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ABSTRACT

This study aimed to investigate the potential protective effects of methylene blue
(MethyB) on thioacetamide (TAA)-induced acute liver and brain injury in rats.
TAA (300 mg/kg) was administrated intraperitoneally (i.p.) with or without
MethyB at 10, 20, or 40 mg/kg for two successive days, and rats were euthanized
24 hours after the last treatments. Markers of oxidative stress, including
malondialdehyde (MDA), reduced glutathione (GSH), and nitric oxide, were
determined in liver and brain tissues. Histological examination of liver tissue and
different brain regions such as the cerebral cortex, hippocampus, and cerebellum
were carried out. Results indicated that compared with the respective saline
controls, MDA and nitric oxide levels were significantly raised in the TAA control
group, but GSH levels were significantly decreased in the liver and brain tissues.
Administration of MethyB to TAA-treated rats resulted in a significant and dose-
related decrease in lipid peroxidation (MDA) and nitric oxide. At the same time,
the levels of GSH increased in the liver and brain compared with the TAA control
group. TAA evoked marked liver tissue damage with micro and macrovesicular
steatosis, swelling and apoptosis of hepatocytes, and inflammatory cell
aggregates. In addition, TAA caused neuronal cell loss, necrosis, apoptosis of
neurons, vacuolar degeneration in cortex and focal gliosis. The hippocampus
suffered structural deformity, and shrinkage of large pyramidal cells, with
darkened nuclei. In the cerebellum, widely displaced or emptiness of most
Purkinje cells, and vacuolation of white matter were observed. MethyB prevented
the pathological changes caused by TAA in the brain and liver in a dose-
dependent manner, with the highest dose of 40 mg/kg providing a remarkable
protective effect. The study indicated that MethyB prevented the harmful effects
of acutely administered TAA in the liver and brain of rats. These effects of
MethyB involved lowered levels of oxidative stress.
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1. INTRODUCTION

The liver is the largest organ in the body, which plays an essential role in carbohydrate, protein, and fat metabolism. It is also the
central site for detoxifying many drugs, toxins and xenobiotics. This function makes the liver susceptible to injury by the active
metabolites, free radicals and reactive oxygen metabolites resulting from the biotransformation and metabolism of these drugs, and
xenobiotics, which can damage liver cells or exacerbate an existing liver pathological condition (Chiang, 2014). When the
production of these reactive species exceeds the capacity of the cell’s antioxidants, a state of oxidative stress is said to be present in
which there is oxidative modification of many critical cellular biomolecules causing oxidation of membrane phospholipids (lipid
peroxidation), damage to the mitochondria or cellular proteins, DNA base mutation, and depletion of cellular antioxidants, thereby
resulting in serious cellular derangement and possibly lethal outcome (Halliwell, 1996; Halliwell and Gutteridge, 1997). Oxidative
stress plays a significant role in the onset and progression of a variety of liver disorders since the use of antioxidants has proved to
be effective in their treatment (Mari et al., 2010).

Thioacetamide (TAA) is an organosulfur compound, previously used as a fungicide, and which is known for its ability to cause
serious toxic liver injury. In rats, single high doses of TAA cause acute liver failure with centrilobular necrosis and encephalopathy,
while its chronic administration at low doses can induce liver fibrosis (Ttanez et al., 2005; Uskukovic-Markovic et al., 2007). These
effects of TAA make the toxin a widely used experimental tool for studying the pathogenetic mechanisms of acute liver failure and
encephalopathy, and for screening potential therapeutic interventions. The toxic action of TAA on liver cells results from its
oxidative bioactivation by hepatic cytochrome P450 enzymes or FAD-containing monooxygenases into its metabolites TAA-S-oxide
and TAA-S, S-dioxide. These chemically reactive metabolites of TAA cause oxidative stress and glutathione depletion and modify
critical cellular components by covalently binding to proteins and lipids, resulting in lipid peroxidation, centrilobular necrosis, and
inflammation (Wallace et al., 2015).

