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Background: One of the most significant public health concerns in our local communities is the 
high prevalence of methamphetamine use among teenagers. 

Objectives: This study aimed to explore the neuroprotective role of silymarin on methamphetamine-
induced changes in adolescent Wistar rats, focusing on both behavioral and cellular markers.

Materials & Methods: For this study, 40 juvenile Wistar rats were used. The animals were divided 
into four groups of ten animals each. Control group A (control) received the vehicle, group B 
received methamphetamine, group C received silymarin, and group D received methamphetamine 
and silymarin. Methamphetamine and silymarin were given orally at 5 mg/kg and 385 mg/kg for 14 
days. Neurobehavioral tests were done on the last four days of the treatment, postnatal day 39–42. 
The animals were sacrificed 24 hours after the last treatment, and the histological evaluation of the 
amygdala and the hippocampus was performed.

Results: Malondialdehyde (MDA) tissue levels increased significantly (P=0.002) in the 
methamphetamine group but decreased in the combined methamphetamine and silymarin 
group. Differences in risk assessment, cognitions, and depressive-like behaviors between the 
methamphetamine plus silymarin group and the control group were statistically significant in the 
methamphetamine group (P=0.001, 0.004, 0.001, respectively). Microglia activation, neuronal 
edema and shrinkage, neurofibrillary tangles, and senile plaques increased in the group that 
received only methamphetamine but reversed in methamphetamine plus silymarin-treated animals. 
Oligodendrocyte transcription factor 2 (OLIG2) and myelin basic protein (MBP) decreased in the 
methamphetamine group but increased in the methamphetamine plus silymarin group.
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Introduction

ethamphetamine exposure levels may 
rise as a result of the emergence of new 
methamphetamine consumption tech-
niques that are more accessible in our 
local surroundings [1]. Methamphet-

amine can be injected intramuscularly or intravenously. 
It can be absorbed by insufflation, smoking, or inges-
tion. The effects of drug use are particularly sensitive 
and noticeable during adolescence and chronic meth-
amphetamine use is more prevalent and begins earlier 
in life among teenagers [2, 3]. Teenagers mainly misuse 
synthetic psychostimulants for recreational purposes, as 
they are extremely addictive. Actually, with over 35 mil-
lion users worldwide, methamphetamine is the second 
most popular illegal substance in the world [4, 5]. Ac-
cording to estimates from the United Nations Office on 
Drug and Crime (UNODC) [6], methamphetamine use 
is on the rise in Nigeria, with a 32% increase in cases of 
methamphetamine use and a 55% increase in cases of 
methamphetamine use disorder [6]. There seems to be 
a noticeable increase in methamphetamine usage in the 
southeast of Nigeria, which could account for the major-
ity of methamphetamine use disorders [7].

The transitional phase between childhood and adult-
hood, known as adolescence, is crucial for brain devel-
opment and growth. In humans, it is believed to last be-
tween the ages of 12 and 18 and in rats, between postnatal 
(PND) days 28 and 42 [8]. Teenagers are susceptible to 
the harmful effects of illegal drugs. Studies on animals 
have shown that exposure to illegal drugs throughout 
adolescence changes the brain’s development in ways 
that last for years. Adolescent learning, memory, atten-
tion, behavioral activities, and possible addiction could 
all be affected as a consequence [9, 10].

Methamphetamine use among teenagers is common, 
and the detrimental effects it has on memory and learn-
ing (cognition) in our community are well documented. 
However, substances that may lessen these effects have 
not been studied. Some publications claim that if herbs 
and other sources of nutrition preserve the neural sys-
tem, diseases associated with cognitive deficits may be 
preventable [11, 12]. Given the abundance of herbs and 
herbal products found in Africa, we are optimistic about 
preventing mental illness in the future. Silybum mari-
anum (L.) Gaertner, an annual or biennial plant in the 
Asteraceae family, is the source of silymarin. It is also 
known by several names, including milk thistle, blessed 
milk thistle, Marian thistle, Mary thistle and Saint Mary’s 
thistle. The plant is now common worldwide, previously 
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Highlights 

• In response to the treatment of methamphetamine-exposed Wistar rats with silymarin, anxiety behavior was regulated 
by increasing the open arm avoidance and decreasing the time spent dipping head in an elevated plus maze (EPM) test.

• Also, the treatment regulated depressive activities by decreasing the immobility time in the tail suspension test.

• Silymarin reversed cognitive deficit by decreasing the escape latency in the Morris water maze test.

• Also, silymarin reversed oxidative stress by regulating the malondialdehyde (MDA) level to control level.

• The treatment with silymarin deactivated microglia activities by decreasing the number of hematoxylin and eosin 
(H&E) sensitive cells.

Conclusion: According to this research, silymarin inhibits lipid peroxidation (measured using 
the level of MDA). Also, methamphetamine induces significant levels of animal behavioral 
deficits (measured with elevated plus maze (EPM) test, tail suspension test, and Morris water 
maze test). These behavioral deficits were reversed to a nonsignificant level in the group treated 
with both methamphetamine and silymarin when compared to the control group. This finding 
indicates that silymarin could reverse behavioral deficits and molecular alterations associated with 
methamphetamine exposure. 
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found only in southern Europe and Asia [13]. This herb 
is a challenging weed being cultivated for its medicinal 
qualities and is one of the most essential medical crops 
in the world. Since its earliest usage  as a medication 
more than 2000 years ago, milk thistle has been chiefly 
used to treat liver conditions such as cirrhosis and hepa-
titis and protect the liver from toxins [14]. The extracts 
from this plant have also been found to have a wide 
range of pharmacological characteristics, such as anti-
inflammatory and antifibrotic effects [15]. The major 
element behind milk thistle’s pharmacological effects is 
the presence of a class of compounds called flavonolig-
nans, sometimes called silymarin.

Treatment options for methamphetamine use disorder 
currently consist of behavioral and synthetic pharma-
ceutical approaches, both of which are usually ineffec-
tive. Research toward developing medications to treat 
methamphetamine use disorder has been prioritized by 
the National Institute on Drug Abuse (NIDA) [16]. The 
inherent limitations and inconsistent efficacy of prior 
synthetic agents have contributed to the need for the 
development of novel protective agents with efficient 
modes of action, particularly those derived from me-
dicinal plants (due to their alleged reduced side effects 
compared to synthetic drugs). Although silymarin has 
been proven to have protective effects against oxidative 
stress and neurotoxicity, less attention has been paid to 
its neurobehavioral recovery effects on methamphet-
amine-induced deficits in adolescents experiencing a 
developmental period. This study thus fills that gap by 
investigating behavioral and molecular changes in ado-
lescent Wistar rats.

Therefore, the current study hopes to understand the 
various neurobehavioral, oxidative stress and histopath-
ological effects that silymarin has on the neurotoxicity 
of methamphetamine in adolescent rats. This study aims 
to establish how the findings from silymarin effective-
ness on antioxidative and neuroprotective properties 
in methamphetamine-exposed adolescent rats improve 
the functional and structural aspects in these animals by 
combining behavioral results with molecular and histo-
logical analyses.

