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Objective. Manganese (Mn) has been reported, through dietary and occupational overexposure, to induce neurotoxicity named
manganism. Pentoxifylline (PTX) administration attracts much attention considering the beneficial properties of PTX, as an anti-
inflammatory and smooth muscle relaxation agent. ,is in vivo study aims to evaluate the effect of PTX on manganism in rat
model.Materials andMethods.,irty adult male Sprague Dawley rats receivedMnCl2 (100mg/kg, i.p. on days 1, 3, and 7) during a
week alone or in combination with PTX (300mg/kg, i.p. every day for 8 consecutive days on manganism rat model). Several
locomotor activity indices, as well as biomarkers of oxidative stress, were monitored in the brain tissue of Mn-exposed animals.
Results. It was found that PTX supplementation (300mg/kg, i.p.) deteriorated the Mn-induced locomotor deficit. ,is drug also
increased the Mn brain accumulation as well as reactive oxygen species (ROS) and lipid peroxidation products in the manganism
rat model. Moreover, the levels of total antioxidant capacity (TAC) and glutathione (GSH) were shown to be reduced significantly
compared to the control group. Conclusion. ,e results of this study revealed that PTX at a high dose (300mg/kg) might increase
manganism complications. PTX lowers the blood viscosity, improves the tissue perfusion, and increases theMn levels in the brain.

1. Introduction

Manganese (Mn) is an essential metal ion present in the
environment, including in water, soil, and food. Mn is
critical for normal growth, development, bone mineraliza-
tion, cellular energy, and homeostasis. Also, Mn plays a
significant role in the optimal function of multiple enzymes
named glutamine synthetase, arginase, and pyruvate
decarboxylase [1]. AlthoughMn deficiency rarely happens, it
can result in birth defects and seizures [2]. It was reported
that exposure to high levels of Mn might result in brain
accumulation, neurotoxicity, and neurodegeneration,
named manganism [3]. Manganism disorder is character-
ized by behavioral changes, including irritability, aggres-
siveness, slow and clumsy movements, tremors, difficulty
walking, facial muscle spasms, and hallucinations [4].

Importantly, due to the new lifestyle and industrial society in
recent decades, metal, especially Mn, exposure has drawn
public attention [5]. Mn toxicity happened due to repeated
nutritional, environmental, and occupational exposures,
especially in miners, smelters, and welders [6]. Also, in the
industrialized world, new Mn-containing chemicals will
inevitably be synthesized, and novel applications will be
established [7]. Unlike many of the metals, Mn can easily be
found in an everyday meal including in nuts, grains,
chocolate, mussels, soybeans, seeds, and spices which are
accumulated in the body [8].What makes the problemworse
is that patients exposed to Mn may be asymptomatic for
months or years. Several recent reports have focused on
potential risk factors of Mn on different diseases. Various
studies have confirmed that the patients who have Par-
kinson’s disease (PD), Parkinsonism, or Alzheimer’s disease
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(AD) have a history of Mn exposure [9]. Although the
pathophysiology of manganism is complex, it has been
found that Mn can easily cross the blood-brain barrier by
facilitating diffusion and/or active transport, leading to
accumulation of Mn in brain regions, especially in the basal
ganglia; it targets adrenergic neuron and cholinergic system
which induces neurotoxicity [10].

Pentoxifylline (PTX), with the formula of 1-(5-oxo-
hexyl)-3, 7-dimethylxanthine, is the most established drug
therapy agent that is most commonly used for the treatment
of intermittent claudication, peripheral vascular disease,
cerebrovascular disease, and several other conditions in-
volving a defective regional microcirculation [11, 12]. It has
been proposed that PTX affects the function of white blood
cells and hemorheological parameters. PTX also demon-
strated a significant inhibitory activity effect against phos-
phodiesterase, tumor necrosis factor-alpha (TNF-α), and the
transcription factor NF-κB, making it an ideal therapeutic
candidate for inflammatory diseases including rheumatoid
arthritis (RA), inflammatory bowel disease (IBD), and
psoriasis alongside blood thinners potential in humans
[13–15].

