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Background and Aim. Increasing evidence suggests that the peroxisome proliferator-activated receptor γ coactivator 1α (PGC-1α)/
fibronectin type III domain-containing 5 (FNDC5)/brain-derived neurotrophic factor (BDNF) pathway might be critical for
neuroprotection. Our present study is aimed at investigating the antidepressant-like effects of curcumin (CUR) in a chronic
unpredictable mild stress- (CUMS-) induced depression rat model and explore whether the PGC-1α/FNDC5/BDNF pathway is
the major driving force behind the therapeutic effects of CUR. Methods. All rats were randomly divided into four groups,
namely, control, CUMS, CUMS + CUR, and CUMS + CUR + SR18292 (PGC-1α inhibitor). Behavioral tests were conducted to
assess the antidepressant-like effects of CUR. The expressions of PGC-1α, estrogen-related receptor alpha (ERRα), FNDC5, and
BDNF were determined to investigate the regulatory effects of CUR on the PGC-1α/FNDC5/BDNF pathway. The PGC-1α
inhibitor SR18292 was used to explore the role of PGC-1α in the induction of BDNF by CUR. Results. Daily gavage of 100mg/
kg CUR successfully attenuated the abnormal behaviors induced by CUMS and effectively prevented CUMS-induced reduction
of PGC-1α, ERRα, FNDC5, and BDNF expressions. CUR also enhanced PGC-1α and ERRα translocation from cytoplasm to
nucleus. Furthermore, we found that CUR supplementation effectively promoted neurocyte proliferation and suppressed
neuronal apoptosis induced by CUMS. Of note, the PGC-1α inhibitor SR18292 remarkably reversed the beneficial effects of
CUR on depressed rats, indicating an important role of PGC-1α in the antidepressant-like effects of CUR. Conclusion.
Collectively, our data evaluating the neuroprotective action of CUR in the CUMS rats highlights the involvement of the PGC-
1α/FNDC5/BDNF pathway in the antidepressant-like effects of CUR.

1. Introduction

Depression is the most frequent psychiatric disorder, with
more than 264 million people affected worldwide [1].
Depression is associated with extreme suffering for individ-
uals and increased risk of suicide, and it inflicts an enormous
economic burden on society. Multiple lines of evidence indi-
cate that neuroinflammation, oxidative stress, mitochondrial
dysfunction, and decreased monoamine neurotransmitters
and neurotrophic factors are involved in the development

of depression [2]. As a member of the neurotrophin family,
brain-derived neurotrophic factor (BDNF) is one of the
best-studied neurotrophic factors. It is widely expressed in
the central nervous system and serves essential functions in
synapse formation, synaptic plasticity, and neuronal matura-
tion in the brain. Studies have revealed BDNF’s involvement
in processes of learning, memory, and cognition, as well as in
mood-related behaviors [3]. In the past two decades, BDNF
has been widely studied in the context of neuropsychiatric dis-
orders especially for depressive disorders, bipolar disorder,

Hindawi
Behavioural Neurology
Volume 2021, Article ID 2630445, 13 pages
https://doi.org/10.1155/2021/2630445

https://orcid.org/0000-0001-8356-9689
https://orcid.org/0000-0001-8027-5431
https://orcid.org/0000-0003-3735-3136
https://orcid.org/0000-0002-8323-8975
https://orcid.org/0000-0002-8360-7427
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/2630445


schizophrenia, addiction, and eating disorders [4]. Accumu-
lating evidence suggests that BDNF could play an important
role in the treatment of depression [4, 5]; however, the bio-
chemistry has not been defined. In particular, the intracellular
signaling pathways necessary for BDNF’s antidepressant-like
effects remain elusive.

Peroxisome proliferator-activated receptor γ coactivator
1α (PGC-1α) was initially discovered as a transcriptional
coactivator [6]. It is known as a metabolic regulator which
plays a critical role in the maintenance of glucose, lipid,
and energy homeostasis [7]. Subsequent work has demon-
strated the importance of PGC-1α in the inhibition of
neurodegeneration [8]. Studies have suggested that PGC-
1α improves learning and memory through regulation of
the downstream membrane protein, fibronectin type III
domain-containing 5 (FNDC5) [9–11]. FNDC5 is identified
as a PGC-1α-dependent myokine, which is known to be pro-
foundly expressed in the brain in many regions, including
the hypothalamus, as well as the hippocampus [12]. A previ-
ous study conducted by Wrann et al. [10] showed a strong
correlation between PGC-1a and FNDC5 gene expression
and demonstrated that PGC-1a is a regulator of neuronal
FNDC5 gene expression in the brain. More researchers sub-
sequently have reported that FNDC5 can modulate BDNF
expression and release in the hippocampus [8, 11, 13]. Con-
sidering the role of BDNF in the inhibition of depression,
PGC1a/FNDC5/BDNF has been determined to be a critical
pathway for neuroprotection; as such, it is expected to be
an effective target for therapeutic interventions in depressive
disorders [14].

