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Abstract

Introduction: Lung cancer is one of the most prevalent cancers with a high mortality rate.
Mitogen-Activated Protein Kinase (MAPK) and (Matrix Metalloproteinase-9) MMP-9
pathways play crucial roles in inflammation, oxidative stress, and cellular invasion. This

Received: 16 November 2025 study aimed to investigate the effects of swimming exercise and royal jelly on the gene
Accepted: 21 December 2025 expression of MAPK and MMP-9 in the lung tissue of mice with benzo[a]pyrene-induced lung
cancer.

Methods: In this experimental study, 48 male Balb/C mice aged eight weeks were divided
into eight groups: healthy control, lung cancer (BZP),, lung cancer + swimming training (ST),
, lung cancer + royal jelly 50 mg/kg (R]50), , lung cancer + royal jelly 100 mg/kg (R]J100),,
lung cancer + swimming + royal jelly 50 mg/kg (ST.R]50), and , lung cancer + swimming +
royal jelly 100 mg/kg (ST.RJ100). Lung cancer was induced by intraperitoneal injection of
benzo[a]pyrene at 100 mg/kg body weight. Swimming training was performed 3 days per
week for 12 weeks. Royal jelly was administered intraperitoneally at doses of 50 and 100
mg/kg body weight. Forty-eight hours after the last session, mice were sacrificed, lung
tissues were harvested, and gene expression of MAPK and MMP-9 was measured using real-

time PCR.

Results: Lung cancer induction significantly increased MAPK and MMP-9 expression.
Keywords: Individual interventions, including swimming and royal jelly at 100 mg/kg, partially reduced
Lung cancer, Mitogen-Activated MAPK and MMP-9 expression. However, the combination of swimming exercise with royal
Protein Kinase, Matrix jelly, particularly at the higher dose (ST.RJ100), produced the greatest reduction in the
Metalloproteinase-9, Royal expression of both genes.

Jelly, Swimming Exercise
Conclusion: The combination of regular exercise with royal jelly, especially at higher doses,

has a synergistic effect in reducing MAPK pathway activity and MMP-9 expression. This
combination may serve as a preventive and complementary natural strategy to control lung
cancer progression and invasion. These findings highlight the importance of simultaneous
non-pharmacological interventions with antioxidant and anti-inflammatory effects to
improve molecular pathways related to cancer and enhance disease management.
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1. Introduction

Lung cancer is one of the leading causes of
cancer-related mortality worldwide, and
environmental factors—particularly compounds
derived from cigarette smoke and environmental
pollutants—play a prominent role in its
development (1). Benzo[a]pyrene (B[a]P), as one
of the polycyclic aromatic hydrocarbons (PAHs),
is a highly carcinogenic compound that, through
its active metabolites, induces DNA damage,
increases the production of reactive oxygen
species (ROS), promotes chronic inflammation,
and ultimately leads to the activation of cellular
signaling pathways (2).

Among the most important of these pathways is
the mitogen-activated protein kinase (MAPK)
pathway, which comprises the major branches
ERK, JNK, and p38 and plays a critical role in the
regulation growth, differentiation,
inflammation, and cell death (3, 4). Excessive
activation of the MAPK pathway can stimulate
transcription factors such as AP-1 and NF-kB
and, as a consequence, increase the expression of
genes associated with cellular invasion, including
MMP-9 (5).

of cell

Matrix metalloproteinase (MMP) pathways,
particularly MMP-9, play a vital role in
extracellular matrix remodeling and regulation
of the tumor microenvironment (6). MMP-9 is
one of the most important zinc-dependent
metalloproteinases and is involved in both
physiological processes (such as tissue repair)
and pathological conditions (such as
inflammation and cancer). Increased expression
and activity of MMP-9 lead to degradation of the
extracellular matrix (ECM), facilitation of
malignant cell invasion, and metastasis (6-8).
Studies indicate that MAPK signaling pathways
can upregulate MMP-9 expression and stimulate
tumor migration and growth processes,

particularly under inflammatory conditions and
in pulmonary diseases (9, 10). Therefore,
inhibition of the MAPK pathway and regulation
of MMP-9 may represent effective therapeutic
targets for preventing the progression of lung
cancer.

In recent years, numerous studies have shown
that regular exercise and natural compounds
with antioxidant properties can exert anti-
inflammatory and anti-tumor effects through
modulation of signaling pathways (11, 12).
Regular exercise can modulate MAPK activity
(13) and confer protective effects in lung cancer,
including reduction of ROS levels, improvement
of immune system function, and enhancement of
pulmonary functional capacity (14-16). In
addition, exercise can alter circulating and tissue
levels of MMP-9, although the magnitude and
direction of this response vary depending on
health status and the presence of cancer (17,
18).

