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Abstract

Sulfite oxidase (SO) deficiency is a disorder caused either by isolated deficiency of SO or by 

defects in the synthesis of its molybdenum cofactor. It is characterized biochemically by tissue 

sulfite accumulation. Patients present with seizures, progressive neurological damage, and basal 

ganglia abnormalities, the pathogenesis of which is not fully established. Treatment is supportive 

and largely ineffective. To address the pathophysiology of sulfite toxicity, we examined the effects 
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of intrastriatal administration of sulfite in rats on antioxidant defenses, energy transfer, and 

mitogen-activated protein kinases (MAPK) and apoptosis pathways in rat striatum. Sulfite 

administration decreased glutathione (GSH) concentration and glutathione peroxidase, glucose-6-

phosphate dehydrogenase, glutathione S-transferase, and glutathione reductase activities in striatal 

tissue. Creatine kinase (CK) activity, a crucial enzyme for cell energy transfer, was also decreased 

by sulfite. Superoxide dismutase-1 (SOD1) and catalase (CAT) proteins were increased, while 

heme oxygenase-1 (HO-1) was decreased. Additionally, sulfite altered phosphorylation of MAPK 

by decreasing of p38 and increasing of ERK. Sulfite further augmented the content of GSK-3β, 

Bok, and cleaved caspase-3, indicating increased apoptosis. JP4-039 is a mitochondrial-targeted 

antioxidant that reaches higher intramitochondrial levels than other traditional antioxidants. 

Intraperitoneal injection of JP4-039 before sulfite administration preserved activity of antioxidant 

enzymes and CK. It also prevented or attenuated alterations in SOD1, CAT, and HO-1 protein 

content, as well as changes in p38, ERK, and apoptosis markers. In sum, oxidative stress and 

apoptosis induced by sulfite injection are prevented by JP4-039, identifying this molecule as a 

promising candidate for pharmacological treatment of SO-deficient patients.
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1 | INTRODUCTION

Sulfite oxidase (SO; EC 1.8.3.1), an enzyme located in the mitochondrial intermembrane 

space, catalyzes the oxidation of sulfite to sulfate, the final step in the degradation of sulfur-

containing amino acids.1,2 It also degrades sulfite derived from exogenous sources, used 

extensively as preservatives and antimicrobial agents in foods and medications.3,4

Deficiency of SO is caused either by mutations in the SUOX gene, which encodes SO 

(isolated SO deficiency; iSOD; OMIM #272300), or by mutations in genes that encode 

enzymes of the molybdenum cofactor (MoCo) biosynthetic pathway (MoCo deficiency; 

MoCD; OMIM #242150, #242160, #615501).1,5 Mutations in MOCS1, MOCS2, and GPHN 
result in MoCD type A, B, and C, respectively. In addition to sulfite, both iSOD and MoCD 

patients present tissue accumulation and high urinary excretion of S-sulfocysteine, 

thiosulfate, and taurine. Since MoCo also is a cofactor for xanthine dehydrogenase and 

aldehyde oxidase, individuals with MoCD are deficient in the activity of these enzymes, and 

excrete high levels of xanthine and hypoxanthine in urine, and have low serum concentration 

of uric acid.1

Patients with iSOD and MoCD manifest severe and progressive neurological dysfunction, 

neonatal seizures, alterations in muscle tone, axial hypotonia, and failure to thrive. Both 

forms of SO deficiency often result in early childhood death, though MoCD is often more 

severe.1,6 Neuropathological findings include marked basal ganglia, cerebral cortex and 

cerebellum atrophy, dilated brain ventricles, and global white and gray matter abnormalities. 

Neuronal loss, gliosis, and demyelination are also observed.7,8
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The mechanisms underlying the brain abnormalities in iSOD and MoCD are still poorly 

understood. However, it has been shown that sulfite, the main accumulating metabolite in 

both disorders, is neurotoxic. Sulfite undergoes auto-oxidation in vitro and in vivo in rat 

brain, leading to the formation of reactive species9 and impairing redox homeostasis and 

antioxidant defenses.9–14 Moreover, sulfite disrupts mitochondrial bioenergetics and 

biogenesis and induces mitochondrial permeability transition,11,15 as well as glial reactivity 

and neuronal loss in rat striatum.11

Treatment for iSOD and MoCD is based on the reduction of sulfite levels with a diet 

consisting of low content of sulfur-containing amino acids combined with the administration 

of antiepileptic drugs to control seizures, but with limited success.1,16 Cyclic pyranopterin 

monophosphate, an intermediate in the MoCo biosynthetic pathway, has been used to treat 

patients with MoCD type A, but is not effective for iSOD and other types of MoCD.17 