Curcumin (CUR), the major active component extracted
from the Chinese medicine Curcuma longa, has been
reported to possess neuroprotective effects [14]. CUR’s
potential antidepressant-like effects have been highlighted
in many preclinical trials conducted on rats and mice
models of depression [15–18]. Several clinical trials have also
been conducted on the potential effectiveness of CUR in
depression; however, they have yielded conflicting conclu-
sions [19–22]. Nevertheless, a meta-analysis reviewing ten
clinical trials concludes that CUR might be effective as
adjunctive treatment in depressive disorders, indicating the
promising efficacy of CUR in depression [19–22]. More
and more studies have discussed the potential mechanism
of CUR’s antidepressant-like effects. Our previous study
[15] found that CUR could restore changes in proinflamma-
tory cytokines and the indolamine-2, 3-dioxygenase- (IDO-)
kynurenine pathway in the hippocampus of CUMS rats,
which might ultimately contribute to its antidepressant-like
effect. Another study conducted by our teammates Liao
et al. [16] suggested that the possible antidepressant-like
effects of CUR are associated with oxidative stress and with
changes in the activation of erythroid-2-related factor 2
(Nrf2) in the brain. Moreover, Liao et al. [16] found that
CUR could reverse the decreased expression of BDNF. Other
studies have also indicated CUR’s ability to increase BDNF
levels [23–25]. These studies point strongly to an association
between the antidepressant-like effects of CUR and the reg-
ulation of BDNF levels; however, no studies so far have
explored the detailed mechanisms of this association.

Therefore, in our present study, we used a chronic
unpredictable mild stress- (CUMS-) induced depression
model to investigate whether the antidepressant-like effects
of CUR are associated with the activation of the PGC-1α/
FNDC5/BDNF pathway.

2. Methods

2.1. Animals. Sprague Dawley (SD) rats (male, weight: 180-
220 g, age: 40-45 days; Beijing Vitonlihua Experimental
Animal Technology Co. Ltd, Beijing, China) were initially
housed in groups in a temperature-controlled environment
under a 12/12 h light/dark cycle. Food and water were
freely available during the whole experiment except for
rats specifically kept under deprivation conditions. This
study was approved by the Animal Care and Use Commit-
tee of the Eighth Affiliated Hospital of Sun Yat-sen Uni-
versity. All experiments were performed according to the
Guide for Care and Use of Laboratory Animals (Chinese
Council).

2.2. Treatments. Rats were randomly assigned to four groups
(n = 7): control, CUMS, CUMS + CUR, CUMS + CUR + SR
18292 (PGC-1α inhibitor). The trial was conducted over 6
weeks. The control group received no stress treatment
(CUMS) and no drugs. The other three groups were exposed
to a stress protocol (CUMS) every day for 6 weeks. In addi-
tion, the CUR groups received daily gavage of 100mg/kg
CUR (suspended in 0.5% Tween 80, purchased from Sigma
Chemical Co., USA) 60min prior to CUMS. The CUMS +
CUR + SR18292 rats received SR18292 (dissolved in DMSO,
purchased from Macklin, Shanghai, China) via intraperito-
neal injection at a dose of 40mg/kg every day in the last
week for a total of seven injections. The doses of CUR and
SR18292 were based on previous studies [15, 16].

At the end of six weeks, behavioral tests were carried out.
Then, all the rats were sacrificed under anesthesia with an
intraperitoneal injection of 1% sodium pentobarbital
(50mg/kg). Blood was collected, and the brains were rapidly
removed after cardiac perfusion with phosphate-buffered
saline (PBS) (pH = 7:2). The hippocampus samples were dis-
sected on a cold surface and thoroughly washed with cold
physiological saline and then stored at −80°C until analysis.
The timeline of the experimental procedures is shown in
Figure 1.

2.3. CUMS Procedure. Rats in the control group were housed
in groups of 3-4 per cage in a separate room while rats in the
CUMS groups were housed individually and received ran-
dom unpredictable stress for 6 consecutive weeks. The
CMS procedure was performed as previously described with
minor modification [26]. Stress stimuli included cage tilting
for 24 h; damp bedding for 24 h; fasting for 24 h; water dep-
rivation for 24 h, with an empty bottle provided during the
last hour; light–dark-cycle reversal (12 h/12 h), behavior
restriction for 2 h; 30min noise, 5min tail pinch. Rats
received one of these stressors continuously, individually,
and randomly for six weeks. The same stressor was not
applied in 2 consecutive days.

