Iranian Journal of Basic Medical Sciences

ijbms.mums.ac.ir

I=MS

Adverse effects of methamphetamine on vital organs of male
rats: Histopathological and immunohistochemical investigations

Shahrzad Azizi '*, Reza Kheirandish ', Shahriar Dabiri 2, Mina Lakzaee '

! Department of Pathobiology, School of Veterinary Medicine, Shahid Bahonar University of Kerman, Kerman, Iran
2 Pathology and Stem Cell Research Center, Pathology Department, Afzalipour Kerman Medical School, Kerman, Iran

ARTICLEINFO

Article type:
Original

Article history:
Received: Nov 17, 2022
Accepted: Feb 22, 2023

Keywords:

Brain

Histopathology
Immunohistochemistry
Male rats
Methamphetamine

P> Please cite this article as:

ABSTRACT

Objective(s): Methamphetamine (named crystal, ice, and crank), is a strong psychostimulant drug
with addictive and neurotoxic properties. It is absorbed by various organs and induces tissue damage
in abusers. Most METH studies have focused on the central nervous system and its effects on other
organs have been neglected. Experimental investigations of animal models are used to provide
significant additional information. We have studied the histopathological effects of methamphetamine
in the brains, hearts, livers, testes, and kidneys of rats.

Materials and Methods: Methamphetamine (0.5 mg/kg) was administered subcutaneously for 21
days. Immunohistochemistry was carried out with markers including glial fibrillary acidic protein
(GFAP) for reactive astrocytes, vimentin as an intermediate filament in different cells, and CD45
marker for the detection of reactive microglia in the brain. Also, some samples were taken from livers,
kidneys, hearts, and testes.

Results: Degenerative changes and necrosis were the most common histopathological effects in the
liver, kidneys, heart, testes, and brains of rats treated with methamphetamine. Immunohistochemical
analyses by vimentin and GFAP markers revealed reactive microglia and astrocytes with the
appearance of swollen cell bodies and also short, thickened, and irregular processes. Moreover, the
number of CD45-positive cells was higher in this group. Reactive cells were more noticeable in the
peduncles and subcortical white matter of the cerebellum.

Conclusion: Our results showed the toxic effects of methamphetamine on the vital organs and
induction of neurotoxicity, cardiomyopathy, renal damage, and infertility in male rats. We could not
attribute observed hepatic changes to METH and further evaluation is needed.
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Introduction

Methamphetamine (METH), known as ecstasy, is a
strong psychostimulant drug with addictive and neurotoxic
properties (1). METH was synthesized by the Japanese
pharmacologist Dr. Nagayoshi Nagiai (1888) by reducing
ephedrine with hydriodic acid and red phosphorus. METH
is also referred to by some conversational names such as
crystal, ice, speed, whiz, and crank (2). METH abuse is
considered to be a social and global problem because of
its detrimental consequences including crime, the cost
of treatment, and adverse psychiatric and socioeconomic
outcomes. It is the second most frequently used drug after
cannabis (3). This drug is associated with euphoria, a sense of
energy, reduction of anxiety, motivation, and psychomotor
activity (4). Because of these effects, a tendency for METH
abuse is developing among young adults in most parts of
the world (5).

METH is available in different forms including powder,
paste, and crystals. Routes of utilization are sniffing,
oral ingestion, pulmonary inhalation, and injection (6).
Smoking is the most common method of administration
(7). METH abuse increases the risks of HIV and hepatitis
viral infections, high blood pressure and temperature,
pulmonary hypertension, periodontal diseases, adrenergic
activities, cerebrovascular disturbances, circulatory collapse,

and renal failure (8).

This drug is distributed rapidly in the various organs and
induces tissue damage in the abusers (9). Most studies of
METH have been focused on the CNS, and its effects on other
organs are not obvious (8). There are limitations in human
postmortem evaluations such as the limited number of
human cases, tissue sample accessibility, and the complexity
of sample preparation. Therefore, experimental studies
using animal models can provide important information.
Also, unlike animal sampling, whose condition at death can
be controlled and influenced, human specimens can only be
collected after natural death has occurred, and the time of
death is not controllable. In this research, histopathological
effects of METH have been studied in the brains, hearts,
livers, testes, and kidneys of rats. Immunohistochemical
techniques were also performed using specific brain
markers.

Materials and Methods
Experimental animals

This study was approved by the Ethics Committee of
Shahid Bahonar University of Kerman. In the present study,
10 adult male rats (200-250 g) were used. The animals were
housed in clear plexiglass cages under a 12/hr light-12/hr
dark cycle with free access to standard food and fresh water.
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The animals were randomly divided into METH and control
groups (n=>5 rats in each group).

Drug preparation

METH (purity>98%, donated by Iran’s Drug Control
Headquarters) was freshly dissolved in sterile physiological
saline solution (0.9% NaCl) before usage and administered
subcutaneously (over the shoulders, into the loose skin over
the neck) at a dosage of 0.5 mg/kg for 21 days (10). Animals
in the control group received saline solution only with the
same dosage.

Histopathological investigations

After the last injection of METH, animals of both METH
and control groups were euthanized by a high dose of
anesthesia by using ketamine (Alfasan, Woerden, Holland)
and xylazine (Alfasan, Woerden, Holland). Samples were
taken from livers, kidneys, hearts, testes, and brains and fixed
in 10% neutral buffered formalin for 48 hr. After fixation, the
samples were processed according to routine histopathological
procedures. Tissue paraffin sections of 5 pm thickness were
cut and then stained with the hematoxylin-eosin method.
The sections were studied using a light microscope (Nikon,
Digital Sight DS-Fi2, Japan). In addition, Masson’s trichrome
staining was used for the heart tissue. For the brain samples,
immunohistochemical techniques were applied with
antibodies against vimentin (IR630, Dako), GFAP (IR524,
Dako), and CD45 (IR751, Dako).

