
This article appeared in a journal published by Elsevier. The attached
copy is furnished to the author for internal non-commercial research
and education use, including for instruction at the authors institution

and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party

websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/authorsrights

http://www.elsevier.com/authorsrights


Author's personal copy

BDNF signaling is necessary for the antidepressant-like effect
of naringenin

Li-Tao Yi a,⁎, Bin-Bin Liu a, Jing Li a, Liu Luo a, Qing Liu a, Di Geng a, Yue Tang b, Yuan Xia b, Di Wu b

a Department of Chemical and Pharmaceutical Engineering, College of Chemical Engineering, Huaqiao University, Xiamen 361021, Fujian Province, PR China
b Department of Biotechnology and Bioengineering, College of Chemical Engineering, Huaqiao University, Xiamen 361021, Fujian Province, PR China

a b s t r a c ta r t i c l e i n f o

Article history:
Received 18 August 2013
Received in revised form 20 September 2013
Accepted 1 October 2013
Available online 10 October 2013

Keywords:
Brain-derived neurotrophic factor (BDNF)
Chronic unpredictable mild stress
Depression
Naringenin

Previous studies in our laboratory have demonstrated that naringenin produced antidepressant-like action in
tail suspension test (TST). However, the underlying mechanisms involved in neurotrophin system by which
naringenin works have not been investigated. The present study extends earlier works on the role of
brain-derived neurotrophic factor (BDNF) in regulating the antidepressant-like actions of naringenin in chronic un-
predictablemild stress (CUMS).We showed that a 21-day regimenwith naringenin reversed the decreased sucrose
preference in sucrose preference test (SPT) and the prolonged first feeding latency in novelty-suppressed feeding
test (NSFT), without affecting home-cage feeding consumption. In addition, we also found that naringenin
promoted BDNF expression in the hippocampus but not in the frontal cortex in both non-stressed and CUMS
mice. Moreover, the antidepressant-like effect of naringenin in SPT and NSFT induced by naringenin administration
were totally abolished by K252a, an inhibitor of BDNF receptor tropomyosin-related kinase receptor B (TrkB). In
conclusion, our findings suggest that the antidepressant-like effect of naringenin may be mediated, at least in
part, by the activation of BDNF signaling in the hippocampus.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Depression has become an increasingly prevalent health problem
worldwide, with a high lifetime prevalence ranging from 2% to 15%
(Moussavi et al., 2007). The World Health Organization predicts that
depression may become the second cause of illness-induced disability
by the year 2020. It is generally assumed that multiple mechanisms
are responsible for the development of depression. In addition tomono-
aminergic deficiency and hyperactivity of the hypothalamic–pituitary–
adrenal (HPA) axis, neurotrophin dysfunction is also involved in the
pathogenesis of depression (Angelucci et al., 2005). Brain-derived
neurotrophic factor (BDNF), a member of the "neurotrophin" family
of growth factors, is distributed throughout the central nervous
system and the periphery. After binding with and activating
tropomyosin-related kinase receptor B (TrkB), BDNF is thought to
underlie the pathophysiology and treatment of depression (Lee and
Kim, 2010). BDNF–TrkB signaling plays a critical role in the modulation
of several functions, such as neurotransmitter release and postsynaptic
responses to neurotransmitters, which are closely related to antide-
pressant therapy (Li and Keifer, 2012). Evidence obtained from

preclinical studies indicated that BDNF levels in the brain increased
compared with that of controls after antidepressant treatments (Yi
et al., 2013; Zhang et al., 2010). However, in transgenic animals
with decreased brain BDNF levels or inhibited BDNF–TrkB signaling,
antidepressant agents fail to exert behavioral responses (Autry et al.,
2011; Monteggia et al., 2007). Moreover, BDNF is now considered to
be a neurophysiological biomarkers for predictors of antidepressant-
like activity (Quevedo et al., 2009), as a delayed response of clinical
antidepressants maybe due to the delayed elevation efficiency of
BDNF (Castren and Rantamaki, 2010). These results, together with
the antidepressant-like effects of BDNF in cellular and behavioral
models of depression (Schmidt and Duman, 2010), suggest a central
role for BDNF signaling in the molecular mechanisms of antidepressive
therapy.