2 Behavioural Neurology



2.4. Behavioral Tests

2.4.1. Sucrose Preference Test (SPT). The procedure was per-
formed as described previously [27] with minor modifica-
tions. Before the SPT test, all the rats were housed
individually and provided two bottles containing 1% sucrose
solution for 48 h to habituate them to the taste of sucrose.
After 14 h of water deprivation, two preweighed bottle-
s—one containing 1% sucrose solution and another contain-
ing tap water—were given to each rat. After 1 h, the bottles
were weighed again, and the weight difference in each bottle
was considered the intake of each rat. The sucrose preference
was calculated as a percentage of the consumed sucrose solu-
tion relative to the total amount of liquid intake.

2.4.2. Open-Field Test (OFT). The OFT was performed as
described previously [28]. The test was performed in a
square arena consisting of a 76 × 76 cm gray wooden box
with 42 cm high boundary walls and with the floor divided
into 25 equal squares by black lines. Each rat was placed into
the center of the open field and allowed to move freely for
5min. The apparatus was cleaned with ethanol and water
prior to each test session to remove olfactory cues. The num-
ber of crossing and rearing was recorded by the observer
blind to the treatment condition of the animal to assess loco-
motor activity and exploratory behavior.

2.4.3. Forced Swimming Test (FST). The FST was conducted
according to a classic paradigm [29] with slight modifica-
tion. Before the FST test, each rat was placed in a plastic
drum (45 cm height, 25 cm diameter) containing approxi-
mately 35 cm of water (24 ± 1°C) for a 15min pretest. After
swimming, rats were dried with towels and placed back in
their home cage. After 24 h, the rats were exposed to the
same experimental conditions outlined above for a 5min
FST. We changed the water before each trial to remove
olfactory disturbance. Immobility time was scored by an
experienced observer blind to the experiment design and
was defined as floating passively and only making slight
movements to keep the head above water.

2.4.4. Novelty-Suppressed Feeding Test (NSFT). The NSFT
was performed according to a previous method [30]. Before

NSFT, all the rats were deprived of food for 24 h in their
home cages. A small amount of food was placed on a piece
of white paper (10 × 10 cm) in the center of an open field
(75 × 75 × 40 cm). The rats were allowed to explore the open
field freely for 8min. The latency time was recorded in our
study, defined as the time it took for each rat to approach
and take the first bite of the food. Immediately afterward,
the animals were transferred to their home cages and were
provided the same amount of food as in the open field. Total
food intake for the next 5min in each cage was weighed to
avoid the influence of the animals’ appetite.

2.5. Western Blotting Analysis.Western blotting analysis was
conducted according to the previous method [31]. Total
protein from the hippocampus was prepared, and the
Bradford method was used to determine the protein concen-
tration. Samples were loaded on precast 12% SDS-PAGE
gels with 10μg of protein in each lane. Then, the proteins
in the gels were transferred to a PVDF membrane and
blocked in 5% nonfat dry milk in TBS-T for 1 h (25mM Tris,
150mM NaCl, pH7.5, 0.05% Tween-20). The following
antibodies and concentrations were used overnight at a tem-
perature of 4°C: PGC-1α (ab106814, 1 : 1000, Abcam),
estrogen-related receptor alpha (ERRα, #13826, 1 : 1000, Cell
Signaling Technology), FNDC5 (23995-1-AP, 1 : 1000; Pro-
teintech), BDNF (28205-1-AP 1 : 1000; Proteintech), and β-
actin (8046S, 1 : 1000, Cell Signaling Technology). The
membrane was then probed for 40min with an HRP conju-
gated secondary antibody. Finally, the film signal was digi-
tally scanned and quantified using Image-Pro Plus 6.0. The
values were normalized to β-actin as internal standard.

2.6. Quantitative Real-Time PCR (qPCR). Total RNA from
the hippocampal homogenates was isolated using Trizol
reagent (Invitrogen, USA) following the manufacturer’s
instructions. The mRNA expressions of PGC-1α, ERRα,
FNDC5, BDNF, Bax, Bcl-xl, and Bcl-2 were detected. qPCR
was performed on a Bio-Rad Cx96 Detection System
(Biorad, USA) with an SYBR green PCR kit (Applied Biosys-
tems, USA) and gene-specific primers. 5 ng cDNA samples
were used, and thermocycling conditions were as follows:
initial denaturation at 95°C for 2min, followed by 40 cycles