Histomorphometric analysis was conducted on testicular
tissue. In each sample, four parameters including Johnsen’s
score (JS), spermatogenesis index (SPI), meiotic index (the
ratio of round spermatids to primary spermatocytes), and
seminiferous tubule diameter were evaluated. The meiotic
index was investigated in 100 seminiferous tubules. For
seminal tubule diameter, the 10 smallest and roundest
tubules were chosen and measured by a graded microscopic
lens. In addition, for JS, the seminiferous tubules were
graded according to the semi-quantitative JS. In this system
of classification, 100 seminiferous tubules in each section of
the testicular tissue were considered and a score from 1 to 10
was given to each tubule based on Johnsen (11). The mean of

Figure 1. Effect of methamphetamine on the brain of rat. a) Control group:
Healthy neurons with light basophilic color; Methamphetamine group: b)
Necrotic neurons in the cerebral cortex are shrunken and hyperchromic
(thick arrow). Spaces around the neurons are dilated due to edema (thin
arrow); ¢ and d) Gliosis (arrow) is diagnosed with marked hypercellularity
compared with the control group (a)(H&E staining)
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100 scores was considered JS (12). To evaluate the SPI index,
seminiferous tubules with spermatozoa inside their lumen
were considered as tubules with a positive spermatogenic
index, and empty ones without spermatozoa in the lumen
were considered as having a negative spermatogenic index.
For this parameter, a total of 100 seminiferous tubules were
counted in different groups (13).

Statistical analysis

The results were analyzed by SPSS 17.0 (SPSS Inc.,
Chicago, IL, USA). Independent Student’s t-test was used
for investigated parameters to compare the control and
methamphetamine groups. Data are expressed as mean
standard deviation (mean+SE). A P-value less than 0.05 was
considered as a statistically significant different level.

Results

Methamphetamine administration for 21 days induced
histopathological damage such as degenerative changes and
necrosis in the evaluated organs of all METH-treated rats.
The results are explained separately in different sections as
follows.

Histopathological and immunohistochemical findings of
METH-treated brains

In the control group, most of the neurons in the cerebral
cortexes had a healthy appearance with distinct central
nuclei, marked nucleoli, and light blue cytoplasm. Only
a few nerve cells had condensed and dark nuclei with
hyperchromatic cytoplasm.

In all the METH-treated rats, damaged neurons in
the cerebral cortexes were identified with increasing
cytoplasm eosinophilia and pyknotic nuclei. Brain edema
was diagnosed with dilated perivascular and perineuronal
spaces. A marked and obvious histopathological feature
in this group was increased hypercellularity due to the
occurrence of gliosis (Figure 1). The reactivity of astrocytes
was demonstrated with GFAP, a common histological
marker for astrocytes. Immunohistochemistry staining
depicted increased GFAP expression that was more intense
in the subcortical white matter of the cerebellum than
in other parts of the brain such as the cerebral cortexes.
Reactive astrocytes had hypertrophic soma. Their processes
were thicker, irregular, wavy in form, and shorter than
the healthy astrocytes. In the control group, healthy
astrocytes were star-shaped with slender processes (Figure
2). Moreover, GFAP-immunoreaction was observed in the
radial glial processes under the meninges in both control
and METH groups.

Vimentin-immunoreactivity was considered another sign
of astrocyte activation. It was detectable in the submeningial

Figure 2. Immunohistochemistry on the brain of rat with GFAP marker.
a) Control group: Long, smooth, and regular processes of normal astrocyte
(arrow); b) Methamphetamine group. Astrocytes with hypertrophied cell
bodies (thin arrows) and thick, irregular, wavy form and shorter processes
in comparison with normal astrocytes in the control group (arrowhead)
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Figure 3. Vimentin immunostaining on the brain of rat. b)
Methamphetamine-treated brain. Microglia (yellow thick arrow) and also
stellate astrocytes have hypertrophic cell bodies and thicker processes
(yellow thin arrow) compared with the control group (a). In both groups,
vascular walls (black arrow) and some spherical cells (arrowhead) show
positive reactions with vimentin

areas and blood vessels in the control and METH groups
but more intensive immunoreactivity was observed in
the METH group in the mentioned areas. In both groups,
three types of cells showed vimentin positivity, and one of
the positive cell types was astrocytes. In the METH group,
hypertrophy of astrocytes was identified with increased
vimentin expression, especially in the subcortical areas of
the cerebellum (Figure 3). The second type of vimentin-
positive cells was rod-shaped microglia, which showed
a hypertrophied appearance in the METH-treated rats
compared with the control group. The third type of positive
cells had a spherical morphology with higher numbers
in the METH group. Also, some aggregations of strongly
reactive astrocytes were found in this group.

We used CD45 antibody in order to detect microglia
reaction but this marker is not completely specific for
microglial cells. The METH group revealed an increase in
CD45-positive cells in comparison with the control group.
The reactive cells were dispersed diffusely in different parts
of the brain but the number of cells was greater in the
subcortical areas of the cerebellum, cerebellar peduncles,
and pons. CD45-positive cells were observed in two forms
including spherical (Figure 4) and rod-shaped cells.

Histopathological findings of METH-treated hearts

Histopathological characteristics of the hearts in the
control group revealed regular arrangements of normal
cardiac fibers. The sarcolemma of myocytes was normal and
no fractures, degenerative changes, or hyalinization were
observed. The nuclei of cardiac myocytes were vesicular and
located in the central areas of the myocytes.

