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Physical exercise during adolescence affects brain functions for a long time,
extending into adulthood. This study was aimed to examine the effect of
curcumin supplementation on Brain-derived neurotrophic factor (BDNF) and
vascular endothelial growth factor (VEGF) levels in the brain in adolescent
rats subjected to weight-loaded forced swimming exercise. Female Sprague-
Dawley rats at 6 weeks of age were randomly assigned to four groups: control,
swimming exercised (SE), curcumin (CCM) and swimming
exercised+curcumin (SE+CCM). After 1 week of adaptation training, SE and
SE+CCM groups were given weight-loaded swimming exercise 5 days a week
for 4 weeks. Curcumin was administered to rats in CCM SE+CCM groups via
intragastric gavage at a dose of 50 mg/kg/d for 5 weeks. Prefrontal cortex and
hippocampus BDNF and VEGF levels, and immunoreactivities were
evaluated. BDNF levels of the SE group were significantly lower than the
control and SE+CCM groups in the prefrontal cortex. VEGF levels of the SE
group were significantly lower than the CCM and SE+CCM groups in the
prefrontal cortex. VEGF values of the control group was increased compared
to the SE and SE+CCM groups in the hippocampus. BDNF and VEGF
immunoreactivities of the SE group were significantly lower than the control,
CCM and SE+CCM groups. Our study show that curcumin supplementation
reduces the inhibitory effect of exhaustive swimming exercise on the
neurotrophic factors in the brain. The underlining mechanism of the effect of
curcumin is related to BDNF and VEGF levels.
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1. Introduction

Physical exercise contributes markedly to physical and mental health and reduces the risk of cardiovascular and
metabolic diseases. However, long-term and intense exercise can cause fatigue through different mechanisms such
as depletion of energy resources, oxidative stress or changes in cytokine balance. Fatigue can cause changes that limit
motor skill performance and lead to a decrease in physical and mental functions (Liu et al., 2017, Chang et al., 2013).
In studies examining the effects of exhausting swimming exercise on the brain, rodent models were used with loads
varying between 2-10% of the body and applied for variable periods of time. It has been found that exercise-induced
fatigue may cause inflammation (Li et al., 2019) besides the damages such as apoptosis and impairment of synaptic
plasticity in the hippocampus (Ding et al., 2015). It has also been shown that exhaustive swimming exercise may
cause brain damage due to mitochondrial functions, neuroinflammation, apoptosis, and disruption of neurotransmitter

balance and, accordingly, neurobehavioral impairment (Peng et al., 2021).

Although the cognitive effects of fatigue due to excessive exercise depend on multiple factors, changes in the levels
of neurotransmitters and neurotrophic factors may be involved in the etiology (Kim et al., 2022). Brain-derived
neurotrophic factor (BDNF) is a neurotrophin that plays an important role in processes such as neuroplasticity,
learning and memory. Regular exercise mediates the positive effects of exercise on cognitive functions by increasing
BDNF levels in the brain. BDNF levels decrease in processes such as neurodegenerative diseases and aging (Leger
et al.2024, Bathina & Das, 2015). Additionally, high corticosterone reduces BDNF expression in the frontal cortex
and hippocampus (HP). Forced exercise can cause stress, increasing corticosterone levels and causing a decrease in
BDNF levels (Rostami, Haghparast, & Fayazmilani, 2021). Vascular endothelial growth factor (VEGF) is a cytokine
that provides angiogenesis and also functions as a neurotrophic factor. VEGF facilitates neurogenesis in the brain
and has a neuroprotective effect by inhibiting apoptosis. It also plays a role in the learning and memory process by
contributing to synaptic plasticity. In cases of increased stress, VEGF expression, like BDNF, also decreases
(Nowacka & Obuchowicz, 2012; Sun & Guo, 2005). In a study examining the effects of regular swimming exercise
depending on the duration-intensity, a cerebral infarction rat model was used. The study showed that the moderate
duration of swimming exercise, rather than short or long duration, can improve neurocognitive function by increasing
hippocampal BNDF and VEGF levels (Song et al.2019). It has been shown that cognitive impairment seen in a rat
model of vascular dementia can be ameliorated by increased BDNF expression levels in the cerebral cortex and
hippocampus due to high-intensity interval training (Guo et al.2023). A similar study has found that aerobic exercise
at different intensities may improve cognitive functions by increasing BDNF expression levels in the brain in an
Alzheimer's disease-induced rat model, and high-intensity aerobic exercise was the most effective method (Lee et
al., 2023).