0 7 14 21 28 35 42
Day

40 45

Adaption CUMS and drug administration
Group 1: control (no stressors)
Group 2: CUMS 
Group 3: CUMS + CUR (100 mg/kg/d) 
Group 4: CUMS + CUR (100 mg/kg/d) + SR18292 (40 mg/kg/d)

Behaviour tests:
SPT, NSFT,
FST, OFT

Sacrifice and
tissue collection 

SR18292 start

Brdu start

CUMS start
CUR start

Figure 1: Timeline of experimental procedures. CUMS: chronic unpredictable mild stress; CUR: curcumin; SPT: sucrose preference test;
NSFT: novelty-suppressed feeding test; OFT: open-field test; FST: forced swimming test.
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of amplification at 95°C for 15 sec and 60°C for 30 sec. Each
cDNA was tested in triplicate. Relative quantitations for
PCR products were normalized to β-actin as internal stan-
dard. The oligonucleotide primers used in the qPCR analysis
are listed in Table 1.

2.7. Nissl Staining. Nissl staining was performed as previ-
ously described [32]. Brain sections (4μm thickness) were
deparaffinized with xylene, rehydrated in a graded series of
alcohol, and finally treated with Nissl staining solution for
5min. Damaged neurons were shrunken or contained vacu-
oles, while the normal neurons had relatively large and full
cell bodies with round nuclei. We calculate the average
intensities or cell counts in the same sections from seven rats
per group with Image-Pro Plus 7.0. Investigators were
blinded to the experimental groups.

2.8. Immunofluorescence Analysis. The immunofluorescence
analysis was performed according to the previous study [33].
The paraffin tissue blocks were cut in sections using a micro-
tome. After washing three times with PBS, the brain sections
were blocked in PBS at 37°C for 2 h using 10% goat serum
(Solarbio, China) and 0.3% Triton X-100 (Solarbio, China).
Then, the sections were incubated with primary antibodies
(PGC-1α, ab106814, 1 : 300, Abcam) overnight at 4°C. After
washing with PBS, the sections were incubated with second-
ary antibodies (4412, 1 : 1000, Cell Signaling Technology) for
1 h and with 4′,6-diamidino-2-phenylindole (Solarbio,
China) for 5min. Fluorescence was observed with a fluores-
cence microscope. The results were analyzed using Image-
Pro Plus software. Investigators were blinded to the experi-
mental groups.

2.9. Bromodeoxyuridine (Brdu) Treatment. The Brdu treat-
ment was conducted according to the previous study [34].
BrdU (100mg/kg) was injected intraperitoneally once daily
for 3 consecutive days before the brain slice collection. After
washing in 0.1M borate buffer (pH = 8:5) for 30min, the
thirty-μm-thick coronal sections containing dentate gyrus
(DG) were collected and pretreated with hydrochloric acid
at 37°C for 30min and then incubated with 3% BSA for
1 h. Then, the sections were incubated with the antibody
for BrdU, followed by Alexa Fluor secondary antibody. Pho-
tomicrographs were obtained with a FluoView FV1000
microscope.

2.10. Statistical Analysis. All statistical procedures were per-
formed using Statistical Package for the Social Sciences
(SPSS) 24.0. Data were expressed as mean ± SD. All the data
were analyzed statistically by one-way analysis of variance
(ANOVA) with Tukey post hoc multiple comparisons. p <
0:05 was considered as statistically significant.

3. Results

3.1. Effects of CUR on Behavioral Tests. The results of behav-
ioral tests are shown in Figures 2(a)–2(f). After stress
exposure for six weeks, the CUMS rats represented
depression-like state with reduced source preference in SPT
(p value < 0.01), prolonged immobility (p value < 0.01) in
FST, and increased latency time (p value < 0.01) in NSFT com-
pared to the rats in the control group. In addition, the CUMS
rats displayed a reduction of the number of crossing (p value <
0.01) and rearing (p value < 0.01) in OPT.

In comparison, the CUMS + CUR rats showed signifi-
cantly increased sucrose preference (p value < 0.01), decreased

Table 1: Primer sequences used for the qPCR analysis.

