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Abstract: Methamphetamine (METH) can potentially disrupt neurotransmitters activities in the Central
Nervous System (CNS) and cause neurotoxicity through various pathways. These pathways include increased
production of reactive nitrogen and oxygen species, hypothermia, and induction of mitochondrial apoptosis.
In this study, we investigated the long-term effects of METH addiction on the structural changes in the
amygdala of postmortem human brains and the involvement of the CREB/BDNF and Akt-1/GSK3 signaling
pathways. We examined ten male postmortem brains, comparing control subjects with chronic METH users,
using immunohistochemistry, Real-time PCR (to measure levels of CREB, BDNF, Akt-1, GSK3, and TNF-a),
Tunnel assay, stereology, and assays for ROS, GSSG, and GPX. The findings revealed that METH significantly
reduced the expression of BDNF, CREB, Akt-1, and GPX while increasing the levels of GSSG, ROS, RIPKS3,
GSK3, and TNF-a. Furthermore, METH-induced inflammation and neurodegeneration in the amygdala, with
ROS production mediated by the CREB/BDNF and Akt-1/GSK3 signaling pathways.

Keywords: methamphetamine; BDNF; CREB; Akt-1; amygdala

1. Introduction

The Central Nervous System (CNS) comprises nerve cells and neuroglia susceptible to damage
caused by various destructive factors (1-8). Methamphetamine (METH) was first manufactured
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during World War II (9). However, its illicit use and recreational consumption have become
significant concerns in many countries. Despite its therapeutic applications in conditions like memory
disorders, hyperactivity, narcolepsy, and obesity, it is being used illegally as a recreational drug (10-
12). Research has indicated that this substance can have side effects on the respiratory, cardiovascular,
and nervous systems (13, 14). Individuals who use METH are susceptible to experiencing a range of
emotional and cognitive effects. These include euphoria, increased energy and alertness, increased
physical and mental performance, hallucinations, paranoia, anxiety, and increased productivity (9,
11). Unfortunately, despite the documented reports of irreversible side effects associated with the
misuse of this substance, its prevalence continues to rise, particularly among the younger population
worldwide (15). Research studies have demonstrated that METH can disrupt the activities of
neurotransmitters in the CNS, including dopamine, serotonin, and norepinephrine (16-18). Animal
model studies have revealed that METH can release dopamine-containing vesicles stored within
neurons and inhibit the enzyme monoamine oxidase (19). Abnormal activity has been reported in
specific CNS areas affected by dopamine and serotonin regulation, such as the striatum, prefrontal
cortex, caudate nucleus, anterior cingulate, and amygdala, which may contribute to the increased risk
of depression and aggressive behaviours in METH users (20-22).

Furthermore, the degradation of dopaminergic neurons has also been observed following METH
usage (23). METH's ability to induce neurotoxicity is well documented and occurs through multiple
pathways, including increased production of reactive nitrogen and oxygen species, hypothermia, and
induction of mitochondrial apoptosis (24-26). However, the precise mechanism underlying these
activities is not fully understood (8). Neuroimaging studies investigating METH users have revealed
alterations in both white and gray matter volume compared to healthy individuals in various regions
of the CNS, including the cingulate, striatum, nucleus accumbens, hippocampus, parietal and
occipital lobes, basal nuclei (22, 27-31). In addition to structural changes observed in the nervous
system of individuals using METH, numerous studies have provided clear evidence of increased
expression of oxidative stress, inflammatory, autophagy, and apoptosis markers in specific nervous
system regions (13, 32-37). Previous investigations have confirmed that METH can elevate apoptotic
markers such as BAX, caspase 3, 8, and 9 in the amygdala and hippocampus (38, 39). Neurotrophic
factors play a crucial role in the development and functioning of the nervous system, particularly
brain-derived neurotrophic factor (BDNF), which is associated with neuronal plasticity, survival, and
neuroprotection (40). BDNF has a critical role in some parts of the CNS, which regulate cognition,
emotions, and reward activities (41). Numerous studies have indicated alterations in BDNF levels
under neuropathological conditions. Specifically, METH use has been shown to significantly
decrease BDNF levels through the reduction of cAMP Response Element-Binding Protein (CREB)
activities. Furthermore, disruption of normal AKT/GSk3 signaling pathways has been linked to
METH use, which may contribute to the exacerbation of neurological and neurobehavioral symptoms
(40, 42-44). Thus, in this investigation, we analyzed the overexpression of tumor necrosis factor «
(TNFa) and examined alterations in the CREB/BDNF and Akt-1/GSK3 signaling pathways in
postmortem amygdala samples obtained from individuals with a history of METH addiction.