Therefore, the evaluation of novel therapeutic strategies is critical to improve the prognosis 

of these disorders. JP4-039 is a mitochondria-targeted electron and reactive oxygen species 

(ROS) scavenger comprised of a nitroxide attached directly to an alkene-peptide isostere that 

exhibits 20-fold to 30-fold enrichment in the mitochondria over the cytosol.18 It has been 

shown to prevent radiation damage, lipid peroxidation, and apoptosis in irradiated rats.19,20 

Treatment with JP4-039 has also been demonstrated to decrease ROS in cells from patients 

with MoCo, ACAD9, and very long chain acyl-CoA dehydrogenase deficiencies, defects of 

mitochondrial oxidative phosphorylation and fatty acid oxidation, respectively.21–23

In the present study, we evaluated the in vivo effect of intrastriatal administration of sulfite 

in rats on antioxidant defenses, creatine kinase (CK) activity, mitogen-activated protein 

kinases (MAPK) signaling pathways, and apoptosis markers. We also investigated the ability 

of JP4-039 to protect against the deleterious effects elicited by sulfite exposure.

2 | MATERIAL AND METHODS

2.1 | Reagents

All chemicals, including sodium sulfite (Na2SO3), were purchased from Sigma-Aldrich (St. 

Louis, Missouri), unless otherwise stated. JP4-039 was provided by Dr. Peter Wipf, 

Departments of Chemistry, Pharmaceutical Sciences and Bioengineering, University of 

Pittsburgh.24

2.2 | Animals

Twenty-nine-day-old male Wistar rats were obtained from the Central Animal House of the 

Department of Biochemistry, Instituto de Ciências Básicas da Saúde (ICBS), Universidade 

Federal do Rio Grande do Sul, Brazil. The animals were maintained on a 12:12-hours light/

dark cycle (lights on 07:00–19:00 hours) in air-conditioned constant temperature (22 ± 1°C) 

colony room, with free access to water and 20% (w/w) protein commercial chow (Nuvilab 

CR-1, Colombo, Brazil). The National Animal Rights Regulation (Law 11.794/2008) and 

the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH 

publication 85-23, revised 1966) were followed. All efforts were made to minimize the 

number of animals used, as well as their stress and suffering.
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2.3 | JP4-039 treatment

Rats were divided in four treatment groups: vehicle + NaCl (control), vehicle + sulfite 

(Na2SO3), JP4-039 + NaCl, and JP4-039 + sulfite. JP4-039 was prepared in 0.1 M 

phosphate-buffered saline, pH 7.4, containing 5% DMSO (vehicle), and administered 

intraperitoneally twice, at 24 hours (3 or 5 μg/g) and 2 hours (5.0 μg/g) prior to sulfite 

intrastriatal injection.25

2.4 | Sulfite administration

The experimental protocol was based on previous work from our group.11 At the age of 30 

days, rats were deeply anesthetized with an intraperitoneal injection of ketamine (90 mg/kg) 

and xylazine (10 mg/kg), and placed in a stereotaxic apparatus. Two small holes were drilled 

in the skull and 2 μL of 1 M sulfite (2 μmol) or 1 M NaCl (2 μmol) were injected bilaterally 

into striatum over 4 minutes. After each injection, the needle was left in place for 1 minute 

and then carefully removed. The aqueous solutions for injection were freshly prepared and 

had their pH adjusted to pH 7.4 immediately prior the procedure. The coordinates used for 

the injection were: 0.6 mm posterior to the bregma, 2.6 mm lateral to the midline, and 4.5 

mm ventral from dura.26 Animals were euthanized 30 minutes after the procedure and the 

striatum was dissected for subsequent evaluation.