Gene Direction Primer sequences Amplicon length (bp) Accession number

PGC-1α
Forward
Reverse

5′-GAACCATGCAAACCACACCC-3′
5′-GGAGGGTCATCGTTTGTGGT-3′ 162 NM_008904

ERRα
Forward
Reverse

5′-AACCTGAGAAGCTGTACGCC-3′
5′-CCATCCACACACTCTGCAGT-3′ 186 NM_007953

FNDC5
Forward
Reverse

5′-TATATCGTCCACGTGCAGGC-3′
5′-ACGACGATGATCAGCACCTC-3′ 179 NM_027402

BDNF
Forward
Reverse

5′-TACCTGGATGCCGCAAACAT-3′
5′-CGACATGTCCACTGCAGTCT-3′ 135 NM_001048141

Bax
Forward
Reverse

5′-GAACCATCATGGGCTGGACA-3′
5′-GTGAGTGAGGCAGTGAGGAC-3′ 157 NM_007527

Bcl-xl
Forward
Reverse

5′-AGGCTGGCGATGAGTTTGAA-3′
5′-AGAAGAAGGCCACAATGCGA-3′ 159 NM_009743

Bcl-2
Forward
Reverse

5′-GAACTGGGGGAGGATTGTGG-3′
5′-CATCCCAGCCTCCGTTATCC-3′ 164 NM_009741

β-Actin
Forward
Reverse

5′-CCACCATGTACCCAGGCATT-3′
5′-CGGACTCATCGTACTCCTGC-3′ 189 NM_007393

PGC-1α: Peroxisome proliferator-activated receptor γ coactivator-1 alpha; ERRα: Estrogen-related Receptor alpha; FNDC5: Fibronectin type III Domain-
Containing 5; BDNF: Brain-derived Neurotrophic Factor; Bax: Bcl2-associated X protein; Bcl-xl: Bcl2-like 1; Bcl-2: B cell leukemia/lymphoma 2.
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Figure 2: (a) Sucrose preference in SPT. (b) Immobility time in FST. (c) Latency time in NSFT. (d) Food intake in NSFT. (e) Number of
crossing and (f) number of rearing in OPT. Data are expressed as means ± SD (n = 7). ∗p < 0:05 and ∗∗p < 0:01 compared to the control
group. +p < 0:05 and ++p < 0:01 compared to the CUMS group. #p < 0:05 and ##p < 0:01 compared to the CUMS + CUR group.
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immobility time (p value < 0.01) and latency time (p value <
0.01), and increased number of crossings (p value < 0.01)
and rearings (p value < 0.01).

When compared to CUMS + CUR group, in the CUMS
+ CUR + SR18292 group, the administration of PGC-1
inhibitor SR18289 successfully decreased sucrose preference
(p value < 0.05), increased immobility time (p value < 0.01)
and latency time (p value < 0.01), and decreased the number
of crossings (p value < 0.01) and rearings (p value < 0.01).

No significant differences in food intake were observed
in NSFT (Figure 2(d)), which is consistent with the results
of the previous studies.

3.2. Effects of CUR on PGC-1 and ERRα Expressions. As
shown in Figures 3(a) and 3(b), the mRNA levels of PGC-
1 (p value < 0.01) and ERRα (p value < 0.01) were signifi-
cantly decreased in the CUMS group compared to the
control group, and CUR treatment significantly increased
the mRNA expressions of PGC-1 (p value < 0.01) and ERRα
(p value < 0.01) in the CUMS + CUR group compared to the
CUMS group. The CUMS + CUR + SR18292 group showed
a significant decrease in the mRNA levels of PGC-1 (p value
< 0.01) and a slight but not significant decrease in the mRNA
levels of ERRα when compared to the CUMS + CUR group.

As shown in Figures 4(a)–4(d), the rats in the four
groups represented no significant changes in the cytoplasmic
protein expressions of PGC-1 and ERRα, except that the
cytoplasmic PGC-1 protein expression in the CUMS group
was significantly decreased (p value < 0.05) when compared
to the control group. However, the protein expressions of
PGC-1 and ERRα in nuclei of hippocampal cells varied sig-
nificantly in different groups. As shown in Figures 4(e) and
4(f), the CUMS group showed a significant decrease in the
protein expressions of nuclear PGC-1 (p value < 0.01) and
ERRα (p value < 0.01) when compared to the rats in the con-
trol group, while daily administration of CUR prevented

these changes with a significant increase in the protein
expressions of nuclear PGC-1 (p value < 0.01) and ERRα
(p value < 0.01) in the CUMS + CUR group. In addition,
administration of SR18292 significantly decreased the pro-
tein expressions of nuclear PGC-1 (p value < 0.01) and
ERRα (p value < 0.05) in the CUMS + CUR + SR18292
group compared to the CUMS + CUR group.

The results of the immunofluorescence staining are shown
in Figure 5. Consistent with the Western blot results, CUMS
rats showed a decreased PGC-1 expression when compared
to the control group. The expression of PGC-1 in the CUMS
+ CUR group was obviously increased when compared to
the CUMS group. Moreover, SR18292 significantly decreased
the expression of PGC-1 in the CUMS + CUR + SR18292
group when compared to the CUMS + CUR group.

