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Abstract

Background and aims: Parkinson's disease (PD) is a progressive neurodegenerative disorder characterized
by dopaminergic neuron loss in the substantia nigra, leading to motor and non-motor symptoms. Brain-
Derived Neurotrophic Factor (BDNF), an important regulator of neuronal plasticity and adaptive responses,
represents a potential molecular target in Parkinson’s disease research. This study compared the effects of aerobic,
resistance, and combined exercise (PD-COM) training on BDNF gene expression in the striatum and
substantia nigra of a PD rat model.

Methods: Fifty male Wistar rats were divided into five groups: healthy control (HC), PD non-exercise, and
PD with aerobic, resistance, or PD-COM. Parkinsonism was induced via unilateral 6-OHDA injection.
Exercise interventions lasted 8 weeks (5 days/week). BDNF gene expression was quantified using PCR, and
data were analyzed using one-way ANOVA and Tukey’s test (p<0.05).

Results: Significant group differences were observed for BDNF expression in both the striatum and substantia nigra
(p < 0.001). Compared with the PD non-exercise group, aerobic, resistance, and PD-COM significantly increased
BDNF expression in both brain regions (all p <0.001). PD-COM produced the highest BDNF expression, reaching
levels comparable to those observed in HCs. Aerobic exercise resulted in higher substantia nigra BDNF expression
than resistance exercise (p = 0.014).

Conclusion: Combined aerobic and resistance exercise produced the greatest increase in BDNF mRNA expression
in the striatum and substantia nigra compared with isolated exercise modalities. These findings suggest that
combined training may provide a stronger stimulus for regulating BDNF-related molecular responses following
dopaminergic injury.

Keywords: Parkinson's disease, Brain-derived neurotrophic factor, Aerobic exercise, Resistance exercise,
Combined exercise

Introduction



Parkinson’s disease (PD) is a progressive neurodegenerative disorder characterized by loss of dopaminergic neurons
in the substantia nigra, causing motor and non-motor symptoms. It affects 1-2% of people over 60, with prevalence
projected to double by 2030 (1). Annual costs exceed $50 billion in the U.S. Brain-Derived Neurotrophic Factor
(BDNF) supports neuronal survival and is a promising target for slowing disease progression (2). Exercise
upregulates BDNF expression and may improve patient outcomes (3). BDNF binds to tropomyosin receptor kinase
B (TrkB), activating CREB, MAPK, and PI3K/Akt pathways (4), enhancing neuronal survival (5). Exercise
increases BDNF via epigenetic mechanisms and activity-dependent processes (6). Aerobic, resistance, and combined
exercise (PD-COM) may affect these pathways differently (7). However, effects on the nigrostriatal pathway remain
poorly defined.

In rodents, aerobic exercise elevates BDNF and improves plasticity (8). In PD models, aerobic training increases
striatal BDNF and preserves dopaminergic neurons (2). Nazif et al. reported treadmill training increased BDNF in
MPTP-treated mice (9). Human studies show high-intensity aerobic exercise raises serum BDNF in Parkinson’s
patients (3, 10), though effects may be transient (11). Resistance and PD-COM yield more variable effects; some
findings in PD models are inconsistent (12). PD-COM in humans enhances BDNF more than aerobic alone (3, 7,
13), but animal studies are limited due to protocol differences and models like 6-hydroxydopamine (6-OHDA) (14).
Although previous studies have demonstrated that exercise can modulate BDNF-related responses in PD models,
direct comparisons of aerobic, resistance, and combined exercise within the same experimental paradigm remain
limited. Furthermore, the region-specific effects of different exercise modalities on BDNF expression in key
components of the nigrostriatal pathway, including the striatum and substantia nigra, are not fully understood.
Therefore, the present study aimed to compare the effects of aerobic, resistance, and combined exercise training on
BDNF mRNA expression in the striatum and substantia nigra of a unilateral 6-hydroxydopamine-induced

Parkinsonian rat model. We hypothesized that all exercise modalities would increase BDNF expression compared



with sedentary Parkinsonian animals, with combined training producing a greater molecular response due to the
integration of endurance- and resistance-related stimuli.

