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ABSTRACT
Lycopene is a natural plant extract widely studied for its powerful antioxidant and neuroprotective effects. Emerging evidence 
suggests that it also possesses potential antidepressant properties. Compared to commonly used clinical antidepressants, lyco-
pene offers higher safety; however, its underlying mechanisms remain unclear. Therefore, this study aims to explore the mech-
anisms through which lycopene exerts its antidepressant effects. We employed the chronic social defeat stress (CSDS) model to 
induce depressive-like behaviors in mice, followed by lycopene treatment (20 mg/kg). Based on previous research, we focused 
on synaptic plasticity by examining the expression of synaptic proteins in the hippocampus to uncover potential mechanisms. 
The results showed that CSDS induced synaptic plasticity impairments in the hippocampus but lycopene treatment significantly 
improved these synaptic deficits and reversed the depressive-like behaviors induced by CSDS. Moreover, lycopene treatment up-
regulated the expression of brain-derived neurotrophic factor (BDNF) and reduced the activity of BDNF–TrkB/pTrkB pathway in 
the hippocampus. These molecular changes were consistent with changes in synaptic-related proteins, suggesting that lycopene 
may enhance synaptic plasticity via the BDNF–TrkB/pTrkB signaling pathway. This study explored the mechanisms underlying 
depressive-like behaviors induced by CSDS in mice and provided preclinical evidence that lycopene may serve as a potential 
antidepressant. It offers an effective avenue for the development of novel antidepressant therapies.

1   |   Introduction

Depression is a mental disorder characterized by low mood, 
slowed thinking, and reduced willpower, often accompanied by 
symptoms such as fatigue, loss of appetite, and insomnia (James 

et al.  2018). In China, the lifetime prevalence of depression is 
6.8%, and the annual prevalence is 3.6%, making it one of the 
leading causes of loss of healthy life years (Nagy et  al.  2020). 
The World Health Organization predicts that by 2030, depres-
sion will become the leading cause of disease burden worldwide 

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is 

properly cited.

© 2025 The Author(s). Food Science & Nutrition published by Wiley Periodicals LLC.

Abbreviations: BDNF, brain-derived neurotrophic factor; CSDS, chronic social defeat stress; LPS, lipopolysaccharide; PSD-95, post-synaptic density protein 95; pTrkB, phosphorylated 
tropomyosin receptor kinase B; PVDF, polyvinylidene Fluoride; qRT-PCR, quantitative reverse transcription polymerase chain reaction; RIPA, radioimmunoprecipitation assay; Syn, 
synaptophysin; TBST, tris-buffered saline with Tween 20; TrkB, tropomyosin receptor kinase B.

https://doi.org/10.1002/fsn3.70003
https://doi.org/10.1002/fsn3.70003
https://orcid.org/0009-0003-7099-3300
mailto:
mailto:likuangdoc@163.com
http://creativecommons.org/licenses/by/4.0/


2 of 12 Food Science & Nutrition, 2025

(Malhi and Mann 2018). However, the exact pathogenesis of de-
pression remains unclear. The monoamine hypothesis suggests 
that depression is related to a deficiency of neurotransmitters 
in the brain, such as serotonin, norepinephrine, and dopamine, 
which has led to the development of antidepressant drugs. 
However, these drugs have limited efficacy and significant side 
effects (Warden et al. 2007). In addition, genetic factors, psycho-
social factors, the hypothalamic–pituitary–adrenal (HPA) axis, 
and oxidative stress also play essential roles in the onset and 
progression of depression (Cui et al. 2024). Among them, psy-
chosocial factors are most common in human life, such as unem-
ployment, divorce, and the death of loved ones, which can act as 
chronic stressors and trigger depression (Cui et al. 2024; Slavich 
and Sacher 2019). Although the mechanisms linking psychoso-
cial factors and depression are not yet fully understood, studies 
have shown that depression is associated with neural network 
dysfunction and a reduction in synapse numbers (Wang, Chen, 
et al. 2023). Furthermore, some antidepressants, such as imip-
ramine and fluoxetine, can reverse stress-induced synapse loss, 
suggesting that preventing structural and functional changes 
in neurons caused by stress may be vital in treating depression 
(Fries et al. 2023; McEwen, Nasca, and Gray 2016; Moda-Sava 
et al. 2019). Previous research has shown a close relationship be-
tween depression and synaptic plasticity (Duman et al. 2016; Ru 
et al. 2022; Yan et al. 2021). Synaptic plasticity refers to specific 
changes in synaptic structure and function in response to neu-
ral activity, one of the brain's most important functions (Duman 
et al. 2016). Impaired synaptic plasticity can lead to depressive 
symptoms, such as anhedonia, cognitive impairment, and be-
havioral despair (Lim et al. 2012; Yuen et al. 2012). Therefore, 
protecting or restoring synaptic plasticity may be a new strategy 
for treating depression.