Materials and Methods

Study materials

The dried seeds of S. marianum (L.) Gaertner were 
supplied by Biokoma Dried Herbs (Jumia Store, San-
gotedo, Lagos State, Nigeria) in the summer of 2022. 
These seeds were verified at the Biological Science 

Department of Nnamdi Azikiwe University using the 
authentication code AU106. A sizable representative 
sample of the plant material (500 g) was crushed and 
sieved to obtain a particle size of 0.4 mm. Wianowska 
and Wis’niewski described an effective three-stage ex-
traction process using accurately weighted material 
pieces [17].

Methamphetamine was obtained under government 
approval and stored under government-required condi-
tions, and usage was logged as prescribed by national 
legislation. The substance was stored in a dry and cool 
environment.

Experimental animals

Male and female Wistar rats aged 70 to 80 days, weigh-
ing between 159 to 205 g, were raised in our colony in 
breeding cages with 10 male and 20 female rats each; 
female rats were single-housed at the first sign of preg-
nancy with a vaginal plug. The young rats were weaned 
on PND day 21 and kept in a different cage from their 
parents. The experiment was conducted from PND 28 to 
42 using only 40 male offspring. Routine experiments  
were performed with the animals in groups of four per 
Perspex cage in a designated pathogen-free environ-
ment; wire gauze was necessary for cross-ventilation. 
The animals were kept in a controlled environment un-
der a 12-hour day/night photoperiod, with a temperature 
range of 25–28 °C and relative humidity of 60–80%, at 
the anatomy lab in Nnamdi Azikiwe University’s Nnewi 
Campus’ College of Health Sciences. The animals regu-
larly received water and guinea feed pellets (from Agro 
Feed Mill Nigeria Ltd.). The Faculty of Basic Medical 
Sciences, College of Health Sciences, Nnamdi Azikiwe 
University Nnewi Campus approved the treatment of all 
the animals, in accordance with the National Institutes 
of Health Guide for the Care and Use of Laboratory Ani-
mals [18].

Acute toxicity test (LD50) of methamphetamine 
and silymarin

Using the methodology outlined in the organization 
for economic co-operation and development’s guideline 
for testing chemicals [19], the acute test was conducted 
for silymarin and methamphetamine. The lethal dose of 
50% (LD50) for silymarin was 500 mg/kg and 10 mg/kg 
for methamphetamine.
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Experimental design

A total of 40 young Wistar rats were used in this study. 
Four groups with 10 male animals each were formed. 
The groups were given the designations A (control 
[CTRL]), B (methamphetamine [METH]), C (silymarin 
[SILY]), and D (METH+SILY). The animals in each of 
the following groups received the following treatments: 
A (vehicle), B (methamphetamine), C (silymarin), and D 
(methamphetamine and silymarin) from PND 28 to PND 
42. The treatment had a pH of 9.2 and was administered 
at room temperature. The oral dosages for silymarin 
and methamphetamine were 385 mg/kg and 5 mg/kg, 
respectively. Sesame oil was used to dilute the metham-
phetamine and silymarin and it also served as the vehicle 
for the control group. The oral administration was done  
using a flexible 16-gauge feeding plastic tubing oral 
bulb-tipped gavage needle of about 2 inches  in length.

Animal sacrifice or euthanasia

Through intramuscular injection, ketamine (55 mg/kg) 
was used to put the animals to sleep. The animals were 
anesthetized 24 hours after the last day of treatment, then 
decapitated, and had an occipitofrontal incision made to 
remove the brain. They were also cardiac-perfused with 
heparinized phosphate-buffered saline (PBS). The brain 
tissues of four animals in each group were immediately 
prepared for biochemical analysis through homogeniza-
tion to identify oxidative markers of interest. In contrast, 
six brain tissues in each group were fixed for 48 hours in 
10% neutral buffered formalin to section the three fixed 
brain tissues for hematoxylin and eosin (H&E) and biel-
schowsky silver (BS) stain. Three other fixed brain tis-
sues in each group were embedded in cryoprotectants for 
immunohistochemical investigations.

Behavioral function test

Before sacrifice, the behavioral test started at PND 39 
and ended at PND 42 (later in adolescence). Forty Wis-
tar rats in all (10 per treatment group) were subjected to 
behavioral tests in the following order: PND 40 was used 
for the elevated plus maze test (EPM), PND 41 was used 
for the tail suspension test, and PND 42 and 43 were 
used for the Morris water maze test. On each day of the 
behavioral test, the tests were administered a few hours 
before the treatment.

EPM test (anxiety-related behavior)

The EPM test on the PND 39 was used to assess ani-
mal anxiety-related behavior. Two oppositely positioned 
closed arms, two oppositely positioned open arms, and 
a center region comprise the “+”-shaped maze that 
makes up the EPM device. The maze is elevated above 
the ground. The subjects have 5 minutes to navigate the 
maze freely during this test. A surveillance camera posi-
tioned above the labyrinth recorded their motions, and 
their activities in the video were subsequently examined 
on a laptop. Time spent in the open or closed arms was 
used as an index for preference of either arm and used to 
measure anxiety-like behavior.

Consequently, increased closed-arm preference indi-
cates elevated anxiety. Anxiety was measured directly 
by using entries and time spent in closed arms [20]. The 
amount of time spent in open arms and the entries were 
utilized as direct indicators of anxiety; in other words, 
less open-arm avoidance corresponds to lower anxiety 
levels or anti-anxiety behavior [20]. The study used risk-
assessment behavior as an inverse measure of anxiety. 
Specifically, the frequency and duration of head-dips, 
which include moving the head downward toward the 
floor while on the open arms, were found to be associ-
ated with lower levels of anxiety [21].

Tail suspension test

On the PND 40, the tail suspension test was utilized to 
assess behaviors associated with depression. Throughout 
the experiment, the Wistar rats were kept from escap-
ing or clinging to adjacent surfaces by being suspended 
by their tails from a metal hook that protruded from the 
chamber ceiling. Immobility is the main result. The rats 
attempted to escape in almost all cases during the first 2 
minutes of the 6-minute test, so the immobility period 
was measured during the last four minutes. A measure 
of “depression-like” behavior was determined by keep-
ing scores of each animal’s total immobility time [22]. 
An animal’s total immobility time is the time it hangs 
without movement.

Morris water maze test

From PND 41 to PND 42, the animal’s spatial learn-
ing and memory were assessed using the Morris water 
maze. The procedure was followed as directed by Joca 
et al. [23]. The apparatus comprises a large circular pool, 
or tank, about 6 feet in diameter and 3 feet deep. The 
interior of the  tank was painted white, while its exterior 
was painted brown. It was filled with about 25 °C tap 
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water under bright lighting. The maze was separated into 
4 virtual quadrants, with a platform measuring 24 cm in 
height and 10 cm in circumference in one of the pool’s 
quadrants. During training, the platform was one inch 
above the water.