Materials and Methods

This study was conducted using an experimental design to investigate the effects of aerobic, resistance, and PD-
COM on the gene expression of BDNF in a rat model of PD. The experiment was carried out at the Marvdasht
Laboratory Research Center from February 2025 to May 2025. All procedures were approved by the university’s
ethics committee and followed international guidelines for the care and use of laboratory animals. Adult male Wistar
rats were used in this study. Animals were obtained at eight weeks of age, with an average body weight of 290 +
26.5 g, from the laboratory animal facility. Following acclimatization and confirmation of eligibility for inclusion,
animals were randomly allocated to five experimental groups (n = 10 per group): (1) healthy control (HC), (2)
Parkinsonian sedentary group (PD), (3) Parkinsonian aerobic exercise group (PD-AE), (4) Parkinsonian resistance
exercise group (PD-RE), and (5) Parkinsonian combined exercise group (PD-COM). Randomization was performed
using a computer-generated random sequence to minimize allocation bias. The investigator responsible for group
assignment was not involved in subsequent molecular analyses. Sample identification codes were used during tissue
processing and molecular analyses, and investigators involved in RNA extraction, qPCR procedures, and initial data
processing were blinded to group allocation until completion of the analyses. The sample size was determined a
priori using G*Power software (version 3.1.9.7). The calculation was performed based on the one-way analysis of
variance (ANOVA) model for comparison among five experimental groups, with an alpha level of 0.05 and a
statistical power of 80%. Based on previous studies investigating exercise-induced alterations in BDNF expression
in experimental PD models (9, 15), a large expected effect size (Cohen’s f = 0.40) was assumed. The analysis
indicated that a total sample size of 50 animals (10 animals per group) was required to detect significant differences

among groups.



The rats were housed in standard cages (5 rats per cage) under controlled environmental conditions, including a
12:12 h light/dark cycle (lights on at 07:00), temperature of 22 + 2°C, relative humidity of 50-60%, and ad libitum
access to food and water. Before the intervention period, all animals underwent a one-week acclimatization period
under these conditions. Parkinsonism was induced via unilateral injection of 6-OHDA into the right striatum,
following previously described procedures (16). Rats were anesthetized with isoflurane (2-3% for induction, 1-2%
for maintenance) and placed in a stereotaxic apparatus. Then, 4 pL. of 6-OHDA solution (2 pg/uL in physiological
saline containing 0.2% ascorbic acid) was injected at a rate of 0.5 pL./min into the right striatum (coordinates: AP:
+0.5 mm, ML: —1.8 mm, DV: =3 mm relative to bregma). The needle was left in place for 3 minutes after injection
to prevent backflow. The HC group received an equal volume of vehicle solution instead of 6-OHDA. After surgery,
rats were housed individually for 48 hours, and their recovery was monitored. Seven days after 6-OHDA
administration, lesion severity was assessed using an apomorphine-induced rotational test. Rats received
apomorphine (0.5 mg/kg, intraperitoneally), and contralateral rotations were recorded for 30 minutes. Animals
displaying more than six rotations per minute were considered successfully lesioned and included in subsequent
analyses.

Exercise interventions began seven days after surgery and were carried out for 8§ weeks, 5 days per week. In the
aerobic training group, rats ran on a motorized treadmill designed for animals. The protocol began at 10 m/min for
30 minutes in the first week and progressively increased to 15 m/min for 60 minutes by the eighth week. Each
session included a 5-minute warm-up and a 5-minute cool-down at 8 m/min (17). In the resistance training group,
rats climbed a 1-meter vertical ladder at an 85° incline with 2-cm rung spacing. Weights were attached to their tails,
starting at 5% of body weight in the first week and progressing to 15% by the eighth week. Each session included 3
sets of 10 repetitions, with 1-minute rest between repetitions and 2 minutes between sets (15). In the PD-COM

group, rats alternated between the two modes: 3 days per week of aerobic exercise (30 minutes at 12 m/min) and 2



days of resistance exercise (3 ladder climbs with 10% body weight), or vice versa, for a total of 5 training days per
week (17).