2. Materials and methods

2.1. Sample preparation

A total of 20 male human brains, consisting of 10 control subjects and 10 individuals with a
history of METH use, were obtained from the Iranian legal medicine organization in Tehran, Iran.
Rigorous screening procedures were conducted to ensure the quality and validity of the samples,
including verification of medical history, documentation of expiration, and examination of
postmortem reports. The samples selected for this study were obtained from individuals with an
average age of 38 + 2 years at the time of death, and the entirety of the amygdala was included in the
analysis.

The research procedures conducted in this study have received ethical approval from the Ethics
Committee of Shahid Beheshti University of Medical Sciences (SBMU) under the reference number
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IR.SBMU.RETECH.REC.1400.432. Three methods were employed to determine the presence of
METH in the samples: Urine rapid test, High-Performance Liquid Chromatography (HPLC), and Gas
Chromatography/Mass Spectrometry (GC/MS). The urine rapid test utilized a Detect Diagnostics kit
to identify 12 different types of drugs, including METH, cannabis, tramadol, morphine, and
methadone. Initially, all samples underwent preparation for the preliminary examination. Protein
extraction and isolation were performed by adjusting the pH using acidic, alkaline, and opioid
solvents. Thin Layer Chromatography (TLC) was used as the preliminary screening method to detect
the presence of drugs in the samples. If the TLC results were positive for the presence of the drug,
further analysis was carried out using HPLC and GC/MS. If any drugs other than amphetamines
were detected in the samples at this stage, the sample would be excluded from the study, as the
presence of any other drugs could confound the results. Samples that yielded satisfactory results
were accepted for further analysis. Following the initial preparation of the samples, METH in urine
and stomach contents was examined. The presence of METH was detected by derivatizing it with
heptafluorobutyric anhydride (HFBA), which allowed for the measurement of the METH or
amphetamine derivative using GC/MS (33).

2.2. Tissue Preparation

The brain samples were carefully extracted from the skull and thoroughly rinsed to eliminate
any traces of blood clots. To facilitate hematoxylin and eosin (H and E) staining, TUNEL assay, and
immunohistochemistry analysis, the amygdala region of all brain samples was dissected by a skilled
neuroanatomist and subsequently fixed in 4% paraformaldehyde for a period of one week. For the
real-time PCR assay, the amygdala was also dissected and immediately stored at a temperature of -
80 °C.

2.3. Real-time PCR

Total RNA was extracted from the samples using RNX-plus SinaClon (Tehran, Iran), and cDNA
synthesis was performed using the RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo
Fisher Scientific, Massachusetts, USA). The cDNA synthesis reaction involved the addition of 0.2 pg
of Random Hexamer and 1 pg of total RNA. Subsequently, a mixture of 1 pl of each primer, 10 ul of
SYBR Green Master Mix (Thermo Fisher Scientific, Massachusetts, USA), and 10 pl of dH20 was
prepared, to which 2 ul of the sample cDNA was added. The real-time PCR reactions were carried
out using an ABI device, with each sample analyzed in duplicate and repeated three times (n = 3).
The data obtained were evaluated using the AACt method (45). In the real-time PCR analysis, we
employed a standardized protocol for the amplification process. The PCR reactions were carried out
using a thermal cycler with the following conditions: an initial denaturation step at 95°C for 5
minutes, followed by a cycling protocol. Each cycle consisted of denaturation at 95°C for 30 seconds,
annealing at a specific temperature for 30 seconds, and extension at 72°C for 30 seconds.

