International Journal of
Pharmacology

ISSN 1811-7775

science ansinet

alert T Network for Sientifc nformation




3 OPEN ACCESS International Journal of Pharmacology

ISSN 1811-7775
DOI: 10.3923/ijp.2024.1479.1487

@ CrossMark

Research Article
Luteolin Ameliorating Effects of Endoplasmic Reticulum Stress
and Mitochondrial Dysfunction in an ASD Rodent Model

'Abir Ben Bacha, '"Mona Alonazi, 'Enas Muhammad Aljehani, 'Altaf N. Alabdali, '/Ramesa Bhat,
*Mohammed Almuayrifi, *Habib Horchani and “Afaf El-Ansary

'Department of Biochemistry, College of Science, King Saud University, P.O. Box 22452, Riyadh 11495, Saudi Arabia
Experimental Surgery and Animal Laboratory, College of Medicine, King Saud University, Riyadh 11495, Saudi Arabia
3Department of Science, College of Riviére-Du-Loup, Riviere-Du-Loup, QC G5R 1R1, Canada

“Autism Center, Lotus Holistic Alternative Medical Center, P.O. Box 110281, Abu Dhabi, United Arab Emirates

Abstract

Background and Objective: Luteolin, the most powerful and pleiotropic flavonoids significantly reverses the effects of oxidative stress
and cognitive impairment. This study aimed to investigate its protective and therapeutic effects on brain intoxication induced by
propionic acid (PPA) in male albino rats. Materials and Methods: Fifty neonates (~21 days old, 80-100 g) male albino rats were randomly
assigned to five groups: Control, the PPA-treated, luteolin-treated, the protective and the therapeutic groups. A panel of antioxidants,
endoplasmic reticulum (ER) stress and mitochondrial dysfunction markers were measured using Enzyme-Linked Immunosorbent
Assay (ELISA) kitsin brain homogenates of all tested groups. Results: The data demonstrated luteolin’s therapeutic and protective efficacy
by improving specific biochemical indicators compared to the PPA-treated and control groups. The PPA treatment showed an increase
in oxidative stress markers such as lipid peroxidation, coupled with increased catalase activity and glutathione-S-transferase with a
decrease in non-enzymatic antioxidants such as glutathione and vitamin C. Furthermore, caspase-3 level decreased as a mitochondrial
dysfunction biomarker, whereas glucose-regulated protein 78 level, as an ER stress marker did not demonstrate a significant difference
compared to PPA-treated or control groups. Conclusion: Current findings suggest that PPA caused neurotoxicity-associated oxidative
stress while luteolin was neuroprotective and neurotherapeutic, making it a potential candidate for ER therapy as an etiology of
neurological illnesses among which is autism spectrum disorders.
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INTRODUCTION

Clinically, Autism Spectrum Disorder (ASD) is a
neurodevelopmentalillness characterized by decreased social
interaction and communication skills as well as repetitive
behaviors'. The wide range of ways in which people exhibit
autistic traits in their clinical presentations is the reason these
impairments are referred to as a spectrum. The majority of
persons with ASD are categorized as either having average to
higher intellectual capacity or having low linguistic and
intellectual talent?. While there is no known treatment for
ASD, early diagnosis raises awareness of pathologic
behaviors linked with the disorder before they worsen. Early
modification of the essential characteristics of autism can
reduce the rate at which symptoms worsen and optimize
the benefits of early intervention®. Environmental
contaminants have been proposed as possible causes of
learning and emotional disturbances at a young age and
neurodegenerative diseases in later life*. In this context,
propionic acid (PPA) has been shown to frequently cause a
number of behavioral alterations and neuroinflammatory
reactions in rats that are evocative of ASD. This dietary short-
chainfatty acid is produced by enteric bacteria in the stomach
and is frequently used as a food preservative. Among its many
beneficial properties include neuroendocrine modulation,
tumor suppression and anti-inflammatory properties.
Additionally, PPA serves as the primary mediator between
the brain and the gut microbiota through bidirectional
communication of the gut microbiota-brain axis>®.

On the other hand, high PPA could have neurotoxic
effects that are linked to autism, including immune system
malfunction, metabolic disorders and mitochondrial oxidative
stress>’. The validity of the PPA-induced rodent model of
autism is supported by the recent work of Abuaish et a/?,
which showed that PPA administration-induced autism-like
neurobehaviors such as reduced probing activity, increased
aggressive behavior and impaired social interaction through
the induction of abnormal neural cell organization.
Notably, records indicate that PPA plays a major role in
altering the modeling of human fetal-derived neural stem
cells, which results in gliosis, defective neurocircuitry and
inflammatory response, all of which are observed in people
with ASDS. Additionally, PPA easily crosses the gut-brain
barrier and modifies brain networks that are involved in
neurotransmission,  neuroinflammation and  energy
metabolism®''. Remarkably, it was demonstrated that a
neurotoxic dose of PPA given orally to mice altered their social
abilities and cognitive flexibility in addition to causing other
changes resembling those seen in autistic people”'. It is also

worth noting thatin some animal models of ASD, endoplasmic
reticulum (ER) stress increases. This is indicated by increased
expression of synaptic factors, suppression of neurite growth
and stimulation of the unfolded protein response'?. Both
Glucose-Regulated Protein-78 (GRP78) and Ubiquitin-Protein
Ligase (HRD1) are increased during ER stress and are thought
to be markers for ER stress in both tissue and blood'?™,
Nowadays, the development of neuroprotective drugs derived
from natural sources has received a lot of interest since
neurological diseases are currently one of the most significant
and difficult health issues in the world. Numerous /n vitroand
in vivo investigations have shown these phytochemicals to
have great efficacy and few side effects. Dietary flavonoids,
which are present in a variety of fruits and vegetables, are a
significant and widespread class of phytochemicals that are
bioactive compounds™. Broccoli, pepper, thyme and celery are
among the plant products that contain luteolin, a significant
flavonoid. Several investigations have demonstrated the
positive neuroprotective benefits of luteolin, such as anti-
oxidant free radical scavenging and anti-inflammatory
potency, both /n vivoand in vitro'*®.

