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ABSTRACT

Methamphetamine is a potent central nervous system
stimulant, and its chronic use leads to neurotoxicity and brain inflammation. This study
investigated the effects of aerobic exercise and crocin (the active compound in saffron) on
the expression of inflammatory (IL-1pB) and metabolic regulatory (AMPK) genes in the
cerebral cortex of female Wistar rats exposed to methamphetamine.

In this experimental study, 40 rats were divided into five groups:
control, methamphetamine, methamphetamine + exercise, methamphetamine + crocin, and
methamphetamine + crocin + exercise. The rats underwent treadmill running for 15-30
minutes at a speed of 20-25 meters per minute, three days a week continued for eight
weeks. Crocin (40-80 mg/kg) was administered intraperitoneally. Gene expression was
measured using quantitative real-time PCR (QRT-PCR). One-way ANOVA was used for
statistical analysis.

The results showed that methamphetamine administration significantly increased
the expression of IL-1B and AMPK. Both aerobic exercise and crocin independently
reduced the methamphetamine-induced elevation in IL-1p and AMPK expression (P <
0.05). The combined intervention of exercise and crocin reduced AMPK expression to the
extent that no  significant  difference  was  observed  between  the
methamphetamine-+crocin-+exercise group and the healthy control group (P > 0.05).
m The findings suggest a protective role of crocin and aerobic exercise in
reducing inflammation and improving mitochondrial function in methamphetamine-
Received: 10 March 2024 induced brain damage. These interventions may serve as complementary strategies for
Accepted: 29 June 2025 preventing neurotoxic effects associated with stimulant drug use.
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Extended Abstract
Introduction

ethamphetamine is one of the most potent

central nervous system stimulants, known for

its high addictive potential and severe

neurotoxic effects. Chronic use of this
substance leads to structural and functional impairments
across several brain regions, including the prefrontal
cortex, hippocampus, amygdala, and substantia nigra.
Evidence indicates that methamphetamine activates
inflammatory pathways and elevates pro-inflammatory
cytokines—particularly IL-1p—playing a key role in
neuroinflammation and cellular dysfunction. Through
microglial activation, increased oxidative stress, and
mitochondrial impairment, IL-1f contributes to reduced
ATP production, elevated ROS levels, and the activation
of apoptotic pathways, ultimately resulting in neuronal
death. One of the primary mechanisms underlying
methamphetamine-induced  neurotoxicity is  severe
disruption of mitochondrial function, including inhibition
of the Krebs cycle, damage to the electron transport
chain, impaired mitochondrial biogenesis, and alterations
in mitochondrial dynamics such as mitophagy, fusion, and
fission. Collectively, these changes exacerbate oxidative
stress and lead to the deterioration of neuronal structures.
Conversely, the AMPK pathway, as a key cellular energy
sensor, plays a crucial role in maintaining energy
homeostasis and providing neuroprotection.
Mitochondrial dysfunction induced by amphetamine use
may suppress AMPK activity. Aerobic exercise, as an
effective non-pharmacological strategy, can mitigate
amphetamine-related  neurotoxicity by  promoting
mitochondrial biogenesis, enhancing oxidative capacity,
and restoring balance in mitochondrial dynamics.
Additionally, crocin—the bioactive compound of
saffron—with its antioxidant and anti-inflammatory
properties, can inhibit excessive ROS production,
microglial activation, and IL-1B upregulation, thereby
protecting neurons against amphetamine-related damage.
Given the interconnected roles of neuroinflammation,
mitochondrial function, and the AMPK pathway in
amphetamine-induced  neurotoxicity, alongside the
protective effects of exercise and crocin, investigating
their combined influence is of particular importance.
Therefore, the present study aims to examine the effects
of crocin and aerobic exercise on the expression of
AMPK and IL-1B genes in the cerebral cortex of female
rats exposed to amphetamine.