Royal jelly, a nutritious product derived from
the honeybee hive, exhibits anti-inflammatory
and antioxidant properties and inhibits cellular
proliferation, thereby influencing cancer-
related molecular pathways, including MAPK
and MMP-9 (19-21). Evidence suggests that
combining royal jelly with exercise or other
supplements may produce stronger preventive
and therapeutic effects, including reduced
expression of genes associated with cancer cell
growth and migration and activation of
apoptotic pathways (21, 22).
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Considering the pivotal roles of MAPK and MMP-
9 in lung cancer progression and metastasis,
along with evidence supporting the modulatory
effects of exercise and royal jelly, the present
study was designed to investigate the combined
effects of swimming training and royal jelly on
MAPK pathway activity and MMP-9 expression in
lung tissue of mice with benzo[a]pyrene-induced
lung cancer. This study aims to provide
preclinical evidence supporting the use of these
interventions as natural complementary
therapeutic strategies.

2. Materials and Methods

In the present experimental study, which was
conducted using a post-test control group design,
42 male Balb/C mice with a mean age of 8 weeks
and a body weight of 18-22 g were purchased
from the Laboratory Animal Breeding Center of
the Pasteur Institute of Tehran and transferred
to the animal laboratory of Pishgaman Institute
of Higher Education in Shiraz. To allow
acclimatization to the laboratory environment,
the animals were housed in polycarbonate cages
for one week. During this period, the mice were
maintained under controlled conditions of
temperature (22 + 3°C), relative humidity (40-
60%), appropriate ventilation, and a 12/12-hour
light/dark cycle, with free access to food and
water.

Of the 42 mice, 6 were assigned to the healthy
control group, and the remaining 38 mice, after
induction of lung cancer via benzo[a]pyrene
injection, were allocated to the following groups:
lung cancer, lung cancer + swimming training,
lung cancer + royal jelly 50, lung cancer + royal
jelly 100, lung cancer + swimming training +
royal jelly 50, and lung cancer + swimming
training + royal jelly 100.

To induce lung cancer, mice were fasted for 12
hours and then administered a single dose of
benzo[a]pyrene at 100 mg/kg (Sigma-Aldrich,
Germany; catalog number B1760).

For this purpose, 24 mg of benzo[a]pyrene was
dissolved in 1.2 mL of corn oil, and after complete
dissolution, 10 international wunits of the
prepared solution were injected into each mouse
(23). Animal care and experimental procedures
were performed in accordance with ethical
guidelines for animal research, the standard
principles for laboratory animal use approved by
Islamic Azad University, Shiraz Branch, and the
Helsinki Declaration.

Prior to the initiation of the main study and in a
pilot experiment, 4 mice received the specified
dose of benzo[a]pyrene, and 4 healthy mice
served as controls. Fourteen days after
benzo[a]pyrene injection, mice in both groups
were anesthetized with ketamine and xylazine,
sacrificed, and their lung tissues were subjected
to pathological examination to confirm
successful induction of benzo[a]pyrene-induced
lung cancer.

Mice assigned to the swimming training,
swimming training + royal jelly 50, and
swimming training + royal jelly 100 groups
underwent swimming exercise for 12 weeks, five
sessions per week. Swimming training was
performed in a specialized animal pool
measuring 110 cm in width and 80 cm in depth,
with water temperature maintained at 32°C. The
training protocol consisted of two phases: an
adaptation phase and the main training phase.
During the adaptation phase, laboratory mice
were familiarized with the aquatic environment
and swimming exercise for 10 days.
Subsequently, during the main training phase,
mice exercised for 12 weeks, three sessions per
week. In the first week, mice swam for 15
minutes per session. Thereafter, the swimming
duration was gradually increased from 15
minutes to 30 minutes by the tenth week. During
the final two weeks, the exercise duration was
increased to 40 minutes per session.
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To comply with the principle of progressive
overload, no additional weight was applied
during weeks 1 to 4. During weeks 5 to 8, a load
equivalent to 2% of body weight was used, and
during weeks 9 to 12, mice swam with a weight
equivalent to 5% of their body weight attached to
their tails. This training protocol was adopted
based on previous studies with minor
modifications (24, 25).

To prepare the royal jelly extract, 10 g of royal
jelly was dissolved in 1000 mL of deionized
distilled water, and the mixture was incubated at
50°C for 16 hours. The solution was then filtered
and stored at 4°C. During the intervention period,
the extract was administered daily via
intraperitoneal injection at doses of 50 and 100
mg/kg (23, 26).