Although treatment using commercially available antidepressant
drugs is effective, approximately 50% of individuals with depression
demonstrate full remission in response to synthetic pharmaceutical
treatments (Berton and Nestler, 2006). In addition, because of a preva-
lent belief that "natural is better," a significant amount of public interest
in antidepressant development has focused on plantmaterial or natural
products extracted from plant sources (Dwyer et al., 2011). Moreover,
psychiatric conditions, particularly depression, are among the most
common conditions treated with complementary and alternative
medicine in some national surveys (Barnes et al., 2008; Hunt et al.,
2010).

Naringenin (4',5,7-trihydroxyflavanone), a dietary flavonoid abun-
dant in the peels of citrus fruit, has been reported to have multiple
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biological effects. It prevents the cognitive deficits caused by
streptozotocin (Baluchnejadmojarad and Roghani, 2006), inhibits
monoamine oxidase activity (Olsen et al., 2008), exerts neuroprotec-
tive effects against carbaryl-induced neurotoxicity (Muthaiah et al.,
2013) and alleviates ischemic brain injury (Raza et al., 2013). In
our previous studies, naringenin has been demonstrated to exhibit
an antidepressant-like effect in a mouse tail suspension test (TST),
which is partly mediated by monoaminergic and HPA systems (Yi
et al., 2010, 2012). However, the mechanisms underlying the regula-
tion of the neurotrophin system by naringenin remains unknown.
Considering that chronic unpredictable mild stress (CUMS) is the
most valuable depressive model and is specifically used to investigate
the antidepressant-like mechanisms of agents (Hill et al., 2012; Willner,
1997), our present study investigates the link between BDNF signal-
ing and the behavioral actions of naringenin in CUMS-induced
depression.

2. Methods

2.1. Animals

Male ICR mice (24 ± 2 g; 5 weeks old) were purchased from the
Laboratory Animal Centre, Fujian Medical University, Fujian Province,
PR China. Animals were housed eight per cage (320 × 180 × 160 cm)
under a normal 12-h/12-h light/dark schedule with the lights on at
07:00a.m. The animals were allowed 1week to acclimatize themselves
to the housing conditions before the start of the experiments. Ambient
temperature and relative humidity were maintained at 22 ± 2 °C and
at 55± 5%, and the animals were provided standard chow and water
ad libitum for the duration of the study. All procedures were performed
in accordance with the published guidelines of the China Council on
Animal Care (Regulations for the Administration of Affairs Concerning
Experimental Animals, approved by the State Council on 31 October,
1988 and promulgated by Decree No. 2 of the State Science and Tech-
nology Commission on 14 November, 1988).

2.2. Drugs and reagents

Naringenin (purityN98% by HPLC) was obtained from Shanxi Huike
Botanical Development Co., Ltd. (Xi’an, PR China). Fluoxetine hy-
drochloride was purchased from Changzhou Siyao Pharmaceuticals
Co., Ltd (Changzhou, PR China). K252a was purchased from Alomone
Laboratories (Jerusalem, Israel). Trizol reagent was purchased from
Invitrogen (Carlsbad, USA). Reverse transcriptase Moloney Murine
Leukemia Virus (M-MLV) used for cDNA synthesis was from Promega
Corporation (Madison, USA). Primers and all other reagents used in
RT-PCR were purchased from Sangon Biotech Co. Ltd. (Shanghai, PR
China).

2.3. Drug administration

For testing of the behavioral and BDNF regulations, the mice were
randomly divided into ten groups: the Control/CUMS-vehicle group
(0.9 % physiological saline, p.o.), the Control/CUMS-fluoxetine group
(20 mg/kg, dissolved in 0.9 % physiological saline, p.o.), and Control/
CUMS groups that received 5, 10 or 20 mg/kg naringenin (suspended
in 10 % Tween-80, p.o.).

To investigate whether the BDNF signaling pathway is required for
the antidepressant-like effect of naringenin, the mice were randomly
divided into five groups: Control-vehicle group, CUMS-vehicle group,
CUMS-naringenin group (20 mg/kg, p.o.), K252a group (25 μg/kg,
dissolved in 1% DMSO, i.p.) and CUMS-naringenin + K252a group
(20mg/kg, p.o.+25μg/kg, i.p.). For the co-injection group, the animals
were first injected with K252a 30 min prior to the administration of
naringenin. All these agentswere administered in a volume of 10mL/kg.