The phenothiazine dye, methylene blue (MethyB) is utilized in the treatment of several medical disorders, including
methemoglobinemia, cyanide poisoning Clifton and Leikin, (2003), malaria Meissner et al., (2006), and encephalopathy occurring in
patients undergoing chemotherapy with ifosfamid (Mufioz, 2006). It is also an effective rescue treatment in vasoplegic shock
following cardiac surgery (McCartney et al.,, 2018). Recent research in MethyB focuses on its potential to treat central nervous
system disorders, e.g., depression and Alzheimer’s disease (Naylor et al., 1986; Medina et al., 2011; Alda et al., 2017). MethyB was
reported to protect brain neurons in experimentally-induced Huntington’s disease Sontag et al., (2012), and traumatic brain injury
(Talley-Watts et al., 2014).

It protected the brain neurons and liver cells against toxic chemical damage by the pesticide rotenone, the organophosphorus
compound malathion Abdel-Salam et al., (2016a), and the organic solvent toluene Abdel-Salam et al., (2016b) in rats, by the virtue of
an antioxidant and anti-inflammatory actions. In this study, we examined the impact of MethyB on the development of oxidative
stress, brain neuronal injury, and liver cell damage in the rat model of acute liver toxicity induced by TAA. In addition, we carried

out a detailed histological investigation of the effect of TAA on different brain regions besides its impact on the liver tissue.

2. MATERIALS AND METHODS

Animals

Male Sprague-Dawley strain rats (170-180 g: National Research Centre, Cairo) were used in the experiments. Rats were housed
under a standard 12-h light/dark cycle and had free food and tap water access. The animal experiments followed the
recommendations of the Institute Ethics Committee and the Guide for Care and Use of Laboratory Animals of the US National
Institutes of Health (Publication No. 85-23, revised 1996).

Drugs and chemicals
Thioacetamide and methylene blue were purchased from Sigma-Aldrich (St Louis, MO, USA). Other chemicals and reagents were
from Sigma Chemical Co. (St Louis, MO, USA).

Experimental groups

Rats were randomly allocated into four equal groups (6 rats each).

Group 1: Received i.p. saline (served as negative control).

Group 2: Treated with i.p. thioacetamide at 300 mg/kg for two successive days (served as positive control)

Group 3: Treated with i.p. thioacetamide at 300 mg/kg and MethyB at 10 mg/kg for two successive days.
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Group 4: Treated with i.p. thioacetamide at 300 mg/kg and MethyB at 20 mg/kg for two successive days.
Group 5: Treated with i.p. thioacetamide at 300 mg/kg and MethyB at 40 mg/kg for two successive days.

Rats had free access to food and tap water during the study. 24h after the last treatments, blood samples were obtained from the
retro-orbital venous plexus, under light ether anesthesia. The rats were then killed by cervical decapitation while under ether
anesthesia. The brain and liver of each rat then were quickly removed, washed with ice-cold phosphate-buffered saline (PBS, pH
7.4), weighed, and stored at —80°C for the biochemical analyses. The tissues were homogenized in 0.1 M phosphate-buffered saline

at pH 7.4 to give a final concentration of 10 % w/v for the biochemical assays.

Biochemical analyses

Determination of lipid peroxidation

Malondialdehyde, an end product of lipid peroxidation was determined by measuring thiobarbituric reactive substances (TBAS)
using the method by Ruiz-Larrea et al., (1994) in which TBAS react with thiobarbituric acid forming TBA-MDA adduct, and the

absorbance is read at 532 nm with the use of a spectrophotometer.

Determination of nitric oxide
Griess reagent was used for the determination of total nitrate and nitrite concentration, indicative of nitric oxide production in the
tissue. In this assay, nitrate is converted to nitrite by nitrate reductase. The Griess reagent then reacts with nitrite forming a deep

purple azo compound. The absorbance is read at 540 nm with a spectrophotometer (Moshage et al., 1995).

Determination of reduced glutathione

Reduced glutathione (GSH) was determined using Ellman’s reagent (DTNB (5, 5’-dithiobis (2-nitrobenzoic acid)), which is reduced
by the free sulthydryl group on the GSH molecule, forming 5-thio-2-nitrobenzoic acid. The latter has a stable yellow color and is
determined by reading absorbance at 412 nm (Ellman, 1959).