The number of cycles was set to 40, ensuring adequate amplification while minimizing non-
specific products. A final extension step was performed at 72°C for 5 minutes to promote the complete
extension of the amplified products. The real-time PCR process was carried out using suitable
positive and negative controls, and a melting curve analysis was conducted at the end of the cycling
protocol to verify the specificity of the amplified products.

2.4. Immunohistochemistry

After fixation with 4% paraformaldehyde, the brain sections were embedded in paraffin and
sliced into 10 pum thick sections. Cryoprotective media containing 25% ethylene, 25% glycerin, and
0.05 M phosphate buffer was used to preserve the sections at -20 °C. The sections were deparaffinized
using fresh xylene and then rehydrated through a series of graded alcohol concentrations (100%, 90%,
and 70%). Subsequently, the sections were incubated in methanol with 0.3% hydrogen peroxide for
20 minutes to block endogenous peroxidase activity. Following that, the sections were incubated with
primary antibodies (1:100) against CREB (Cell Signaling Biotech, Massachusetts, USA), BDNF (Cell

do0i:10.20944/preprints202305.1949.v2
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Signaling Biotech, Massachusetts, USA), Akt-1 (Santa Cruz Biotechnology, Texas, USA), GSK3
(Abcam, Cambridge, UK), RIPK3 (Abcam, Cambridge, UK), and TNF-a (Abcam, Cambridge, UK) at
4 °C overnight in a blocking buffer solution containing 1% bovine serum albumin (BSA) in PBS. After
rinsing, the sections were incubated with a secondary antibody (goat anti-mouse, 1:100) (Abcam,
Cambridge, UK) for 60 minutes. Finally, the sections were stained with DAPI (Abcam, Cambridge,
UK). The stained sections were then analyzed using Image ] software to measure the areas of positive
immunoreactivity associated with the aforementioned antibodies. For this analysis, seven sections
from each group (Meth and control) were selected, and adjustments were made before analyzing all
sections (46, 47).

2.5. H&E and Nissl staining

The brain tissue was carefully dissected, and the amygdala was immersed in a 4%
Paraformaldehyde solution. Subsequently, the amygdala tissue was embedded in paraffin blocks.
The microtome was used to create sections with a thickness of 5 um for general analysis and 25 um
for estimating the quantity and range of cells. Finally, the sections of the amygdala were stained using
the Nissl and H & E staining procedures (32).

2.6. Stereological study

2.6.1. Number of neurons and glial cells

The optical dissector method was employed to ascertain the collective count of
neurons and glial cells. Brain tissue sections were meticulously chosen through a
systematic and uniformly random sampling approach. Images of these sections were
overlaid with an impartial counting frame featuring clearly defined inclusion and
exclusion boundaries. By adjusting the focal plane along the z-axis and subsequently
connecting a microcator to the microscope's stage to measure the z-coordinate,
nuclei of neurons and glial cells that came into the sharpest focus within the
subsequent focal plane were identified for enumeration. The numerical density (NV)
was calculated employing the following formula.

N, = Z—Qa X L

YPxhx—z BA

f

The variables Q- and ZP represent the calculated number of cells and the total number
of microscopic fields, respectively. The parameters a/f, and h denotes the area per frame and
the height of the director, respectively. Additionally, t represents the actual section
thickness, and BA corresponds to the block advance of the microtome (33).