Currently, the primary clinical treatment for depression re-
mains pharmacological therapy, with most drugs based on the 
monoamine hypothesis. These drugs often have slow onset, lim-
ited efficacy, and numerous side effects, leading to a growing 
interest in finding new therapeutic options (Warden et al. 2007). 
Influenced by the traditional Chinese medicine concept of 
“medicine and food homology,” researchers have focused on 
natural plant extracts. Compared to synthetic drugs, natural 
plant extracts offer the advantages of being suitable for long-
term consumption, having fewer side effects, and being safer. 
As research has progressed, plant extracts such as lycopene and 
curcumin have been proven to have neuroprotective effects (Fan 
et al. 2019; Lin et al. 2014; Samarghandian et al. 2017), with lyco-
pene standing out due to its powerful antioxidant properties and 
wide availability. Lycopene is a natural pigment widely found 
in plants such as tomatoes and watermelons. It is insoluble in 
water but soluble in lipids. Animal experiments have shown that 
orally administered lycopene enters the digestive tract of mice, 
where it is primarily absorbed in the intestine and converted 
into chylomicrons that enter systemic circulation. It is mainly 
distributed in the liver, plasma, kidneys, lungs, and brain (Ford, 
Elsen, and Erdman  2013). Guo et  al.  (2019) administered ly-
copene orally at a dose of 8 mg/kg to mice and found that its 
plasma concentration peaked at 6 h post-administration, with a 
half-life of 8.29 h. Furthermore, lycopene, with its strong anti-
inflammatory and antioxidant properties, can cross the blood–
brain barrier, offering significant potential in cardiovascular 
diseases, cancer, and neurological disorders (Chen, Huang, and 

Chen 2019; Lin et al. 2018; Saini et al. 2020). Recent studies have 
shown that lycopene can alleviate LPS-induced depressive-like 
symptoms in mice during the tail suspension test and forced 
swim test (Zhang et al. 2016), and clinical studies have demon-
strated an inverse correlation between carotenoid intake and 
depressive symptoms (Yu et al. 2022), suggesting that lycopene 
is a potential antidepressant. Compared to conventional antide-
pressants, lycopene has the advantages of low toxicity and high 
safety, although its specific mechanism of action remains un-
clear. Zhao et  al.  (2018) found that oral supplementation with 
lycopene could reverse neuronal damage and synaptic dysfunc-
tion in aged mice, while Guo et  al.  (2023) demonstrated that 
brain-targeted administration of lycopene could inhibit amy-
loid-β production and restore synaptic plasticity. These studies 
indicate that lycopene holds great potential in improving synap-
tic plasticity. Given the close relationship between synaptic plas-
ticity and depression, we hypothesize that lycopene may exert its 
antidepressant effects by improving synaptic plasticity. To test 
this hypothesis, we designed the present study. In contrast to the 
previous study carried out by Zhang et al. (2016), we employed 
the chronic social defeat stress (CSDS) model and oral admin-
istration to explore the antidepressant mechanism of lycopene, 
aiming to understand this compound's effects better and lay the 
foundation for its future clinical application.

2   |   Materials and Methods

2.1   |   Animals

Aggressive CD-1 mice and C57BL/6J were purchased from 
Beijing Vital River Laboratory Animal Technology Co. Ltd. 
Both were male. The C57BL/6J mice were 6–8 weeks old, weigh-
ing 20–24 g, and the CD-1 mice were 4–6 months old, weighing 
25–29 g. All animals were housed in temperature-controlled 
(22°C ± 2°C) animal rooms with automatic ventilation systems, 
at five mice per cage. Lights in the animal rooms were on from 
8:00 AM to 8:00 PM, and mice were given ample food and water. 
All experiments were conducted after a 7-day acclimation pe-
riod. All experimental procedures involving animals were ap-
proved by the Institutional Animal Care and Use Committee 
(IACUC) of Chongqing Medical University (Approval No. 
IACUC-CQMU-2023-09025) and were conducted in strict ac-
cordance with the National Institutes of Health Guide for the 
Care and Use of Laboratory Animals.

2.2   |   CSDS Procedure

Three days were spent on screening aggressive CD-1 mice before 
starting the formal experiment. Seven-week-old male C57BL/6J 
mice (not used in the main experiment) were placed into the 
cages of the CD-1 mice to be screened. In the next 5 min, the la-
tency, intensity, and frequency of attacks by the CD-1 mice were 
observed and recorded. This screening was repeated three times 
with a one-day interval between each round. CD-1 mice with 
moderate attack intensity, short latency, and high frequency 
of attacks were selected and placed individually into specially 
designed cages for acclimatization. After acclimatization, C57 
mice were randomly assigned to either a control group (n = 24) 
or a model group (n = 60). The model group was placed in a 
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specially designed cage with CD-1 mice for 5–10 min of fighting, 
with the duration adjusted based on the aggression level of the 
CD-1 mice. Mice in the control group were randomly paired (1:1 
ratio) and placed in the same cage type for 5–10 min of interac-
tion. After the fighting, the CD-1 mice and the C57 mice were 
separated by a transparent acrylic board with holes, allowing 
them to see and smell each other, and were kept in this setup 
for 24 h. The following day, before the next fighting session, the 
C57 mice were exchanged with those in neighboring cages to 
prevent adaptation between the C57 and CD-1 mice. The con-
trol group was treated similarly, with mice separated by perfo-
rated transparent boards and exchanged daily. This procedure 
was repeated for 10 consecutive days. Fresh food and drinking 
water were provided regularly during the modeling period, en-
suring stable environmental factors. When the depression-like 
model in the mice was fully established, the model group was 
randomly split into the CSDS model group (CSDS + Vehicle) and 
the lycopene administration group (CSDS + LYC).