Curcuma longa (turmeric) is a plant native to India and widely grown in Southeast Asia. Curcumin is the active
component of turmeric. It is responsible for the plant's yellow color and many of turmeric's therapeutic effects.
Curcumin has antioxidant, anti-inflammatory and anti-proliferative activities. It also has neuroprotectant and tumor-
preventing effects (Assi et al., 2023; Yildiran, Macit, & Ozata 2020; Wilken et al., 2011). Since BDNF is associated
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with energy homeostasis, exercise and nutritional supplement use may have a positive effect on cognitive functions
by regulating BDNF levels (Gomez-Pinilla & Gomez, 2011). Physical exercise performed during adolescence has
positive effects on brain functions until adulthood. Changes in brain development continue throughout adolescence.
Forced exercise during this period may cause stress, change the levels of neurotrophic factors, and brain development
may be negatively affected (Rostami, Haghparast, & Fayazmilani, 2021). There are limited studies showing that
curcumin, together with treadmill exercise, has a positive effect on cognitive functions and regulates BDNF levels in
neurotoxicity models (Sokouti, Mohajeri, & Nourazar, 2022; Hosseinzadeh, Roshan, & Mahjoub, 2013). It has been
shown that 8 weeks of curcumin administration in aged rats increased BDNF and VEGF levels in the brain (Cheriki,
Habibian, & Moosavi, 2024). The effect of curcumin administration in combination with forced swimming exercise
on BDNF and VEGF levels in the brain is unclear. This study was aimed to examine the effect of curcumin
supplementation on BDNF and VEGF levels in the brain in adolescent rats subjected to weight-loaded forced

swimming exercise.

2. Material and Method

2.1. Animals
This study was approved by the Ethics Committee of Dokuz Eylul University Faculty of Medicine (approval number:
39/2021). All experiments were performed in accordance with the rules provided by the Experimental Animals
Laboratory. Rats were maintained on a 12-hour light/dark cycle under temperature- and humidity-controlled
conditions. In the study of Cheriki et al. (2024) considering the effect of curcumin on BDNF and VEGF levels in the
brain in rats, the sample size of animals in the groups was determined based on a power of 85% and a p value of 0.05
using the G* power program (3.1.9.4). Female Sprague-Dawley rats at 6 weeks of age were randomly assigned to
four groups:

Group I: Control (C, n=7); sedentary group with no swimming exercise.

Group II: Swimming Exercised (SE, n=7); after 1 week of adaptation training, rats were given swimming
exercise 5 days a week for 4 weeks.

Group I1I: Curcumin (CCM, n=8); rats were given curcumin 5 days a week for 5 weeks and did not exercise.

Group 1V: Swimming Exercised and CCM group (SE+CCM n=8); rats were given swimming exercise and

curcumin 5 days a week for 5 weeks.

Curcumin (C1386-10G, Sigma) was administered to rats in CCM group and SE+CCM group via intragastric gavage
at a dose of 50 mg/kg/d for 5 weeks (Shirpoor et al.2021). Curcumin was dissolved in dimethyl sulfoxide (DMSO).
Curcumin was applied to the rats in SE+CCM group one hour before exercise. An equal volume of DMSO was

administered to the rats in the groups control and SE via intragastric gavage.