The doses were selected on the basis of the behavioral results and
previous reports (Jiang et al., 2012; Yi et al., 2010, 2012). The repeated
drug treatment was performed once daily for the last 3 weeks of the
experiment.

2.4. CUMS

CUMSwas performed as previously described (Yi et al., 2013). Brief-
ly, the weekly stress regime consisted of food and water deprivation,
exposure to an empty bottle, exposure to a soiled cage, light/dark suc-
cession every 2h, space reduction, 45° cage tilt, overnight illumination,
and predator sounds (Table 1). All stressors were applied individually
and continuously, day and night. The control animals were housed in
a separate room and had no contact with the stressed groups. To pre-
vent habituation and to ensure the unpredictability of the stressors, all
stressors were randomly scheduled over a 1-week period and repeated
throughout the 7-week experiment. On the basis of their sucrose prefer-
ence following 4weeks of CUMS, both stressed and control mice were
divided into matched subgroups (n=8).

2.5. Sucrose preference test (SPT)

The SPT was performed at the end of 4-week and 7-week CUMS ex-
posure. Briefly, before the test, themicewere trained to adapt to the su-
crose solution (1%, w/v): two bottles of sucrose solution were placed in
each cage for 24h, and then one bottle of sucrose solution was replaced
with water for 24 h. After the adaptation, the mice were deprived of
water and food for 24 h. The test was performed at 9:30 a.m. in which
the mice were housed in individual cages and had free access to two
bottles containing sucrose solution and water, respectively. After 24 h,
the volumes of the consumed sucrose solution and water were record-
ed. Food was withdrawn during the SPT.

2.6. Novelty-suppressed feeding test (NSFT)

The NSFT was performed 24h after the last SPT. The NSFT was per-
formed during an 8-min period as previously described (Iijima et al.,
2012; Santarelli et al., 2003). Briefly, the testing apparatus consisted of
a plastic box (50 × 50 × 20 cm). Food was withheld from the mice for
24 h prior to the test. At the beginning of the test, a single pellet of
food was placed on a white paper platform positioned at the center of
the box. A mouse was placed in a corner of the maze box and a stop-
watch was immediately started. Scoring to measure interest did not
begin until the mouse reached for the food with its forepaws and
began eating. The home-cage food consumptionwithin 5minwasmea-
sured immediately following the test as a control value.

2.7. Tissue sample collection

Twenty-four hours after the completion of the NSFT, the mice were
sacrificed by decapitation. Whole brains were rapidly removed from
the mice and chilled in an ice-cold saline solution. Brain regions of the
frontal cortex and hippocampus were dissected on a cold plate and im-
mediately frozen in liquid nitrogen. The tissue samples were stored at
−80°C until assay.

2.8. Real-time RT-PCR

Total RNA was isolated from the hippocampus using Trizol reagent
following themanufacturer's instructions. Reverse transcriptionwas per-
formed usingM-MLV reverse transcriptase for cDNA synthesis. Real-time
PCR reactions were performed using a SYBR Premix Ex Taq Kit in ABI-
7500 system. The BDNF (forward 5′-TTATTTCATACTTCGGTTGC-3′; re-
verse 5′-TGTCAGCCAGTGATGTCG-3′) and the internal control GAPDH
(forward 5′-GGGTGTGAACCACGAGAAAT-3′; reverse 5′-GGAAGAATGGG
AGTTGCTGT-3′) primerswere used. Thefluorescence signalwas detected
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at the end of each cycle. Melting curve analysis was used to confirm the
specificity of the products. The results were analyzed using the 2−ΔΔCT

method. The results were normalized to the mRNA expression level of
GAPDH in each sample.

2.9. BDNF ELISA

Brain samples were homogenized in lysis buffer containing
137 mM NaCl, 20 mM Tris–HCl (pH 8.0), 1% Tergitol-type NP-40, 10%
glycerol, 1 mM phenylmethanesulfonyl fluoride, 10 μg/ml aprotinin,
1 μg/ml leupeptin, and 0.5mM sodium vanadate. The homogenate was
centrifuged at 16,000 ×g for 30 min at 4 °C, and the supernatant was
collected and stored at−80 °C until further use.