In contrast, in the METH group, cardiac tissue showed
general disorganization. Irregular arrangements and mild
widening of the myocardial fibers were observed. The
sarcolemma of the cardiomyocytes had become fragile and
lost its integrity. The myocytes revealed degenerative changes

Figure 4. Inmunohistochemical detection of CD45 marker on the brain of
rat. The number of CD45 positive cells (arrows) in the methamphetamine
group (b) is higher than in controls (a)
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Figure 5. Effect of methamphetamine on the heart of rat. a, b) Control
group: cardiac fibers are regular and no abnormal changes are present; c, d)
Methamphetamine group. Disorganization and necrosis of cardiac fibers
are characterized by hyalinization and pyknotic nuclei (arrows) in Figure c.
Sarcolemma disruption (black arrow), blood congestion, interfiber edema
(green arrow), and hyalinization (asterisk) can be seen in Figure d. (H&E
staining)

and Zenker’s necrosis. Degeneration was diagnosed by
vacuolization of the cytoplasm. A few bizarre-shaped nuclei
were present in some cells. Zenker’s necrosis was identified
with hyalinization of myocardial fibers. Interfibrillar space
had been increased due to interstitial edema (Figure 5).
No evidence of fibrosis was observed by H&E or Masson’s
trichrome staining (Figure 6).

Histopathological findings of METH-treated kidneys

In the control group, histopathological findings of the
kidneys showed normal structure in the glomeruli and
distal and proximal tubules. Renal tubules were lined
with a simple cuboidal epithelium. Epithelial cells had
light eosinophilic cytoplasm, vesicular nuclei, and also
visible brush borders in the proximal tubules. No signs
of glomerular atrophy, tubular degeneration, necrosis, or
infiltration of inflammatory cells were observed.

In the METH-treated rats, some glomeruli were
atrophied and the urinary space of Bowman’s capsule
was dilated. A complete absence of some glomeruli was
observed. The histopathological changes of the epithelium
of the tubules varied from the presence of clear vacuoles
in the cytoplasm to necrosis in both proximal and distal
tubules. The necrotic epithelial cells had pyknotic nuclei and
deeply red cytoplasm. The lumen of some tubules was filled
with eosinophilic substances (Figure 7). Mononuclear cells,
especially lymphocytes, had infiltrated into the interstitial

a b

Figure 6. Masson trichrome staining on the heart of rat. No myocardial
fibrosis has occurred in the methamphetamine group (b) compared with
the control group (a)
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Figure 7. Effect of methamphetamine on the kidney of rat. a) Normal
structure is obvious in the control group. The tubular epithelial cells have
light pink cytoplasm and vesicular nuclei. b) The methamphetamine group
shows necrotic changes including hypereosinophilic cytoplasm and nuclei
pyknosis (thin arrow) in the tubular epithelium. Also, proteinaceous
substances are present in the lumen of some tubules (thick arrow) (H&E
staining)

Figure 8. Mononuclear inflammatory cells are infiltrated in the renal
interstitial tissue of rat. (asterisk). In addition, tubular epithelium exhibits
necrotic changes (H&E staining)

tissues of the renal parenchyma (Figure 8).
Histopathological and morphometric findings of METH-
treated testes

Testicular tissue of the control group showed normal
seminiferous tubules. Different stages of spermatogenic cells
including spermatogonia, spermatocytes, and spermatids
were normal. The loose connective tissue between the
seminal tubules comprised fibroblasts, blood vessels, and
Leydig cells.

In all rats treated with METH, spermatogenesis reduction
was seen to different degrees. In some tubules, lack of
spermatids and spermatozoa was observed. The germinal
epithelium was disorganized. Spaces between spermatogenic
cells had been increased due to disruption of the integrity
of the germinal layer (Figure 9). Histomorphometric
parameters, including the percentages of spermatogenesis,
diameters of seminiferous tubules, meiotic index, and
Johnsen’s score, showed a remarkable decrease compared

Table 1. Effects of Methamphetamine (METH) on the spermatogenic
parameters in rats (Mean+SE)

Spermatogenic parameters Control Methamphetamine P-value
Tubular diameter 298.33 + 1.52 281.67 + 2.41 <0.05
Spermatogenesis (%) 97 83.33 <0.05
Meiotic index 2.95+0.23 2.13+0.24 <0.05
Johnsen score 8.76 £ 0.17 7.83+0.14 <0.05
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Figure 9. Effect of methamphetamine on the testicular tissue of rat.
a) Normal morphology of seminiferous tubules in the control group,
b) disorganization, depletion of germinal cells, and increasing spaces
(arrowheads) between epithelial cells in the methamphetamine group
(H&E staining)

Figure 10. Effect of methamphetamine on the liver of rat. Congestion
and vacuolar degeneration are observed in both the control (a) and
methamphetamine (b) groups

with the control group (P<0.001)(Table 1).

Histopathological findings of METH-treated livers

In the livers, histopathological alterations included
congestion and vacuolar degeneration in the cytoplasm of
hepatocytes in both the METH-treated rats and the control
group. No obvious microscopic changes were present in the
two groups (Figure 10).

Discussion

Methamphetamine (N-methyl-O-phenyl isopropylamine)
belongs to the phenethylamine and amphetamine group
of psychoactive drugs. Physical and mental disorders
associated with METH are mainly attributed to its effects
on the monoaminergic system within the central and
peripheral nervous systems. This synthetic drug overturns
the neurotransmitter transport pathway and increases
the extracellular concentrations of dopamine (DA),
norepinephrine (NE), and serotonin (5HT). Enhanced
concentration of dopamine in the brain causes a euphoric
feeling, excitation, and alertness in METH abusers (14).
The 5HT in the limbic system and hypothalamus increases
oxytocin which is responsible for the emotional effects of
METH (15). In addition to neurological effects, METH
exposure induces failure in the cardiovascular, urogenital,
digestive, and hepatic systems (16). Despite its widespread
popularity in recent decades, the adverse eftects of METH on
other organs far from the CNS have attracted little attention.