After the 8-week training period, the rats were sacrificed 24 hours after the final exercise session using cervical
dislocation. The substantia nigra and striatum were rapidly dissected from both hemispheres, snap-frozen in liquid
nitrogen, and stored at —80°C for subsequent analysis. To assess BDNF gene expression, total RNA was first
extracted from the tissues using TRIzol reagent. The quality and concentration of RNA were evaluated with a
NanoDrop spectrophotometer. Then, 1 ug of RNA was reverse-transcribed into cDNA using the High-Capacity
cDNA Reverse Transcription Kit. The qPCR was performed using SYBR Green Master Mix on a Step One Plus
Real-Time PCR System (Applied Biosystems). Specific primers for BDNF (Forward: 5'-
AGCTGAGCGTGTGTGACAGT-3"; Reverse: 5-TCCATAGTAAGGGCCCGAAC-3") and reference genes
GAPDH and B-actin were used. Relative gene expression was calculated using the 2"(-AACt) method, normalized
to the geometric mean of the reference genes. Each sample was analyzed in technical triplicate, and the mean Ct
value of the replicates was used for subsequent relative expression calculations. No-template controls were included
to verify the absence of contamination.

Graphs were generated using GraphPad Prism software (GraphPad Software, San Diego, CA, USA). Data are
presented as mean = SD. Data were analyzed using SPSS software (Version 21, IBM Corp., Armonk, NY, USA).
The Shapiro—Wilk test was used to assess normality, and Levene’s test was used to evaluate homogeneity of
variances. Differences among experimental groups (HC, PD, PD-AE, PD-RE, and PD-COM) were analyzed using
ANOVA. When a significant overall group effect was detected, Tukey’s post hoc test was performed for pairwise
comparisons. Effect sizes were quantified using partial eta squared (n?). Statistical significance was set at p < 0.05.
Results

Successful induction of Parkinsonism was confirmed by apomorphine-induced rotational behavior. PD rats

exhibited significantly higher rotations compared with HCs (F(1,48)=32.14, p<0.001), confirming the validity of the



experimental model (Figure 1). This test was conducted seven days after 6-OHDA injection, and only animals with

more than six rotations per minute were included in subsequent analyses.
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Figure 1. Apomorphine-induced rotational scores in HC and PD rats
Descriptive statistics for relative BDNF mRNA expression are shown in Table 1. The sedentary PD group exhibited

the lowest expression in both regions, whereas PD-COM produced the highest values.

Table 1. Relative BDNF mRNA expression (Mean = SD) across experimental groups

Group Striatum BDNF Substantia Nigra BDNF
HC 1.009 + 0.093 1.001 £0.122
PD 0.655 +0.088 0.512 +0.083
PD-AE 0.902 + 0.086 0.939 + 0.087
PD-RE 0.846 £ 0.109 0.795 + 0.094
PD-COM 1.044 £0.116 1.095 + 0.091

n = 10 per group; BDNF, Brain-Derived Neurotrophic Factor; HC, Healthy Control; PD-AE, Parkinson + Aerobic;
PD-RE, Parkinson + Resistance; PD-COM, Parkinson + Combined
Levene’s test confirmed homogeneity of variance (Striatum: F=0.323, p=0.861; Substantia Nigra: F=0.433,

p=0.784). One-way ANOVA revealed significant differences among groups for both striatum (F(4,45)=24.29,

p<0.001, partial 1*=0.683) and substantia nigra (F(4,45)=55.16, p<0.001, partial n1*=0.831) (Table 2).

Table 2. One-way ANOVA results for BDNF expression across groups

Dependent Variable

F (df)

p-value

Partial n?