Serum liver enzyme assay
The activities of the liver enzymes alanine aminotransferase (ALT) and aspartate aminotransferase (AST) in serum were measured

according to Reitman—Frankel colorimetric transaminase procedure (Crowley, 1967).

Histological studies

Liver and brain samples were dehydrated in ascending grades of alcohol, cleared in xylene, and embedded in paraffin. Sections
were cut at five um with a microtome, mounted on glass slides, and stained with hematoxylin and eosin (Hx & E) (Drury and
Wallington, 1980). For histological assessment of damage to the liver and brain, sections were investigated under the light

microscope: Olympus Cx 41 with DP12 Olympous digital camera (Olympus Optical Co. Ltd, Tokyo, Japan).

Statistical analysis

Data are expressed as mean + SEM. Statistical analysis of the data was performed using one-way ANOVA and Tukey's multiple
comparisons test. GraphPad Prism 6 for Windows (GraphPad Prism Software Inc., San Diego, CA, USA) was used. Statistical
significance was considered at a probability value of less than 0.05.

3. RESULTS

Effect of MethyB on TAA-induced liver oxidative stress

Rats treated with TAA, exhibited a significant increase in liver MDA levels by 108.7% compared to the saline control group (67.0 +
3.0 vs. 32.1 + 1.9 nmol/g.tissue). The level of nitric oxide increased significantly by 64.9% from 37.0 + 1.6 pmol/g.tissue in the saline
group to 61.0 = 4.0 pmol/g.tissue in the TAA group. In addition, liver GSH content dropped by 54.6% in TAA-treated rats compared
to their saline controls (2.9 + 0.15 vs. 6.4 + 0.3 umol/g.tissue).

In TAA-treated rats, co-administration of MethyB at 20 or 40 mg/kg resulted in significant decrease in liver MDA by 30.0% and
46.3% (47.0 £ 1.8 and 36.0 + 1.5 vs. control value of 67.0 + 3.0 nmol/g.tissue). There was also a significant decrease in nitric oxide
levels by 29.5% and 34.9% by 20 or 40 mg/kg MethyB compared to the TAA control (43.0 + 2.8 and 39.7 + 2.7 vs. control value of 61.0
+ 4.0 umol/g.tissue). In addition, MethyB at the above doses caused a significant increase in liver GSH by 58.6% and 79.3% from
TAA control value of 2.9 +0.15 to 4.6 + 0.2 and 5.2 + 0.3 umol/g.tissue, respectively (Figure 1).
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Figure 1 Effect of MethyB on malondialdehyde (MDA), nitric oxide (NO), and reduced glutathione (GSH) in the liver tissue of
thioacetamide (TAA)-treated rats. *: P<0.05 vs. saline control. +: P<0.05 vs. TAA only group. #: P<0.05 vs. TAA + MethyB 10 mg/kg.

Effect of MethyB on serum liver enzymes

In the TAA control group, the activities of ALT and AST in serum were significantly increased by 130% (121.0 + 8.3 vs. 52.6 + 2.1
U/1), and 115.3% (176.3 + 10.0 vs. 81.9 + 3.1 U/l), respectively, compared to the respective saline control values. The treatment with
MethyB at 20 or 40 mg/kg caused a significant decrease in serum ALT and AST. Serum ALT decreased by 33.1% and 44.5% from
121.0 + 8.3 U/l in TAA control group to 81.0 + 5.8 U/l and 67.1 = 3.0 U/l in the TAA/MethyB treated acid groups. Meanwhile, serum
AST decreased by 34.4% and 45.3% from control value of 176.3 +10.0 U/l to 115.7 + 8.3 U/l and 96.5 + 4.1 U/, respectively (Figure 2).