2.7. Tunel assay

The Amygdala was then fixed and embedded in paraffin. Subsequently, sections were prepared
and mounted on glass slides using gelatin. The samples underwent deparaffinization using Xylene
to remove the paraffin. For the analysis of DNA fragmentation, TUNEL staining (Thermo Fisher
Scientific, Massachusetts, USA) (green) was utilized, with DAPI serving as a nuclear counterstain
(blue). Quantification of TUNEL-positive cells in the groups was performed using Image J software.
This involved selecting seven images from each group, adjusting the threshold, and conducting
analyses on all images (32).

2.8. Reactive oxygen species (ROS)

do0i:10.20944/preprints202305.1949.v2
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Brain tissue cells were isolated and subjected to trypsin-EDTA treatment. The cell suspension
from the plates was then centrifuged at 1,400 x g for 5 minutes at 4 °C. To assess intracellular reactive
oxygen species (ROS) levels, 2,7-dichlorofluorescein diacetate (DCFDA) (Thermo Fisher Scientific,
Massachusetts, USA) was added to the samples at a concentration of 20 uM, followed by incubation
at 37 °C for 45 minutes. Subsequently, the samples were analyzed using a flow cytometer, with
fluorescence intensity measured at 495 nm, to determine ROS levels. (48)

2.9. Glutathione disulphide content assessments and GSSG assay

The tissue samples were assessed for glutathione peroxidase (GPX) activity using a GPX test kit
(Zellbio GmbH, Ronsee, Germany). The assay measured GPX activity in the entire sample by
catalyzing the degradation of 1 pmol of mitochondrial glutathione (GSH) per minute. Aliquots of
sample suspensions containing O-phthalaldehyde (OPA) and N-ethylmaleimide (NEM) (Thermo
Fisher Scientific, Massachusetts, USA) probes were collected from the incubation medium through
centrifugation at 1,000 rpm for 1 minute (48).

2.10. SDS-PAGE Sample Prep and Gel Electrophoresis

For SDS-PAGE sample prep, homemade gels were utilized. Laemmli resolving gel was prepared
by combining these components per 10mL: 3 mL 40% Acrylamide/Bis, 2.5 mL 1.5M Tris-HCI pH 8.8,
1 mL 10% SDS, 50 uL 10% APS, and 5 uL TEMED. Stacking gel was separately prepared per 2.5 mL
with 0.25 mL 40% Acrylamide/Bis, 0.63 mL 0.5M Tris-HCI pH 6.8, 250 uL. 10% SDS, 12.5 uL 10% APS,
and 2.5 uL TEMED. Electrophoresis was performed using a running buffer containing 3 g Tris base,
14.4 g Glycine, and 1 g SDS dissolved in 1 L.

2.11. Immunoblotting

Samples were homogenized in lysis buffer (50 mM Tris-HCI pH 7.4, 150 mM NaCl, 5 mM EDTA,
10% glycerol, 1% Triton X-100, and additives). After heating and centrifugation, samples were mixed
with 5x SDS loading buffer and separated on a 10% SDS-PAGE gel. Proteins were transferred to
Immobilon®-PSQ PVDF Membrane (, MilliporeSigma, Massachusetts, USA) then incubated with
primary antibodies (1:1000 dilution) overnight at 4°C. Secondary antibodies (1:10,000 dilution) were
applied for 2 hours at room temperature. Membranes were exposed to Western Lightning Plus-ECL
reagent (SuperSignalTM West Dura Extended Duration Substrate kit (Thermo Scientific
Massachusetts, USA)) and analyzed using the ChemiDoc Imaging system (Bio-Rad, Texas, USA).

2.12. Statistical analysis

The data was analyzed using t-test in IBM SPSS Statistics Version 21, and the results were
presented as mean * standard deviation. Additionally, GraphPad Prism was utilized for data
analysis.

3. Results

This study delved into the ramifications of chronic methamphetamine (METH) use on both gene
expression and protein levels in postmortem human brains, mainly focusing on the amygdala. The
distinctive profiles observed within the METH group were compared against those of a control group
consisting of non-METH users.