With growing interest in consuming PTX among people,
however, it remains unclear whether PTX medication has
adverse effects on manganism and Mn-exposed workers,
especially in industrial areas. ,e objective of this study was
to investigate the effects of PTX on manganism in rat model.

2. Materials and Methods

2.1. Chemicals. ,iobarbituric acid (TBA), 2,4-dinitro flu-
orobenzene (DNFB), manganese chloride, trichloroacetic
acids (TCA), taurine, and hydroxymethyl aminomethane
hydrochloride (Tris–HCl) were purchased from Merck
(Darmstadt, Germany). All salts for making buffer solutions
were of analytical grade and were prepared from Merck
(Darmstadt, Germany). Reduced glutathione (GSH) was
purchased from Sigma Chemical Co. (St. Louis, MO, USA).

2.2. Animals. All the procedures were in agreement with the
guidelines of the Committee for Research Ethics of the
Shiraz University of Medical Sciences (no. 98-01-36-19479).
,irty adult male Sprague Dawley rats aged 10–12 weeks and
weighing between 200± 20 g were purchased from the an-
imal laboratory center of Shiraz University of Medical
Sciences. ,e rats were maintained under standard housing
laboratory conditions, relative humidity of 55± 5%, tem-
perature of 22± 2°C, and 12-h light/dark cycles. Rats were
allowed free access to standard food and water ad libitum.
,e food ingredients are shown in Table 1.

2.3. Animal Model of Manganism. After one week of ad-
aptation to the new environment, the rats were randomly
divided into three groups (n� 10 in each group):

Group 1, or control, received vehicle-treated i.p. every
day for 1 week

Group 2 received three subcutaneous doses of 100mg/
kg of MnCl2 (days 1, 3, and 7 during a week)
Group 3 received three subcutaneous doses of 100mg/
kg of MnCl2 (days 1, 3, and 7 during a week)-
+ pentoxifylline (300mg/kg, i.p for 8 consecutive days)
[16, 17]

24 hours after the final dose of Mn, locomotor activity
tests were assessed [17, 18]. On day 9, brain tissue markers of
oxidative stress were monitored, and mitochondrial func-
tionality indices were evaluated. At the end of the study, the
rats were euthanized with the rapid and humane method,
using a 70% volume displacement rate of CO2 increased to
100% in the induction chamber. After the rats were sacri-
ficed, their brains were immediately dissected from the skull
and weighed; the homogenates (10% w/v) were prepared
using a glass homogenizer with ice-cold 1.15% KCl. Brain
tissue can also be frozen in liquid nitrogen and stored at
−80°C until assayed.

2.4. Rotarod Test. According to the previously reported
procedure [18, 19], each rat underwent five sessions of
rotarod performance on a rotarod apparatus. ,e speed of
the rotarod was 5 and 15 rpm (cutoff point: 300 sec). ,e
time, up to which the animal stayed on the rotating rod, was
automatically recorded.

2.5. Gait Test. Gait test was performed based on a reported
procedure [19, 20]. Briefly, the rat hind paws were wetted
with ink. Afterward, using a runaway procedure, the rats
were allowed to walk down on a paper strip (60 cm long,
10 cm wide) from the brightly lit corridor toward a dark side.
,e distance between the points of the left and right hind
paws was measured.

2.6. Plasma and Brain Mn Level. Rat plasma and brain Mn
levels were measured based on inductively coupled plasma
mass spectrometry (ICP-MS). Briefly, plasma (500 μL) and
tissue samples (500 μL of 10% w: v tissue homogenate) were
treated with 100 μL of nitric acid (HNO3; 2.5% w: v) and
centrifuged (10,000 g, 10min). ,e supernatants were
transferred to new tubes and used for Mn determination.
Mn concentration is indicated in μg/g protein for the brain
tissue and μg/mL for plasma samples.

2.7. Markers of Oxidative Stress in the Brain Tissue

2.7.1. Total Antioxidant Capacity (TAC). ,e cerebral cortex
of the brain tissue (200mg) was homogenized in 2mL of an
ice-cooled buffer (5mm potassium phosphate, 0.9% sodium
chloride, and 0.1% glucose, pH� 7.4; 4°C) and centrifuged at
10.000 g for 15min at 4°C; then, the supernatant was re-
moved for the assay. ,e total antioxidant capacity (TAC)
was evaluated by colorimetric method using a commercial
kit (Cayman, USA).