In the current study, the toxic effects of methamphetamine
(0.5 mg/kg/day) have been investigated histopathologically
in the brain, heart, kidneys, liver, and testes. Following an
alternate approach in order to gain a better understanding
of glial cell reactions, the immunohistochemical technique
was performed using specific antibodies including glial
fibrillary acidic protein (GFAP: for reactive astrocytes),
vimentin (as an intermediate filament in different cells) and
CD45 markers (detection of reactive microglia). Different

Iran J Basic Med Sci, 2023, Vol. 26, No. 5
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markers can be used for immunohistochemical studies
of the brain and each marker gives valuable and useful
information. Histopathological results in the brain showed
neuronal necrosis, gliosis, and the occurrence of edema
in the cerebrum of the METH-treated group. We used the
GFAP marker for the investigation of astrocytic gliosis.
Astrocytic gliosis was associated with an increase in GFAP
especially in the subcortical white matter of the cerebellum
compared with other parts of the CNS. Reactive astrocytes
revealed hypertrophic soma and thick, irregular processes in
comparison with astrocytes in the control group. The GFAP
marker is generally used for the evaluation of astrocyte
reactivity (17). Indeed, the use of antibodies against GFAP in
histopathological examinations has illustrated the existence
of reactive gliosis as a response to brain injuries.

Our histopathological and GFAP immunohistochemical
findings are consistent with previous studies. Lafuente et
al. (18) examined METH neurotoxicity in chronic forced
swim and METH groups of rats and showed that it was
accompanied by neuronal damage in different parts of
the brain. These researchers observed darkening and
shrinkage of neurons, status spongiosis, and edematous
neuropil. These changes were exacerbated in the METH-
treated group under the influence of chronic forced swim
stress. Also, marked activation of astrocytes was shown
by GFAP immunohistochemistry in the experimental
groups. Researchers (19) used GFAP immunoreactivity for
the determination of morphological changes in astrocytes
of METH abusers. They observed clasmatodendrotic
astrocytes that were characterized by swollen cell bodies
and beaded form processes in the IV, V, and VI layers of
the cerebral cortex. Sharma and Kiyatkin (20) described
the effects of acute METH intoxication (9 mg/kg) on
morphological abnormalities of brain cells at temperatures
of 23 °C and 29 °C in rats. METH-exposed brains showed
expansion of the cortex, perineuronal edema, spongiosis,
and pyknotic neurons in contrast to the control brains. GFAP
immunopositivity for glial cell alteration was significantly
more intense in the METH group than in the control rats.
In another study conducted by O’Callaghan and Miller (21),
GFAP expression was seen in rats exposed to METH after
21 days.

GFAP up-regulation is a strong indicator for reactive
astrocytes. It is an important marker of neurodegenerative
disorders such as Alzheimer’s disease, Parkinson’s disease,
and HIV-associated dementia (22).

In the present study, METH-induced neurodegenerative
lesions and neuronal necrosis in the cerebral cortexes
of rats can be related to vasoconstriction. METH causes
norepinephrine liberation from the axon terminals of
noradrenergic nerves. Norepinephrine regulates a-1
noradrenergic receptors on pial arteries which induces
vasoconstriction and ischemic damage of nerve cells in the
cortex (23). It is shown that METH distributes throughout
BBB and results in brain edema (24).

In the present study, vimentin was expressed in vascular
structures, the subpial area, astrocytes, and some spherical
to rod-shaped cells in both METH and control groups.
Higher vimentin expression was observed in the METH-
treated brains. Hypertrophic astrocytes and rod-shaped
microglia were remarkable in the subcortical white matter
of the cerebellum and cerebellar peduncles and scarce in the
cortex or other regions of the CNS.

In the literature, vimentin has been expressed in a variety
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of cells such as astrocytes and microglia. Vimentin is an
intermediate filament mainly present in the mesenchymal
cells (25). It is widely expressed in the embryonic stage
and then replaced by GFAP during maturation (26). In the
healthy adult brain, vimentin immunoreactivity is limited
to the endothelial cells and subpopulations of glial cells (27).
In some pathological conditions, vimentin up-regulation is
considered an early sign of astrocyte activation (28). Graeber
and Kreutzberg (29) stimulated microglia via facial nerve
axotomy in rats and investigated immunocytochemical
findings by electron microscopy. They observed vimentin at
the intermediate filament sites and suggested that vimentin
expression may assist as a marker for the recognition of
activated microglia.

In the present study, the CD45 marker was used for the
detection of reactive microglia. We observed some CD45-
positive cells with spherical shapes and also a few cells with
rod-shaped appearances. The number of CD45-positive cells
was higher in the METH-treated rats compared with the
control group. The reactive cells were dispersed in different
parts of the brains but the white matter of the cerebellum,
cerebellar peduncles, and pons revealed higher reactivity.
We could not confirm exactly whether these positive cells
were microglia.

In the literature, different results are documented
for CD45-positive cells. A variety of markers including
histocompatibility complex I and II, CD68, CD45, and
GLUTS5 have been used for identification of cell hypertrophy,
and proliferation and migration of microglia (30). CD45 is
known as a leukocyte common antigen that is expressed
on all nucleated hematopoietic cells. This marker plays a
significant role in the regulation of immune responses (31).
Researchers (32) used flow cytometry for the assessment
of inflammatory cells following focal cerebral ischemia
in mice. They found that CD45-positive cells could be
subdivided into CD45-low and CD45-high cells for resting
microglia, and activated microglia as well as peripheral
leukocytes, respectively.

The neurotoxicity mechanism of METH is complex
and involves multiple pathways. METH increases levels of
extracellular monoamine neurotransmitters (dopamine,
serotonin, and norepinephrine) by stimulating the
sympathetic nerves (33). Dopamine is oxidized to quinone
or semi-quinone, which produce reactive oxygen species
(ROS) such as H202, OH-, and O2. Oxidative stress has a
critical role in cellular toxicity (34). Mitochondria are the
principal organelles in the production of ROS within nerve
cells (35). METH disrupts the metabolism of mitochondria.
Derangement in mitochondrial metabolism results in
dopaminergic neuron toxicity due to inhibition of the Krebs
cycle and electron transport chain (36), apoptosis induction
in neurons, and activated astrocytes and microglia (8, 37).