2.3   |   Preparation of Drug

Lycopene was purchased from Shanghai Yuanye Bio-Technology 
Co. Ltd. (B20378). Lycopene was dissolved in corn oil for later 
use. After the CSDS modeling was completed, the CSDS + LYC 
group was given lycopene (20 mg/kg) daily by oral gavage, while 
the CSDS + Vehicle group received an equivalent volume of sol-
vent (Corn oil). The control group was not given any drug or sol-
vent administration.

2.4   |   Behavioral Tests

2.4.1   |   Sucrose Preference Test (SPT)

The sucrose preference test is a classic method used to assess an-
hedonia in mice (Liu et al. 2018). Prior to the formal experiment, 
a 2-day acclimation period is conducted. 1% sucrose is dissolved 
in water for use, named sugar water. In the initial 24 h, mice are 
offered two bottles of sugar water for acclimation. In the next 
24 h, one sugar water is substituted with pure water. Following 
acclimation, all C57BL/6J mice are subjected to 24 h of fasting 
and water deprivation to induce hunger and thirst.

During the formal experiment, each mouse was given one bottle 
of pure water, another bottle of sugar water, and fresh food. Mice 
were allowed to drink and eat freely while maintaining stable 
environmental conditions for 24 h. The bottles were weighed be-
fore and after the experiment, and then the intake values of pure 
and sugar water could be obtained by calculating the change 
in bottle weight. The sucrose preference was calculated using 
the formula: sucrose preference = (sucrose intake/(sucrose in-
take + water intake)) × 100%.

2.4.2   |   Open-Field Test (OFT)

The OFT is employed to assess locomotor activity, exploratory 
behavior, and anxiety levels in mice within an unfamiliar en-
vironment (Horka et  al.  2024). The open field apparatus con-
sists of a white, unroofed box measuring 50 × 50 × 50 cm, with 

the bottom divided into 25 squares of 5 × 5 cm each. During the 
test, the mouse was gently placed into the open field and allowed 
to move freely for 6 min. The first 2 min were used for adapta-
tion and we recorded the last 4 min. The total distance traveled 
by the mouse was calculated by Smart 3.0 software. After each 
mouse, the bottom and walls of the box were wiped with 75% 
ethanol to prevent odor residues from affecting the activity tra-
jectory of subsequent mice.

2.4.3   |   Tail Suspension Test (TST)

The TST is used to assess despair behavior in mice, with more 
severe depression showing more pronounced signs of despair. In 
the test, the mouse's tail was taped at the posterior 1/3 and sus-
pended from support against a white background, with the head 
of the mouse positioned 30 cm above the platform. The mouse 
was suspended for 6 min, and the total immobile time during the 
last 4 min was recorded.

2.4.4   |   Social Interaction Test (SIT)

The SIT is primarily used to evaluate the social behavior of mice 
induced by CSDS. Normal C57BL/6J mice typically exhibit a 
series of exploratory behaviors when faced with a novel envi-
ronment, and CD-1 mice in the test will show curiosity and fre-
quent contact. However, after repeated social defeat, C57BL/6J 
mice will significantly reduce their exploration of novel environ-
ments and display noticeable fear towards CD-1 mice, demon-
strating social avoidance.

2.4.4.1   |   Test Design.  Two white boxes measuring 
50 × 50 × 50 cm with open tops were prepared. In one box, a 
transparent perforated box containing CD-1 mice was placed 
in the center of one side of the bottom, and the surrounding 
squares were defined as the interaction area. A transparent 
empty box with the exact specifications was placed symmetri-
cally in the other box. At the start of the test, a C57BL/6J mouse 
was gently placed next to the empty box and the time it spent in 
the interaction area (No Target, T1) was observed and recorded 
for 150 s. Afterward, the mouse was removed and returned to its 
home cage for a 30-s rest, and the box was wiped with 75% eth-
anol to prevent affecting the next mouse. The rested C57BL/6J 
mouse was then placed in the box with CD-1 mice for 150 s, 
and the total duration of time spent in the interaction zone (Tar-
get, T2) was recorded. The social interaction ratio (SIR) was cal-
culated as follows:

2.5   |   Nissl Staining

The brain tissues of C57BL/6J mice were embedded in paraf-
fin and sectioned into 4 μm thick slices. After dewaxing and 
rehydration, the tissue sections were immersed in a staining 
solution for 2–5 min, washed with water, differentiated with 
0.1% acetic acid, and then washed with tap water to stop the re-
action. The sections were then dried and cleared in xylene for 
10 min and mounted with neutral resin. Under the microscope 
(Leica DM2000), the Nissl bodies and neuronal changes in the 

SIR = T2∕T1



4 of 12 Food Science & Nutrition, 2025

hippocampal regions were observed, and images were captured 
at 20× magnification using an optical microscope. The cell count 
was quantified using ImageJ analysis software (ImageJ 1.54f).