Effect of MethyB on TAA-induced brain oxidative stress

Administration of TAA significantly increased brain MDA levels by 130.8% (45.0 + 2.7 vs. 19.5 + 1.2 nmol/g.tissue). It also
significantly increased nitric oxide level by 75.6% (38.1 2.0 vs. 21.7 + 1.0 umol/g, p < 0.05). In addition, a significant decrease in the
level of GSH by 42.9% was observed (2.0 + 0.03 vs. 3.5 + 0.06 umol/g.tissue).
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Figure 2 Effect of MethyB on serum liver enzymes in thioacetamide (TAA)-treated rats. *: P<0.05 vs. saline control. +: P<0.05 vs. TAA

P<0.05 vs. TAA + MethyB 10 mg/kg.
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Figure 3 Effects of MethyB on malondialdehyde (MDA), nitric oxide (NO), and reduced glutathione (GSH) in brain tissue of
thioacetamide (TAA)-treated rats. *: P<0.05 vs. saline control. +: P<0.05 vs. TAA only group. #: P<0.05 vs. TAA + MethyB 10 mg/kg.

In TAA/MethyB-treated groups, the level of MDA significantly decreased by 31.0% and 41.6% after treatment with 20 and 40
mg/kg MethyB, respectively (from 45.0 + 2.7 to 31.0 + 2.0 and 26.3 + 1.0 nmol/g. tissue). Meanwhile, nitric oxide levels were
significantly decreased by 26.0% and 37.8% by the above doses of MethyB (from 38.1 + 2.0 in the TAA control group to 282 +1.1
and 23.7 + 1.3 umol/g. tissue in the TAA/MethyB-treated groups). Moreover, MethyB given at doses of 20 or 40 mg/kg to TAA-
treated rats resulted in a significant increase in GSH levels by 35% and 50%, respectively, compared to the TAA control group (from
2.0+0.03 t0 2.7 +0.15 and 3.0 + 0.1 umol/ g. tissue) (Figure 3).

Histological changes in the liver

The liver tissue of the saline control rats revealed the typical architecture (Figure 4A, 4B). The liver tissue of rats treated with TAA
only showed micro and macrovesicular steatosis, congestion of the portal vein, inflammatory cells aggregates, fibrosis, swelling of
some hepatocytes, apoptosis of others, congestion of sinusoidal spaces and interstitial edema (Figure 4C, 4D). Liver sections in rats
treated with TAA and 10 mg/kg MethyB showed few improvements in the pathological changes in the form of some normal
hepatocytes.

However, microvacuolar degeneration, dilated and congested portal vein, inflammatory cells, hyperplasia of bile ducts, and
fibrosis were still present (Figure 4E). Sections from rats treated with TAA and MethyB at 20 mg/kg showed moderate degree of
improvement in the form of most of hepatocytes appeared normal, and few cells with vacuolated cytoplasm. The portal vein
appeared dilated, and congested with thickening of the portal vein vascular wall, fibrosis, and hyperplasia of the bile duct (Figure
4F). The liver of rats treated with TAA and MethyB at 40 mg/kg revealed good preserved hepatic architecture, and most
hepatocytes appeared normal. The hepatocytes were arranged in cords, but few vacuolations in the cytoplasm of some cells, and

few dilatations in the sinusoidal space, little inflammatory infiltrates and Kupffer cells were seen (Figure 4G).

Histological changes in the brain

Cerebral cortex

The cerebral cortex of the saline controls showed a normal appearance (Figure 5A). In contrast, the histological findings in rats after
administration of only TAA showed neuronal cell loss due to apoptosis, micro and macrovacuolar degeneration in the frontal
cortex (spongiosis), pyknosis, necrosis of neurons and focal gliosis. Neurons showed intracytoplasmic proliferation of filaments,
producing the neurofibrillary tangle. Diffuse cerebral edema and degeneration of pyramidal cells were observed (Figure 5B, 5C,
5D). Sections of cerebral cortex from rats treated with TAA and MethyB at 10 mg/kg showed that the brain tissue still suffered from
pathological changes in the form of massive neuronal cell necrosis with intensely eosinophilic shrunken neuronal cells. Macro and
microvacuolation characterized by multiple small rounded vacuoles within the neuropil of the cortex were seen. There were also
dilated congested cerebral blood vessels and focal gliosis. Signs of neurodegeneration in the form of karyolysis and karyorrhexis
were still present (Figure 5E, 5F).