To minimize exercise-induced inflammatory
effects, 48 hours after completion of the final
training session, mice were anesthetized by
intraperitoneal injection of ketamine (75 mg/kg)
and xylazine (25 mg/kg) (Alfasan, Netherlands).
After confirmation of deep anesthesia, the
thoracic cavity was opened, and following
displacement of connective tissues, the lung
tissue was completely excised. The lung tissue
was immediately washed and stored at -70°C.

For measurement of MAPK and MMP-9 gene
expression in lung tissue, real-time polymerase
chain reaction (PCR) was performed. Total
cellular RNA was extracted using a column-based
RNA extraction kit (FavorPrep™ Tissue Total
RNA Kit, Taiwan). Gene expression levels were
calculated and expressed using the AACt method.
Statistical analysis was performed using one-way
analysis of variance (ANOVA) followed by the
least significant difference (LSD) post hoc test. All
statistical analyses were conducted using SPSS
software version 26, and the level of statistical
significance was set at P < 0.05.

3. Results

Based on the results obtained from one-way
analysis of variance (ANOVA), a significant
difference was observed among the study groups
in the expression of the MAPK gene (F =7.332, p <
0.001) and MMP-9 (F = 7.545, p < 0.001). To
identify the source of these differences, the LSD
post hoc test was applied.

The results of the post hoc analysis indicated a
significant increase in MAPK levels in the BZP,
RJ50, RJ100, and ST groups compared with the
healthy control group. In contrast, MAPK levels in
the RJ100, ST, RJ50, ST.RJ50, and ST.RJ100 groups
were significantly reduced compared with the BZP
group. Furthermore, MAPK gene expression in the
ST.RJ50 and ST.RJ100 groups was significantly
lower than that observed in the RJ50 and RJ100
groups. In addition, MAPK gene expression in the
ST.RJ100 group was significantly reduced
compared with the ST and RJ100 groups (Figure
1).
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Figure 1. Changes in MAPK gene expression among the study groups;
a: significant difference compared with the healthy control (HC) group;
b: significant difference compared with the benzo[a]pyrene (BZP) group;
c: significant difference compared with the RJ50 group;

d: significant difference compared with the RJ100 group;

e: significant difference compared with the swimming training (ST) group.

In the analysis of changes in MMP-9, the results
of the Bonferroni post hoc test indicated a
significant increase in MMP-9 levels in the BZP,
RJ50, RJ100, and ST groups compared with the
healthy control group. The level of MMP-9 in the
ST.RJ50 and ST.RJ100 groups was significantly
lower than that observed in the BZP, R]50, and
RJ100 groups. In addition, MMP-9 gene
expression in the ST.RJ100 group was
significantly reduced compared with the ST
group (Figure 2).
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Figure 2. Changes in MMP-9 gene expression among the study groups;
a: significant difference compared with the healthy control (HC) group;
b: significant difference compared with the benzo[a]pyrene (BZP) group;
c: significant difference compared with the RJ50 group;

d: significant difference compared with the RJ100 group;

e: significant difference compared with the swimming training (ST) group.

4. Discussion

The findings of the present study
demonstrated that induction of lung cancer
with benzo[a]pyrene resulted in a significant
increase in the expression of MAPK and MMP-
9 genes in lung tissue. The elevation of MAPK
under these conditions indicates excessive
activation of the MAPK pathway, which is
associated with increased oxidative stress,
inflammation, and tumor growth (4). In
parallel, the increase in MMP-9, as a zinc-
dependent metalloproteinase, reflects
extensive degradation of the extracellular
matrix (ECM) and facilitation of cancer cell
(6-8).
studies have also confirmed that MMP-9 is

invasion and metastasis Previous
regulated by several complex signaling
pathways, particularly MAPK branches (JNK
and p38) and the transcription factors NF-kB
and Smad3 (27, 28).

Under inflammatory or cancerous conditions,
excessive stimulation of these pathways—
especially by TNF-a or benzo[a]pyrene—can
markedly MMP-9 expression and
thereby exacerbate cellular invasion and
metastasis through ECM degradation (27, 29).

increase

With respect to the effects of royal jelly
supplementation, the results indicated that the 50
mg dose of royal jelly did not exert a significant
effect on MAPK or MMP-9 gene expression,
whereas the 100 mg dose led to a significant
reduction in MAPK expression compared with the
benzo[a]pyrene group, without a significant effect
on MMP-9. It has been reported that royal jelly can
modulate cancer-related molecular pathways,
including MAPK. For instance, Cooperola et al.
(2023) reported that royal jelly, alone and in
combination with Aloe vera, activated apoptotic
pathways via MAPK signaling in lung cancer cells
by increasing BAX expression and decreasing
BCL-2 levels, ultimately resulting in reduced
glycolysis and inhibition of cell proliferation (21).
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In addition, Fazeli et al. (2018) demonstrated that
royal jelly reduced cell viability, inhibited
migration, and decreased MMP-9 expression by
approximately 50% in bladder cancer (5637) cells,
while exerting no effect on MMP-2 expression (22).
The discrepancy between the findings of the
present study and those reported by Fazeli et al.
may be attributed to differences in cancer tissue
type, experimental models, and intervention
protocols.