Kidneys

We studied the detrimental effects of METH on kidneys.
The METH-exposed kidneys revealed histopathological
changes including glomerular atrophy, vacuolar
degeneration, tubular necrosis, hyaline cast in the lumen
of tubules, and interstitial nephritis. Previous research
confirmed our pathological results. Researchers (16) studied
the effect of pentoxifylline on METH-induced apoptosis in
the kidneys of rats. Histopathological changes in the METH
group were tubulointerstitial injury, a marked decrease of
tubular epithelial cells, and increased TUNEL-positive
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cells. The activity of caspase-3 had been increased under
the influence of methamphetamine. These researchers
concluded that kidneys are an absolute target organ for
METH-induced toxicity effects.

Ishigami et al (38) conducted a myoglobin
immunohistochemical study on 22 kidney samples
obtained from human autopsy in which METH had been
detected. Seventeen of the samples showed immunopositive
myoglobin markers. Myoglobin-positive cases had higher
blood METH than negative ones. Microscopic features in
the affected kidneys included detachment of the tubular
epithelium from the basement membrane, necrotic changes,
and the presence of a hyaline cast in the tubular lumen.
These researchers suggested METH poisoning could be
diagnosed by the measurement of METH concentration in
blood. Also, immunohistochemistry can use some markers,
such as myoglobin, HSP70, 8-OH-dG, 4-HNE, and SOD, to
detect poisoning with METH.

Researchers  (39) applied immunohistochemical
techniques in order to find a way to diagnose the acute or
sub-acute effects of METH intoxication in kidneys. Also,
renal function was evaluated by measuring the level of
minerals, myoglobin, and creatinine phosphokinase (CPK)
in the blood. METH was administered in both methods as
a single dose (50 mg/kg/, IP) and repeated doses (10 mg/
kg/day, IP) for 5 days. In single dose injection, ubiquitin
immunoreactivity was enhanced in the renal tubules.
Significant increases in creatinine and CPK, and decreases in
K, Ca, and P were reported. Therefore, METH caused renal
tubule injury that resulted in renal dysfunction. This renal
injury might be related to leakage of CPK from muscles. In
the case of repeated doses of METH, the immunoreactivity
of 8-hydroxy-20-deoxyguanosine (8-OHdG) increased
significantly. Thus, repeated METH administration
may induce oxidative DNA damage. They believed that
these results provided basic information for pathological
investigations of the kidneys of autopsied cases.

Different mechanisms are mentioned for METH renal
injury. Kidneys may be damaged following traumatic
rhabdomyolysis, thrombotic microangiopathy, urinary tract
obstruction, hypertension, and proximal tubule dysfunction
(40). One of the remarkable mechanisms in cocaine and
METH abusers is the enhancement of the sympathomimetic
activity, which results in general vasoconstriction and
ischemic destruction (41).

Heart

Cardiac failure is responsible for some METH-related
deaths. We investigated cardiac lesions after 21 days of
METH injection in rats. The subsequent microscopic
findings included mild hypertrophy, irregular arrangement
of myocardial fibers, sarcolemma disruption, cytoplasmic
vacuolization, hyalinization, and interstitial edema. No
evidence of cardiac fibrosis was demonstrated by H&E
and Masson’s trichrome staining. Similar results such as
hypertrophy, cellular breakup, contraction band necrosis,
fiber disarray, and vacuolization, as well as fibrosis, are
reported by other researchers.

The mostrecentstudiessuggestthat METH cardiactoxicity
is induced by oxidative stress (42, 43). Researchers (44)
investigated 100 cases of death related to methamphetamine
toxicity. In this research, liver, gastric content, bile, urine,
blood, and vitreous humor were examined by thin-layer
chromatography, gas chromatography/mass spectrometry,
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and HPLC for toxicological analysis. Methamphetamine and
amphetamine were detected in the urine and gastric contents.
The most common histopathological features were reported
as hypertrophy of myocardial fibers, atherosclerosis, and
focal degeneration to necrosis. Methamphetamine toxicity
was known to be the direct agent of death in all cases. They
concluded that methamphetamine cardiotoxicity is one of
the major causative factors in death.

Methamphetamine  increases  the  release  of
catecholamines. Excess catecholamines stimulate alpha- and
beta-adrenergic receptors. This stimulation leads to coronary
vasospasm, ischemia, production of oxygen species, calcium
overload, and mitochondrial alterations that are primary
mechanisms in myocardial injury (45, 46). Commonly
reported symptoms following methamphetamine use are
chest pain, tachycardia in the short-term, hypertension,
arrhythmias, coronary artery rupture, aortic dissection, and
sudden cardiac death (47, 48).

Testes

In recent years, the negative impacts of METH on
the reproductive system have been studied because
METH may be teratogenic and embryotoxic (49). In our
study, spermatogenesis was reduced following METH
administration. The germinal epithelium of seminiferous
tubules was disrupted and disorganized. Spermatogenesis
parameters including sperm production, seminiferous
tubule diameter, meiotic index, and Johnsen’s score were
significantly lower than the control group. Previous research
supports our testes results. In a recent study (50), METH (5
ml/kg, IP) was associated with germ cell loss and decreases
in spermatogenesis indices (tubular differentiation index,
spermiogenesis index, repopulation index, and seminiferous
tubule diameter) compared with the control group during 7
and 14 days of METH administration.

Researchers (51) described the toxic effects of the
administration of METH (10 mg/kg) during courses of
15, 30, 60, and 90 days. Their results showed high sperm
abnormalities, increasing oxidative stress markers and
apoptotic index (Bad/Bcl2 expression ratio), and decreasing
testosterone levels in the serum. They concluded that
damage to the testes interferes with the normal functioning
of the reproductive system and has adverse effects on
male fertility. In another study (52), METH had reduced
Leydig cells and the expression of androgen receptors in
both round and elongated spermatids leading to impaired
spermatogenesis.