Adaptation training was applied to rats in groups SE and SE+CCM in the first week. Adaptation exercises consisting
of 10-minute sessions of swimming without weights for 3 days, and treadmill application at a speed of 10 m/min for

2 days without incline. In the 2", 3™ and 4™ weeks, the rats were subjected to 10-minute swimming exercises with a
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load of 2%, 4% and 6% of their body weight, respectively (Petiz et al., 2017). In the last week, the rats were made to

swim with an additional load of 10% of their body weight until they were exhausted.

The swimming exercise was performed in a cylindrical tank filled with water with a diameter of 30 cm. The water
level in the tank was adjusted so that the rats could not jump out and had to swim (40 cm). The temperature of the
water was kept at 25+2°C. Rats were monitored with the Noldus Ethovision XT video-tracking system during
exercise. The total climbing and swimming behavior times until the rats were exhausted were recorded. It was
accepted as exhaustion if the rats submerge into water due to fatigue and remained under water for 10 seconds (Shin
et al. 2019). Control and CCM rats were kept in the exercise area without being placed in the water tank. All rats
were sacrificed after the final exhaustive swimming exercise. Brain tissue samples were taken quickly (Fig.1.

Experimental study design).
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Figure 1. Experimental study design

2.2. Biochemical Estimations

After all rats were sacrificed under light ether anesthesia, brain tissues were taken. Half of the brain tissues of all rats
were used for enzyme-linked immunosorbent assay (ELISA) measurements and the other part for light microscopic
examination. Prefrontal cortex (PFC) and HP tissues, which are brain regions associated with cognitive functions,

were dissected on a cold surface, and kept at -80°C until ELISA measurements were made.

Tissue BDNF and VEGF levels were determined using a plate reader (BioTek ELx800, Vermont, USA) according
to the kit instructions (E0476Ra (BDNF), BT Lab, China and E0940Ra (VEGF), BT Lab, China, respectively). The
test principle applied in the kits is Sandwich enzyme immunoassay. For the measurement of tissue protein levels,
Pierce BCA Protein Assay Kit (23227, Thermo Scientific, lllinois, USA) was used. PFC and HP tissues were
homogenized in buffer (1:9) and supernatant was obtained by centrifugation for 20 min at 5000xg at 4 °C. To
determine BDNF and VEGF levels, 40 pl sample was added to an antibody-coated 96-well plate and then 10 pl
biotinylated antibody were added. Streptavidin-HRP of 50 ul was added into wells and kept at 37°C for 60 minutes.
Then, chromogen A and B (50 pl each) were applied and incubated for 10 min at 37°C in the dark. The optical density
was measured at 450 nm and the concentrations of BDNF and VEGF were calculated using standard curve regression

method.
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2.3. Immunohistochemistry

The brain tissues were kept in 10% formalin in phosphate buffer for 24 h. After the routine histological processions,
paraffin blocks were prepared. 5 um thick sections were taken from paraffin blocks using a microtome (Finesse ME+,
Thermo Scientific). The coronal sections were obtained from the PFC corresponding approximately to plates 9 and
11, in the rat atlas of Paxinos and Watson. The sections were kept at 60°C overnight and then deparaffinized in xylene
and rehydrated. Tissue endogenous peroxidase activity was inhibited by applying the hydrogen peroxide block for
10 minutes. The sections were then incubated with a protein block (IHC Detection Kit ab64259, Abcam, USA) for
10 minutes at room temperature. After overnight incubation of the primary antibody at 4°C (1:200, bs-4989R (BDNF)
and bs-0279R (VEGF), Bioss Antibodies, USA), the sections were kept in biotin for 10 minutes. Negative controls
were obtained by omitting the primary antibody. The secondary antibody was bound with streptavidin
peroxidase. Then, the antibody-biotin-streptavidin peroxidase complex was visualized with Diaminobenzidine
(DAB) chromogen. To counterstain the sections, Hematoxylin was used. Antibody reactivity levels were evaluated
utilizing a light microscopic image analysis system comprising a microscope (Olympus CX-41) and a video camera
(Olympus DP25), operated with CellSens Entry 1.7 software (Olympus, Pennsylvania, USA). Immunoreactivity for
BDNF and VEGF was evaluated semi-quantitatively in three sections from each sample and graded from 0 to 4; 0;
no obvious staining, 1; low, 2; moderate, 3; high and 4; severe staining (Uysal et al.2015). Immunohistochemical
scoring was performed by a blinded investigator.