The Wistar rat learned and used this platform as the 
most effective way to get out of the water. The experi-
menter led the animals who had difficulty finding the 
platform during training, and they were given 3 s to 
remain there. Before the test session, the platform was 
submerged in the quadrant during the training session 
because the animals needed to be retrained to locate the 
submerged platform hidden in one of the four quadrants. 
The test animal was placed in a different quadrant for 
each trial, while the platform was kept in the same quad-
rant. Each test session had three trials lasting 60 s each, 
with an average inter-trial delay of 10 s. The animal was 
trained and ready for the test, and the escape platform 
was placed an inch below the water’s surface. Non-
toxic white tempera paint was added to make the water 
opaque. One day was all needed to finish the training 
test session for opaque and transparent materials. If the 
animal had not clambered onto the platform after 60 s 
of the trial’s termination, it was removed from the water 
and placed on it. Before the subsequent trial began, the 
animal remained on the platform for 20 min during the 
intertrial. When all three tests were completed, the ani-
mal was removed and placed under a lamp to warm. The 
interval between each session was 1 hour. The escape 
latency was manually recorded using a stopwatch.

Analysis of oxidative markers

For the evaluation of antioxidants like glutathione 
(GSH) and superoxide dismutase (SOD), as well as lipid 
peroxidative indicators like malondialdehyde (MDA), 
the Biochemistry Department at Nnamdi Azikiwe Uni-

versity, Nnewi Campus, was engaged. One gram of each 
animal tissue was mixed with 10 mL of 0.9% normal 
saline and homogenized at room temperature. After that, 
each sample was centrifuged for 20 minutes at 3000 rpm 
at room temperature. The supernatants were separated 
using a spectrophotometer, and the levels of MDA, GSH 
and SOD were measured in accordance with the instruc-
tions provided by Ahmed Amar et al. [24].

Tissue processing H&E and BS stain

After being prepared according to Feldman and Wolfe 
[25], the tissues were sectioned and stained with H&E 
and BS stain, and three of the tissues were examined. Af-
ter the fixation, excess fixatives were removed by rinsing 
them under tap water for an entire night. The fixed tis-
sues underwent dehydration to eliminate water and other 
substances. After dehydration, tissues were cleared with 
xylene for two hours. This action was followed by two 
variations of two hours of infiltration at 60 °C molten 
paraffin wax. The paraffin wax was sectioned when it 
had cooled [25].

Hematoxylin and eosin staining methods

The H&E staining approach was used to identify ne-
crotic entities with an eosinophilic appearance and histo-
morphological changes [26]. Coronal sections contain-
ing the appropriate brain tissue were mounted on slides, 
dried overnight, rehydrated and stained with H&E in 
accordance with the guidelines provided by Granado et 
al. [27, 28]. Photomicrographs were taken during the mi-
croscopy process using an eyepiece camera attached to 
an Olympus microscope (Tokyo, Japan).

Figure 1. The summary of the experimental procedure
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Bielschowsky sliver staining method

BS stain is a useful technique that we utilized to dem-
onstrate nerve fibers. Visible staining was observed in 
the dendrites, axons, neurofibrils and senile plaques of 
the central nervous system. This approach is widely 
used in the study of Alzheimer disease (AD). Coronal 
sections containing the appropriate brain tissue were put 
on slides, dried overnight, rehydrated, and stained by BS 
stain BS [29].

Stereological quantification of neurons in the 
brain

H&E-stained neurons in the amygdala and hippocam-
pus were counted unilaterally in every fourth segment 
of the tissues for each group (n¼4-6). The degeneration 
of neurons in the selected brain tissues was assessed 
by counting H&E neurons in each experimental group 
(n¼4-6) [30]. An experienced observer unaware of the 
treatment circumstances employed the optical fraction-
ator, Stereo Investigator program (MicroBrightField 
Bioscience, Colchester, VT), as described in some stud-
ies [31, 32]. The brain tissues’ shapes were illustrated at 
low power (×2) in accordance with recognized anatomic 
landmarks. At the same time, the number of cells was 
counted at higher power (×20 for the hippocampus and 
×100 for the amygdala). H&E-labeled cell bodies could 
easily be differentiated from terminal degeneration in the 
hippocampus and amygdala at these magnifications. To 
avoid double counting, neurons were only counted in the 
focal plane, where their nuclei were most visible. The 
count includes several neurons with extremely low H&E 
signals.

Myelin basic protein (MBP) and oligodendrocyte 
transcription factor (OLIG2) expressions

The three fixed tissues were used for immunohisto-
chemistry staining after being embedded in a cryopro-
tectant. SuperFrost microscope slides obtained serial 
coronal sections (20 μm). OLIG2 and MBP immuno-
histochemistry were performed on free-floating sections 
using standard avidin-biotin immunocytochemical pro-
tocols [33, 34]. The slides were cleaned three times for 
five minutes each in PBS and then blocked. Following 
application to the slides, the primary antibodies (OLIG2 
and MBP) were incubated at a concentration of 1:1000 
for a whole night. The following day, slides were incu-
bated with a secondary antibody (goat anti-mouse) at a 
concentration of 1:250 for two hours after being washed 
in PBS three times for five minutes each. The VECTA-
SHIELD mounting media was used to cover the slides.

After that, pictures were taken at a magnification of ×20 
using an Olympus Ix-81 microscope and the integrated 
optical density was computed using SlideBook software, 
version 6.0. After obtaining all photomicrographs, the 
average intensity of MBP and OLIG2 immunoreactivity 
in the cornu ammonis 3 (CA3) and basolateral amygdala 
(BLA) was evaluated [35].

Quantitative assessment of immunoreactive ex-
pressions

An optical microscope equipped with a Leica DFC290 
HD video camera was used to capture images of the tis-
sue sections obtained with an ×4 lens and the expression 
levels of OLIG2, MBP and BS staining in the brain were 
measured. Using an image analysis system (analytical 
imaging station), the staining area in the brain tissue was 
calculated as a proportion of the tissue’s pixels that dis-
played staining (stained area) relative to all pixels in the 
brain tissue of interest (scanned area). This is called a 
proportional stained area [36, 37].

Data analysis

The data were analyzed using SPSS software, version 
27.0.1. We could determine the Mean±SE. Values within 
a group and between groups were compared using an 
independent samples t-test and a one-way analysis of 
variance (ANOVA), respectively. The post hoc analysis 
of Turkey was utilized to determine differences in the 
experimental parameters between the groups. The data 
were presented as Mean±SEM and were considered sta-
tistically significant when P<0.05, P<0.01 and P<0.001 
were obtained.

Results

Neurobehavioral test

The tests included EPM, tail suspension and Morris 
water maze tests. The duration spent in the closed and 
open arms is displayed in Table 1. It is used as an index 
for measuring the animal groups’ anxiety levels during 
the EPM test. The independent samples t-test was used 
to analyze the data and the results were considered sig-
nificant at P<0.05 and P<0.01, represented as * and **, 
respectively. The mean of the closed and open arms in 
SILY and METH & SILY groups varied significantly, ac-
cording to the independent samples t-test. Furthermore, 
Table 1 shows no significant difference between the 
CTRL and METH groups’ closed and open arm means.
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The risk assessment for each animal group is shown 
in Table 2 above. In comparison to the CTRL group, 
the METH group shows a significant increase in both 
the duration and frequency of head dips. In contrast, the 
SILY and METH & SILY groups show nonsignificant 
differences in the duration and frequency of head dips 
done by the animals throughout a five-minute test.