3.1. Evaluation of the sample

Ten normal brains (control or non-METH group) were obtained from adult males with no
history of drug use. The average age of the individuals was 38.2 + 2.1 years. The individuals in the
control group were male, with mean BMI of 24.4, and a brain volume of 1450.3+34.2 grams (mean *
SD). The ultimate cause of death for these individuals was attributed to factors such as myocardial
infarcts or accidents. In contrast, the ten brains in the chronic METH user group belonged to

do0i:10.20944/preprints202305.1949.v2
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individuals who were male, with a mean BMI of 18.8, and an average age of 38.1 + 2.3 years. The
brain volume of this group was measured to be 1310.6+52.5 grams (mean + SD). The cause of death
for these individuals was METH overdose, and they had a history of using METH for more than five
years. The common methods of METH use among this group were smoking and intravenous (IV)
injection. It is worth noting that none of the individuals had any neurodegenerative illnesses or a
diagnosis of AIDS.

3.2. Real-time PCR

The analysis of qRT-PCR data was conducted using the Pfaffl method, a robust approach that
accurately assesses gene expression levels. Significantly, within the METH group, a striking pattern
emerged: certain genes displayed substantial upregulation in their expression levels, setting them in
stark contrast to the control group. Notably, the genes GSK3, TNF-a, and RIPK3 demonstrated a
marked increase in expression, underscoring the intricate impact of chronic METH exposure on these
specific molecular pathways.

Conversely, a contrasting trend was observed for other pivotal genes. The genes CREB, BDNF,
and Akt-1, recognized for their essential roles in neural function and plasticity, exhibited a discernible
reduction in expression within the METH group. This bidirectional alteration in gene expression
emphasizes the multifaceted influence of METH on the molecular landscape of the brain,
encompassing both upregulation and downregulation of critical players.

The molecular changes extended to genes intimately associated with apoptotic processes. Genes
such as Caspase 3 and Bax, key orchestrators of apoptosis, showcased heightened expression within
the METH group. This heightened expression potentially hints at the activation of apoptotic
pathways in response to chronic METH exposure. In contrast, the anti-apoptotic gene Bcl2 displayed
diminished expression, further supporting the notion of METH-induced apoptotic perturbations. An
intriguing aspect of this gene expression profile is the augmentation of autophagy-associated genes
within the METH group. The genes LC3 and ATGS, intricately involved in autophagy, exhibited
enhanced expression. This observation suggests a potential activation of autophagy pathways, likely
as an adaptive response to METH-induced cellular stress. This multifaceted gene expression
landscape, as depicted in Figure 1, offers a glimpse into the intricate molecular changes taking place
within the context of chronic METH exposure. The varying responses of different genes underscore
the complexity of METH's impact on neural circuits, potentially contributing to the diverse
behavioral and cognitive alterations associated with chronic substance use.

3.3. Immunohistochemistry result

The intricate protein landscape within the amygdala samples was meticulously examined, with
a focused lens on key players like CREB, BDNF, Akt-1, GSK3, TNF-a, and RIPK3. The investigation,
conducted within the context of METH exposure, unveiled a series of striking alterations in protein
expression, shedding light on the profound impact of this substance on neural physiology. Foremost,
the examination of CREB, a transcription factor intricately involved in neural plasticity, revealed a
notable reduction in its protein expression within the METH-exposed group (METH group: 8.60 +
1.80, control group: 48.30 + 3.80). This reduction potentially underscores the METH-induced
perturbation of molecular pathways governing neural adaptation and synaptic plasticity, implicating
CREB's role in the broader spectrum of neural responses to chronic METH exposure (figure 2).

In tandem, the assessment of BDNF, a neurotrophic factor indispensable for neuronal survival
and growth, unraveled a significant decrease in protein expression within the METH-exposed group
(METH group: 12.59 + 6.14, control group: 49.75 + 4.52). This observation potentially echoes the neural
consequences of chronic METH use, hinting at compromised neurotrophic support and potential
impacts on neuronal health (figure 3).