2 Journal of Chemistry



2.7.2. Lipid Peroxidation. As previously described, the thi-
obarbituric acid reactive substances (TBARS) test was used
as a method to assess lipid peroxidation in the brain tissue
[21]. Brain tissue samples of the forebrain (cerebral cortex)
were dissected; 500 μL of tissue homogenate (10% w/v in
Tris-HCl buffer 40mm, pH� 7.4), 3mL of metaphosphoric
acid (1% w/v, pH� 2), and 1mL of thiobarbituric acid
(0.375%, w/v) were poured into the test tube, mixed well, and
heated in a water bath (100°C; 45min). ,en, the mixture
was cooled, and 2mL of n-butanol was added. Samples were
vortexed for 5min and centrifuged (10,000 g for 5min).
Finally, the absorbance of the color developed in n-butanol
(upper phase) was measured at λ� 532 nm, using a BioTek
plate reader (BioTek®, Highland Park, USA) [17].

2.7.3. Reactive Oxygen Species Formation. Reactive oxygen
species (ROS) formation in the brain tissue was estimated
based on a procedure using 2′,7′-dichlorofluorescein diac-
etate (DCF-DA) as a fluorescent probe [22, 23]. Brain tissue
samples of the forebrain (cerebral cortex) were dissected,
weighed, and then sonicated in 1mL of ice-cold 40mm Tris-
HCl buffer (pH 7.4) and 10 μL of DCF-DA (final concen-
tration 10 μm). ,e mixture was incubated at 37°C for
15min in dark. Finally, the fluorescence intensity (FI) of the
samples was assessed with λ excitation� 485 nm and λ
emission� 525 nm, using a POLARstar Omega® (BMG
Labtech, Germany) microplate reader.

2.7.4. Glutathione Content. Brain tissue-reduced glutathi-
one (GSH) was measured spectrophotometrically using 5,5′-
dithiobis-2-nitrobenzoic acid (DTNB) as the indicator.
More specifically, brain tissue samples of the forebrain
(cerebral cortex) were dissected, and 200mg of brain tissue
was homogenized in 8mL of ice-cooled EDTA solution
(20mm). ,en, 5mL of the homogenized sample was mixed
with 4mL distilled water and 1mL trichloroacetic acid (50%
w/v). ,e mixture was gently shaken and centrifuged
(10,000×g, 10min, 4°C). ,en, 2mL of the supernatant was
mixed with 4mL Tris buffer (pH� 8.9) and 100 μL Ellman’s
reagent (DTNB, 10mm in methanol). ,e intensity of the
developed yellow color was measured at λ� 412 nm, using
POLARstar Omega® (BMG Labtech, Germany) microplate
reader [24].

2.8. Statistical Analysis. ,e SPSS statistical software (v. 18)
was used to perform the statistical analysis. Data are given as
mean± SD. Data comparisons were performed by one-way
analysis of variance (ANOVA) with Tukey’s multiple
comparisons as the post hoc test. P values <0.05 were
considered statistically significant.

3. Results

Assessment of the animals’ locomotor activity on the rats
exposed to Mn caused significant impairment compared to
the control group (P< 0.05) (Figure 1(a)). It was found that
PTX supplementation (300mg/kg, i.p.) at 5 rpm did not
show any significant changes in the animals’ locomotor
activity in comparison with the Mn receiving group. In the
case of stride length evaluation, it was found that both Mn-
exposed and PTX-Mn-treated groups reduced the stride
length significantly compared to the control group. How-
ever, PTX-Mn-treated group showed even more decrease in
both left and right hind limb compared to the Mn group
although the differences were not significant.

It was found that PTX administration significantly in-
creased the brain tissue biomarkers of oxidative stress (ROS
formation, lipid peroxidation). More specifically, ROS was
significantly increased in the brain tissue of the Mn group
compared to the control group with a P value of less than
0.05 (Figure 2). A clear growth was observed in the ROS
formation of the Mn+PTX-treated group compared to the
two other tested groups. Similarly, a significant enhance-
ment in lipid peroxidation was found in the Mn+PTX-
treated animals (P< 0.05).