The immobility time for each animal group is also 
shown above. A one-way ANOVA and a Turkey HSD 
multiple comparisons were used to analyze the data, 
and the results were considered significant at P<0.001, 
which is represented as ***. When compared to the CTRL 
group, the immobility times of the SILY and METH & 
SILY groups show nonsignificant differences. Still, the 
immobility time of the METH group animals shows a 
significant increase.

The observed reduction in anxiety-like behaviors and 
improvement in spatial learning in the SILY and METH 
& SILY groups directly support the hypothesis that si-
lymarin mitigates methamphetamine-induced neurobe-
havioral deficits, aligning with its proposed neuroprotec-
tive role.

Table 2 presents the time the animals take to locate the 
hidden platform. The difference in the time it took the 
animals in the SILY and METH & SILY groups to locate 
the hidden platform was not statistically significant when 
compared to the CTRL group. Still, there was a statisti-
cally significant increase in the time the animals took in 

the METH group to locate the hidden platform. The ob-
served reduction in anxiety-like behaviors and improve-
ment in spatial learning in the SILY and METH & SILY 
groups directly support the hypothesis that silymarin 
mitigates methamphetamine-induced neurobehavioral 
deficits, aligning with its proposed neuroprotective role.

Biomarkers of oxidative stress

Data were analyzed using one-way ANOVA followed 
by Turkey HSD multiple comparisons, and data were 
considered significant at P<0.01, represented as **.

Table 3 presents the data for some oxidative stress 
markers. The results were evaluated after a one-way 
ANOVA and a Turkey HSD multiple comparison. The 
data were considered significant at P<0.01, represented 
as **. In contrast to the CTRL group, the MDA shows a 
significant increase in the METH group, but other group 
differences were not statistically significant. Comparing 
the experimental groups METH, SILY and METH & 
SILY to the control group, the differences in GSH and 
SOD representation were not statistically significant.

The significant reduction in MDA levels and stabili-
zation of SOD and GSH levels in the METH & SILY 
group indicates that silymarin effectively counters meth-
amphetamine-induced oxidative damage, a key mecha-
nism underlying the observed behavioral and histologi-
cal improvements.

Table 1. The anxiety behavior represented as the time spent in closed and open arms

Groups Time (s) Mean±SEM t MD Groups Time (%) P F

CTRL
Closed arm 236.82±17.52

8.325 189.56
83.36

0.602

14.121

Open arm 47.26±14.55 16.64

METH
Closed arm 136.41±8.45

1.315 11.56
52.21

0.136
Open arm 124.85±2.42 47.79

SILY
Closed arm 238.23±17.73

10.742 204.77
87.68

0.006**

Open arm 33.46±6.99 12.32

METH & SILY
Close arm 265.52±10.88

19.107 243.34
92.29

0.047*

Open arm 22.18±6.62 7.71

Abbreviations: CTRL: Control; METH: Methamphetamine; SILY: Silymarin; METH & SILY: Silymarin and methamphetamine; 
MD: Mean difference.

Independent samples t-test was utilized; *P<0.05, **P<0.01.
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Histological expressions

H&E stain and BS stain for neurofibrillary tangle 
and senile plaque

Table 4 presents the data for different H&E-sensitive 
cells. A one-way ANOVA was used to evaluate the data, 
and then a Turkey HSD multiple comparison was con-
ducted. The METH group shows a significant increase 
in amygdala H&E-sensitive cells, while the remaining 
amygdala groups showed nonsignificant changes com-
pared to the CTRL group. Comparing the experimental 
groups METH, SILY, and METH & SILY to the CTRL 
group, the differences in the hippocampal representa-
tions were not statistically significant.

The data for different structures that are sensitive to BS 
stain are shown in Table 4. The data were analyzed using 
a one-way ANOVA and a Turkey HSD multiple com-

parison. The data were considered significant at P<0.01, 
P<0.001, represented as ** and ***, respectively. The 
METH and METH & SILY groups showed a significant 
increase in the BS-sensitive structures of the amygdala 
and hippocampus. In contrast, the SILY group difference 
in these tissues was not statistically significant compared 
to the CTRL group.

Amygdala H&E stain

The H&E-sensitive amygdala cells in all the groups 
of Wistar rats treated are shown in the photomicrograph 
section (Figures 1, 2, 3, 4 and 5). The METH group 
shows micrographs of swollen cells, whereas CTRL, 
SILY and METH & SILY groups show micrographs of 
normal cell architecture (×400 scale bar, 50 µm). 

Table 2. Risk assessment represented as the time and number of head dips, the depression-like behavior represented by the 
immobility time and spatial cognitive behavior represented as the escape latency

Variables Group Mean±SEM P F

Time of head dips (s)

CTRL 23.93±9.03

31.186
METH 92.88±8.74 0.001***

SILY 17.17±4.51 0.897

METH & SILY 10.28±3.10 0.513

Number of head dips

CTRL 17.20±5.94

24.761
METH 44.80±2.18 0.001***

SILY 11.60±1.89 0.664

METH & SILY 6.40±1.91 0.160

Immobility time (s)

CTRL 89.45±4.31

31.166
METH 157.56±5.11 0.001***

SILY 93.71±4.89 0.950

METH & SILY 110.88±7.82 0.511

Escape latency (s)

CTRL 11.58±2.00

10.787
METH 31.45±3.27 0.004**

SILY 10.05±1.45 0.986

METH & SILY 21.33±4.43 0.348

Abbreviations: CTRL: Control; METH: Methamphetamine; SILY: Silymarin; METH & SILY: Silymarin and methamphetamine.

Turkey HSD multiple comparison was used to assess the data after one-way ANOVA; **P<0.01, ***P<0.001.
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CA3 H&E stain

Figures 6, 7, 8 and 9 show the tissue and cellular ar-
chitecture of the hippocampal CA3 region in all treated 
groups. While the METH group demonstrates mild neu-
ronal shrinkage and ground glass opacity, CTRL, SILY, 
and METH & SILY groups show normal H&E-sensitive 
hippocampus cells and tissue in their micrographs (×400 
scale bar, 50 µm). 

Amygdala BS stain

The count of proteins sensitive to BS stain in the amyg-
dala tissues of animals belonging to all the groups is 
displayed in the photomicrographs shown in Figures 10, 
11, 12 and 13. Normal dendritic and axonal fibers are 
shown in CTRL and SILY groups. Still, neurofibrillary 
tangle and senile plaque are seen in the METH group 
and gradually disappear in METH & SILY group (×400 
scale bar, 50 µm). 