2.5 | Measurement of reduced glutathione

Striatal tissue was homogenized in 1:10 w/v 20 mM sodium phosphate buffer, pH 7.4, 140 

mM KCl. The homogenate was centrifuged at 750g for 10 minutes at 4°C, and the 

supernatant was assayed for glutathione (GSH) concentration.27 One hundred microliters of 

tissue supernatant were deproteinized with an equal volume of 2% metaphosphoric acid and 

centrifuged at 7000g for 10 minutes at 4°C. Thirty microliters of supernatant were added to 

the well of a 96-well plate and brought to 100 μL with 100 mM sodium phosphate buffer, pH 

8.0, 5 mM EDTA. Subsequently, 185 μL of the same buffer and 15 μL of o-phthaldialdehyde 

(1 mg/mL in methanol) were added, and the plates were incubated in absence of light for 15 

minutes at room temperature. The fluorescence was then measured at 350 (excitation) and 

420 (emission) nm on a SpectraMax M5 plate reader (Molecular Devices, Sunnyvale, 

California). A calibration curve was prepared using a GSH standard solution (0.001–1 mM) 

and the results were expressed as nmol GSH/mg protein.

2.6 | CK activity

The striatum was homogenized (1:10 w/v) in isosmotic saline solution and centrifuged at 

750g for 10 minutes at 4°C to discard nuclei and cell debris. The supernatant was collected, 

diluted in a proportion of 1:30 in isosmotic saline solution, and used for enzymatic activity 

determination. The assay was carried out according to Hughes28 using ADP and 

phosphocreatine as substrates.

2.7 | Antioxidant enzyme activities

For the determination of the antioxidant enzyme activities, the striatum was homogenized 

(1:10 w/v) in 20 mM sodium phosphate buffer, pH 7.4, 140 mM KCl. The homogenate was 

centrifuged at 750g for 10 minutes at 4°C and the supernatant was used for the assays. The 
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absorbance in all assays was read on a SpectraMax M5 plate reader (Molecular Devices, 

Sunnyvale, California). The specific activities were calculated as U/mg protein.

Glutathione peroxidase (GPx) activity was measured according to Wendel29 by monitoring 

the oxidation of NADPH at 25°C at 340 nm in a medium containing striatum supernatant 

(approximately 75 μg of protein), 100 mM potassium phosphate buffer, 1 mM EDTA, pH 

7.7, 2 mM GSH, 0.1 U/mL glutathione reductase, 0.4 mM azide, 0.5 mM tert-butyl-

hydroperoxide, and 0.1 mM NADPH.

Glutathione reductase (GR) activity was measured according to Carlberg and Mannervik30 

by monitoring NADPH oxidation at 25°C at 340 nm. The reaction medium contained tissue 

supernatants (approximately 90 μg of protein), 200 mM sodium phosphate buffer, pH 7.5, 

6.3 mM EDTA, 1 mM oxidized glutathione (GSSH), and 0.1 mM NADPH.

Glutathione S-transferase (GST) activity was measured according to Mannervik and 

Guthenberg31 using 1-chloro-2,4-dinitrobenzene as substrate and monitoring the formation 

of dinitrophenyl-S-glutathione at 25°C at 340 nm. The reaction medium contained tissue 

supernatants (approximately 60 μg of protein), 50 mM potassium phosphate, pH 6.5, 1 mM 

GSH, and 1 mM 1-chloro-2,4-dinitrobenzene.

Glucose-6-phosphate dehydrogenase (G6PDH) activity was determined according to Leong 

and Clark32 following NADPH formation at 25°C at 340 nm. The reaction medium 

contained striatum supernatants (approximately 45 μg of protein), 100 mM Tris-HCl buffer, 

pH 7.5, 1 mM MgCl2, 0.05 NADP+, and 0.1 mM glucose-6-phosphate.

2.8 | Preparation of samples and western blot analysis

Striatum was homogenized in RIPA buffer containing protease and phosphatase inhibitors (1 

mM sodium orthovanadate, 1 mM aprotinin, and 1% protease inhibitor cocktail) and 

centrifuged at 10000g for 10 minutes at 4°C. Supernatants were used for western blotting, as 

described in da Rosa-Junior.33 The following primary antibodies were used: anti-phospho-

JNK and anti-JNK were purchased from R&D Systems, Minnesota; anti-Bok, anti-Bcl-xL, 

anti-caspase-9, anti-caspase-3, anti-cleaved caspase-3, anti-phospho-p38, anti-p38, anti-

phospho-ERK1/2, and anti-ERK1/2 from Cell Signaling, Massachusetts; anti-superoxide 

dismutase 1 (SOD1), anti-heme oxygenase-1 (HO-1), and anti-α-synuclein from Abcam, 

Cambridge, UK; anti-catalase (CAT) was from Merk Millipore, Massachusetts; anti-GSK-3β 
from Santa Cruz Biotechnology, Texas; anti-β-actin from Sigma-Aldrich, Missouri.