2.6   |   Western Blotting (WB)

All mice were sacrificed after the final behavioral test to col-
lect brain tissues. All brain tissues were lysed on ice using RIPA 
lysis buffer (Beyotime, Shanghai, China) to extract proteins, and 
protein concentrations were then measured using a BCA pro-
tein assay kit (Beyotime). Protein samples were resolved using 
SDS-polyacrylamide gel electrophoresis (Sangon, Shanghai, 
China) and then transferred onto PVDF membranes (Millipore, 
Burlington, MA, USA) and then incubated with 5% non-fat milk 
(Solarbio, Beijing, China) to block non-specific binding and 
then exposed to a range of primary antibodies overnight at 4°C. 
The primary antibodies list: anti-Syn (1:20,000; Proteintech, 
Wuhan, Hubei, China), anti-PSD-95 (1:10,000; Proteintech), 
anti-BDNF (1:3000; Huabio, Hangzhou, Zhejiang, China), anti-
TrkB (1:1000; Huabio), anti-pTrkB (1:2000; Huabio), and anti-
tubulin (1:10,000; Abcam, Cambridge, UK). Following washing 
with TBST (5 times, 5 min each), the membranes were incubated 
at room temperature with a secondary antibody (1:6000, goat 
anti-rabbit; Boster, Wuhan, Hubei, China) for 1 h, and protein 
bands were visualized using enhanced chemiluminescence 
(ECL). Band intensities were measured using ImageJ analysis 
software.

2.7   |   Quantitative Real-Time Polymerase Chain 
Reaction Analyses (qRT-PCR)

Total RNA was extracted from the tissues using the Trizol 
method (Invitrogen, USA). Following the manufacturer's guide-
lines, total RNA was converted into cDNA using the PrimeScript 
RT reagent Kit (TaKaRa, Japan). Quantitative mRNA expres-
sion was carried out with a SYBR Green PCR kit (TaKaRa) 
and measured using the SYBR Green detection system (Roche, 
Germany). All samples were run in triplicate. The results were 
normalized against β-actin, and relative gene expression was de-
termined using the 2−ΔΔCt method. The mouse primers specific 
to each gene are detailed in Table 1.

2.8   |   Statistical Analysis

Data analysis was conducted with GraphPad Prism 8 software. 
All data are presented as mean ± standard error of the mean 
(SEM). The Shapiro–Wilk test was used to assess the normality 

of the data distribution. If p < 0.05, a non-parametric test was 
employed. The Brown-Forsythe test was used to evaluate the 
homogeneity of variances. When variances were homogeneous, 
one-way ANOVA was carried out, and Tukey's post hoc test 
was applied afterward. If variances were not homogeneous, the 
Welch's ANOVA was applied, and further comparisons were 
made using Dunnett's T3 multiple comparison test. p < 0.05 was 
determined to be significantly different.

3   |   Results and Discussion

3.1   |   CSDS-Induced Depression-Like 
Behavior in Mice

Behavioral tests were conducted immediately after 10 days of 
CSDS modeling, with results shown in Figure  1a. In the SIT, 
the SIR was significantly decreased in mice subjected to CSDS 
(t38 = 4.878, p < 0.001), indicating that these mice spent less time 
in the chamber with the CD-1 mouse (T2) compared to controls. 
Under normal conditions, driven by their social instincts, animals 
are more inclined to explore social stimuli (Horka et al. 2024), re-
peatedly staying in the area where the CD-1 mouse is located. 
However, mice exposed to CSDS displayed social avoidance, 
avoiding the unfamiliar CD-1 mouse, reflecting a core symptom 
of human depression—social withdrawal. In contrast, the con-
trol group mice had relatively higher SIRs, exhibiting normal ex-
ploratory behavior in response to social stimuli.

Similarly, the SPT and the TST, respectively, reflect anhedonia 
and hopelessness, both of which are the core symptoms of de-
pression. In the SPT (t38 = 2.953, p = 0.005), mice subjected to 
CSDS demonstrated a reduced preference for sucrose relative to 
the control group, while in the TST (t38 = 2.046, p = 0.048), they 
exhibited longer immobility times. The OFT is primarily used to 
assess anxiety-like behavior in mice. Although anxiety was not 
the main focus of this study, the overall distance traveled by the 
mice in the open field can indirectly reflect their activity levels. 
Our results showed no statistically significant differences be-
tween the two groups of mice in the OFT (t38 = 1.583, p = 0.122).