CA3 BS stain

In the CA3 region of the hippocampus tissues of all 
the groups, photomicrographs shown in Figures 14, 15, 
16, 17, 18, 19, 20 and 21 demonstrate the count of pro-
teins sensitive to the BS stain. CTRL and SILY groups 

showed the count of normal dendritic and axonal fibers. 
In contrast, the METH group shows conspicuous neuro-
fibrillary tangle and senile plaque, and METH & SILY 
group shows dissipating neurofibrillary tangle and senile 
plaque (×400 scale bar, 50 µm). 

Immunohistochemical expressions

MBP and OLIG2 expression

The data for different MBP expressions are shown in 
Table 5. A one-way ANOVA and a Turkey HSD mul-
tiple comparisons were used to analyze the data and the 
results were considered nonsignificant when the P were 
not <0.05. When comparing the experimental groups to 
their control group (group A), the amygdala and hippo-
campal MBP expressions show a statistically nonsignifi-
cant difference.

Table 5 presents different expressions of OLIG2. The 
results were analyzed after a one-way ANOVA and a 
Turkey HSD multiple comparison. The data were con-
sidered nonsignificant when the P were not <0.05. When 
comparing the experimental groups to their control 
group, the differences in the amygdala and hippocampus 
are statistically not significant.

Table 3. The effect of silymarin on methamphetamine-induced oxidative stress

Groups Mean±SEM P F

MDA (nmol/mL)

CTRL 0.93±0.01 51.504

METH 1.25±0.03 0.002**

SILY 0.94±0.00 0.987

METH & SILY 0.94±0.02 0.960

GSH (µmol/g tissue)

CTRL 22.04±0.13 0.496

METH 24.84±3.57 0.713

SILY 22.48±0.57 0.998

METH & SILY 23.82±0.25 0.894

SOD (µmol/min/mg 
protein)

CTRL 15.29±2.42 0.200

METH 16.99±2.24 0.917

SILY 15.24±1.88 1.000

METH & SILY 15.31±0.46 1.000

Abbreviations: CTRL: Control; METH: Methamphetamine; SILY: Silymarin; METH & SILY: Silymarin and methamphetamine; 
MDA: Malondialdehyde; GSH: Glutathione; SOD: Superoxide dismutase.
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Amygdala MBP expression

CTRL and SILY (A and C) groups show normal im-
munoreactivity and expression of MBP; METH (B) 
group shows the lowest expression of MBP, followed by 
METH & SILY (D) group (×100 scale bar, 100 µm).

Hippocampus MBP expression

CTRL and SILY (A and C) groups show normal immu-
noreactivity and expression of MBP. In contrast, METH 
(B) group shows the lowest expression of MBP, followed 
by METH & SILY (D) group (×100 scale bar, 100 µm).

 OLIG2 expression

Amygdala OLIG2 expression

CTRL and SILY (A and C) groups show normal OLIG2 
expression. In contrast, METH (B) group shows the low-
est expression of Olig 2, followed by METH & SILY (D) 
group (×100 scale bar, 100 µm).

Hippocampus (CA3) OLIG2 expression

Discussion

According to a growing literature of studies, metham-
phetamine addiction may be associated with emotional 
and cognitive impairments. Based on a meta-analysis 
of 17 cross-sectional studies, subjects who had taken 
methamphetamine showed significantly lower cogni-
tive scores than those who did not abuse drugs [38]. Al-
though they are seeking treatment

for their addiction, people who use methamphetamine 
for a long time display aggressive, hostile, irritable, 
depressive, and aggressive behaviors when they first 
discontinue the use of the substance [39]. A few stud-
ies have suggested that certain neuronal deficits may be 
avoided if there has previously been neuronal protection 
with medications derived from plants [11, 40]. The cur-
rent study extends our understanding of the neuropro-
tective implication of silymarin on adolescent mice in a 
vulnerable stage of development exposed to neurotoxic 

Table 4. The H&E counts and fibrillary tangle and senile plaque stain

Groups Mean±SEM P F

H&E in amygdala

CTRL 362.73±36.35

4.653
METH 558.22±47.25 0.026*

SILY 340.00±48.92 0.983

METH & SILY 465.92±45.55 0.347

H&E in hippocampus (CA3)

CTRL 265.43±15.93

2.060
METH 289.67±32.15 0.863

SILY 220.38±17.93 0.504

METH & SILY 280.56±10.25 0.962

Bielschowsky silver stain in amygdala

CTRL 514.83±30.38

13.572
METH 709.43±41.59 0.001***

SILY 440.44±29.35 0.527

METH & SILY 700.93±32.16 0.002**

Bielschowsky silver stain hippocam-
pus (CA3)

CTRL 594.00±13.43

18.915
METH 1046.22±83.88 0.000***

SILY 566.78±13.16 0.989

METH & SILY 920.30±45.64 0.004**

Abbreviations: CTRL: Control; METH: Methamphetamine; SILY: Silymarin; METH & SILY: Silymarin and methamphetamine; 
H&E: Hematoxylin and eosin.

Data were analyzed using one-way ANOVA followed by Turkey HSD multiple comparisons; *P<0.05, **P<0.01, ***P<0.001.
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compounds, including methamphetamine, during this 
phase. Our results provide a broad-based demonstration 
of the effects of silymarin in reversing methamphet-
amine-induced neurotoxicity as supported by a combi-
nation of behavioral analysis with elaborate histological 
and molecular tests.

Recent studies have looked into the behavioral and 
cognitive effects of methamphetamine exposure in ado-
lescent rodents. Joca et al. [23] utilized a model of the 
heightened rates of depression among human adolescent 
methamphetamine users to show how much exposure to 
the substance during early adolescence increases depres-
sive-like behavior, as we showed in the tail suspension 
test. The benefits of using silymarin as a neuroprotectant 
in this study, however, suggest that it may be possible 

Figure 2 (CTRL)- A Photomicrograph Section 
of Amygdala Showing Normal Neuronal Cells ( 

) 
Stained by H & E (X400) 

Figure 3 (METH)- A Photomicrograph Section 
of  Amygdala Showing Neuronal Swellings (  

) 

 
 

 

  

Figure 5 (METH & SILY)- A 
Photomicrograph Section of  Amygdala 

Showing Normal Neuronal cells (  ) 

Figure 4 (SILY)- A Photomicrograph Section 
of         Amygdala Showing Normal Neuronal Cells ( 

) 
Stained by H & E (X400) 

Figure 2. (CTRL)-a photomicrograph section of amygdala showing normal neuronal cells stained by H & E (×400)

Figure 2 (CTRL)- A Photomicrograph Section 
of Amygdala Showing Normal Neuronal Cells ( 

) 
Stained by H & E (X400) 

Figure 3 (METH)- A Photomicrograph Section 
of  Amygdala Showing Neuronal Swellings (  

) 

 
 

 

  

Figure 5 (METH & SILY)- A 
Photomicrograph Section of  Amygdala 

Showing Normal Neuronal cells (  ) 