2.9 | Statistical analysis

Results are presented as mean ± SD. Assays were performed in replicates and the mean was 

used for statistical analysis. Data were analyzed by one-way ANOVA followed by the post 

hoc Duncan multiple range test when F was significant. Only significant F values are shown 

in the text. Differences between groups were rated significant at P < .05. All analyses were 

carried out using the IBM SPSS software (Armonk, New York).
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3 | RESULTS

3.1 | JP4-039 mitigates alterations in antioxidant defenses in striatum injected with sulfite

Striatal injection in rat brains with sulfite has previously been shown to alter antioxidant 

defenses.11 To examine the effect of JP4-039 on this process, it was administered at 3 μg/g 

24 hours and 5.0 μg/g 2 hours prior to sulfite injection. JP4-039 attenuated the reduction of 

GPx [F(3,22) = 3.254; P < .05] (Figure 1A) and G6PDH [F(3,18) = 2.737; P < .05] (Figure 1G) 

induced by sulfite, but did not affect the activities of GR (Figure 1C) and GST (Figure 1E). 

In contrast, administrations of 5.0 μg/g of JP4-039 at 24 hours and again at 2 hours prior to 

sulfite injection protected against the reduction of GST [F(3,15) = 3.968; P < .05] (Figure 1F) 

and G6PDH [F(3,14) = 6.018; P < .01] (Figure 1H), but failed to protect against reduction of 

GPx (Figure 1B) and GR (Figure 1D). JP4-039 did not protect against a sulfite-induced 

decrease of GSH levels at either dosing regimen (Figure 2). Sulfite administration decreased 

HO-1 protein [F(3,8) = 17.808; P < .001] and increased CAT [F(3,10) = 6.755; P < .05] and 

SOD1 [F(3,10) = 88.474; P < .001] protein, all of which was prevented by pretreatment with 

JP4-039 at the higher dose (Figure 3).

3.2 | JP4-039 prevents sulfite-induced decrease of CK activity

Previous data from our group showed that sulfite injection decreased the activity of CK in 

striatum, an enzyme that controls the homeostasis of energy transfer between cytosolic and 

mitochondrial compartments.11 Pretreatment with high dose JP4-039 led to preservation of 

CK activity [F(3,20) = 7.350; P < .01], while the low dose regimen did not (Figure 4).

3.3 | JP4-039 mitigates sulfite-induced alterations on MAPK phosphorylation and protein 
content

MAPK signaling pathways are essential for cell homeostasis, being involved in proliferation, 

growth, and survival processes,34 so we examined the effects of sulfite and JP4-039 on 

phosphorylation and protein levels of MAPK pathway members p38, ERK1/2, and JNK. 

Sulfite exposure decreased p38 phosphorylation, a change that was prevented by JP4-039 

[F(3,10) = 19.144; P < .001] (Figure 5A). Conversely, sulfite injection increased ERK1/2 

phosphorylation (Figure 5B), which was attenuated by JP4-039 [F(3,10) = 3.761; P < .05] 

(Figure 5B). JNK phosphorylation, total p38, ERK1/2, and JNK protein levels were not 

altered by sulfite exposure (Figures 5C–F). Of note, JP4-039 treatment alone increased the 

level of total p38 (Figure 5D).

3.4 | JP4-039 mitigates sulfite-induced apoptosis

In order to determine the effect of sulfite exposure on cell death by apoptosis, we assessed 

the levels of some proteins involved in the apoptosis cascade. Sulfite injection significantly 

increased the striatal GSK-3β [F(3,10) = 9.106; P < .01] (Figure 6A), Bok [F(3,10) = 11.658; P 
< .001] (Figure 6C) and cleaved caspase-3 [F(3,10) = 112.794; P < .001] (Figure 6F). These 

changes were prevented or mitigated by pretreatment with JP4-039. In contrast, sulfite did 

not change content of caspase-9 (Figure 6D), total caspase-3 (Figure 6E), and Bcl-xL 

(Figure 6B). Moreover, sulfite did not alter the content of α-synuclein (Figure 6G), a marker 

of cell injury.