3.2   |   Effects of Lycopene on Behavioral 
Performance of Stressed Mice

To investigate the effects of lycopene on depression, we con-
ducted a series of behavioral tests following the end of drug 
treatment again. As shown in Figure 2, in the SIT (F2,35 = 4.984, 
p = 0.013), the SIR of the CSDS + vehicle group mice remained 
lower compared to the control group (p = 0.021). In contrast, 

TABLE 1    |    The primer sequences.

Gene Forward Reverse

BDNF ACGACGACATCACTGGCTGAC AGGCTCCAAAGGCACTTGACTG

TrkB.FL GGTGGCTGTGAAGACGCTGAAG AATGTGCTCGTGCTGGAGGTTG

PSD-95 AGAGGTAGCAGAGCAGGGGAAG GGACGGATGAAGATGGCGATAGG

Syn TGCCGCCAGACAGGAAACAC CCAGAGCACCAGGTTCAGGAAG
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the SIR of the CSDS + LYC group mice significantly increased 
(p = 0.03), indicating that lycopene can improve social avoid-
ance behavior induced by CSDS. Similarly, in the SPT and the 
TST, the group treated with lycopene (CSDS + LYC) showed 
improved performance. In the SPT (F2,35 = 9.096, p < 0.001), 
sucrose consumption was markedly reduced in CSDS-exposed 
mice (p = 0.004), but lycopene intervention considerably in-
creased the sucrose preference in mice (p = 0.001). The TST 
involves placing mice in an environment they find aversive 
and cannot escape. Initially, mice from all groups attempt to 
escape. However, after a period of adaptation, they transition 
to a passive state, characterized by a natural hanging posture 
with minimal limb movement, reflecting a state of despair. We 
assessed the level of depression in mice by recording the total 
duration of this despair state. As expected, compared to the 
control group, the immobility time was significantly increased 
in the CSDS + vehicle group (F2,35 = 4.525, p = 0.018, p = 0.043), 
while lycopene administration reduced this increase (p = 0.027). 
In the OFT (F2,35 = 9853, p < 0.001), mice in the CSDS + vehicle 
group reduced the activity distance significantly compared to 
the control group (p = 0.003). Conversely, the distance traveled 
by mice treated with lycopene increased (p = 0.046).

3.3   |   Effects of Lycopene on the Histomorphology 
of the Hippocampus in Stressed Mice

Nissl staining was used to observe the pathological morpholog-
ical changes in the hippocampal tissue of mice. As depicted in 

Figure  3, the hippocampal neurons of the control group mice 
were numerous and tightly arranged, with intact cell morphol-
ogy, clear cell structures, and abundant Nissl bodies. In contrast, 
the CSDS + Vehicle group mice exhibited sparse neuron ar-
rangement, reduced neuron count (CA1: F2,6 = 13.27, p = 0.006, 
p = 0.008, CA3: F2,6 = 15.35, p = 0.004, p = 0.01, DG: F2,6 = 19.58, 
p = 0.002, p = 0.006), and disorganized or diminished Nissl bod-
ies with unclear boundaries compared to the control group. 
Treatment with lycopene improved the pathological damage in 
the hippocampal regions induced by CSDS, with a significant 
increase in the number of positive cells (CA1: p = 0.014, CA3: 
p = 0.006, DG: p = 0.003), more organized neuron arrangement, 
more apparent Nissl body morphology, and an increased num-
ber of Nissl bodies.

3.4   |   Effects of Lycopene on Hippocampal 
Neuronal Synaptic Plasticity in Stressed Mice

WB was used to detect the hippocampal expression levels of 
synaptic proteins Syn and PSD-95 in mice, reflecting lyco-
pene's effects on hippocampal synaptic plasticity. As the results 
shown in Figure 4, the expression levels of synaptic proteins in 
the CSDS + Vehicle group mice were markedly downregulated 
compared to the control group (PSD-95: F2,6 = 20.74, p = 0.002, 
p = 0.003, Syn: F2,6 = 10.57, p = 0.011, p = 0.011), demonstrating 
marked synaptic plasticity damage in the stress-induced mice. 
In contrast, the hippocampal expression levels of synaptic pro-
teins in the CSDS + LYC group were significantly upregulated 

FIGURE 1    |    Behavioral tests in CSDS-induced mice and research procedure. OFT, open field test; SIT, social interaction test; SPT, sucrose pref-
erence test; TST, tail suspension test. (a) Results of behavioral tests, the total distance in the OFT, the social interaction ratio in the SIT, the sucrose 
preference in the SPT and the immobility time in the TST. (b) Schematic representation of the CSDS procedure and treatments in mice. All the data 
are expressed as mean ± SEM (n = 24 in the control group n = 60 in the CSDS group). *p < 0.05, **p < 0.01, ***p < 0.001, ns means non-significant ver-
sus control group.
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compared to the CSDS + Vehicle group (PSD-95: p = 0.004, Syn: 
p = 0.037), suggesting that lycopene treatment improved the 
synaptic plasticity damage in the hippocampus of mice exposed 
to CSDS.