2.4. Statistics

The results were expressed as mean + standard error of the mean (SEM). Statistics were performed utilizing SPSS
27.0 (IBM Inc., IL, USA). Group differences in normally distributed values were assessed using the one-way analysis
of variance (ANOVA) followed by the post-hoc LSD test. The Kruskal-Wallis test was employed for non-normally
distributed data. Significance values were adjusted for multiple comparisons with Bonferroni correction. Statistically

significance was defined as p<0.05.

3. Results and Discussions

3.1. Results

The mean BDNF levels of all groups are shown in Fig. 2. When the BDNF levels of the groups were compared in
the PFC, a significant difference was observed between groups (F(3,26)=4.00, p=0.018). There is a significant
difference between the control and the SE rats (p=0.015). BDNF levels of the control are significantly higher than
the SE rats. There is a significant difference between the SE and the SE+CCM rats (p=0.006). BDNF values of the
SE rats were significantly decreased compared to the SE+CCM rats. There is no significant difference between
groups in BDNF levels in the HP (p>0.05).
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Figure 2. BDNF levels of rats. *Significantly different from SE+CCM group. *Significantly different from SE group.

The mean VEGF levels of all groups are shown in Fig. 3. When the VEGF levels of the groups were compared in the
PFC, a significant difference was observed between groups (F(3,26)=4.95, p=0.004). There is a significant difference
between the control and the SE rats (p = 0.003). VEGF levels of the control group are significantly higher than the
SE group. There is a significant difference between the SE rats and the CCM and SE+CCM groups (p=0.011 and
p<0.001, respectively). VEGF values of the SE rats were significantly lower than the CCM and SE+CCM rats. There
is a significant difference between groups in VEGF levels in the HP (F(3,26)=4.35, p=0.013). VEGF levels of the
control group are significantly higher than the SE and SE+CCM groups (p=0.005 and p= 0.004, respectively). There
is no significant difference between VEGF levels of the SE and SE+CCM groups (p>0.005).
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Figure 3. VEGF levels of rats. *Significantly different from CCM and SE+CCM group. *Significantly different from SE
group. &Significantly different from control group.

Comparing the BDNF and VEGF immunoreactivity in the PFC region showed a significant difference between
groups (Fig.4, F(3,16)=3.90, p=0.029 and F(3,16)=4.63, p=0.016, respectively). Significant difference was found
between the SE rats and the control, CCM and SE+CCM groups (p=0.008, p=0.019 and p=0.019, respectively).
BDNF immunoreactivity of the SE rats was significantly lower than the other groups. VEGF immunoreactivity of
the SE group was significantly lower than the control, CCM and SE+CCM groups (p=0.040, p=0.003 and p=0.016,
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respectively). Light microscopic images of BDNF and VEGF immunohistochemistry are presented in Fig.5 and
Fig.6. In the SE group, the expression of BDNF and VEGF was observed to be decreased compared to other groups.

BDNF and VEGF immunoreactivities .(s:]i:l.ﬂm]
m

400 4 oCChM
mSEHCCM
3,30 4

& #

w 3,00 -
2 1 1

3250 -
= 2,00 4
1,50 4
£ 100 1
0,50 -
0,00 -

TEEE10

BDNF VEGF

Figure 4. BDNF and VEGF immunoreactivities of rats. *Significantly different from SE group.

Figure 5. Immunostaining of rat brains with BDNF antibody. Black arrows: immunopositive cells (inset: NC; negative
control). C: Control, SE: Swimming Exercised, CCM: Curcumin, SE+CCM: Swimming Exercised + Curcumin.