It has been reported that METH increases testicular
gamma-aminobutyric acid (GABA) concentration in
rats. GABA contributes to Leydig cell proliferation and
testosterone production. The hypothesis has been proposed
that increasing GABA concentration is a compensatory
response to the harmful effects of methamphetamine on
Leydig cells (53). Another mechanism related to METH
abuse has been described by Yang et al. (54) in two models,
one designed to give short-term exposure and the other
chronic exposure. They injected METH in different doses
and courses into rats. The results showed low testicular
index and sperm counts in the chronic model. The mRNA
and protein expression of glucose transporter 1, hexokinase
1, and lactate dehydrogenase C were reduced in the chronic
METH model. Their results also indicated that the glucose
metabolite G-6-P had increased after short-term METH
exposure but decreased in chronic exposure to METH. They
suggested that glycolysis is reduced in the testes following
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the chronic injection of METH and leads to defects in
spermatogenesis.

Liver

In our study, microscopic vacuolar degeneration and
congestion were manifested in both METH and control
groups without a noticeable difference. Therefore, we could
not interpret these changes, and further examination is
needed. However, previous studies have reported similar
histopathological lesions in the livers of METH abusers (55,
56).

A study (57) reported liver dysfunction, psychosis,
hyperthermia, and rhabdomyolysis in a 41-year-old man, 6
hr after intravenous injection of METH. Histopathological
examination of the liver biopsy showed hepatic necrosis and
ballooning degeneration in the centrilobular zones.

Merchant et al. (58) described hepatic and pancreatic
ischemia in a 35-year-old man, who had died as a result of
a METH overdose. In autopsy, his liver had gross changes
related to steatosis. The presence of macrovesicles in the
cytoplasm of hepatocytes, enumerable necrotic bile duct
hamartomas, and thrombi in the hepatic vessels were
demonstrated histopathologically. Cerebellar congestion
and acute pancreatitis were other reported lesions. They
stated that widespread use of METH induces injuries
in different organs as a result of vasoconstriction and
subsequent ischemia.

The exact mechanisms responsible for METH
hepatotoxicity are unknown. It is documented that METH
increases ammonia levels in the plasma and brain which
is correlated with hepatotoxicity (56). Recently, in vitro
studies have shown that high concentrations of METH and
other amphetamines lead to hyperthermia and hepatocyte
injuries (59, 60).

Conclusion

A review of the literature shows that the harmful effects of
METH on the CNS have been extensively studied, whereas
injuries to other organs have received less attention. The
current study investigated the consequences of METH
injections for the brain as well as for other vital organs such
as the kidneys, heart, liver, and testes in rats. In this study,
we could not attribute observed hepatic changes to METH.
Our results demonstrate that the repeated administration of
METH is harmful to vital organs and induces neurotoxicity,
cardiomyopathy, renal damage, and impairment of
spermatogenesis. Thus, with increasing abuse of METH
worldwide, nephropathy, heart failure, and infertility are
growing among users. Molecular and immunohistochemical
examinations are necessary to clarify the adverse effects of
METH on body systems at different doses and duration.
Understanding METH pathogenesis can be useful for the
development of novel therapeutic treatments for METH-
addicted users.

Acknowledgment

This work was supported by Shahid Bahonar University
of Kerman, Iran, and funded by grant number AZ-91-11.
The authors thank Professor Peter Colman from Canada for
valuable and constructive comments on the manuscript.

Authors’ Contributions
SA designed the study and investigated pathologic

Iran J Basic Med Sci, 2023, Vol. 26, No. 5

NE=EMS

Azizi et al.

results, prepared the draft, and revised the manuscript; RKh
evaluated the results; ShD prepared immunohistochemistry
tissue sections; ML helped in the practical procedure.

Ethical Statement

All animals received human care in compliance with the
Guide for Care and Use of Laboratory Animals published by
the National Institutes of Health (NIH publication No. 85-23,
revised 1985). The study was approved by the Institutional
Animal Care and Use Committee of our veterinary school.

Conflicts of Interest
The authors report no conflicts of interest.

References

1. Lappin JM, Darke S, Farrell M. Methamphetamine use and future
risk for Parkinsons disease: evidence and clinical implications.
Drug Alcohol Depend 2018;187:134-140.

2. Logan BK. Methamphetamine effects on human performance
and behavior. Forensic Sci Rev 2002;14:133-151.

3.Newton TF, De La Garza R, Kalechstein AD, Tziortzis D, Jacobsen
CA. Theories of addiction: methamphetamine users ‘explanations
for continuing drug use and relapse. Am J Addict 2009;18:294-300.
4. Cruickshank CC, Dyer KR. A review of the clinical pharmacology
of methamphetamine. Addiction 2009;104: 1085-1099.

5. Barati M, Ahmadpanah M, Soltanian AR. Prevalence and factors
associated with methamphetamine use among adult substance
abusers. ] Res Health Sci 2014;14:221-226.

6. Karila L, Petit A, Cottencin O, Reynaud M. Methamphetamine
dependence: Consequences and complications. Press Med
2010;39:1246-1253.

7. Hobkirk AL, Watt MH, Myers B, Skinner D, Meade CS. A
qualitative study of methamphetamine initiation in Cape Town,
South Africa. Int ] Drug Policy 2015;30: 99-106.

8. Moratalla R, Khairnar A, Simola N, Granado N, Garcia-Montes
JR, Porceddu PE Tizabi Y, Costa G, Morelli M. Amphetamine-
related drugs neurotoxicity in humans and in experimental
animals: main mechanisms. Prog Neurobiol 2017;155:149-170.