Figure 4 (SILY)- A Photomicrograph Section 
of         Amygdala Showing Normal Neuronal Cells ( 

) 
Stained by H & E (X400) 

Figure 3. (METH)-a photomicrograph section of  amygdala showing neuronal swellings

Stained by H & E (X400)

Figure 2 (CTRL)- A Photomicrograph Section 
of Amygdala Showing Normal Neuronal Cells ( 

) 
Stained by H & E (X400) 

Figure 3 (METH)- A Photomicrograph Section 
of  Amygdala Showing Neuronal Swellings (  

) 

 
 

 

  

Figure 5 (METH & SILY)- A 
Photomicrograph Section of  Amygdala 

Showing Normal Neuronal cells (  ) 

Figure 4 (SILY)- A Photomicrograph Section 
of         Amygdala Showing Normal Neuronal Cells ( 

) 
Stained by H & E (X400) 

Figure 4. (SILY)-a photomicrograph section of amygdala showing normal neuronal cells stained by H & E (×400)
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to reduce the methamphetamine-induced depression and 
suicidal thoughts that are common in adolescents [23, 
41] and adults [42]. A recent study by Buck et al. [43] 
found that early adolescent exposure to methamphet-
amine decreased anxiety-like behavior in the open field 
test. These results align with our EPM test findings, in 
which the animals spent significant time in the open arm. 

However, as shown in numerous scientific papers [44, 
45], silymarin utilized in our investigation mitigates the 
decreased anxiety behaviors induced by methamphet-
amine. Behavioral, biochemical, and histopathological 
assessments are used simultaneously in the present study 
to provide a complete picture of silymarin’s neuropro-
tective potential. Unlike previous research, where these 

Figure 6 (CTRL)- A Photomicrograph Section 
of CA3 Showing Normal Neuronal Cells (  ) 

Stained  by H & E (X400) 

Figure 7 (METH)- A Photomicrograph Section of CA3 
Showing Mild Neuronal Shrinkage (  ) and Ground 

Glass  Opacity (   ) 

 Stained by H & E (X400) 

Figure 8 (SILY)- A Photomicrograph Section of 
CA3 Showing Normal Neuronal cells (  ) 

 Stained  by H & E (X400) 

Figure 9 (METH & SILY)- A Photomicrograph 
Section of CA3 Showing Normal Neuronal Cells  

(  ) Stained          by H & E (X400) 

 
 

 

Figure 6. (CTRL)- a photomicrograph section of CA3 showing normal neuronal cells stained by H & E (×400)

Figure 6 (CTRL)- A Photomicrograph Section 
of CA3 Showing Normal Neuronal Cells (  ) 

Stained  by H & E (X400) 

Figure 7 (METH)- A Photomicrograph Section of CA3 
Showing Mild Neuronal Shrinkage (  ) and Ground 

Glass  Opacity (   ) 

 Stained by H & E (X400) 

Figure 8 (SILY)- A Photomicrograph Section of 
CA3 Showing Normal Neuronal cells (  ) 

 Stained  by H & E (X400) 

Figure 9 (METH & SILY)- A Photomicrograph 
Section of CA3 Showing Normal Neuronal Cells  

(  ) Stained          by H & E (X400) 

 
 

 Figure 7. (METH)- a photomicrograph section of CA3 showing mild neuronal shrinkage and ground glass opacity stained by 
H & E (×400)

Figure 2 (CTRL)- A Photomicrograph Section 
of Amygdala Showing Normal Neuronal Cells ( 

) 
Stained by H & E (X400) 

Figure 3 (METH)- A Photomicrograph Section 
of  Amygdala Showing Neuronal Swellings (  

) 

 
 

 

  

Figure 5 (METH & SILY)- A 
Photomicrograph Section of  Amygdala 

Showing Normal Neuronal cells (  ) 

Figure 4 (SILY)- A Photomicrograph Section 
of         Amygdala Showing Normal Neuronal Cells ( 

) 
Stained by H & E (X400) 

Figure 5. (METH & SILY)-a photomicrograph section of  amygdala showing normal neuronal cells stained by H & E (X400)
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and other experiments provided evidence concerning the 
effect of a specific intervention on a single result [43-
45], in this study, we detailed how molecular changes are 
associated with functional improvement. This combined 
approach enhances the validation of silymarin’s thera-
peutic benefit, which has various applications.

Wistar rats exposed to methamphetamine during ado-
lescence have impaired spatial learning in the Morris 
water maze and sequential learning in the Cincinnati 
water maze. These effects do not appear in pre-adoles-
cence or adulthood, indicating that adolescence is a time 
when methamphetamine-induced cognitive impairments 

Figure 6 (CTRL)- A Photomicrograph Section 
of CA3 Showing Normal Neuronal Cells (  ) 

Stained  by H & E (X400) 

Figure 7 (METH)- A Photomicrograph Section of CA3 
Showing Mild Neuronal Shrinkage (  ) and Ground 

Glass  Opacity (   ) 

 Stained by H & E (X400) 

Figure 8 (SILY)- A Photomicrograph Section of 
CA3 Showing Normal Neuronal cells (  ) 

 Stained  by H & E (X400) 

Figure 9 (METH & SILY)- A Photomicrograph 
Section of CA3 Showing Normal Neuronal Cells  

(  ) Stained          by H & E (X400) 

 
 

 

Figure 8. (SILY)-a photomicrograph section of CA3 showing normal neuronal cells stained by H & E (×400)
Figure 6 (CTRL)- A Photomicrograph Section 

of CA3 Showing Normal Neuronal Cells (  ) 

Stained  by H & E (X400) 

Figure 7 (METH)- A Photomicrograph Section of CA3 
Showing Mild Neuronal Shrinkage (  ) and Ground 

Glass  Opacity (   ) 

 Stained by H & E (X400) 

Figure 8 (SILY)- A Photomicrograph Section of 
CA3 Showing Normal Neuronal cells (  ) 

 Stained  by H & E (X400) 

Figure 9 (METH & SILY)- A Photomicrograph 
Section of CA3 Showing Normal Neuronal Cells  

(  ) Stained          by H & E (X400) 

 
 

 

Figure 9. (METH & SILY)- a photomicrograph section of CA3 showing normal neuronal cells stained by H & E (×400)

Figure 10 (CTRL)- A Photomicrograph Section of 
Amygdala Showing Normal Dendritic Fibers (    ), 

and Axonal Fibers (   ) 

Figure 11 (METH)- A Photomicrograph Section of 
Amygdala Showing Neurofibrillary Tangle (  ), and 
Senile Plaque (  ) 

 
 
 

 
 
 
 

Figure 12 (SILY)- A Photomicrograph Section of 
Amygdala Showing Normal Dendritic Fibers (   ), 

and Axonal Fibers (  ) 

Figure 10. (CTRL)-a photomicrograph section of amygdala showing normal dendritic fibers and axonal fibers stained bs tech-
nique (×400)
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Figure 10 (CTRL)- A Photomicrograph Section of 
Amygdala Showing Normal Dendritic Fibers (    ), 

and Axonal Fibers (   ) 