Figure 6. Immunostaining of rat brains with VEGF antibody. Black arrows: immunopositive cells (inset: NC; negative
control). C: Control, SE: Swimming Exercised, CCM: Curcumin, SE+CCM: Swimming Exercised + Curcumin.
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3.2. Discussion

In this study, we examined the effects of curcumin on adolescent rat brain BDNF and VEGF levels that underwent
exhaustive swimming exercise. The results of the study show that weight-loaded forced swimming exercise reduces
BDNF and VEGEF levels in the PFC and VEGF levels in the HP. Results showed that curcumin with exhaustive
exercise significantly increased PFC BDNF and VEGF levels and no increased in HP. Previous studies have shown
that curcumin has a neuroprotective effect and protects cognitive functions, but there is not any information about its

modulating actions on exhaustive exercise-dependent change in BDNF and VEGF levels.

In our study, neurotrophic factor BDNF in the PFC, but not in the HP, were found to be significantly lower in the SE
group than in the other groups. Lou et al. showed that there is a change in BDNF expression depending on exercise
intensity. It has been shown that after 1 week of treadmill exercise in juvenile rats, BDNF expression in the HP
increased in the low intensity exercise group and decreased in the high intensity exercise group (Lou et al., 2008).
BDNF levels in the brain decrease in situations that cause stress, such as exhaustive forced exercise. It has been
reported that BDNF immunoexpression was reduced in the PFC and dentate gyrus in rats developed as a depression
model (Algaidi et al., 2019). Serum BDNF levels in trained men who exercise regularly were found to be significantly
lower than in sedentary subjects (Nofuji et al., 2008). According to our study, exhaustive exercise-induced decrease
in BDNF levels can be rescued by curcumin. In ovariectomized adult rats, curcumin supplementation has been shown
to increase BDNF expression in the limbic system (Abd-Rabo et al., 2019). Curcumin supplementation along with
treadmill exercise or swimming exercise improved BDNF levels in the HP in rats with neurotoxicity (Feizolahi et
al., 2019; Dabidi et al., 2013). In our study, the results suggest that curcumin combined with exercise may have a
neuroprotective effect on the PFC tissue by increasing the neurotrophic protein BDNF. Failure to change BDNF

protein levels in HP with curcumin treatment may be related to treatment duration or dose.

VEGF is among the growth factors and is a regulator in many signaling pathways such as angiogenesis and
neurogenesis. In our study, VEGF levels were significantly lower in the PFC and the HP of rats subjected to
exhaustive swimming exercise compared to the control group. VEGF levels have contradictory results in studies
involving exercise. It has been shown that 8 weeks of treadmill exercise in ovariectomized female rats increases
VEGF expression in the brain (Yoon et al., 2023). Zadeh et al. (2023) showed that while BDNF levels were not
affected in the HP of rats that underwent treadmill exercise for two weeks, VEGF levels increased. On the other hand,
it was observed that VEGF levels in the HP did not change in adult rats that underwent swimming exercise for 4
weeks (Jiang et al., 2014). Our data demonstrated that curcumin with exercise increased VEGF levels in the PFC,
but not in the HP. Previous studies have reported the antidepressant effect of curcumin and its relationship with
BDNF, but the relationship of curcumin administration with exhaustive exercise to VEGF is unclear (Abd-Rabo et
al., 2019). Krupa et al. showed that nanocurcumin treatment did not have a significant effect on VEGF expression in
rats with spinal cord injury (Krupaet al., 2019). It has been shown that two-week curcumin treatment in mice modeled

with vascular dementia increases VEGF expression in the cerebral cortex (Zhang et al., 2021).
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4. Conclusions

We showed that curcumin supplementation reduces the inhibitory effect of exhaustive swimming exercise on the
neurotrophic factors in the prefrontal cortex and hippocampus regions in this study. The mechanism underlying the
effect of curcumin in this study can be explained, at least partially, regarding the levels of BDNF and VEGF. Further
studies will be revealing to demonstrate the effects of curcumin supplementation combined with exercise during

adolescence.
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