As shown in Figure 6 (A & B) administration of TAA and MethyB at 20 mg/kg resulted in some improvement in the histological
changes in the form of some neurons that appeared normal, no neurofibrillary tangle, no cerebral edema, and no apoptotic neurons.
However, microvacuolation characterized by multiple small rounded vacuoles within the cortex, pyknosis, karyorrhexis of neurons,
focal gliosis, and dilated congested cerebral blood vessels were still present. Brain sections in rats administrated TAA and MethyB
at 40 mg/kg showed improvement of the harmful changes induced by TAA. The cortical tissues showed normal neuronal cells.
However, some neurons appeared vacuolated, and a few pyknosis, necrosis, and congestion of cerebral blood vessels were seen.

The pyramidal cells were irregular in shape and eosinophilic (Figure 6C, 6D).
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Normal cells

Figure 4 Representative photomicrographs of Hx & E-stained liver sections after treatment with (A) Saline showing the general
appearance of the hepatic lobules (Normal cells). Notice the central vein (CV) and normal blood sinusoids (BS); (B) Saline (high
power); (C) TAA only showing micro and macrovesicular steatosis (yellow arrow), congestion of portal vein (CPV), fibrosis (red
arrow) and inflammatory infiltrate (IF); (D) TAA only (another field) showing dilated, congested in blood sinusoids (BS), interstitial
edema (star), swelling in some hepatocytes (black arrow) and apoptosis (orange arrow); (E) TAA and 10 mg/kg MethyB showing
microvacuolar degeneration (yellow arrow), dilated and congested portal vein (DCPV), hyperplasia of the bile duct, fibrosis (black
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arrow), inflammatory cells (red arrow) and some normal hepatocytes; (F) with TAA and 20 mg/kg MethyB showing moderate
improvement. Most hepatocytes appeared normal, although few vacuolations in the cytoplasm of some hepatocytes (V), congested
portal vein (CPV), with thickening vein vascular wall, fibrosis (red arrow), hyperplasia of the bile duct (BD), pre portal
inflammatory infiltrate were seen; (G) TAA and 40 mg/kg MethyB showing more or less preserved hepatic architecture in the form
of most hepatocytes appeared normal, although few vacuolations in the cytoplasm of some hepatocytes (V), few dilatations in the

sinusoidal space (BS), and few inflammatory infiltrates (red arrow) were still present.

Hippocampus

Sections from the saline controls revealed the typical normal architecture of the hippocampal tissue (Figure 7A). In contrast, the
hippocampus of rats treated with TAA only showed marked pathological changes in all regions in the form of disorganization of
the histological features, shrinkage in the size of large pyramidal cells, with darkened nuclei. The granular cell layer also showed
marked vacuolations. The molecular layer exhibited vacuolated neurons (Figure 7B). Concerning rats administrated TAA along
with MethyB at 10 mg/kg, examination of the hippocampus showed some improvement. Some neurons appeared normal, but most
of the neurons were shrunken, with hyperchromatic nuclei and vacuolated cytoplasm. Signs of degeneration of neurons in the form
of karyorrhexis were observed. In contrast, other neurons appeared pyknotic (Figure 7C). On the other hand, the hippocampus of
rats given TAA and 20 mg/kg MethyB showed moderate tissue changes as mild vacuolar degeneration, shrunken, and pyknotic
neurons. Some normal pyramidal neurons, with vesicular nuclei were observed (Figure 7D). The hippocampus of rats treated with
TAA and 40 mg/kg MethyB showed a reasonable degree of improvement. Most pyramidal neurons appeared normal. However,

some pyramidal cells appeared degenerated and vacuolated (Figure 7E).