A significant decrease in the TAC levels was observed in
the brain of Mn-exposed rats compared to the control group
(P≤ 0.05). ,e Mn+PTX-treated group brought even more
decrease in the TAC level compared to both control andMn-
exposed groups (P≤ 0.05). As depicted in Figures 3(a) and
3(b), lower brain tissue glutathione level of the Mn+PTX-
treated rats was evident in comparison with the Mn and
control groups. Administration of PTX appears to deteri-
orate these parameters.

A significant increase in the Mn plasma level was de-
tected in the animals which received Mn and the Mn+PTX-
treated group compared to the control (P< 0.05) (Figure 4);
however, the statistical analysis did not show any significant
difference between the Mn and Mn+PTX-treated groups.
Also, it should be noted that administration of PTX in-
creased the Mn concentration in the brain tissue compared
to the control group (P< 0.05).

4. Discussion

,e purpose of this study was to evaluate the possible
complications of manganism and PTX. Nowadays, PTX
administration has attracted much attention owing to
COVID-19, obstructive pulmonary diseases, and peripheral
artery diseases due to its anti-inflammatory and smooth
muscle relaxation effect [25, 26]. Previous studies have in-
dicated that administration of PTX 400mg twice a day for 8
weeks effectively controls proinflammatory cytokines [27].

Table 1: Ingredient composition of the diets fed to the rats (g/
100 g).

Ingredients Diet
Protein mix 23
Mineral mix 12
Fiber 5
Vitamin mix 4–4.5
Fat 10
Fatty acids 5
Corn starch 32
Sugar mix 6
Wheat bran 3
Soybean meal 3
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Also, different studies showed that PTX improved the fil-
terability of red blood cells and increased the oxygen delivery
to the tissues. PTX was also shown to be effective against
ischemic injury of the brain and intestine. PTX is known as
an emerging treatment as a vasodilator via decreasing the
adherence of red blood cells to endothelial cells, blood
viscosity, platelet aggregation, and fibrinogen levels [28].

However, drug interactions of PTX with xenobiotic metals
in human beings should be more closely monitored.

Industrial sources of xenobiotic metals exposure are a
major public health challenge nowadays. Mn is gaining
increasing attention because a larger percentage of the
population is exposed to industrial pollution, food, air, soil,
and water containing a high amount of Mn. Regarding the
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fact that adequate intake levels for Mn for men and women
are just 2.3 and 1.8mg per day, respectively, with the tol-
erable upper intake level of 11mg for adults, this has been a
cause of some concern due to the high exposure of human to
Mn [29, 30]. ,e routes of Mn exposure are mainly dietary
intake, dermal absorption, and inhalation. ,e distribution
of Mn to the body tissues is fairly homogeneous. It was
reported that increased concentration of Mn was usually

accommodated in tissues rich in mitochondria; therefore,
the brain tends to have higher Mn levels. Chronic exposure
to this metal can cause a neurodegenerative disease named
manganism. A few studies have shown three sites of Mn
entry into the brain: the cerebral capillaries, cerebrospinal
fluid, and olfactory nerve [30]. Although the mechanisms of
Mn toxicity in the brain are not fully elucidated, some
evidence indicates that oxidative stress and mitochondria
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play major roles in Mn-induced neurotoxicity [31]. ,e
brain is highly susceptible to oxidative stress due to high
oxygen consumption, lipid-rich content (phospholipids of
cerebral cell membranes), high amounts of prooxidant metal
ions, and low activity of the brain antioxidant enzymes
[32, 33]. Oxidative stress is associated with increased cell
membrane permeability, ATP depletion, and accumulation
of abnormal proteins named amyloid β (Aβ) and tau [33].
,e mentioned process may cause inflammation, neuronal
toxicity, and cell death [32]. In addition, astrocytes serve as
the major storage site for Mn in the brain and are a
prominent contributor to Mn-stimulated nitric oxide (NO)
production through inducible nitric oxide synthetase
(iNOS). Also, glial cells as an important target of Mn activate
the inflammatory signaling pathways which damage the
neurons through overproduction of numerous ROS and
RNS, as well as the release of IL-6, TNF-α, and the CC
chemokines [34, 35].