Glänzel et al. Page 6

J Inherit Metab Dis. Author manuscript; available in PMC 2021 April 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4 | DISCUSSION

iSOD and MoCD are clinically characterized by neurodeterioration and untreatable seizures.
1 While the pathophysiology has been attributed to the accumulation of sulfite in the CNS, 

the mechanisms of damage have not been elucidated.11–13,15 Moreover, therapy is largely 

ineffective with a high mortality rate. The goal of the present study was to evaluate the 

mechanisms of toxicity induced by administration of sulfite into the striatum of rats and 

investigate the possible neuroprotective effect of the mitochondria-targeted ROS scavenger 

JP4-039. Sulfite exposure was found to perturbate the striatal antioxidant system, reducing 

the activities of GPx, GR, GST, and G6PDH and decreasing GSH level, likely related to the 

overproduction of reactive species induced by this metabolite.9,11,12 In this regard, it has 

been reported that hydrogen peroxide, peroxyl, hydroxyl, and superoxide radicals can cause 

oxidative attack to these protein structures leading to impaired activity.35–38 Also of note, 

glutathione S-sulfonate, a compound originated from the lysis of GSSG by sulfite, has been 

shown to act as a competitive inhibitor of GST.39

Increased CAT and SOD1 protein in striatum induced by sulfite exposure likely represents 

compensatory mechanisms countering increased levels of hydrogen peroxide and superoxide 

radical, respectively,9,12,40 but this hypothesis should be further investigated. An increase in 

CAT protein correlates with a similar increase in CAT activity previously reported by our 

group.11 On the other hand, in the same study, we have shown that sulfite does not alter 

SOD activity11 suggesting that, even though sulfite may cause oxidative damage to SOD, the 

increased level of enzyme protein compensates for and is capable of maintaining its activity 

at normal levels. A reduction in HO-1, which catabolizes heme and prevents the production 

of hydroxyl radicals, suggests that the ubiquitin-proteasome system is activated, since this 

system degrades damaged proteins that are commonly generated by ROS.41

Most sulfite-induced alterations of antioxidant defense components were prevented by 

pretreatment of animals with JP4-039. These findings are in line with other studies reporting 

beneficial effects of JP4-039 on reducing superoxide levels in fibroblasts from patients with 

MOCS1 deficiency and other hereditary disorders of energy metabolism.21–23

It was previously shown that sulfite reduces CK activity in vitro and in vivo in rat brain.11,12 

This enzyme is involved in the transport of high-energy phosphate from sites of ATP 

production in the mitochondrial matrix to sites of consumption in the cytosol, acting as an 

energy buffer.42 As expected, administration of sulfite into rat striatum reduced CK activity, 

which was prevented by the lower dose JP4-039. This is consistent with the fact that CK 

contains critical cysteinyl residues that are vulnerable to oxidative damage.43

MAPKs regulate many cell responses to external stimuli, such as proliferation, 

differentiation, and apoptosis, thereby regulating the activity of many enzymes, transcription 

factors, and other bioactive proteins.44,45 Sulfite exposure led to altered phosphorylation of 

p38 and ERK 1/2, indicating impairment of cellular homeostasis. It similarly increased the 

level of GSK-3β, Bok and cleaved caspase-3, an executioner caspase, indicating that 

apoptosis is indeed increased in the striatum of exposed rat brains.46 These findings may 

explain the neuronal loss seen in these disorders8,47 and are in agreement with previous 
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works demonstrating that sulfite induces mitochondrial permeability transition pore opening 

and cytochrome c release15 that is a trigger to the mitochondrial pathway of apoptosis.48

Changes in MAPK and apoptosis markers were prevented or attenuated by JP4-039, which 

is consistent with prior publications showing that ROS may modulate phosphorylation of 

MAPKs49,50 and trigger mitochondrial permeability transition.51 These findings are of 

particular interest given that JP4-039 and closely related analogs, such as XJB-5-131, have 

been shown to cross the blood-brain barrier in mice, and that both iSOD and MoCD are 

characterized by severe neurological dysfunction and basal ganglia abnormalities.47,52

In summary, we have demonstrated that sulfite exposure impairs the striatal antioxidant 

system and energy transfer in rat brain, altering critical cellular signaling pathways and 

leading to apoptosis. These changes were mitigated by JP4-039, implicating the importance 

of elevated ROS in the cellular pathophysiology of iSOD and MoCD. Our findings identify 