Cerebellum

The cerebellum of saline control rats showed the typical architecture of Purkinje cells (Figure 8A, 8B). Treatment of rats with TAA
only induced widely displaced or emptiness of most of Purkinje cells, area of degeneration in the granular layer cells, congestion of
blood vessels, vacuolation of white matter, distribution of fibers in the molecular layer, and hemorrhage in meninges above the
surface (Figure 8C). Sections from rats treated with TAA and 10 mg/kg MethyB showed that the Purkinje layer exhibited loss of
some cells or degeneration, vacuolation in empty spaces and white matter (Figure 8D). In rats treated with TAA and 20 mg/kg
MethyB, there was some improvement in the pathological changes. Few Purkinje cells appeared normal, but others were
degenerated. Areas devoid of cells, and vacuolation in white matter were seen (Figure 8E). Sections of the cerebellum from rats
treated with TAA and MethyB at 40 mg/kg revealed moderate improvement in the histological changes. Some Purkinje cells
appeared normal. Others appeared degenerated, with empty spaces in some cells between the granular layers, few nerve fibers in

the molecular layer (Figure 8F).
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Figure 5 Representative photomicrographs of Hx & E stained cerebral cortex sections after treatment with (A) Saline showing

Ao O,

typical appearance of neurons, capillaries in cerebral cortex; (B) TAA only showed deformity of normal structure, pyknosis,
necrosis of neurons, micro and macrovacuolar degeneration (spongiosis), neurofibrillary tangle, and focal gliosis; (C) TAA only
(another field) showing degeneration of pyramidal cells, and congested of cerebral blood vessels (red arrow); (D) TAA only
(another field) showing apoptotic neurons (yellow arrow), some mitotic neurons (red arrow), and cell loss; (E) TAA and MethyB at
10 mg/kg showing neuronal cell necrosis, with intensely eosinophilic shrunken neuronal cells, vacuolation (black arrow), and
neurofibrillary tangle (orange arrow); (F) TAA and MethyB at 10 mg/kg (another field) showing signs of degeneration in the form of
karyolysis (white arrow), and karyorrhexis (red arrow), focal gliosis (orange arrow), dilated and congested cerebral blood vessels
(BV).
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Figure 6 Cerebral cortex. (A) TAA and MethyB at 20 mg/kg showed improvement in the form of some normal neurons (black
arrow). There were still signs of degeneration of neurons in the form of pyknosis (yellow arrow), and karyorrhexis (red arrow); (B)
TAA and MethyB at 20 mg/kg (another field) showing dilated and congested cerebral blood vessel (BV), small rounded vacuoles in
the cortex (V); (C) TAA and MethyB at 40 mg/kg showing more improvement in the pathological changes. Most neurons appeared
normal (yellow arrow), some vacuolated (black arrow), and pyknosis of some neurons; (D) TAA and MethyB at 40 mg/kg (another

field) showing the pyramidal cells irregular in shape, eosinophilic and congested cerebral blood vessel.
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Figure 7 Representative photomicrographs of Hx & E-stained sections of the hippocampus after treatment with (A) Saline showing
the typical appearance of pyramidal cells (red arrow). The cells have vesicular nuclei, with prominent nucleoli; (B) TAA showing
deformity of the histological features, shrinkage in the size of large pyramidal cells with darkened nuclei. The granular cell layer
also showed marked vacuolations. The molecular layer (M) exhibited vacuolated neurons (ne), and excess glial cells; (C) TAA and
10 mg/kg MethyB showing some improvement. Few neurons appeared normal, but most of pyramidal cells were shrunken with
hyperchromatic nuclei (white arrow), and vacuolation of the cytoplasm (V), signs of degeneration of the neurons in the form of
necrosis, pyknosis (red arrow), karyorrhexis (K); (D) TAA and 20 mg/kg MethyB showing some improvement in the form of some
normal pyramidal cells with vesicular nuclei (white arrow), few pyramidal cells with pyknotic nuclei and vacuolated cytoplasm
(black arrows). Some neurons were degenerated, vacuolated (red arrow), others were shrunken (yellow arrow). Few areas were
devoid of pyramidal neurons (star); (E) TAA and MethyB at 40 mg/kg showing more improvement in the histological changes.
Most pyramidal cells appeared normal. Some pyramidal cells, however, appeared degenerated, and vacuolated, and an area devoid

of pyramidal neurons was seen (star).
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4