The protein levels of the samples were measured using the Lowry
Method (Lowry et al., 1951). BDNF protein was measured using
the BDNF ELISA kit (Boster, Wuhan, PR China) according to the
manufacturer's instructions.

2.10. Statistical analyses

All data were expressed as themean±S.E.M. The data were analyzed
using a two-way or one-way ANOVA, followed by the Dunnett or Tukey’s
post-hoc test. A P-value b0.05 was considered to be statistically signifi-
cant for analysis.

3. Results

3.1. Chronic naringenin treatment reverses the CUMS-induced anhedonia

The effects of naringenin and fluoxetine on sucrose preference in the
CUMS and controlmice are shown in Fig. 1. Two-wayANOVA revealed a
significant stress effect [F(1,70)=12.73, Pb0.01] and a significant treat-
ment effect [F(4,70) = 2.62, P b 0.05] on sucrose preference. However,
there was no stress × treatment interaction [F(4,70) = 2.17, P N 0.05]
concerning the sucrose preference.

Separate analysis revealed that CUMS induced a significant decrease
in sucrose preference [F(1,14)=12.20, Pb0.01]. Chronic treatmentwith
naringenin at 10 and 20mg/kg significantly reversed the CUMS-induced
reduction in sucrose preference [P b 0.05, P b 0.01, respectively]. The
positive drug fluoxetine also increased sucrose preference [P b 0.01].
All treatments with drugs showed no significant alterations on sucrose
preference in non-stressed groups.

3.2. Chronic naringenin treatment ameliorates the NSFT-induced the
increase of first feeding latency

The effects of naringenin and fluoxetine on the first feeding latency
and home-cage feed consumption in the CUMS and control mice are
shown in Fig. 2. Two-way ANOVA revealed a significant stress effect
[F(1,70)=4.24, Pb0.05], a significant treatment effect [F(4,70)=2.97,
P b 0.05] and stress × treatment interaction [F(4,70) = 2.83, P b 0.05]
on the first feeding latency.

Table 1
CUMS procedure.

Monday Tuesday Wednesday Thursday Friday Saturday Sunday

Food and water deprivation 09:30→ 09:30
Exposure to an empty bottle 09:30–10:30 08:30–09:30
Soiled cage 10:30→ 10:30 20:30→ 20:30
Light/dark succession
every 2h

10:30–20:30 09:30–21:30

Space reduction 20:30→ 08:30 21:30 →
45° cage tilt 08:30–20:30 20:30→ 08:30
Overnight illumination 20:30→ 08:30
Predator sounds 08:30–20:30
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Fig. 1. Effect of naringenin on sucrose preference in non-stressed and CUMS-treatedmice.
The data represented the values of the mean± S.E.M. from 8 mice/group. ##P b 0.01 vs.
Control-vehicle group. *Pb0.05 and **Pb0.01 vs. CUMS-vehicle group.Datawere analyzed
using ANOVA followed by the post hoc Dunnett's test.
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Fig. 2. Effect of naringenin on the first feeding latency (A) and home-cage feeding con-
sumption (B) in non-stressed and CUMS-treated mice. The data represented the values
of the mean± S.E.M. from 8 mice/group. ##P b 0.01 vs. Control-vehicle group. **P b 0.01
vs. CUMS-vehicle group. Data were analyzed using ANOVA followed by the post hoc
Dunnett's test.
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Separate analysis revealed that CUMS induced a prolonged the first
feeding latency in the NSFT [F(1,14)= 13.14, P b 0.01]. Chronic treat-
ment with naringenin (10 and 20 mg/kg) and fluoxetine (20 mg/kg)
significantly reversed the CUMS-induced elevation of the first feeding
latency [P b 0.01, P b 0.01, P b 0.01, respectively]. All treatments with
drugs showed no significant alterations on the first feeding latency in
naïve mice.

However, there was no difference in the home-cage feed con-
sumption performed immediately following the NSFTwithin 5min, in-
dicating that the effects of naringeninwere not due to a general increase
in feeding.