,e correlation between oxidative stress and enhance-
ment of the Aβ deposit in the brain was also reported in
different studies. Oxidative stress increases the Aβ peptides
(mostly b-sheets structure), oligomers, protofibrils, and fi-
brils. ,ese peptides subsequently coaggregate with other
proteins to produce senile plaques which induce neuro-
degeneration [36, 37]. On the other hand, Aβ accommo-
dation also exacerbates the oxidative stress conditions by
causing mitochondria dysfunction, enhances the ROS, and
deteriorates the activity of antioxidant enzymes such as
superoxide dismutase (SOD) as glutathione peroxidase
(GPx) and catalase (CAT) [38]. ,erefore, oxidative stress
may play a key role in cerebral inflammation, degeneration,
and cognitive impairment [32].

Furthermore, the involvement of oxidative stress in
ceramide synthesis has been well documented. Although
ceramide is known as a second messenger that regulates the
cellular differentiation and proliferation, it has received a lot
of attention due to its role as a key mediator in cell death
induction and apoptosis [39]. Briefly, ceramide acts directly
on the mitochondrial respiratory electron chain and regu-
lation of Mn-SOD program cell death. In addition, ROS
production and induced ceramide pathway trigger a neu-
rodegenerative cascade that leads to clinical disease [40].

On the other hand, excessive Mn exposure evokes free
radical formation due to the redox-active nature of Mn,
resulting in direct oxidation of the membrane lipids, DNA,
amino acids, neurotransmitters, and other relevant bio-
molecules. Also, Mn-induced oxidative stress is caused
through mitochondrial dysfunction. Mn2+ interferes with
Ca2+ within the mitochondria by occupying Ca2+ binding
sites [41, 42], increasing the mitochondrial Ca2+ levels, in-
terfering with oxidative respiration, and inducing oxidative
stress [43, 44]. Increased intracellular Ca levels may activate
the proteases, leading to excitotoxic neuronal death. Several
studies have reported that Mn alters the levels of neuro-
transmitters like glutamate, dopamine, and gamma-ami-
nobutyric acid (GABA). Finally, the approved mechanism
for neuronal death of manganism is apoptosis involving
DNA cleavage, mitochondrial dysfunction, and proteases
activation (like caspases), resulting in cell death [45, 46].

From a toxicology viewpoint, the effect of PTX on the
manganism rat model has not been studied yet. As a result,
300mg of PTX once a day was used to gain insight related to
any possible side effects. Our data indicate that PTX on the
manganism rat model has an adverse effect through in-
creasing the ROS and lipid peroxidation compared to
negative control and even groups receiving Mn . Further-
more, it has been shown that the decline in the TAC and
GSH levels correlates with oxidative stress of the tissue and
neuroinflammation. Both levels of TAC and GSH were
reduced in the brain tissue, demonstrating enhanced tox-
icity. Our results also showed that PTX increased the risk of
Mn accumulation in the brain compared to the control
group.