showing normal Purkinje cells; (C) TAA only showing widely displaced or emptiness of all Purkinje cells (black arrow), vacuolation
(black arrow) and congestion of blood vessels in white matter (red arrow), hemorrhage in meninges above the surface (orange
arrow), and few fibers in molecular layer (F), degenerated area of granular layer (star); (D) TAA and 10 mg/kg MethyB showing
degeneration of Purkinje cells (yellow arrow). Purkinje cells were widely displaced and vacuolated (red arrow). Vacuolation in
white matter (black arrow); (E) TAA and 20 mg/kg MethyB showing few Purkinje cells that appeared normal (red arrow), others
degenerated (orange arrow), some areas devoid of cells (star), and vacuolation in white matter (yellow arrow). The molecular layer
is comprised of many vacuolated nerve fibers (F); (F) TAA and 40 mg/kg MethyB showing moderate improvement. Some Purkinje
cells appeared normal (red arrow). Degenerated neurons were still present, with empty spaces in some cells between the granular
layers (orange arrow). The molecular layer (M) is formed of a few nerve fibers (F).
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4. DISCUSSION

Oxidative stress is involved in the development of cell death and tissue damage in several liver disorders and hepatic
encephalopathy (Vascotto and Tiribelli, 2015). The liver is involved in the biotransformation and metabolism of drugs,
environmental toxins, and xenobiotics, which results in the generation of reactive metabolites and free radical species (Chiang,
2014). In the liver, reactive oxygen and nitrogen species are produced by cytochrome P450 reductase, lipooxygenase, and by nitric
oxide synthase, and xanthine oxidase from the mitochondria, Kupffer cells, and infiltrating neutrophils (Vascotto and Tiribelli,
2015). The toxic action of TAA on liver cells is mediated by its reactive metabolites TAA-S-oxide and TAA-S, S-dioxide, which binds
covalently to membrane lipids and proteins, causing lipid peroxidation, and liver necrosis (Wallace et al., 2015). TAA, therefore,
represents an established model of toxin-induced acute liver failure and hepatic encephalopathy (Lee et al., 2011).

In this study, the administration of TAA at a high dose for two successive days caused significant oxidative stress in both the
liver and brain tissue, as indicated by markedly increased levels of MDA. The latter is an end-product of lipid peroxidation, and
increased levels, therefore, indicates an increased production of oxidant free radicals and the consequent oxidation of the cell
membrane lipids. In addition, TAA caused a marked increase in tissue levels of nitric oxide. In the cell, low levels of nitric oxide
produced by the endothelial and neuronal nitric oxide synthases (NOS), are involved in cell signaling and maintaining vascular
tone. In contrast, during toxic and inflammatory conditions, a high concentration of nitric oxide produced by the inducible NOS
(iNOS) in phagocytic and other inflammatory cells can be damaging to the cell, owing to the formation of the potent oxidant
peroxynitrite radical and other reactive nitrogen species (Brown, 2010).

Our results also showed that TAA administration was associated with a significant and marked depletion of the liver and brain
contents of the antioxidant and free radical scavenger reduced glutathione. This finding indicates the increased release of free
radicals, and consequently the consumption, or possibly the reduced synthesis of the antioxidant. In addition, a marked increase in
the plasma levels of the hepatocellular enzymes ALT and AST in TAA-treated rats was observed. These enzymes are released into
the circulation following hepatocellular injury, and their levels correlate with the extent of damage to the liver tissue (Giannini et
al., 2005). The above observations are supported by the findings from other studies that showed increased serum transaminases,
liver oxidative stress, and necroinflammatory response in the liver after TAA administration. There was also upregulation of iNOS
and tumor necrosis factor-a (TNF-a) in liver and increased levels of TNF-q, interleukin-1§3 and interleukin-6 in serum, indicative of
an inflammatory response (Wang et al., 2004; Luo et al., 2015).