Evaluation of the effects of swimming training
revealed that MAPK gene expression was
significantly reduced following the intervention
compared with the benzo[a]pyrene group.
Consistent with these findings, previous evidence
indicates that regular physical activity can
modulate the MAPK pathway and exert anti-
inflammatory and protective effects in lung cancer,
including reductions in ROS levels, improvements
in immune responses, and enhancement of
pulmonary functional capacity (13, 30). Regular
exercise is also associated with activation of
endogenous antioxidant systems, leading to
reduced oxidative stress in lung tissue, primarily
through increased activity of key antioxidant
enzymes (31).

A notable finding of the present study was the
synergistic effect of combining swimming training
with royal jelly supplementation, such that this
combined intervention resulted in a simultaneous
reduction in MAPK and MMP-9 gene expression.
This synergistic effect is likely mediated through
modulation of MAPK branches (p38 and JNK),
inhibition of the NF-kB pathway, and attenuation of
oxidative stress in lung tissue. Royal jelly, owing to
its antioxidant and anti-inflammatory constituents
such as 10-hydroxy-2-decenoic acid (10-HDA),
flavonoids, and polyphenols, appears to potentiate
the beneficial effects of exercise in reducing ROS
and regulating signaling pathways. Previous
studies have also supported the additive effects of
antioxidant interventions;

for example, it has been reported that the
combination of aerobic exercise with
antioxidant supplementation reduces the
expression of RAS and ERK genes in muscle
tissue and enhances the ability of exercise to
inhibit signaling pathways associated with
cancer cell growth and progression (20, 32).
Concurrently, exercise training, through
enhancement of immune function and increased
antioxidant capacity, may reduce MMP-9
expression and thereby limit cellular invasion
and metastasis (19, 22, 33).

Overall, the combination of exercise training and
royal jelly, by concurrently reducing MAPK
activity and MMP-9 expression, exerts
synergistic effects in attenuating inflammation,
oxidative stress, and extracellular matrix
degradation, which may substantially inhibit
lung cancer progression and metastasis (22, 34).
These findings suggest that the concurrent use of
exercise interventions and natural antioxidant
supplements may serve as a preventive strategy
and complementary therapeutic approach in the
management of lung cancer. Furthermore, the
results demonstrated that the higher dose of
royal jelly (100 mg), when combined with
swimming training, exerted a stronger
modulatory effect on MAPK and MMP-9 gene
expression, such that the reductions observed in
the combined ST.RJ100 group were significantly
greater than those observed with swimming
training or 100 mg royal jelly alone, indicating a
dose-dependent synergistic effect of royal jelly
in enhancing the protective response against
lung cancer progression.
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o. Conclusion

The present study demonstrated that induction
of lung cancer with benzo[a]pyrene resulted in a
significant increase in the expression of MAPK
and MMP-9 genes in lung tissue, thereby
activating signaling pathways associated with
oxidative stress, inflammation, and cellular
invasion. Individual interventions, including
training and  royal jelly
supplementation, were able to partially
modulate MAPK and MMP-9 expression;
however, the synergistic effects of combining
these two interventions produced the greatest
reduction in the expression of the studied genes.
Moreover, the use of a higher dose of royal jelly
(100 mg) in combination with swimming
training exerted a stronger modulatory effect on
both MAPK and MMP-9 genes, such that the
reductions observed in the combined ST.RJ100
group were significantly greater than those
achieved by swimming training alone or royal
jelly supplementation at 100 mg. This finding
indicates a synergistic effect of the higher
supplement dose in enhancing the protective
response against lung cancer progression.
Therefore, the combination of regular exercise
training and royal jelly supplementation may
serve as an effective preventive strategy and a
natural complementary therapeutic approach
for reducing lung cancer invasion and
progression. These findings suggest that non-
pharmacological interventions with strong

swimming

antioxidant and anti-inflammatory properties
can facilitate improvement in cancer-related
molecular pathways and increase the likelihood
of disease control and enhanced pulmonary
function. Overall, the results of this study
confirm the importance of the concurrent use of
exercise and natural antioxidant supplements in
reducing the expression of key MAPK and MMP-
9 pathways and preventing lung cancer
progression and metastasis.
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