3.3. Chronic naringenin treatment attenuates the CUMS-induced BDNF
down-regulation

The effects of naringenin andfluoxetine on the BDNF expression in the
frontal cortex in CUMS and control mice are shown in Fig. 3. Two-way
ANOVA revealed only stress effect [F(1,40)= 11.58, P b 0.01; F(1,70)=
15.61, Pb0.01] significantly affected BDNFmRNA and protein expression.
However, treatment effect [F(4,40) = 1.09, P N 0.05; F(4,70) = 1.63,
P N 0.05] and stress × treatment interaction [F(4,40) = 0.37, P N 0.05;
F(4,70) = 0.31, P N 0.05] did not reach a statistic significance. Separate
analysis revealed that CUMS induced a decrease in BNDF protein
expression in the frontal cortex [F(1,14)=5.69, Pb0.05]. Treatment
with fluoxetine (20 mg/kg), but not naringenin increased the CUMS-
induced reduction in BDNF protein expression [Pb0.05].

The effects of naringenin and fluoxetine on the hippocampal BDNF
expression in the CUMS and control mice are shown in Fig. 4.
Two-way ANOVA revealed a significant stress effect [F(1,40) =
49.60, P b0.01; F(1,70)=68.83, P b0.01] and significant treatment
effect [F(4,40)=8.25, Pb0.01; F(4,70)=13.96, Pb0.01] on the hip-
pocampal BDNF mRNA and protein expression. However, there was

no stress×treatment interaction [F(4,40)=0.83, PN0.05; F(1,70)=1.56,
P N 0.05] concerning the levels. Separate analysis revealed that CUMS
induced a decrease in BNDF mRNA and protein expression in the hippo-
campus [F(1,8)=21.14, Pb0.01; F(1,14)=43.57, Pb0.01]. Chronic treat-
ment with naringenin (10 and 20 mg/kg) and fluoxetine (20 mg/kg)
significantly reversed CUMS-induced reduction of the hippocampal
BDNF expression [mRNA: P b 0.01, P b 0.01, P b 0.01; protein: P b 0.01,
P b 0.01, P b 0.01]. In addition, long-term treatment with fluoxetine
(20 mg/kg) also significantly increased the BDNF mRNA expression in
the hippocampus of non-stressed mice [P b 0.05] compared to the non-
stressed vehicle. Furthermore, naringenin (20 mg/kg) and fluoxetine
(20 mg/kg) elevated the BDNF protein levels in non-stressed mice
[P b0.05, P b0.05].

3.4. BDNF is necessary for the antidepressant-like effects of naringenin

To further confirm whether BDNF signaling was necessary for the
antidepressant-like effects of naringenin, CUMS mice were co-injected
with naringenin (20mg/kg) and K252a (25 μg/kg), an inhibitor of the
BDNF receptor TrkB for 3 weeks. Behavioral changes were evaluated
24 h or 48 h after the last injection. For sucrose preference (Fig. 5),
two-way ANOVA indicated that the effect of treatment (naringenin or
vehicle) and the effect of pretreatment was significant [F(1,28)=9.80,
Pb0.01; F(1,28)=4.92, Pb0.05, respectively]. The interaction between
treatment and pretreatment was also significant [F(1,28) = 6.90,
Pb0.05]. Consistentwith thisfinding, further separate analysis indicated
that naringenin [P b 0.01] reversed the reduction in sucrose preference
induced by CUMS [F(1,14)=19.57, Pb0.01]. This antidepressant effect
was completely blocked by pretreatment of the antagonist K252a
[Pb0.01].

For the first feeding latency in theNSFT (Fig. 6), two-way ANOVA in-
dicated that the effect of treatment (naringenin or vehicle) and the
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Fig. 3. Effect of naringenin on the BDNFmRNA (A) and protein (B) expression in the fron-
tal cortex of non-stressed and CUMS-treated mice. The data represented the values of the
mean ± S.E.M. from 5 (A) or 8 (B) mice/group. #P b 0.05 vs. Control-vehicle group.
*P b 0.05 vs. CUMS-vehicle group. Data were analyzed using the ANOVA followed by the
post hoc Dunnett's test.
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Fig. 4. Effect of naringenin on the hippocampal BDNF mRNA (A) and protein (B) expres-
sion in non-stressed and CUMS-treated mice. The data represented the values of the
mean ± S.E.M. from 5 (A) or 8 (B) mice/group. ##P b 0.01 vs. Control-vehicle group.
*Pb 0.05 and **Pb0.01 vs. CUMS-vehicle group. Data were analyzed using ANOVA follow-
ed by post hoc Dunnett's test.