Methods

This experimental study was conducted in accordance
with ethical standards for animal care based on the
guidelines of the National Institutes of Health (NIH) and
the Declaration of Helsinki. The study sample consisted
of 40 female Wistar rats (weighing 140-160 g), which
were randomly assigned to five groups of eight: healthy
control, amphetamine, amphetamine + exercise,
amphetamine + crocin, and amphetamine + crocin +
exercise. Interventions included amphetamine
administration (15 mg/kg), crocin injection (40-80
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mg/kg, intraperitoneal), and aerobic treadmill training.
The aerobic exercise protocol consisted of eight weeks of
progressively increasing intensity (20-25 m/min) and
gradual incline (0-5%), performed five days per week.
Forty-eight hours after completing the interventions, the
rats were anesthetized intraperitoneally with ketamine (60
mg/kg) and xylazine (5 mg/kg) and subsequently
sacrificed. Cerebral cortex tissue was harvested and
stored at —80°C for molecular analyses. RNA extraction
was performed using TRIzol reagent, and cDNA synthesis
was carried out according to the manufacturer’s
instructions. Gene expression levels of IL-13 and AMPK
were measured by gqRT-PCR. B-actin was used as the
internal control gene. Data were analyzed using Shapiro—
Wilk, Levene’s test, ANOVA, and Tukey’s post hoc test
in SPSS version 26, with statistical significance set at P <
0.05.

Results

Based on the one-way ANOVA results, there was a
significant difference in the mean expression levels of IL-
1B and AMPK among the experimental groups (P < 0.001).
Post hoc Bonferroni analysis showed that IL-1p expression
was significantly higher in the amphetamine group (P <
0.001) and the amphetamine + exercise group (P = 0.033)
compared to the healthy control group. However, no
significant differences were observed between the
amphetamine + crocin group (P = 0.076) or the
amphetamine + crocin + exercise group (P = 0.241) and the
healthy control group. Moreover, IL-1B expression was
significantly lower in the amphetamine + crocin (P <
0.001), amphetamine + exercise (P = 0.001), and
amphetamine + crocin + exercise groups (P < 0.001)
compared to the amphetamine group. The Bonferroni post
hoc test also indicated that AMPK expression was
significantly higher in the amphetamine (P < 0.001),
amphetamine + crocin (P = 0.026), and amphetamine +
exercise (P = 0.026) groups compared to the healthy
control group. However, no significant difference was
found between the amphetamine + crocin + exercise group
and the healthy control group (P = 0.081). Additionally,
AMPK expression was significantly lower in the
amphetamine + crocin (P < 0.001), amphetamine + exercise
(P < 0.001), and amphetamine + crocin + exercise groups
(P < 0.001) compared to the amphetamine group.

Conclusion

The findings of this study demonstrated that chronic
amphetamine administration significantly increased IL-1pB
gene expression in the cerebral cortex. This elevation is
associated with microglial activation, induction of
inflammatory pathways, and heightened oxidative stress,
which can lead to mitochondrial dysfunction and ultimately
neuronal death. These results are consistent with previous
research showing that amphetamine and methamphetamine
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induce widespread structural and functional brain damage
through activation of inflammasomes such as NLRP3 and
upregulation of pro-inflammatory cytokines. Moreover, the
observed increase in AMPK expression in amphetamine-
treated groups is likely a compensatory response to
metabolic disturbances and ATP depletion resulting from
mitochondrial impairment. The results further showed that
both crocin and aerobic exercise markedly reduced IL-1p
and AMPK expression. Crocin, through its antioxidant and
anti-inflammatory properties, reduces ROS production,
suppresses inflammasome activation, and modulates
molecular pathways such as PI3K/AKT and NF-xB,
thereby attenuating neuroinflammation and protecting
neurons. Previous studies have also confirmed the role of
crocin in reducing apoptosis, inhibiting caspase-1 activity,
and improving cognitive function. Regular aerobic exercise
similarly contributes to reduced neuroinflammation by
enhancing oxidative capacity, stimulating mitochondrial
biogenesis, and activating AMPK/PGC-1a and SIRTI
signaling pathways. Evidence suggests that exercise
regulates the AdipoR1-AMPK-NF-kB/STAT3 axis and
modulates the M1/M2 microglial balance, providing broad
neuroprotective effects against neurotoxins such as
amphetamine. The combined intervention of crocin and
aerobic exercise produced a stronger synergistic effect, as
evidenced by AMPK expression levels in the combined
group approaching those of the healthy controls. This effect
may stem from the complementary antioxidant and anti-
inflammatory mechanisms of the two interventions.
Overall, the findings suggest that crocin and aerobic
exercise—particularly when used together—may serve as
effective strategies for mitigating amphetamine-induced
neuroinflammation and  mitochondrial ~ dysfunction.
Nonetheless, further studies are needed to determine the
optimal crocin dosage, exercise intensity, and the long-term
stability of these protective effects.
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