Striatum BDNF

24.29 (4,45)

<0.001

0.683




Substantia Nigra BDNF 55.16 (4,45) <0.001 0.831

BDNF, Brain-Derived Neurotrophic Factor
As shown in Table 3, PD-COM significantly increased striatal BDNF compared with PD non-exercise (MD=0.389,

95% CI [0.263, 0.515], p<0.001), PD-AE (MD=0.142, 95% CI [0.016, 0.268], p=0.020), and PD-RE (MD=0.198,
95% CI1[0.073, 0.324], p<0.001). Aerobic vs Resistance exercise was not significantly different (p=1.000).
Similarly, for substantia nigra BDNF (Table 4), PD-COM significantly increased expression compared with PD
(MD=0.583, 95% CI [0.460, 0.706], p<0.001), PD-AE (MD=0.156, 95% CI [0.033, 0.279], p=0.007), and PD-RE
(MD=0.300, 95% CI [0.177, 0.423], p<0.001). Aerobic vs Resistance exercise showed a smaller, significant
difference (MD=0.144, 95% CI1[0.021, 0.267], p=0.014).

Table 3. Tukey HSD pairwise comparisons for striatum BDNF

Comparison Mean difference 95% CI1 p-value
HC vs PD 0.354 0.228-0.480 <0.001
PD-AE vs PD 0.247 0.121-0.373 <0.001
PD-RE vs PD 0.191 0.065-0.316 0.001
PD-COM vs PD 0.389 0.263-0.515 <0.001
PD-COM vs PD-AE 0.142 0.016-0.268 0.020
PD-COM vs PD-RE 0.198 0.073-0.324 <0.001

HC, Healthy Control; PD-AE, Parkinson + Aerobic; PD-RE, Parkinson + Resistance; PD-COM, Parkinson + Combined

For substantia nigra BDNF expression, Tukey’s post hoc analysis showed that PD-COM significantly increased
BDNF expression compared with the sedentary PD group (MD=0.583, 95% CI [0.460, 0.706], p<0.001), PD-AE
group (MD=0.156, 95% CI [0.033, 0.279], p=0.007), and PD-RE group (MD=0.300, 95% CI [0.177, 0.423],
p<0.001). In addition, PD-AE exhibited significantly higher BDNF expression compared with PD-RE (MD=0.144,
95% CI1[0.021, 0.267], p=0.014) (Table 4).

Table 4. Tukey HSD pairwise comparisons for substantia nigra BDNF

Comparison Mean Difference 95% CI1 p-value




HC vs PD 0.489 0.366-0.612 <0.001
PD-AE vs PD 0.427 0.304-0.550 <0.001
PD-RE vs PD 0.283 0.160-0.405 <0.001
PD-COM vs PD 0.583 0.460-0.706 <0.001
PD-COM vs PD-AE 0.156 0.033-0.279 0.007

PD-COM vs PD-RE 0.300 0.177-0.423 <0.001
PD-AE vs PD-RE 0.144 0.021-0.267 0.014

HC, Healthy Control; PD-AE, Parkinson + Aerobic; PD-RE, Parkinson + Resistance; PD-COM, Parkinson + Combined; CI; Confidence

interval

Figure 2 illustrates mean = SD BDNF expression for all groups. Asterisks indicate significant differences relative to

PD.
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Figure 2. Relative BDNF mRNA expression in (A) striatum and (B) substantia nigra across experimental groups.
Data are mean + SD (n = 10). Asterisks indicate significant differences vs. PD group (*p < 0.05, **p <0.01, ***p
<0.001; one-way ANOVA, Tukey post hoc).
RNA quality and Ct values were consistent across groups (Table 5).