3.3. Effects of CUR on FNDC5 and BDNF Expressions. As
shown in Figure 6(a), the mRNA levels of FNDC5 (p value
< 0.01) and BDNF (p value < 0.01) were significantly
decreased in the CUMS group compared to the control
group, while the supplementation of CUR markedly
increased the mRNA expressions of FNDC5 (p value <
0.01) and BDNF (p value < 0.01). Furthermore, administra-
tion of SR18292 reversed the effects of CUR and significantly
reduced the mRNA expressions of FNDC5 (p value < 0.01)
and BDNF (p value < 0.01).

As shown in Figures 6(b)–6(d), the Western blot results
revealed that the protein expressions of FNDC5 (p value <
0.01) and BDNF (p value < 0.01) were significantly
decreased in the CUMS group compared to the control
group, while the supplementation of CUR markedly
increased the protein expressions of FNDC5 (p value <
0.01) and BDNF (p value < 0.01). In addition, administra-
tion of SR18292 reversed the effects of CUR and significantly
reduced the protein expressions of FNDC5 (p value < 0.01)
and BDNF (p value < 0.01).
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Figure 3: (a) and (b) Relative mRNA expressions of PGC-1 and ERRα. Data are expressed as means ± SD (n = 7). ∗p < 0:05 and ∗∗p < 0:01
compared to the control group. +p < 0:05 and ++p < 0:01 compared to the CUMS group. #p < 0:05 and ##p < 0:01 compared to theCUMS + CUR
group.

6 Behavioural Neurology



3.4. Effects of CUR on the Neuronal Proliferation and
Apoptosis. The immunofluorescence staining of BrdU was
used to determine the neuronal proliferation in hippocam-
pus tissue. As shown in Figures 7(a) and 7(c), the quantita-

tive results of the immunofluorescence staining showed
that CUMS significantly decreased the number of BrdU+
cells (p value < 0.01) in the hippocampus in comparison
with the control group. Administration of CUR significantly

Cytoplasm

PGC1𝛼

ERR𝛼

𝛽-actin
Co

nt
ro

l

CU
M

S

CU
M

S+
CU

R

CU
M

S+
CU

R+
SR

18
29

2

(a)

N
uclear

PGC1𝛼

ERR𝛼
PCNA

Co
nt

ro
l

CU
M

S

CU
M

S+
CU

R

CU
M

S+
CU

R+
SR

18
29

2

(b)

0.0

0.5

1.0

1.5

Cy
to

pl
as

m
ic

 P
G

C-
1𝛼

pr
ot

ei
n 

ex
pr

es
sio

n

⁎

Co
nt

ro
l

CU
M

S

CU
M

S+
CU

R

CU
M

S+
CU

R+
SR

18
29

2

(c)

0.0

0.5

1.0

1.5

Cy
to

pl
as

m
ic

 E
RR

𝛼
pr

ot
ei

n 
ex

pr
es

sio
n

Co
nt

ro
l

CU
M

S

CU
M

S+
CU

R

CU
M

S+
CU

R+
SR

18
29

2

(d)

0.0

0.5

1.0

1.5

N
uc

le
ar

 P
G

C1
𝛼

pr
ot

ei
n 

ex
pr

es
sio

n

⁎⁎

++

##

Co
nt

ro
l

CU
M

S

CU
M

S+
CU

R

CU
M

S+
CU

R+
SR

18
29

2

(e)

0.0

0.5

1.0

1.5

N
uc

le
ar

 E
RR

𝛼
pr

ot
ei

n 
ex

pr
es

sio
n

⁎⁎

++

#

Co
nt

ro
l

CU
M

S

CU
M

S+
CU

R

CU
M

S+
CU

R+
SR

18
29

2

(f)

Figure 4: (a) and (b) Western blot bands indicating the protein expressions of PGC-1α and ERRα in the hippocampus. (c)–(f) Protein
expressions of PGC-1α and ERRα normalized to that of the β-actin internal control. Data are expressed as means ± SD (n = 7). ∗p < 0:05
and ∗∗p < 0:01 compared to the control group. +p < 0:05 and ++p < 0:01 compared to the CUMS group. #p < 0:05 and ##p < 0:01
compared to the CUMS + CUR group.
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Figure 5: Representative images of immunofluorescence staining for PGC-1α in brain slices of the hippocampus. Scale bar = 50μm.
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Figure 6: (a) Relative mRNA expressions of FNDC5 and BDNF. (b) Western blot bands indicating the protein expressions of FNDC5 and
BDNF. (c) and (d) Protein expressions of FNDC5 and BDNF normalized to that of the β-actin internal control. Data are expressed as
means ± SD (n = 7). ∗p < 0:05 and ∗∗p < 0:01 compared to the control group. +p < 0:05 and ++p < 0:01 compared to the CUMS group.
#p < 0:05 and ##p < 0:01 compared to the CUMS + CUR group.
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increased the number of BrdU+ cells (p value < 0.01) when
compared to the CUMS group. Additionally, SR18292
reversed the effects of CUR and significantly decreased the
number of BrdU+ cells (p value < 0.01).