Similarly, qRT-PCR results confirmed this conclusion (Figure 5). 
The hippocampal mRNA expression levels of PSD-95 and Syn 
in the CSDS + Vehicle group mice were significantly downreg-
ulated compared to the control group (PSD-95: F2,12 = 10.89, 
p = 0.002, p = 0.0015, Syn: F2,12 = 19.55, p < 0.001, p < 0.001), 
while the mRNA expression levels of PSD-95 and Syn in the 
hippocampus of the CSDS + LYC group mice were substantially 
upregulated compared to the model group (PSD-95: p = 0.048, 
Syn: p = 0.004).

3.5   |   The Role of the BDNF–TrkB Pathway in 
the Antidepressant Effects of Lycopene

Research has shown that using lycopene can upregulate BDNF 
expression in aged CD-1 mice (Zhao et  al.  2018). Given the 
close relationship between BDNF and synaptic plasticity, we 
hypothesized that the BDNF–TrkB pathway plays a crucial 
role in lycopene's improvement of synaptic plasticity. To verify 
this hypothesis, we examined the expression levels of BDNF, 
TrkB, and pTrkB. As shown in Figure 4a, the expression level 

of BDNF in the CSDS + Vehicle group was significantly lower 
than that in the normal group (BDNF: F2,6 = 27.33, p = 0.001, 
p = 0.002). In contrast, BDNF expression in the CSDS + LYC 
group treated with lycopene was upregulated compared to the 
depression model group (BDNF: p = 0.002), indicating that 
lycopene treatment promotes BDNF secretion. Studies (Cao 
et al. 2020; Dorsey et al. 2012; Renn, Leitch, and Dorsey 2009) 
have shown that TrkB exists in two variants: the full-length 
TrkB (TrkB.FL) and the truncated TrkB (TrkB.T1), which have 
different molecular weights. Here, we analyzed both variants 
separately. As shown in Figure 4f, TrkB.FL exhibited no signif-
icant changes among the groups, whereas TrkB.T1 expression 
was reduced in the CSDS + Vehicle group (TrkB.T1: F2,6 = 7.89, 
p = 0.021, p = 0.024) and upregulated following lycopene treat-
ment (p = 0.048). Furthermore, to assess functional activity 
changes in the BDNF–TrkB pathway, we measured pTrkB lev-
els. As shown in Figure 4g, the relative expression of pTrkB in 
the CSDS + Vehicle group was significantly decreased compared 
to the normal group (pTrkB: F2,6 = 7.90, p = 0.021, p = 0.024), 
but it was elevated in the CSDS + LYC group (p = 0.048). These 
findings suggest that the functional activity of the BDNF–TrkB 
pathway is inhibited in depression model mice and that lyco-
pene treatment alleviates this inhibition.

Similarly, qRT-PCR results confirmed this conclusion. As 
shown in Figure 5, the mRNA expression levels of BDNF were 

FIGURE 2    |    Effects of lycopene on CSDS-induced depressive behaviors. OFT, open field test; SIT, social interaction test; SPT, sucrose preference 
test; TST, tail suspension test. (a) The immobility time in the TST, the sucrose preference in the SPT, and the social interaction ratio in the SIT. (b) The 
total distance in the OFT and heat maps of path tracing in the OFT after lycopene administration. All the data are expressed as mean ± SEM (n = 12 
per group). *p < 0.05, **p < 0.01, ns means non-significant versus control group, or CSDS + Vehicle versus CSDS + LYC.
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downregulated in CSDS-induced mice (F2,12 = 18.26, p < 0.001, 
p < 0.001). However, following lycopene treatment, the mRNA 
expression levels of BDNF were markedly elevated compared to 
the model group (p = 0.049). The mRNA levels of TrkB.FL did 
not change significantly among the groups, which is consistent 
with the WB results.

4   |   Discussion

This research aims to investigate the antidepressant mechanisms 
of lycopene using the classic CSDS animal model of depression. 
Findings demonstrated that the CSDS paradigm damages hip-
pocampal synaptic plasticity in mice. Furthermore, lycopene 
treatment was shown to mitigate this synaptic plasticity impair-
ment, thereby reversing the depressive-like behaviors induced 

by CSDS. In the CSDS + Vehicle group, the hippocampal ex-
pression of BDNF and pTrkB was markedly downregulated, 
but following lycopene treatment, the expression of BDNF and 
pTrkB increased. This suggests that lycopene may improve 
CSDS-induced synaptic plasticity damage through the BDNF–
TrkB pathway, thereby reversing depressive-like behaviors. 
Furthermore, the Nissl staining results also showed that the 
lycopene treatment group exhibited a more normal tissue struc-
ture., further supporting the neuroprotective effects of lycopene.