Table 5. RNA concentration, purity indices, and Ct values



Gro Brain RNA A260/A2 A260/A2 Ct Ct Ct
up Region Conc. 80 30 BD GAPD B-
(ng/n NF H act
L) in
HC Striatu 175 2.00 2.15 22.8 18.5 20.
m 0
HC Substan 170 2.01 2.12 23.0 18.3 19.
tia 8
Nigra
PD Striatu 165 1.99 2.20 23.5 19.0 20.
m 5
PD Substan 160 2.00 2.18 23.8 18.8 20.
tia 3
Nigra
PD- Striatu 172 2.02 2.22 22.6 18.4 19.
AE m 9
PD- Substan 168 2.01 2.15 22.5 18.2 19.
AE tia 7
Nigra
PD- Striatu 170 1.98 2.10 23.2 18.7 20.
RE m 2
PD- Substan 165 2.00 2.14 234 18.6 20.
RE tia 1
Nigra
PD- Striatu 178 2.02 2.25 22.5 18.3 19.
CO m 8
M
PD- Substan 175 2.01 2.20 22.4 18.2 19.
CcO tia
M Nigra
HC, Healthy Control; PD-AE, Parkinson + Aerobic; PD-RE, Parkinson + Resistance; PD-COM, Parkinson + Combined; CI; Confidence
interval
Discussion

The present study provides a comparative evaluation of aerobic, resistance, and combined exercise training on
BDNF mRNA expression in two critical regions of the nigrostriatal pathway, the striatum and substantia nigra, in a
unilateral 6-hydroxydopamine (6-OHDA)-induced Parkinsonian rat model. The main finding was that all exercise
modalities significantly increased BDNF expression compared with sedentary Parkinsonian animals, while
combined aerobic and resistance training produced the greatest increase under the present experimental conditions.

These findings suggest that exercise modality influences the magnitude of BDNF-related transcriptional responses



following dopaminergic injury. Importantly, because this study assessed only BDNF gene expression, the observed
changes should be interpreted as molecular adaptations associated with exercise exposure rather than direct evidence
of neuronal preservation, synaptic restoration, or functional recovery.

The reduced BDNF expression observed in Parkinsonian animals is consistent with previous evidence demonstrating
disruption of neurotrophic signaling following dopaminergic degeneration. BDNF is considered an important
regulator of neuronal plasticity, synaptic remodeling, and adaptive responses within the central nervous system
through activation of signaling pathways such as TrkB-dependent mechanisms (4 and 5). Previous experimental
studies have shown that neurotoxic models of PD can alter neurotrophic factor expression; however, the extent of
these alterations varies according to lesion model, severity of dopaminergic damage, and experimental timing (14).
Therefore, the reduction of BDNF expression observed in the Parkinsonian non-exercise group may reflect impaired
neurotrophic regulation following 6-OHDA-induced nigrostriatal disruption.

Aerobic training significantly increased BDNF expression in both examined brain regions. This finding is consistent
with previous experimental studies showing that endurance-based exercise enhances neurotrophic responses in
Parkinsonian models. Nazif et al. demonstrated that treadmill exercise increased BDNF gene expression in an
MPTP-induced Parkinsonian mouse model, supporting the concept that aerobic activity can stimulate neurotrophic
adaptations following dopaminergic injury (9). In addition, previous work has suggested that aerobic exercise-
induced BDNF regulation may involve activity-dependent neuronal signaling, metabolic adaptations, and increased
expression of plasticity-related pathways (6, 8). Nevertheless, differences in experimental models, exercise intensity,
duration, and biological outcomes assessed may explain variations among studies.