A noteworthy finding emerged from the investigation of Akt-1, a kinase central to cell survival
and proliferation. The METH group displayed a pronounced reduction in Akt-1 protein expression
(METH group: 15.95 + 4.03, control group: 47.71 + 2.17), potentially highlighting the impairment of
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essential cell signaling cascades and cellular responses within the amygdala due to prolonged METH
exposure (figure 4).

The protein expression analysis of RIPK3, a regulator of cell death and inflammation,
illuminated an intriguing rise within the METH-exposed group (METH group: 44.71 + 7.97, control
group: 21.40 + 9.73). This elevation potentially underscores the intricate balance between survival and
programmed cell death, offering insight into the interplay between METH-induced neural stress and
cellular response pathways (figure 5).

In striking contrast, the protein expression of GSK3, a kinase implicated in various cellular
processes, demonstrated a significant increase within the METH-exposed group (METH group: 46.66
+ 4.74, control group: 9.28 + 2.38). This increase potentially hints at the intricate interplay between
chronic METH exposure and cellular regulatory mechanisms, as GSK3's altered expression might
contribute to the observed structural and functional changes in the amygdala (figure 6).

The examination of TNF-q, a pro-inflammatory cytokine, unveiled a marked elevation in protein
expression within the METH group (METH group: 58.57 + 8.44, control group: 16.56 + 9.32). This
inflammation-associated protein's increased presence might signify an inflammatory response
triggered by METH exposure, potentially linking neural inflammation to the observed changes in
neuronal structure and function (figure 7).

In collective resonance, the dynamic protein expression changes across these pivotal molecules,
as illustrated in Figure 2-7, provide a nuanced perspective on the intricate molecular mechanisms
underpinning the neural consequences of chronic METH exposure. These findings intricately connect
to METH's broader impact on neural plasticity, inflammation, and cell survival, offering invaluable
insights into the complex landscape of substance-induced neural alterations.

3.4. Tunel assay

In our investigation, we meticulously quantified all apoptotic cells. DAPI staining enabled the
precise identification of cellular nuclei, while Tunel staining facilitated the detection of apoptotic cells
(Figure 8). Notably, a substantial rise in apoptotic cells was observed in the METH group,
highlighting the notable impact of METH exposure on apoptotic cell levels.

3.5. GPX Activation, GSSG, ROS

In our study, we delved into oxidative stress's intricate realm by measuring ROS production,
GSSG levels, and GPX activity. We aimed to unravel the balance between harmful reactive oxygen
species (ROS) and protective antioxidant mechanisms. The results we unearthed painted a vivid
picture of the impact of METH exposure. We discovered a significant escalation in ROS formation
and GSSG levels within the METH group. These findings resemble the red flags of heightened
oxidative stress — a condition where the equilibrium between cellular damage and repair becomes
disrupted.

On the contrary, when we scrutinized the activity of GPX, a pivotal antioxidant enzyme
responsible for curbing oxidative damage, a stark decline was evident compared to the control group
(Figure 9). This collective data, vividly depicted in Figure 9, signifies that the METH group
experienced an intensified state of oxidative stress, with ROS and GSSG surges surpassing the norm.
Additionally, the dwindling GPX activity underscores the struggle of the cellular defence system
against oxidative onslaught. Our comprehensive findings enhance our understanding of the
multifaceted effects of METH exposure on oxidative stress dynamics.

3.6. Stereological analysis of the amygdala

The amygdala central nuclei were subjected to H&E and Cresyl violet staining in the study
groups. Our observations revealed that neuronal vacuolation and gliosis were notably more severe
in the METH group compared to the control group. Stereological analysis of neuron and glial cell
numbers was performed on both groups. The METH group exhibited a significant decrease in the
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number of neurons and a marked increase in the number of glial cells compared to the control group
(P <0.001) (Figure 10).