According to Lin et  al.  (2014), lycopene exerted anti-
neuroinflammatory effects by activating the AMP-activated 
protein kinase-α1/heme oxygenase-1 pathway. Building on this, 
Zhang et  al. (2016) used LPS to trigger depressive-like behav-
iors in mice (Zhang et  al.  2016). They suggested that alleviat-
ing LPS-triggered depressive-like behaviors by lycopene might 

FIGURE 3    |    Neuroprotective effect of lycopene in different hippocampal subregions. (a) Nissl staining in the hippocampal CA1, CA3 and DG 
subregions. (b) The statistical analysis in CA1, CA3 and DG subregions. Data are presented as mean ± SEM (n = 3 per group). *p < 0.05, **p < 0.01, ns 
means non-significant versus control group, or CSDS + Vehicle versus CSDS + LYC.
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be related to the regulation of HO-1. However, the depressive-
like symptoms involved in these studies were artificially in-
duced by the chemical LPS, resulting in acute and transient 
depressive-like behaviors in animals. In contrast, depression is 

a chronic, persistent disorder, and chronic stress paradigms are 
more reliable and effective in modeling depressive-like behav-
iors in rodents compared to acute stress paradigms (Antoniuk 
et al. 2019; Atrooz, Alkadhi, and Salim 2021; Iñiguez et al. 2016). 

FIGURE 4    |    Effects of lycopene on synaptic proteins and BDNF–TrkB signaling pathway. (a, b, d–g) Protein level of BDNF, TrkB, PSD-95, Syn, 
TrkB.FL, pTrkB/TrkB.FL. (c, h) Representative WB bands. Data are presented as mean ± SEM (n = 3 per group). *p < 0.05, **p < 0.01, ns means non-
significant versus control group, or CSDS + Vehicle versus CSDS + LYC.



9 of 12

Additionally, recent research has suggested that chronic stress 
can cause structural and functional changes in neurons (Fries 
et al. 2023; McEwen, Nasca, and Gray 2016), which helps explain 
the persistent symptoms of depression. Addressing this, Kumar 
et al. (2019) employed a chronic unpredictable stress (CUS) par-
adigm to naturally induce depressive-like symptoms in mice, 
where lycopene similarly exhibited significant antidepressant 
effects. These findings suggest that lycopene holds great poten-
tial as an antidepressant, yet its precise mechanisms are not en-
tirely understood. In our study, we employed the CSDS model, 
which, along with the CUS model, is widely used as a classic 
animal model of depression. Compared to CUS, CSDS offers 
higher ecological validity and more substantial reproducibility. 
Following the induction of depression, mice were administered 
lycopene, with dosage levels (20 mg/kg) based on the study by 
Kumar et  al.  (2019), which has already confirmed the antide-
pressant effect and safety of this dosage. According to the FDA's 
proposed human equivalent dose (HED) (U.S. Food and Drug 
Administration [FDA] 2002), this dosage converts to 1.62 mg/kg 
for humans. Although there are currently no clinical studies on 
the use of lycopene for treating depression in humans, based on 
the toxicological studies of lycopene (Trumbo 2005), this is con-
sidered a safe dosage for humans. Behavioral results following 
lycopene treatment revealed that the immobility time in the TST 
was significantly reduced in the CSDS + LYC group compared to 

the CSDS + Vehicle group. Additionally, lycopene significantly 
improved CSDS-induced social avoidance, and the sucrose 
preference index increased markedly. These findings indicate 
that lycopene can reverse depressive-like behavior induced by 
CSDS. Notably, when measuring the total distance traveled in 
the OFT at the end of the CSDS procedure, no significant dif-
ference was observed between the CSDS group and the control 
group. However, after treatment, the total distance traveled by 
the CSDS + Vehicle group was significantly reduced compared 
to the control group. This conclusion may suggest that extend-
ing the duration of social defeat beyond the traditional 10-day 
paradigm might yield more pronounced behavioral phenotype 
differences (Lu et al. 2021).

Synaptic plasticity is one of the essential hypotheses of depression 
(Cui et al. 2024). Synaptic loss and dysfunction are believed to be 
associated with major depressive disorder (MDD), and changes 
in synaptic density are related to the severity of depression and 
network alterations (Howard et al. 2019). Zhao et al. (2018) discov-
ered that lycopene could improve synaptic plasticity and cognitive 
function, providing a new avenue for exploring its mechanism of 
action. These conclusions suggest that lycopene may exert anti-
depressant effects by enhancing synaptic plasticity, which is the 
basis for our study. We observed that in mice exposed to CSDS, 
pre- and post-synaptic components were reduced, consistent with 

FIGURE 5    |    Effect of lycopene on mRNA in CSDS-induced mice. Data are presented as mean ± SEM (n = 5 per group). *p < 0.05, **p < 0.01, ***p < 0.001, 
ns means non-significant versus control group, or CSDS + Vehicle versus CSDS + LYC.
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previous research (Iñiguez et al. 2016). However, after lycopene 
treatment, the reduction in synaptic-related proteins induced by 
CSDS was significantly improved, demonstrating the potential of 
lycopene in enhancing synaptic plasticity. However, further inves-
tigation into the detailed mechanisms of its action is still needed.