Resistance training also produced a significant increase in BDNF expression compared with sedentary Parkinsonian
animals. Although resistance exercise has historically been investigated primarily in relation to muscular
adaptations, emerging evidence indicates that mechanical loading may influence neurobiological responses through

systemic metabolic alterations and exercise-induced signaling molecules. Previous studies have reported



heterogeneous effects of resistance training on BDNF-related outcomes, which may be attributed to differences in
training protocols, loading progression, participant characteristics, and measurement techniques (21, 22). In the
current study, the progressive resistance protocol may have provided an adequate stimulus for inducing BDNF
transcriptional changes; however, the specific biological mechanisms underlying this response remain to be clarified.
A central finding of the present study was that combined exercise resulted in the greatest increase in BDNF
expression compared with isolated aerobic or resistance training. One possible explanation is that combined training
integrates distinct physiological stimuli associated with both endurance and resistance exercise. Aerobic exercise
may primarily enhance activity-dependent and metabolic pathways, whereas resistance exercise may contribute
additional mechanical and peripheral signals. The simultaneous activation of these complementary stimuli may
create a broader regulatory environment for BDNF expression. However, this interpretation should be considered
hypothesis-generating, as the present study did not directly measure downstream molecular pathways, including
TrkB, CREB, PI3K/Akt signaling, or related neuroplasticity markers.

The findings are broadly consistent with previous research suggesting that multimodal exercise may influence
neurotrophic responses in PD. Recent clinical evidence indicates that combined exercise approaches may improve
several functional outcomes and may be associated with changes in neurotrophic markers in individuals with PD (3,
13). Similarly, experimental investigations have demonstrated that exercise can regulate neurotrophic and
inflammatory pathways in Parkinsonian animal models (15). However, direct comparison between the present
findings and previous studies requires caution because existing literature differs substantially regarding animal
models, exercise dose, disease stage, and outcome assessment. Therefore, the greater BDNF response observed after
combined exercise in the current study should be interpreted as a modality-specific molecular response within this
experimental framework rather than definitive evidence that combined exercise universally produces superior

outcomes in PD.



An important observation of the present study was that BDNF responses were detected in both the striatum and
substantia nigra, although the magnitude of changes differed between regions. The substantia nigra represents the
primary site of dopaminergic neuron vulnerability in PD, whereas the striatum serves as a major target region
receiving dopaminergic projections. Differences in regional responsiveness may therefore reflect variations in
baseline neurotrophic regulation, cellular vulnerability, or local adaptive capacity following neurotoxic injury.
However, because neuronal survival, dopamine concentration, and histological alterations were not assessed, the
functional relevance of these region-specific molecular responses remains uncertain.

The interpretation of these findings should consider several limitations. First, the unilateral 6-OHDA model used in
this study represents an acute neurotoxic lesion characterized by selective dopaminergic disruption and does not
fully replicate the progressive and multifactorial nature of human PD. Therefore, the observed changes in BDNF
mRNA expression should not be interpreted as evidence of clinical efficacy or as direct support for specific
rehabilitation protocols. Moreover, the relatively short intervention period and absence of longitudinal follow-up
prevent conclusions regarding the durability of these molecular adaptations over the course of disease progression.
Second, the present study evaluated BDNF at the transcriptional level only; therefore, increased mRNA expression
cannot be assumed to reflect corresponding changes in protein abundance or biological activity. Third, the absence
of behavioral, histological, and neurochemical assessments limits conclusions regarding whether BDNF modulation
was accompanied by functional improvements.

Finally, the intervention duration and single post-intervention assessment point prevent determination of the
persistence of exercise-induced molecular adaptations.

Conclusion

Combined aerobic and resistance exercise induced the higher increase in BDNF mRNA expression in the striatum
and substantia nigra among the evaluated exercise modalities in a unilateral 6-OHDA-induced Parkinsonian rat

model. Aerobic and resistance training also increased BDNF expression compared with sedentary Parkinsonian



animals, indicating that different exercise modalities can modulate neurotrophic-related transcriptional responses
following dopaminergic injury. These findings provide experimental evidence that combined exercise may represent
a potent stimulus for regulating BDNF expression; however, they should not be interpreted as direct evidence of
neuroprotection, neuronal recovery, or clinical effectiveness. Future studies incorporating behavioral assessments,
protein-level analyses, dopaminergic markers, and longitudinal follow-up are necessary to determine whether
exercise-induced BDNF modulation is associated with functional benefits in PD.
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