JP4-039 as a promising candidate for treatment of SO deficiency.
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FIGURE 1. 
Effect of JP4-039 on sulfite-induced decrease in glutathione peroxidase (GPx), A, B, 

glutathione reductase (GR), C, D, glutathione transferase (GST), E, F, and glucose-6-

phosphate dehydrogenase (G6PDH), G, H, activities in rat striatum 30 minutes after sulfite 

injection (2 μmol). Pretreatment with JP4-039 at the doses of 3.5 and 5.0 μg/g, A, C, E, G, or 

5.0 and 5.0 μg/g, B, D, F, H, was performed via intraperitoneal injection 24 and 2 hours prior 

to sulfite administration. Values are means ± SD for four to seven independent experiments 

(animals) per group. *P < .05, **P < .01, compared to rats receiving NaCl (2 μmol) (control 

group); #P < .05, compared to rats receiving sulfite (sulfite group) (Duncan multiple range 

test)
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FIGURE 2. 
Effect of JP4-039 on sulfite-induced decrease in reduced glutathione concentrations (GSH) 

in rat striatum 30 minutes after sulfite injection (2 μmol). Pretreatment with JP4-039 at the 

doses of 3.5 and 5.0 μg/g, A, or 5.0 and 5.0 μg/g, B, was performed via intraperitoneal 

injection 24 and 2 hours prior to sulfite administration. Values are means ± SD for four to 

seven independent experiments (animals) per group. *P < .05, **P < .01, compared to rats 

receiving NaCl (2 μmol) (control group); #P < .05 compared to rats receiving sulfite (sulfite 

group) (Duncan multiple range test)
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FIGURE 3. 
Effect of JP4-039 on sulfite-induced alterations on heme oxygenase-1 (HO-1), A, catalase 

(CAT), B, and superoxide dismutase 1 (SOD1), C, content in rat striatum 30 minutes after 

sulfite injection (2 μmol). Pretreatment with JP4-039 was performed via intraperitoneal 

injection 24 (5.0 μg/g) and 2 hours (5.0 μg/g) prior to sulfite administration. Values are 

means ± SD for three to four independent experiments (animals) per group. **P < .01, ***P 
< .001, compared to rats receiving NaCl (2 μmol) (control group); #P < .05, ##P < .01, ###P 
< .001, compared to rats receiving sulfite (sulfite group) (Duncan multiple range test)
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FIGURE 4. 
Effect of JP4-039 on sulfite-induced decrease in creatine kinase (CK) activity in rat striatum 

30 minutes after sulfite injection (2 μmol). Pretreatment with JP4-039 at the doses of 3.5 and 

5.0 μg/g, A, or 5.0 and 5.0 μg/g, B, was performed via intraperitoneal injection 24 and 2 

hours prior to sulfite administration. Values are means ± SD for four to seven independent 

experiments (animals) per group. ***P < .001, compared to rats receiving NaCl (2 μmol) 

(control group); ##P < .01, compared to rats receiving sulfite (sulfite group) (Duncan 

multiple range test)
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FIGURE 5. 
Effect of JP4-039 on sulfite-induced alterations on p38, A, ERK 1/2, B, and JNK, C, 

phosphorylation in rat striatum 30 minutes after sulfite injection (2 μmol). Pretreatment with 

JP4-039 was performed via intraperitoneal injection 24 (5.0 μg/g) and 2 hours (5.0 μg/g) 

prior to sulfite administration. Total content of p38, D, ERK 1/2, E, and JNK, F, is also 

shown. Values are means ± SD for three to four independent experiments (animals) per 

group. *P < .05, ***P < .001, compared to rats receiving NaCl (2 μmol) (control group); 
###P < .001, compared to rats receiving sulfite (sulfite group) (Duncan multiple range test)
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FIGURE 6. 
Effect of JP4-039 on sulfite-induced alterations on GSK-3β, A, Bcl-xL, B, Bok, C, 

caspase-9, D, caspase-3, E, cleaved caspase-3, F, α-synuclein, G, content in rat striatum 30 

minutes after sulfite injection (2 μmol). Pretreatment with JP4-039 was performed via 

intraperitoneal injection 24 (5.0 μg/g) and 2 hours (5.0 μg/g) prior to sulfite administration. 

Values are means ± SD for three to four independent experiments (animals) per group. *P 
< .05, **P < .01, ***P < .001, compared to rats receiving NaCl (2 μmol) (control group); #P 
< .05, ##P < .01, ###P < .001, compared to rats receiving sulfite (sulfite group) (Duncan 

multiple range test)
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