138 L.-T. Yi et al. / Progress in Neuro-Psychopharmacology & Biological Psychiatry 48 (2014) 135–141



Author's personal copy

effect of pretreatment (K252a or vehicle) was significant [F(1,28) =
7.49, Pb0.05; F(1,28)=4.51, Pb0.05, respectively]. The interaction be-
tween treatment and pretreatment was also significant [F(1,28)=6.40,
Pb0.05]. Consistentwith thisfinding, further separate analysis indicated
that naringenin [P b 0.01] reversed the increase in the first feeding
latency induced by CUMS [F(1,14)=18.72, Pb0.01]. This antidepressant
effect was totally blocked by pretreatment of the antagonist K252a
[P b 0.05]. In addition, the home-cage feed consumption during 5 min
in each group showed no significant differences.

4. Discussion

The present study provides further evidence that naringenin exerts
an antidepressant-like effect in CUMS-treated mice in the SPT and

NSFT. Chronic naringenin treatment only enhanced BDNF expression
in the hippocampus, but not in the frontal cortex, both in CUMS and
non-stressed animals. More importantly, chronic naringenin treat-
ment restored the stress-induced down-regulation of BDNF to the
same levels as non-stressed vehicle-treated control animals. Finally,
pharmacological inhibition of BDNF–TrkB signaling completely
abolished the antidepressant-like effect of naringenin in the SPT
and NSFT.

As a widely used model for the study and development of antide-
pressants (Willner, 1997), sucrose preference reduction in CUMS
reflects a state of anhedonia, which produces a condition similar to
human depression. This condition can be restored using therapeutically
effective drugs for the treatment of depression (Zhang et al., 2010). In
the present experiment, we used an efficacious mouse CUMS model to
mimic stress in daily life. The result showed that a reduction in sucrose
preference induced by the CUMS procedure was significantly restored
with naringenin treatment.

Subsequently, we tested the first feeding latency of the mice, which
is an indication of increased anxiety levels in the NSFT (Santarelli et al.,
2003). The NSFT is an increasingly popular anxiety measure in depres-
sion studies, as it is a behavioral paradigm that is sensitive to chronic,
but not acute antidepressants (Gordon and Hen, 2004; Li et al., 2010).
In addition, considering that depression displays high comorbidity with
anxiety and cognitive disorders (Bessa et al., 2009), we performed the
NSFT after CUMS. We found that the prolonged first feeding latency
induced by CUMS was reversed by chronic administration of naringenin,
suggesting that the anxiety-related behavior was ameliorated by
naringenin administration. Thus, our present study further indicates
the antidepressant-like effect of naringenin, or even its potential
anxiolytic-like effect. However, the home-cage food consumption
among these animals showed no significant difference, indicating
that the effects of naringenin were not due to a general increase in
feeding.

According to the neurotrophic hypothesis of depression, stress and
antidepressant treatment exert opposing effects on the regulation
BDNF expression (Castren and Rantamaki, 2010). The results de-
rived from preclinical studies demonstrate that antidepressant effi-
cacy is mediated at least in part via an elevation of BDNF levels or
BDNF signaling in the brain (O'Leary et al., 2009; Taliaz et al., 2010).
Consistent with a previous study (Mao et al., 2010), the present study
also found that CUMS reduced BDNF levels in both the frontal cortex
and the hippocampus. The commercial antidepressant fluoxetine up-
regulated BDNF levels in the frontal cortex and hippocampus in mice
exposed to CUMS. However, chronic administration of naringenin for
3 weeks significantly enhanced BDNF levels only in the hippocampus.
Although a previous study showed that chronic administration of
diverse pharmacological antidepressant treatments produced a com-
mon increase in BDNF protein levels specifically in the frontal cortex
(Balu et al., 2008), several previous reports have also demonstrated
that CUMS (Luo et al., 2010; Zhang et al., 2010) or antidepressant treat-
ment (Dwivedi et al., 2006) caused a significant change in BDNF levels
only in the hippocampus, but not in the frontal cortex.More important-
ly, regional distribution of the BDNF gene was highly variable through-
out the brain, with parts of the hippocampus showing particularly high
densities (De Foubert et al., 2004).