Nissl staining was used to identify apoptotic neurons in
hippocampus tissue. As shown in Figures 7(b) and 7(d),
the quantitative results of the Nissl staining showed that
the number of viable neurons (p value < 0.01) in the CUMS
group was significantly reduced compared to that in the con-

trol group. Administration of CUR significantly increased
the number of viable neurons (p value < 0.01) when com-
pared to the CUMS group. Moreover, SR18292 reversed
the effects of CUR and significantly decreased the number
of viable neurons (p value < 0.01).

As shown in Figures 8(a)–8(c), the CUMS group signif-
icantly increased the mRNA expression of Bax (p value <
0.01) and decreased the mRNA levels of Bcl-2 (p value <
0.01) and Bcl-xl (p value < 0.05), while the CUMS + CUR
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Figure 7: (a) Representative images of immunofluorescence staining for Brdu positive cells. (b) Representative images of Nissl-stained
neurons. (c) Quantification of BrdU fluorescence in the DG area of the hippocampus. (d) Quantification of viable neurons in the DG
area of the hippocampus. Scale bar = 50 μm. Data are expressed as means ± SD (n = 7). ∗p < 0:05 and ∗∗p < 0:01 compared to the control
group. +p < 0:05 and ++p < 0:01 compared to the CUMS group. #p < 0:05 and ##p < 0:01 compared to the CUMS + CUR group.
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group showed significant decrease in the mRNA expression
of Bax (p value < 0.01) and increase in the mRNA levels of
Bcl-2 (p value < 0.01). Furthermore, administration of
SR18292 reversed the effects of CUR and dramatically
induced the mRNA expression of Bax and reduced the
mRNA levels of Bcl-2 (p value < 0.01).

4. Discussion

The present study provides novel evidence supporting the
link between the antidepressant-like activities of CUR and
the PGC-1α/FNDC5/BDNF pathway. We observed that the
administration of CUR normalized behavioral changes in
rats exposed to CUMS, showing the antidepressant-like
activities of CUR. We also found that CUR could effectively
prevent CUMS-induced reduction of PGC-1α, ERRα,
FNDC5, and BDNF expressions. Besides, CUR could pro-

mote cell proliferation and suppress neuronal apoptosis
induced by CUMS. Additionally, we found the PGC-1α
inhibitor, SR1829, markedly reversed the antidepressant-
like effects of CUR in the behavioral tests, as well as the
effects of CUR in the expressions of PGC-1α, ERRα, FNDC5,
and of BDNF. These findings demonstrate that CUR may
have the potential to reverse the development of depression,
and they indicate that the antidepressant mechanisms of
CUR are associated with the activation of the PGC-1α/
FNDC5/BDNF pathway.

CUMS, a valid model of depression for rodents [35], was
established in the present study. Consistent with previous
reports [36, 37], 6 weeks of stress exposure induced the rats
in the CUMS group to a depression-like state. Results of
behavioral tests indicated that administration of CUR
was able to attenuate the behavioral abnormalities induced
by CUMS, reflecting the antidepressant-like properties of
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Figure 8: Relative mRNA expressions of (a) Bax, (b) Bcl-xl, and (c) Bcl-2. Data are expressed as means ± SD (n = 7). ∗p < 0:05 and
∗∗p < 0:01 compared to the control group. +p < 0:05 and ++p < 0:01 compared to the CUMS group. #p < 0:05 and ##p < 0:01 compared to the
CUMS + CUR group.
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CUR [15, 16, 38]. However, the administration of PGC-1
inhibitor SR18292 reversed the beneficial effects of CUR
and induced abnormal behaviors. This fact indicates that that
PGC-1 might play an important role in the antidepressant-
like effects of CUR.