Our histological study indicated the harmful effects of TAA on the integrity of the liver and brain tissues. The liver exhibited
distorted architecture, micro and macrovesicular steatosis, swelling, and apoptosis of hepatocytes, fibrosis, and inflammatory
infiltrates, thereby, supporting our previous observations using single i.p. dose of 300 mg/kg (Abdel-Salam et al., 2013). Other
studies reported necrosis and inflammatory cell infiltration following two i.p. injections of TAA at 350 mg/kg De-David et al., (2011)
or after a single intravenous dose of TAA at 280 mg/kg in the rat (Chen et al., 2008). In a study in which TAA was administered in a
low dose of 50 mg/kg twice weekly, for two weeks, the presence of degenerated neurons with dark small nuclei in the brain was
observed. The present study attempted a detailed investigation of TAA effects on different brain regions. We have shown that TAA
caused marked neuronal cell loss in the cerebral cortex due to apoptosis, necrosis and vacuolar degeneration, degeneration of
pyramidal cells and focal gliosis. The hippocampus exhibited structural deformity, and shrinkage of large pyramidal cells, while the
cerebellum showed widely displaced or emptiness of most Purkinje cells.

In the present study, the potential protective effects of MethyB were examined in the TAA model of acute brain and liver injury.
The study provided evidence that MethyB exerted dose-dependent amelioration of oxidative stress in both the brain and liver of
TAA-treated rats, resulting in significant decreases in lipid peroxidation and nitric oxide levels, and preventing the depletion in
reduced glutathione. This indicates the reduced release of free radicals, and consequently, the sparing and possibly replenishing of
the brain and liver contents of reduced glutathione. In addition, the increase in plasma levels of the hepatocellular enzymes ALT
and AST in TAA-treated rats was reduced dose-dependently by MethyB. The decline in activities of serum transaminases by
MethyB, therefore, reflects reduced extent of liver tissue damage by the dye. These protective actions of MethyB were confirmed by
the histological study, where the pathological changes evoked by TAA in the liver and brain were ameliorated by MethyB. The
effects are dose-dependent, with the highest dose of 40 mg/kg, resulting in a remarkable protection against the TAA-induced
damage.

The mechanism by which MethyB exerts its neuro- and hepatic-protective effects is not entirely clear. MethyB is a redox-cycling
dye, where its blue oxidized form is reduced by NADPH or thioredoxin to the uncharged and colorless leucoMethyB, which is then
re-oxidized by O2 or by iron-containing compounds e.g., methemoglobin (Miclescu and Wiklund, 2010). MethyB is an antioxidant,

and was reported to prevent the formation of oxygen-free radicals by the mitochondria (Atamna et al., 2008). The antioxidant effect
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of MethyB was shown in the present study, and also in several previous studies Abdel-Salam et al., (2016a), Abdel-Salam et al.,
(2016b), and is likely to have accounted, at least in part, for its protective effects. Another essential property of MethyB is its ability
to inhibit nitric oxide synthases, and guanylate cyclase enzyme (Mayer et al., 1993a; Mayer et al., 1993b).

This action of MethyB is suggested to underlie its beneficial effects in vasoplegic shock occurring after cardiac surgery, in which
an excessive release of nitric oxide is primarily thought to account for the reduced systemic vascular resistance and hypotension
(Mangphelli et al., 2015). The reduction in nitric oxide generation, therefore, may have a role at least partly in the neuro— and hepatic
protective effects of MethyB observed in this study as well as in other models of toxin-induced tissue damage (Abdel-Salam et al.,
2016a; Abdel-Salam et al., 2016b). In this context, MethyB decreased brain and serum nitric oxide levels and exerted neuroprotective
Wiklund et al., (2007), Miclescu et al., (2010), Abdel-Salam et al., (2016b) and hepatoprotective effects (Abdel-Salam et al., 2020a).
MethyB was also shown to attenuate the increase in the transcription factor nuclear factor kappa B Abdel-Salam et al., (2020b), and
decrease TNF-a and caspase-3 activity (Abdel-Salam et al., 2016b).

5. CONCLUSIONS

The present study shows that MethyB afforded protection against the damaging effects of TAA on the brain neuronal and liver

cells. These effects of MethyB involved a decrease in tissue oxidative stress levels.
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