,e effect of PTX on biomarkers of oxidative stress, in
particular on ROS and lipid peroxidase production, differs
from the results previously reported in other studies [47, 48].
It was reported that daily consumption of this drug at 80mg/
kg dose diminished the oxidative damage to the renal tissue
induced by streptozotocin in the rat [49]. Reduction of DNA
damage was also reported during consumption of 0.5mm
(139mg/ml) PTX [50]. Recently, it was reported that PTX
induced the neuroprotective effect possibly as the result of its
anti-inflammatory and TNF-alpha inhibitory properties at
10, 25, and 50mg/kg doses [41, 42, 51]. In line with previous
investigations, Mn significantly reduced the antioxidant
enzyme such as TAC and GSH (observed in the Mn-re-
ceiving group) and increased the ROS and lipid peroxidation
compared to the control group [52]. In other studies, it was
shown that excessive Mn exposure leads to neurological
complications, oxidative stress, and mitochondrial injury.
Assessments of taurine on the manganism model confirmed
its neuroprotective properties through alleviated Mn-in-
duced locomotor deficit, relieved the oxidative stress bio-
markers, and preserved the brain tissue mitochondrial
indices of functionality [17]. A similar study showed that
locomotor dysfunction, brain tissue biomarkers of oxidative
stress, and impairment of mitochondrial indices were seen in
the Mn-exposed animals. It was found that carnosine
supplementation abrogated the biomarkers of oxidative
stress in the brain tissue and improved the brain mito-
chondrial function of Mn-exposed animals [18]. It seems
that carnosine is a potential neuroprotective agent against
Mn neurotoxicity. Also, it was found that the toxicity inmice
with manganism was alleviated by herbal formula B401
(50mg/kg) treatment. ,e herbal formula B401 contains six
herbal ingredients: extracts from Panax ginseng, Astragalus
membranaceus, Angelica sinensis, Rehmannia glutinosa,
Ligustri Fructus, and Eclipta prostrata, which enhance both
nitric oxide synthesis and angiogenesis. B401 also reduced
the oxidative stress, inflammation, and apoptosis in penile
corpus cavernosum [53]. In another study, the effectiveness
of trehalose to interfere with the Mn-induced mitochondrial
dysfunction in a mouse model of manganism was explored.
Biological results indicated that trehalose pretreatment
significantly reduced oxidative damage and enhanced the
activation of mitophagy [54]. Additionally, pretreatment
with vitamin E (100mg/kg, i.p.), as an antioxidant, or
ibuprofen (140 μg/mL in the drinking water for two weeks)
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as anti-inflammatory agent attenuated the increase in ce-
rebral F2-isoprostanes (F2-IsoPs) and protected the striatal
medium spiny neurons from dendritic atrophy and den-
dritic spine loss [55].

An interesting finding in our study was that PTX ad-
ministration (300mg/kg for 8 consecutive days) increased
the manganism complications in the rat. Given that the PTX
therapeutic dose is 400mg twice a day, our preliminary
results support the view that PXT consumption may be
harmful if administered in manganism- and metal-poisoned
patients. We propose that PXT possesses significant blood
thinning and vasodilator properties as well as deformability
and rheological changes of red blood cells (confirmed by
atomic force microscopy nanoindentation experiment)
[56, 57]. PTX decreases the blood and plasma viscosity and
lowers plasma fibrinogen while promoting fibrinolysis; it
also improves blood filterability by enhancing the eryth-
rocyte distensibility and lessens neutrophil activation [58].
Moreover, PTX improves the tissue perfusion through small
capillaries by improving the deformability of red blood cells.
According to the present study, PTX at the high dose may
increase the chance ofMn to pass through BBB and reach the
site of action to induce manganism. Industrial occupations,
especially miners, welders, and smelters, are more exposed
to metal toxic substances, and consumption of blood thinner
may lead to negative health effects. From a broader per-
spective, it can be generalized that blood-thinning drugs at
high doses (in this case, PTX) may exacerbate the compli-
cations of manganism and brain metal toxicity.

,e main limitation of the current study is that the exact
mechanisms that explain that PTX evokes Mn toxicity are
lacking to correctly interpret the results of animal models
into clinical practice. In addition, a limited number of ox-
idative stress factors were evaluated in the present study. In a
future project, measuring other factors such as 8-hydroxy-2-
deoxyguanosine, tissue lipid peroxidation, mitochondrial
swelling, and mitochondrial ATP level will give a more
complete picture of how PTX at a high dose responds to
increased oxidative stress. Also, histopathological evaluation
of the brain tissue could clarify the tissue injury during
consumption of PTX during exposure to heavy and toxic
metals.

5. Conclusions

,e main findings of this study provided new insights into
the consumption of PTX that at a high dose may contra-
indicate with Mn exposure and manganism in humans,
especially in industrial workers. ,e data provided in the
current study indicate that PTX at high doses stimulates ROS
and oxidative stress which leads to dysfunction of the brain
tissue. Also, PTX administration induced oxidative damage
via significant reduction of TAC and GSH content as well as
enhanced levels of Mn in the brain tissue compared to the
control group.

According to our preliminary study, it is better to limit
the administration of the maximum dose of PTX in man-
ganism disorders. However, further studies are warranted to
confirm the clinical significance of these data.
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