In our study, the change in BDNF mRNA expression was not always
parallel to the change in BDNF protein expression after drug treatment,
such as fluoxetine treatment in the frontal cortex of CUMS mice and
20 mg/kg naringenin in the hippocampus of non-stressed animals.
Several reasonsmight explain this inconsistency. It is important to con-
sider that total protein levels may be affected not only by new proteins
derived frommRNA translation, but also by the degradation of existing
proteins. On this basis, we hypothesize that the elevated BDNF protein
levels observed in brain, at least in part, in response to the role of
ubiquitin–proteasome degradation pathway. In addition, the inconsis-
tent data may be due to the time points selected to examine BDNF
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expression post-CUMS asmRNA levels are relatively dynamic (Hill et al.,
2012). Accordingly, examination of BDNF protein levels producedmuch
more consistent results.

According to the explanation for the delayed response of clinical
antidepressants, BDNF was increased using rapid antidepressants
(NMDA receptor antagonist, such as ketamine), but not traditional
antidepressants (such as fluoxetine) after acute treatment (Autry
et al., 2011; Castren and Rantamaki, 2010). Our preliminary exper-
iment showed that acute administration of naringenin did not
change sucrose preference and first feeding latency in mice exposed
to CUMS (data not shown), which were two measurement indices
used to distinguish between rapid and traditional antidepressants
(Li et al., 2010). Considering that no published reports have indicated
the antagonistic role of the NMDA receptor by naringenin, this observa-
tion indicated that naringenin did not produce a rapid antidepressant-
like effect, indicating that acute naringenin treatment cannot increase
BDNF levels.

To further determine which BDNF signaling pathway was neces-
sary for the antidepressant-like effect of naringenin, the mice were
co-injected with naringenin (20mg/kg) and K252a (25μg/kg), a potent
pharmacological inhibitor of the BDNF receptor TrkB, for 3weeks. Block-
ade of BDNF–TrkB signaling by the tyrosine kinase inhibitor K252a
abolished the antidepressant-like effects of BDNF, lamotrigine, Fuzi
polysaccharide-1 and ginsenoside Rg1 in animal models of depression
(Jiang et al., 2012; Li et al., 2011; Shirayama et al., 2002; Yan et al.,
2010). Our current results also found that K252a abolished the
behavioral effects of naringenin in the SPT and NSFT exposed to
CUMS. Considering that BDNF signaling play a critical role in the
modulation of several functions, such as neurotransmitter release
and postsynaptic responses to neurotransmitters, which are closely
related to clinical antidepressant therapy (Li and Keifer, 2012), our
current findings revealed that maintenance of the activated BDNF
signaling pathway is required for the antidepressant-like effect of
naringenin.

The relationship between monoamines and neurotrophins may be
bidirectional. BDNF modulates the serotonergic system and promotes
the growth and sprouting of the serotoninergic neuron (Mamounas
et al., 1995; Quesseveur et al., 2013). Conversely, an increase in BDNF
may result from the increased release of serotonin and/or norepineph-
rine, whichmay be a keymechanism underlying the therapeutic effects
of antidepressants (Martinowich and Lu, 2008). Serotonergic and
noradrenergic antidepressants can enhance BDNF expression (Masana
et al., 2012; Zhang et al., 2010). In addition, antidepressants may
induce the transcription of the BDNF gene via serotonergic and nor-
adrenergic receptor-mediated signaling (Szewczyk et al., 2008;
Wang et al., 2010). Moreover, we had previously demonstrated
that naringenin might normalize the elevated corticosterone and
decreased glucocorticoid receptor levels, thereby subsequently increase
monoamine levels by stimulating monoamine synthesizing enzymes
(Yi et al., 2012). Thus, altogether, these data might indicate that
naringenin treatment can suppress neuroendocrine signaling and
stimulate monoamines, which result in the up-regulation of BDNF. How-
ever, further studies are still required to examine the potential relation-
ship between BDNF and the monoaminergic systems as well as their
involvement in the antidepressant-like effect of naringenin.

5. Conclusion

In summary, our data provide new information with regard to the
ability of naringenin to regulate BDNF expression following chronic
administration. Although additional studies are required to further in-
vestigate in detail theBDNFdownstreamsignalingpathway. In addition,
the ability of naringenin to activate the BDNF signaling pathway in the
hippocampusmay, at least in part, explain the amelioration of behaviors
associated with depression.
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