9. Volkow ND, Fowler JS, Wang GJ, Shumay E, Telang F
Thanos PK, Alexoff D. Distribution and pharmacokinetics of
methamphetamine in the human body: Clinical implications.
PLoS One 2010;5:€15269.

10. Taslimi Z, Komaki A, Haghparast A, Sarihi A. Effects of acute
and chronic restraint stress on reinstatement of extinguished
methamphetamine-induced conditioned place preference in rats.
Basic Clin Neurosci 2018;9:157-166.

11. Johnsen SG. Testicular biopsy score count- a method for
registration of spermatogenesis in human testes: normal values
and results in 335 hypogonadal males. Hormones 1970;1:2-25.

12. Kajihara T, Okagaki R, Ishihara O. LPS-induced transient
testicular dysfunction accompanied by apoptosis of testicular
germ cells in mice. Med Mol Morphol 2006;39:203-208.

13. Azizollahi S, Babaei H, Derakhshanfar A, Oloumi MM. Effects
of co-administration of dopamine and vitamin C on ischemia-
reperfusion injury after experimental testicular torsion-detorsion
in rats. Andrologia 2011;43:100-105.

14. Halpin LE, Collins SA, Yamamoto BK. Neurotoxicity of
methamphetamine and 3,4 methylenedioxymethamphetamine.
Life Sci 2014;97:37-44.

15. Thompson MR, Callaghan PD, Hunt GE, Cornish JL, McGregor
IS. A role for oxytocin and 5- HT (1A) receptors in the prosocial
effects of 3,4 methylenedioxymethamphetamine (“ecstasy”).
Neurosci 2007;146:509-514.

16. Movassaghi S, Yousefi Oudarji A, Sharifi ZN. Effect of
pentoxifylline on apoptosis of kidney’s cells following acute
methamphetamine administration in male Wistar rats. Galen M

555



Azizi et al.

] 20165 5:131-138.

17. Friend DM, Keefe KA. Glial reactivity in resistance to
methamphetamine-induced  neurotoxicity. ]  Neurochem
2013;125:566-574.

18. Lafuente JV, Sharma A, Muresanu DF, Ozkizilcik A, Tian
ZR, Patnaik R, Sharma HS. Repeated forced swim exacerbates
methamphetamine-induced neurotoxicity: neuroprotective effects
of nanowired delivery of 5-ht3 receptor antagonist ondansetron.
Mol Neurobiol 2017;55:322-33.4

19. Zhang Z, Gong Q, Feng X, Zhang D, Quan L. Astrocytic
clasmatodendrosis in the cerebral cortex of methamphetamine
Abusers. Forensic Sci Res 2017;2:139-144.

20. Sharma HS, Kiyatkin EA. Rapid morphological brain
abnormalities during acute methamphetamine intoxication in the
rat. an experimental study using light and electron microscopy. J
Chem Neuroanat 2009;37:18-32.

21. O’Callaghan JP, Miller DB. Neurotoxicity profiles of substituted
amphetamines in the C57BL/6] mouse. ] Pharmacol Exp Therap
1994;270:741-751.

22. Silver J, Miller JH. Regeneration beyond the glial scar. Nat Rev
Neurosci 2004;5:146-156.

23. Kulik T, Kusano Y, Aronhime S, Sandler AL, Winn HR.
Regulation of cerebral vasculature in normal and ischemic brain.
Neuropharmacol 2008;55:281-288.

24. Dietrich JB. Alteration of blood-brain barrier function by
methamphetamine and cocaine. Cell Tissue Res 2009;336:385-
392.

25. Paulin D, Jakob H, Jacob E, Weber K, Osborn M. In vitro
differentiation of mouse teratocarcinoma cells monitored by
intermediate filament expression. Differentiation 1982;22: 90-99
26. Boyne LJ, Fischer I, Shea TB. Role of vimentin in early stages
of neuritogenesis in cultured hippocampal neurons. Int J Dev
Neurosci 1996;14:739-748.

27. Izmiryan A, Franco CA, Paulin D, Li Z, Xue Z. Synemin
isoforms during mouse development: multiplicity of partners in
vascular and neuronal systems. Exp Cell Res 2009;315:769-783.
28. Calvo JL, Carbonell AL Boya J. Co-expression of glial fibrillary
acidic protein and vimentin in reactive astrocytes following brain
injury in rats. Brain Res 1991;566:333-336.

29. Graeber MB, Kreutzberg GW. Delayed astrocyte reaction
following facial nerve axotomy. ] Neurocytol 1988;17:209-220.

30. Halliday GM, Stevens CH. Glia: initiators and progressors of
pathology in Parkinson’s disease. Mov Disord 2011;26:6-17.

31. Proescholdt MG, Chakravarty S, Foster JA, Foti SB, Briley
EM, Herkenham M. Intracerebroventricular but not intravenous
interleukin-1p induces widespread vascular mediated leukocyte
infiltration and immune signal mRNA expression followed by
brain-wide glial activation. Neurosci 2002;112:731-749.

32. Stevens SL, Bao J, Hollis ], Lessov NS, Clark WM, Stenzel-Poore
MP. The use of flow cytometry to evaluate temporal changes in
inflammatory cells following focal cerebral ischemia in mice. Brain
Res 2002;932:110-119.

33. Rothman RB, Baumann MH. Monoamine transporters and
psychostimulant drugs. Eur ] Pharmacol 2003;479:23-40.

34. Hansen JP. Ten keys to successful NCQA accreditation: a health
plan perspective. ] Healthc Qual 2002;24: 39-42.

35. Dawson TM, Dawson VL. Mitochondrial mechanisms of
neuronal cell death: potential therapeutics. Annu Rev Pharmacol
Toxicol 2017;57:437-454.