Figure 11 (METH)- A Photomicrograph Section of 
Amygdala Showing Neurofibrillary Tangle (  ), and 
Senile Plaque (  ) 

 
 
 

 
 
 
 

Figure 12 (SILY)- A Photomicrograph Section of 
Amygdala Showing Normal Dendritic Fibers (   ), 

and Axonal Fibers (  ) 

Figure 11. (METH)-a photomicrograph section of amygdala showing neurofibrillary tangle and senile plaque stained by BS 
technique (×400)

Figure 10 (CTRL)- A Photomicrograph Section of 
Amygdala Showing Normal Dendritic Fibers (    ), 

and Axonal Fibers (   ) 

Figure 11 (METH)- A Photomicrograph Section of 
Amygdala Showing Neurofibrillary Tangle (  ), and 
Senile Plaque (  ) 

 
 
 

 
 
 
 

Figure 12 (SILY)- A Photomicrograph Section of 
Amygdala Showing Normal Dendritic Fibers (   ), 

and Axonal Fibers (  ) 

Figure 12. (SILY)-a photomicrograph section of amygdala showing normal dendritic fiber and axonal fibers stained BS tech-
nique (×400)

Figure 14 (CTRL)- A Photomicrograph Section 
of CA3 Showing Normal Dendritic Fibers (    ), 

and Axonal Fibers (  ) 

Figure 15 (METH)- A Photomicrograph Section 
of CA3 Showing Mild Neurofibrillary Tangle (   ), 
and Senile Plaque (  ) 

  
 

 

 

Figure 13 (METH & SILY)- A Photomicrograph Section 
of Amygdala Showing Dissipating Neurofibrillary 

Tangle (  ), and Senile Plaque (    ) 

Figure 13. (METH & SILY)- a photomicrograph section of amygdala showing dissipating neurofibrillary tangle and senile 
plaque stained by BS technique (×400)
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Figure 14 (CTRL)- A Photomicrograph Section 
of CA3 Showing Normal Dendritic Fibers (    ), 

and Axonal Fibers (  ) 

Figure 15 (METH)- A Photomicrograph Section 
of CA3 Showing Mild Neurofibrillary Tangle (   ), 
and Senile Plaque (  ) 

  
 

 

 

Figure 13 (METH & SILY)- A Photomicrograph Section 
of Amygdala Showing Dissipating Neurofibrillary 

Tangle (  ), and Senile Plaque (    ) 

Figure 14. (CTRL)- a photomicrograph section of CA3 showing normal dendritic fibers and axonal fibers stained by BS tech-
nique (×400)

Figure 14 (CTRL)- A Photomicrograph Section 
of CA3 Showing Normal Dendritic Fibers (    ), 

and Axonal Fibers (  ) 

Figure 15 (METH)- A Photomicrograph Section 
of CA3 Showing Mild Neurofibrillary Tangle (   ), 
and Senile Plaque (  ) 

  
 

 

 

Figure 13 (METH & SILY)- A Photomicrograph Section 
of Amygdala Showing Dissipating Neurofibrillary 

Tangle (  ), and Senile Plaque (    ) 

Figure 15. (METH)- a photomicrograph section of CA3 showing mild neurofibrillary tangle and senile plaque stained by BS 
technique (×400) 

  

Figure 17 (METH & SILY)- A Photomicrograph Section 
of CA3 Showing Dissipating Neurofibrillary Tangle (  ), 

and Senile Plaque (   ) 

 Stained by BS technique (X400) 

Figure 16 (SILY)- A Photomicrograph Section of 
CA3 Showing Normal Dendritic Fibers (   ), and 

Axonal Fibers ( ) 
Figure 16. (SILY)- a photomicrograph section of CA3 showing normal dendritic fibers and axonal fibers stained by BS tech-
nique (×400)
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are more likely to occur [46, 47]. If effective neuropro-
tectants are not used, this impairment continues until 
adulthood [23, 48]. However, our research found that 
the active phytochemical molecule from S. marianum 
(L.) Gaertner seeds alleviated the cognitive impairments 
caused by methamphetamine, similar to what was shown 

in a previous study [49] about the cognitive impairment 
caused by amyloid-beta. Silymarin could reduce cogni-
tive impairment by inhibiting oxidative damage to the 
brain in terms of lipid peroxidation and antioxidant lev-
els [49]. Our results agree with the results obtained by 
Lu et al. [49], where the authors reported that the major 

  

Figure 17 (METH & SILY)- A Photomicrograph Section 
of CA3 Showing Dissipating Neurofibrillary Tangle (  ), 

and Senile Plaque (   ) 

 Stained by BS technique (X400) 

Figure 16 (SILY)- A Photomicrograph Section of 
CA3 Showing Normal Dendritic Fibers (   ), and 

Axonal Fibers ( ) 

Figure 17. (METH & SILY)-a photomicrograph section of CA3 showing dissipating neurofibrillary tangle and senile plaque 
stained by BS technique (×400)

Figure 18. Medial amygdala MBP expression

Sopuluchukwu Udodi P, et al. Silymarin and the Effects of Methamphetamine. Caspian J Neurol Sci. 2025; 11(2):140-162. 

http://cjns.gums.ac.ir/


156

April 2025, Volume 11, Issue 2, Number 41

Figure 19. CA3 region of hippocampus MBP expression

Figure 20. Medial amygdala OLIG2 expression
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component of silymarin, silibinin, abolished the memory 
deficits in an Alzheimer model due to the downregula-
tion of oxidative stress. Likewise, Raza et al. [44] have 
shown the beneficial impacts of silymarin on behavioral 
activities after ischemia-induced brain damage. These 
studies corroborate silymarin’s antioxidant and neuro-
trophic actions, as found in the present investigation.

The enhancements in anxiety and cognitive behaviors 
found in the present study by measuring the efficacy 
of silymarin through the EPM and Morris water maze 
tasks are in concordance with the hypothesized neuro-
protective effects of silymarin. Such behavioral changes 
indicate their effectiveness and provide biochemical and 
histological results.

It has been demonstrated that silibinin, one of the sily-
marin compounds, is a potent antioxidant that reduces 
lipid peroxidation while maintaining levels of SOD and 
GSH [50]. This study, however, confirmed the antioxi-
dative characteristics of silymarin and postulated that 

the primary mechanism responsible for its neuroprotec-
tive effectiveness was the decrease in GSH, SOD, and 
MDA synthesis following an aberrant increase in these 
substances caused by methamphetamine [50, 51]. These 
phenomena show the significant involvement of oxida-
tive stress with normalizing MDA and GSH levels in 
methamphetamine-induced neurotoxicity. Consequent-
ly, since silymarin antagonized these alterations, its ap-
plication confirmed the aforementioned behavioral and 
cellular recovery evidenced by antioxidant properties.

Thus, the balance of neurobehavioral tests, histologi-
cal studies, and oxidative stress markers in the current 
work allows for a comprehensive approach to defining 
the mechanisms of the neuroprotective action of silyma-
rin. Unlike prior studies, which have mostly examined 
the individual effects, this integration yields a profound 
assessment of its therapeutic use.