The histological examination of the amygdala central nuclei revealed significant findings in the
study groups. Specifically, H&E and Cresyl violet staining indicated a distinct pattern of structural
changes within the METH group compared to the control group. Neuronal vacuolation and gliosis
were particularly pronounced in the METH group, signifying a considerable disruption in the
microarchitecture of the central nucleus of the amygdala.

The amygdala is renowned for its pivotal role in processing and regulating emotions,
particularly those related to fear, stress, and social interactions. The central nuclei of the amygdala,
being integral components of this intricate neural circuitry, play a crucial role in orchestrating
responses to emotional stimuli and contributing to emotional learning and memory. The observed
neuronal vacuolation and gliosis in the METH group could potentially indicate underlying
neuroinflammatory processes or disturbances in neural connectivity within this vital region. The
subsequent stereological analysis, which quantified the numbers of neurons and glial cells, offers
valuable insights into the potential functional implications of these structural alterations. Notably,
the METH group displayed a substantial reduction in the number of neurons alongside a marked
increase in glial cell numbers compared to the control group (P < 0.001) (Figure 10). This perturbed
balance between neurons and glial cells could potentially disrupt the intricate information processing
within the amygdala, impacting various functions such as emotional regulation, fear conditioning,
and the interpretation of social cues.

Furthermore, the connection between these structural modifications and the functional role of
the amygdala extends to broader behavioral outcomes. Dysregulation of the amygdala has been
implicated in various psychiatric disorders, encompassing anxiety, depression, and addiction. The
pronounced structural changes observed within the central nucleus of the amygdala in the METH
group may significantly contribute to the observed behavioral and emotional dysregulation often
associated with individuals with a history of METH use.

To conclude, the observed structural changes in the central nucleus of the amygdala, marked by
neuronal vacuolation and gliosis, underscore the intricate interplay between structural alterations
and their potential functional repercussions. These findings offer insights into the potential neural
mechanisms underpinning METH-induced alterations in emotion and behavior and underscore the
amygdala's essential role in emotional processing and its susceptibility to perturbations stemming
from substance-related factors.

3.7. Immunoblotting

After using immunoblotting, we checked the levels of proteins—important molecules in our
study. This helped us understand how things work in response to METH exposure, building on what
we found through real-time PCR .In simple terms, in the group exposed to METH, we saw that
certain proteins such as GSK3, TNF-a, and RIPK3 were higher compared to the control group. This
suggests that METH might be causing certain pathways or processes to get more active. On the other
hand, some key proteins like CREB, BDNF, and Akt-1 were lower in the METH group compared to
the control group. This might mean that METH affects how these proteins work, possibly changing
how cells communicate or function (Figure 11).

4. Discussion

METH is a widely known nervous system stimulant that has been extensively studied for its
therapeutic effects on various diseases. However, the misuse and uncontrolled use of METH have
become a growing concern due to its high potential for abuse and illegal nature (8). Previous research
has clearly demonstrated the detrimental impact of METH on the CNS, leading to various
neurological and behavioral disorders such as delirium, paranoia, anxiety, depression, memory
impairment, hallucinations, and poor concentration among METH users (11). Although several
hypotheses have been proposed, the exact molecular mechanisms underlying METH-induced
neurological effects are still not fully understood. Increased production of reactive oxygen and
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nitrogen species, induction of autophagy and apoptosis, elevated levels of inflammatory factors, and
mitochondrial dysfunction are believed to play a role (13, 38). Specifically, disruption of
dopaminergic and serotonergic neurons has been linked to METH's neurological effects (49). Our
study investigated the effects of METH on the amygdala and revealed significant alterations in
various parameters. We observed a significant reduction in GPX activation and downregulation of
BDNF, CREB, and Akt-1 expression/levels. Additionally, we noted a marked increase in the levels of
GSSG, ROS, RIPK3, GSK3, and the inflammatory factor TNF-a in the postmortem amygdala of METH
users compared to the control group. These findings align with previous studies suggesting that
METH disrupts ion channels, leading to increased intracellular calcium levels, mitochondrial
dysfunction, impaired energy metabolism, and excessive production of reactive oxygen species,
ultimately interfering with the antioxidant system in neural cells (13, 49, 50).