36. Beer SM, Taylor ER, Brown SE, Dahm CC, Costa NJ, Runswick
M], Murphy MP. Glutaredoxin 2 catalyzes the reversible oxidation
and glutathionylation of mitochondrial membrane thiol proteins:
implications for mitochondrial redox regulation and anti-oxidant
defense. ] Biol Chem 2004;279:47939-47951.

37. Panenka WJ, Procyshyn RM, Lecomte T, MacEwan GW, Flynn
SW, Honer WG, Barr AM. Methamphetamine use: a comprehensive
review of molecular, preclinical and clinical findings. Drug Alcohol

556

N=MS

Adverse effects of methamphetamine

Depend 2013;129:167-179.

38. Ishigami A, Tokunaga I, Gotohda T, Kubo .
Immunohistochemical study of myoglobin and oxidative injury
related markers in the kidney of methamphetamine abusers. Legal
Med (Tokyo) 2003;5:42-48.

39. Tokunaga I, Kubo S, Ishigami A, Gotohda T, Kitamura
O. Changes in renal function and oxidative damage in
methamphetamine-treated rat. Legal Med 2006;8:16-21.

40. Ambruzs JM, Serrell PB, Rahim N, Larsen CP. Thrombotic
microangiopathy and acute kidney injury associated with
intravenous abuse of an oral extended-release formulation of
oxymorphone hydrochloride: kidney biopsy findings and report of
3 cases. Am J Kidney Dis 2014;63:1022-1026.

41. Carrasco R, Salinas M, Rossel V. Rhabdomyolysis and acute
renal failure after cocaine overdose: report of one case. Rev Med
Chil 2011;139:480-483.

42. Islam MN, Jesmine K, Kong Sn Molh A, Hasnan J.
Histopathological studies of cardiac lesions after long term
administration of methamphetamine in high dosage: part II. Leg
Med (Tokyo) Suppl 2009;1:5147-150.

43. Lord KC, Shenouda SK, McIlwain E, Charalampidis D, Lucchesi
PA, Varner KJ. Oxidative stress contributes to methamphetamine-
induced left ventricular dysfunction. Cardiovasc Res 2010;87:111-
118.

44. Akhgari M, Mobaraki H, Etemadi-Aleagha A. Histopathological
study of cardiac lesions in methamphetamine poisoning-related
deaths. Daru 2017;25:5

45. Won S, Hong RA, Shohet RV, Seto TB, Parikh NI
Methamphetamine-associated cardiomyopathy. Clin Cardiol
2013;36:737-742.

46.Bruno VD, Duggan S, CapounR, Ascione R. Methamphetamine-
induced cardiomyopathy causing severe mitral valve regurgitation.
Arch Med Sci 2014;10:630-631.

47. Yeo KK, Wijetunga M, Ito H, Efird JT, Tay K, Seto TB, Alimineti
K, Kimata C, Schatz I]. The association of methamphetamine use and
cardiomyopathy in young patients. Am ] Med 2007;120:165-171.

48. Paratz ED, Cunningham NJ, Maclsaac Al The cardiac
complications of methamphetamines. Heart Lung Circ 2016;
25:325-332.

49. Yamamoto Y, Yamamoto, Abiru H, Fukui Y, Shiota K. Effects of
methamphetamine on rat embryos cultured in vitro. Biol Neonate
1995; 68:33-38.

50. Saberi A, Sepehri G, Safi Z, Razavi B, Jahandari F, Divsalar K,
Salarkia E. Effects of methamphetamine on testes histopathology
and spermatogenesis indices of adult male rats. Addict Health
2017;9:199-205.

51. Lin JE Lin YH, Liao PC, Lin YC, Tsai TE, Chou KY, Chen
HE, Tsai SC, Hwang TI. Induction of testicular damage by daily
methamphetamine administration in rats. Chinese J Physiol
2014;57:19-30.

52. Nudmamud-Thanoi S, Tangsrisakda N, Thanoi S. Changes
of androgen receptor expression in stages VII-VIII seminiferous
tubules of rat testis after exposure to methamphetamine.
Songklanakarin J Sci Technol 2016;38:275-279.

53. Kaewman P, Nudmamud-Thanoi S, Thanoi S. Gabaergic
alterations in the rat testis after methamphetamine exposure. Int J
Med Sci 2018;15:1349-1354

54. Yang L, Shen ], Chen J, Li W, Xie X. Reduced glycolysis
contributed to inhibition of testis spermatogenesis in rats
after chronic methamphetamine exposure. Med Sci Monit
2019;25:5453-5464.

55. Halpin L, Yamamoto BK. Peripheral ammonia as a mediator
of methamphetamine neurotoxicity. ] Neurosci 2012;32:13155-
13163.

56. Wang Q, Wei LW, Xiao HQ, Xue Y, Du SH, Liu YG, Xie XL.
Methamphetamine induces hepatotoxicity via inhibiting cell
division, arresting cell cycle and activating apoptosis: In vivo and

Iran J Basic Med Sci, 2023, Vol. 26, No. 5



Adverse effects of methamphetamine

in vitro studies. Food Chem Toxicol 2017;105:61-72.

57. Kamijo Y, Soma K, Nishida M, Namera A, Ohwada T. Acute liver
failure following intravenous methamphetamine. Vet Human Toxicol
2002;44: 216 -217.

58. Merchant K, Schammel C, Fulcher J. Acute methamphetamine-
induced hepatic and pancreatic ischemia. Am ] Forensic Med
Pathol 2019; 140: 285-288.

Iran J Basic Med Sci, 2023, Vol. 26, No. 5

NEMS

Azizi et al.

59. da Silva D, Carmo H, Lynch A, Silva E. An insight into the
hepatocellular death induced by amphetamines, individually and
in combination: the involvement of necrosis and apoptosis. Arch
Toxicol 2013;87:2165-2185.

60. da Silva DD, Silva E, Carmo H. Combination effects of
amphetamines under hyperthermia - the role played by oxidative
stress. ] Appl Toxicol 2013;34:637-650.

557