Numerous studies have demonstrated decreased expres-
sion levels of BDNF in the brains of depressed rats [15, 16,
38]. It has been reported that CUR seems to have the ability
to reverse CUMS-induced decreases in brain BDNF levels
[15, 39]. Consistent with the findings of previous studies,
the present study found significantly increased expression
of BDNF in CUMS + CUR rats compared to CUMS rats,
confirming the capacity of CUR to enhance the expression
of BDNF in hippocampal neurons. It has been demonstrated
that PGC-1α is closely related to the regulation of BDNF
expression in the hippocampus through an FNDC5-
dependent mechanism [10, 14, 40]. Wrann et al. [10]
reported that endurance exercise could induce increased
expression of BDNF through activating the PGC-1α/
FNDC5/BDNF pathway in the hippocampus. In their study,
results showed that neuronal FNDC5 gene expression is reg-
ulated by PGC-1α, and that FNDC5 regulates BDNF gene
expression in a cell-autonomous manner. In our present
study, we also examined the effects of CUR on the expres-
sions of PGC-1α and FNDC5. Our results showed that the
levels of PGC-1α and FNDC5 were highly increased in
CUMS + CUR rats compared to CUMS rats. Combined with
the results of behavioral tests and the increased expressions
of PGC-1α, FNDC5, and BDNF in CUMS + CUR rats, this
evidence leads to a conclusion that the antidepressant-like
effects of CUR are closely linked to the positive regulation
of the PGC-1α/FNDC5/BDNF pathway.

Furthermore, to explore whether PGC-1α is required for
CUR’s regulation of BDNF expression, the PGC-1α inhibitor
SR1829 was used to inhibit the expression of PGC-1α. After
administration of SR1829, we examined the expression of
PGC-1α in the hippocampus. SR1829 effectively decreased
PGC-1α expression in this area. The expression levels of
FNDC5 and BDNF were also significantly reduced. The
abnormal behaviors induced by SR1829 and the decreased
expressions of PGC-1α, FNDC5, and BDNF implied that
PGC-1α plays an essential role in the induction of BDNF
by CUR. As a transcriptional coactivator, PGC-1α does not
bind to the DNA itself but interacts with transcription fac-
tors to execute its effects on gene expression [41]. The
orphan nuclear receptor ERRα is a central metabolic regula-
tor and is known to be a very important interactor with
PGC-1α [42, 43]. The interaction of PGC-1a with ERRα
has been proved to be crucial for FNDC5 gene expression
[10]. We therefore asked if CUR activates the transcription
of PGC-1α and ERRα, thereby leading to increased FNDC5
and BDNF levels [10, 11]. Indeed, we found that CUR effec-
tively restored the decreased gene expressions of PGC-1α
and ERRα induced by CUMS. Remarkably, the results of
Western blot showed significantly increased nuclear protein
expressions of PGC-1α and ERRα in CUMS+CUR rats com-
pared with the CUMS rats, while the cytoplasmic protein
expressions of PGC-1α and ERRα showed no significant dif-
ference in different groups. These data demonstrate that

CUR administration not only elevated the expressions of
PGC-1α and ERRα but also promoted PGC-1α and ERRα
nuclear translocation. In summary, the above results show
that the PGC-1α/FNDC5/BDNF pathway was inhibited
under CUMS, and administration of CUR stimulated the
transcription of PGC-1α and ERRα, enhanced PGC-1α and
ERRα translocation from cytoplasm to nucleus, and ulti-
mately activated the PGC-1α/FNDC5/BDNF pathway.

We also investigated the effects of CUR on the prolifera-
tion and survival of neuronal cells [44]. Previous studies
showed decreased neuronal proliferation and increased cell
apoptosis in depressed rats [45, 46]. We observed the same
results in CUMS model rats. The present study also repre-
sented the neuroprotective capacity of CUR. The immuno-
fluorescence staining showed that CUR led to a significant
increase in the average number of BrdU positive cells in
the hippocampus, suggesting the potential role of CUR in
promoting neuronal proliferation in rats. In addition, CUR
significantly increased the number of viable neurons in the
DG area of the hippocampus, markedly inhibited the gene
expression of proapoptotic Bax, and enhanced the gene
expression of antiapoptotic factor Bcl-xl. Taken together,
these results demonstrate that CUR effectively suppressed
the apoptosis induced by CUMS. As the most abundant neu-
rotrophic factor in the brain, BDNF has been suggested to
play a crucial role in the regulation of neuronal proliferation
and survival [47]. Given the neurotrophic actions of BDNF
and CUR’s regulation of BDNF levels, we speculate that
the neuroprotective capacity of CUR is due to the elevated
expression of BDNF.

5. Conclusions

Collectively, our present study suggests that the administra-
tion of CUR can ameliorate depression-like behaviors in
CUMS rats. Furthermore, our study links the activation of
a metabolic regulator, PGC-1a, via FNDC5 to the increased
BDNF levels induced by CUR. We provide novel evidence
for the hypothesis that the antidepressant-like effects of
CUR might be mediated by restoring changes in the PGC-
1α/FNDC5/BDNF signaling pathway in the hippocampus
of CUMS rats.
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