BDNF is an essential neural plasticity and development pro-
tein, mediating neuronal maturation and synapse formation. 
Conversely, the production and release of BDNF are also regu-
lated by neuronal activity (Castrén and Hen 2013). Two different 
types of receptors generally mediate BDNF signaling: the p75 
neurotrophin receptor (p75NTR) and the TrkB receptor (Podyma 
et al. 2021). However, to our knowledge, the synaptic effects of 
BDNF are almost exclusively mediated by TrkB (Castrén and 
Hen  2013; Sairanen et  al.  2005). TrkB signaling promotes the 
survival of newly generated neurons in the dentate gyrus, en-
hances axon and dendrite growth, stabilizes synapses, and facil-
itates synaptic transmission (Khalifeh et al. 2020). In our study, 
we examined the expression levels and functional changes of 
BDNF–TrkB/pTrkB. The results indicated that CSDS led to a 
downregulation of BDNF expression in the hippocampus of 
mice, accompanied by a concurrent decrease in pTrkB levels. 
The level of pTrkB reflects the activity of the BDNF signaling 
pathway. Under normal circumstances, BDNF binds to the extra-
cellular domain of the TrkB.FL receptor, inducing autophosphor-
ylation of TrkB.FL, which exposes binding domains for PLCγ, 
adenosine triphosphate (ATP) and growth factor receptor-bound 
protein 2 (GRB2) (Wang, Kavalali, and Monteggia 2023), thereby 
propagating the signal downstream. Thus, the reduction in 
pTrkB expression in depressive model mice may primarily result 
from the decreased BDNF levels. Following lycopene treatment, 
BDNF levels were upregulated, along with a corresponding in-
crease in pTrkB expression levels. This suggests that lycopene 
promotes BDNF secretion and restores the functional activity of 
the BDNF–TrkB pathway. Additionally, both PCR and WB anal-
yses showed no significant changes in TrkB.FL levels among the 
three experimental groups, indicating that CSDS primarily af-
fects the activity of the TrkB.FL receptor and downstream signal-
ing pathways rather than directly altering receptor expression. 
Interestingly, we observed a downregulation of TrkB expression 
in the CSDS + Vehicle group. Studies have shown that TrkB is a 
truncated variant of TrkB.FL, containing only extracellular and 
transmembrane domains but lacking the intracellular kinase do-
main (Wang et al. 2024). While it shares a similar structure with 
TrkB.FL and can bind BDNF, it does not directly transmit BDNF–
TrkB signaling. Instead, it functions as a regulator, competing for 
BDNF binding or forming heterodimers with TrkB.FL, thereby 
preventing further transmission of BDNF signals (Haapasalo 
et al. 2001). The trend of TrkB downregulation observed in the 
CSDS + Vehicle group aligns with the findings in study made by 
Wang et al. (2022), though they did not explore this in depth. We 
believe this may represent an adaptive mechanism attempting to 
enhance TrkB.FL signal transduction in depressive model mice. 
However, this adaptation is insufficient to fully restore normal 
signal transmission, which could explain the decreased pTrkB 
levels observed in the depressive model group.

In summary, our study reinforces the antidepressant effects of 
lycopene and further reveals that lycopene may exert its anti-
depressant effects by facilitating synaptic plasticity through the 
BDNF–TrkB pathway. These conclusions provide preclinical 

evidence for the potential clinical use of lycopene and introduce 
more possibilities for antidepressant treatment, such as serving 
as an adjunct therapy to SSRIs like fluoxetine. However, the effi-
cacy of such combination therapy requires further investigation.

Undeniably, our research has its limitations. First, we only 
used male mice, which introduced a gender-related limitation 
to our research. This choice was made because male mammals 
generally exhibit more robust hierarchical behavior and expe-
rience more significant stress than females in the context of 
CSDS (Atrooz, Alkadhi, and Salim  2021), which aligns better 
with our research focus. Second, we focused solely on the hip-
pocampus as the region of interest. Other brain areas, like the 
prefrontal and cingulate cortex, are susceptible to stress as well 
(Chin Fatt et al. 2021). Future research will expand to include 
multiple brain regions. Finally, we only assessed changes in the 
BDNF–TrkB pathway without conducting reverse validation. 
For example, introducing BDNF or TrkB inhibitors followed by 
behavioral and protein changes in the mice could provide strong 
evidence for the involvement of this pathway. Additionally, 
considering that depression is a chronic disease, its pathologi-
cal mechanisms often take longer to fully manifest. Therefore, 
extending the behavioral observation time after lycopene inter-
vention may provide a more comprehensive evaluation of its ef-
ficacy, thus more accurately reflecting its effects and value in 
chronic disease intervention. We apologize for the limitations 
above and will strive to address them in future research.

5   |   Conclusions

For the first time, we have demonstrated the antidepressant 
effects of lycopene in a CSDS mouse model. Furthermore, we 
discovered that lycopene exerts its antidepressant effects by im-
proving synaptic plasticity through the BDNF–TrkB pathway, 
which promotes the application of natural foods in depression 
treatment. In response to the limitations of this experiment, we 
plan to conduct further verification in future studies and include 
multiple brain regions in our research.
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