Figure 21. CA3 region of hippocampus OLIG2 expression CTRL and SILY (A and C) groups show normal immunoreactivity 
and OLIG2 expression. In contrast, METH (B) group shows the lowest expression of Olig 2, followed by METH & SILY group 
(×100 scale bar, 100 µm).
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According to Rothman et al., dopamine, serotonin, and 
norepinephrine are the main neurotransmitters released 
by methamphetamine [52]. The amygdala and hippo-
campus regions of the animal group exposed only to 
methamphetamine showed signs of swelling and necrot-
ic degradation of neuronal cells, which is likely related 
to these neurotransmitters, just as previously reported by 
Panenka et al. [53] in the mesolimbic region of the brain. 
The use of silymarin prevented the deleterious effects of 
methamphetamine on animal groups that were exposed 
to the substances. This silymarin finding is in line with 
the outcomes of the Dashti-Khavidaki et al. [54] study, 
which showed that perirenal fat infiltration, pelvic in-
flammation, interstitial inflammation, and nephrotoxic 
drug-induced glomerular and tubular necrosis were all 
decreased by dose-dependent exposure to silymarin. It 
also prevented ischemia and reperfusion following renal 
injury. Increased cell density is caused by the activation 

and migration of microglia cells to the brain’s injured 
areas in the METH group of H&E expression [31, 55], a 
process that silymarin prevented in the METH & SILY 
group. The capacity of silymarin to inhibit and stop mi-
croglia from proliferating has not been well documented 
[56, 57]. Wang et al. [58] reported that silymarin inhib-
ited lipopolysaccharide-induced dopaminergic neurode-
generation in an animal model of Parkinson disease by 
blocking microglia activation. However, other studies 
by Hou et al. [56] and Tsai et al. [57] described silyma-
rin’s mechanism of action as blocking inducible nitric 
oxide synthase production in cellular models to prevent 
microglia cell activation. Senile plaques and extracellu-
lar neurofibrillary tangles, which are indicators of AD, 
are expressed in this study as a result of methamphet-
amine exposure [59–61]. As seen in our investigation, 
treatment with silymarin has reduced these pathologi-
cal features [43, 49, 50]. The protection of neurons and 

Table 5. MBP expression

Groups Mean±SEM P F

MBP in amygdala (µg/
mL)

CTRL 28.53±4.33

5.264
METH 12.75±3.39 0.083

SILY 35.27±5.64 0.906

METH & SILY 16.82±5.72 0.528

MBP in hippocampus-
CA3 (µg/mL)

CTRL 49.42±3.95

2.662
METH 40.96±1.57 0.360

SILY 49.98±2.30 1.000

METH & SILY 43.63±2.69 0.778

OLIG2 amygdala (µg/mL)

CTRL 21.71±2.41

1.129
METH 15.60±4.24 0.353

SILY 19.71±0.92 0.929

METH & SILY 17.33±2.33 0.588

OLIG2 hippocampus- 
CA3 (µg/mL)

CTRL 24.00±1.22 1.291

1.291
METH 18.75±0.95 0.274

SILY 20.50±1.57 0.529

METH & SILY 20.25±3.07 0.547

Abbreviations: CTRL: Control; METH: Methamphetamine; SILY: Silymarin; METH & SILY: Silymarin and methamphetamine; 
MBP: Myelin basic protein.

Data were analyzed using one-way ANOVA followed by Turkey HSD multiple comparisons, data were considered nonsig-
nificant when the P were not <0.05.
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decreased neurofibrillary tangles and senile plaques 
observed in silymarin groups reflect its antioxidizing 
and anti-inflammatory effects. These observations have 
histological implications as to its potential for treating 
neurodegenerative and neurotoxic situations.

In the METH group, exposure to methamphetamine in-
duces demyelination and oligodendrocyte disintegration 
[62], as evidenced by a decrease in the expression of OLIG2 
[63] and MBPs [64]. In AD, there is increased buildup of 
amyloid-beta due to myelin disintegration and a decrease 
in MBP expression [64]. These changes were inhibited in 
animal groups exposed to silymarin [63]. Oxidative stress, 
which is frequently associated with axonal shrinkage, may 
be the cause of the aberrations in MBP and OLIG2 ex-
pression seen in the METH group [65]. Silymarin, on the 
other hand, was successful in reducing the adverse effects 
of methamphetamine on oligodendrocytes and the myelin 
sheath by preventing oxidative stress [49, 63].

In contrast to prior research that has closely described 
silymarin’s antioxidant and neuroprotective actions, the 
present work considers the capacity of silymarin to ame-
liorate methamphetamine-caused abnormalities in neu-
robehavioral performance and histopathology in adoles-
cent subjects. Of particular interest here are the findings on 
silymarin for its effects on microglia activation and neuro-
fibrillary tangles, which have received insignificant atten-
tion from previous investigations in adolescent models of 
methamphetamine exposure. The present evidence points 
to silymarin as a possible therapeutic target for ameliorat-
ing the neurotoxic consequences of methamphetamine, 
especially in adolescents for whom the brain is at its most 
vulnerable state. The results help continue the clinical tri-
als about the effectiveness of silymarin substances in men-
tal disorders caused by substance use disorders.

Despite the rich data obtained in this study regarding 
the beneficial effects of silymarin on methamphetamine-
induced neurotoxicity, it has several limitations. These 
limitations include the use of adolescent Wistar rats, 
which, although it has helped evaluate methamphet-
amine-induced neurotoxicity, may not be the best model 
given the physiological and behavioral characteristics 
of human adolescents. Also, a short period of treatment, 
14 days, only hinders the ability to assess the long-term 
neuroprotective efficacies of silymarin or even the de-
layed neurotoxic effects of methamphetamine. More-
over, only one dose of silymarin was considered in this 
study, which may not be sufficient to estimate all the 
features of the silymarin dose-response relationship and 
provide an adequate therapeutic and safe dose.

However, more research is needed to show the long-
term effectiveness and non-toxicity of silymarin in chron-
ic methamphetamine models. Further studies should also 
aim to dissect both its neurochemical relationship with 
differential neurotransmitter systems and its molecular 
neurobiology to decipher how it exerts neurotrophic ef-
fects in adolescent populations. The application of these 
findings is uniquely relevant to translational neurosci-
ence because it demonstrates that silymarin may present 
interesting therapeutic potential to manage neurotoxic-
ity in adolescents with methamphetamine use disorder. 
This finding underlines the need for additional clinical 
research concerning its uses.

Conclusion

This study reveals that silymarin possesses the ability to 
reduce methamphetamine-induced impaired behavioral 
alterations, oxidative stress and histopathological altera-
tions in adolescent rats. Through these findings connect-
ing functional recovery with biochemical and structural 
changes, the current studies also provide a framework 
for silymarin’s neuroprotective effects and demonstrate 
its application for protecting against methamphetamine 
neurotoxicity in susceptible groups.
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