested the expressions of 
NPAS4 and BDNF. It is reported that NPAS4, regulating the formation 
of inhibitory synapses on excitatory neurons to maintain homeostasis in 
excitatory/inhibitory neuron activity, has been shown to be associated 
with behavioral changes in many different mood disease models.[3] In 
chronic unexpected mild stress model and posttraumatic stress disease 
model, NPAS4 expressions in both model groups are lower compared 
with normal mice.[27,28] Dysregulation of NPAS4 is also observed 
in bipolar disorder and cognitive disorder.[29,30] Moreover, NPAS4 
influences emotional function by regulating BDNF expression in the 
hippocampus, which plays an important role in the etiology of depressive 
disease.[2] Clinical studies suggested that major depressive disorder 
patients accompanied with lower BDNF level, which increases to normal 
level after antidepressant cure.[31,32] Here, we found that CSDS mice 
showed decreased NPAS4 and BDNF protein expressions, which were 
elevated by berberine treatment for 10  days. Furthermore, high‑level 
corticosterone is observed in CSDS model, which is agreed with previous 
studies.[5] Chronic stress leads to hypothalamic–pituitary–adrenal‑axis 
dysregulation and glucocorticoids oversecretion accompanied with 
reduced NPAS4 expression in hippocampus.[33,34] Our study found that, 
after berberine treatment, corticosterone level reduced compared with 
CSDS mice. We speculated that another way in berberine protecting 
against depressive disease was reducing corticosterone level. Therefore, 
the potential antidepression mechanisms of berberine might be involved 
in elevation NPAS4 and BDNF expressions.
Shen et  al. also reported that berberine possessed antidepressant‑like 
effects and postulated mechanisms might be partially mediated by 
upregulation of BDNF in hippocampus.[7] There are some differences 
between our present investigation and Shen et  al.’ study. First, the 
depressive‑like behaviors’ animal model was different in these two 
studies. Second, for the aspect of mechanism, downregulation of BDNF 
was induced by corticosterone in Shen et al.’s study; however, we found 
in our study, BDNF expression was downregulated after chronic social 
stress. Anyhow, both the investigation revealed that berberine possessed 
antidepressant‑like effects.

Figure  3: Effect of berberine on body weight of chronic social defeat 
stress mice at the end of experiment n = 8 per group; Data are expressed 
as means ± standard error of the mean

Figure  2: Effect of berberine on sucrose preference test  (a) and corticosterone concentration  (b) of chronic social defeat stress mice. n  =  8 per group; 
##P < 0.01 versus control, *P < 0.05 versus chronic social defeat stress by analysis of variance followed by Bonferroni’s post hoc test. Data are expressed as 
means ± standard error of the mean

ba
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CONCLUSION

The present study demonstrated that CSDS mice are proper models to 

study depressive disease. Using this model, we found that berberine could 

serve as an effective agent that ameliorated depressive‑like behaviors in 
CSDS model by elevating NPAS4 and BDNF expressions; however, the 
exact mechanisms of berberine in the treatment of major depression are 
further needed.

Figure 5: Effect of berberine on neuronal PAS domain protein/brain‑derived neurotrophic factor signaling expression of CSDS mice. Protein (a) and Relative 
mRNA levels  (b) of neuronal PAS domain protein 4 in chronic social defeat stress mice hippocampus tissue. Protein  (c) and relative mRNA levels  (d) of 
brain‑derived neurotrophic factor in chronic social defeat stress mice hippocampus tissue. n = 8 per group; #P < 0.05, ##P < 0.01 versus control, *P < 0.05 
versus chronic social defeat stress by analysis of variance followed by Bonferroni’s post hoc test. Data are expressed as means ± standard error of the mean

dc

ba

Figure 4: Effect of berberine on forced swim test (a), tail suspension test (b), total distance traveled (c), center square entries, and time duration of center 
square (d) in open field test of chronic social defeat stress mice. n = 8 per group; #P < 0.05, ##P < 0.01 versus control, *P < 0.05, **P < 0.01 versus chronic social 
defeat stress by analysis of variance followed by Bonferroni’s post hoc test. Data are expressed as means ± standard error of the mean

dc

ba
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