In pathological states of the nervous system, astrocytes and microglia undergo hypertrophy and
hyperactivation, resulting in the overproduction of inflammatory factors and subsequent
neuroinflammation (49). The combination of these factors ultimately leads to the destruction of nerve
cells and the development of irreversible neurological defects in METH users (27).

Our findings are consistent with earlier research showing significant increases in GSSG,
malondialdehyde (MDA), GSK3, and TNF-a in METH users, along with a notable decrease in GSH
levels and an increase in GSSG and ROS in the amygdala (13, 34) (38). Although apoptosis,
autophagy, and inflammation have been proposed as potential mechanisms for the adverse effects of
METH on the CNS, the exact molecular mechanisms and signaling pathways involved have not been
fully elucidated (34, 38).

Previous studies have highlighted the neuroprotective effects of factors such as CREB, BDNF,
and Akt-1 in the CNS, promoting neuronal regeneration, survival, and growth (51). Impairment in
CREB regulation has been linked to programmed cell death, ROS production, and neurodegeneration
(52). In light of this, we conducted a comprehensive analysis of the potential signaling pathways,
namely CREB/BDNF and Akt-1/GSK-3, that may be disrupted in the amygdala of individuals using
METH. Consistent with previous studies, our findings provide further evidence of significant
downregulation in the expression/levels of BDNF, CREB, and Akt-1 (both total and phosphorylated
forms) while demonstrating a noteworthy increase in GSK-3 levels (40-42). We observed significant
alterations in multiple parameters in the amygdala of METH users. These include elevated levels of
inflammatory cytokine TNF-a, increased GSSG, ROS, and GSK3 levels, and notable downregulation
of BDNF, CREB, and Akt-1. These changes are consistent with previous research, suggesting that
METH disrupts ion channels, impairs mitochondrial function, and interferes with the antioxidant
system in neural cells. Furthermore, our study aligns with previous findings regarding the
hypertrophy and hyperactivation of astrocytes and microglia in pathological nervous system states.
These processes contribute to the overproduction of inflammatory factors and subsequent
neuroinflammation, ultimately leading to irreversible neurological defects in METH users.

Our results also support earlier studies reporting significant increases in GSSG, MDA, GSK3,
and TNF-a, along with a decrease in GSH levels in the amygdala of METH users. While apoptosis,
autophagy, and inflammation have been proposed as potential mechanisms, further research is
required to fully elucidate the molecular mechanisms and signaling pathways involved in METH-
induced CNS damage. Previous research has highlighted the neuroprotective effects of factors such
as CREB, BDNF, and Akt-1, which promote neuronal regeneration, survival, and growth in the CNS.
Impairment in CREB regulation has been associated with programmed cell death, ROS production,
and neurodegeneration.

By examining the potential signaling pathways disrupted in the amygdala of METH users,
namely CREB/BDNF and Akt-1/GSK-3, our study provides further evidence of the significant
downregulation of BDNF, CREB, and Akt-1, as well as an increase in GSK-3 levels. These findings
contribute to our understanding of the molecular mechanisms underlying METH-induced
neurotoxicity. In summary, our study enhances the knowledge surrounding the detrimental effects
of METH on the amygdala. By shedding light on previously unknown mechanisms and providing
valuable insights into the impact of METH on the brain, our findings contribute to developing
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targeted interventions and therapeutic strategies to mitigate the harmful effects of METH use on the
CNS.

Conclusions:

In conclusion, our study expands our understanding of the detrimental effects of METH on the
CNS, particularly in the amygdala. METH misuse and uncontrolled use have been associated with
various neurological and behavioral disorders. While the exact molecular mechanisms of METH-
induced neurotoxicity remain incompletely understood, our findings provide valuable insights into
the underlying mechanisms.
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