Based on the fact that mitochondrial dysfunctionand
ER stress are common features of neurological disorders,
mitotherapeutix may be a valuable approach that could
help in the treatment of multiple neurodegenerative and
neurodevelopmental disorders among which is ASD. The
purpose of this study was to examine the possible therapeutic
and preventive effects of luteolin as a modulator of specific
biochemical markers that indicate endoplasmic reticulum
stress, mitochondrial malfunction and oxidative stress as
neurotoxic effects of PPA.

MATERIALS AND METHODS

Study area: The study was performed in the period from
July, 2023 to May, 2024 at King Saud University, College of
Science, Department of Biochemistry, Riyadh, Kingdom of
Saudi Arabia.

Animals: A total of 50 young male albino rats weighing about
80-100 g were obtained from the Experimental Surgery and
Animal Laboratory (College of Medicine, King Saud University,
Riyadh, Kingdom of Saudi Arabia) and kept in a cage
(40X 35X 20 cm3) with a controlled temperature of 21+ 1°C
and light conditions (light on at 9:00 and light off at 21:00).
Rats had free access to food (standard laboratory animal feed
pellets) and water. Animals were randomly divided into
five groups, each consisting of 10 animals: Group | (control
group): Rats received only phosphate-buffered saline;
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Period time range

Group of ’
rats

N =10

Receive saline from day 1 to 30

Control group

N =10

Receive saline from day 1 to 27, then receive
PPA for 3 days

PPA intoxicated group

N =10

Receive saline from day 1 to 3, then receive
luteolin for 27 days

Luteolin treated group

Y (Y (YN ()

N =10

PPA is given for 3 days, followed by luteolin
for 27 days

Therapeutic group

Receive luteolin for 27 days, then receive PPA for
N =10 3 days

Protective group

Age = 2 to 3 weeks
Weight = 80 to 100 g

Fig. 1: Diagrammatic scheme of the animal experiments

‘ Total End of the
days experiment
] 30 days l
Brain
] 30 days dissection
) 30 days Biochemical
analysis
v
Oxidative |Mitochondria
) 30 days stress dysfunction
biomarkers:| biomarkers:
Vitamin C/| Caspase 3
catalase/ ER stress
30days  GSH/GST/| biomarkers:
lipid GRP78
peroxides

ER: Endoplasmic reticulum, GRP78: Glucose-Regulated Protein-78, GSH: Glutathione, GST: Glutathione-S-transferase and PPA: Propionic acid

Group Il (PPA-intoxicated group) rats received PPA at a dose
of 250 mg/kg b.wt., for 3 days; Group Il (luteolin-treated
group) rats received luteolin at a dose of 50 mg/kg b.wt./day
for 27 days; Group IV (therapeutic group): Rats received a
neurotoxic dose of 250 mg/kg b.wt./day of PPA for 3 days
followed by luteolin at the same dose of 50 mg/kg b.wt./day
for 27 days; Group V (protective group): Rats received luteolin
at the same dose of 50 mg/kg b.wt./day for 27 days followed
by a neurotoxic dose of PPA (250 mg/kg b.wt./day) for 3 days
(Fig. 1).

At the end of the experiment (day 30), the brains
separated from the sacrificed animals were washed and
sliced into fragments (~1 g). Using a Teflon homogenizer
(Merck KGaA, Darmstadt, Germany), 1 g of each brain tissue
was homogenized for 3 min in 10 mL of double-distal water.
Supernatants, thus obtained, were kept at 80°C for further
analysis.

The experimental protocol was approved via the Ethics
Committee for Animal Research at King Saud University,
Riyadh, KSU-SE-23-26.

Biochemical analysis: Caspase-3 and GRP78 levels were
investigated in all brain homogenates using ELISA kits,
products of MyBioSource (San Diego, USA) following the
manufacturers’ instructions. Catalase and glutathione-S-
transferase (GST) activities along with Glutathione (GSH),
vitamin C and lipid peroxides levels were measured by
spectrophotometry according to the methods of
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Researchers'®2, respectively. All measurements were carried
out in triplicate and the mean of 3 separate readings was
determined.

Statistical analysis: All data were carried out by one-way
ANOVA followed by Tukey's multiple comparison tests. Only
p<0.05 were considered significant. Results illustrated as
Mean £ Standard Error of the mean (SEM) were obtained using
GraphPad Prism (version 9.5.0).

RESULTS

The data of this study are expressed as the Mean = SEM of
all biochemically measured parameters in the five studied
groups. Table 1 demonstrated the brain homogenate levels
of GSH, lipid peroxidation, catalase, GST, vitamin C, caspase-3
and GRP78, in addition to their percentage change relative to
control for all the tested groups. The therapeutic-treated
group exhibited an increase in GST (240.33%), GSH (122.35%)
and catalase (+153.96%), with a concomitant decrease in
vitamin C (87.13%) in comparison with the control. Table 1
also showed that luteolin is an antioxidant that lowers lipid
peroxidation in two groups compared to the control group:
The luteolin group with recorded values of (87.49%) that was
treated with luteolin only and the protective group that was
treated with PPA and then treated with luteolin with recorded
values 0f 96.52%. The therapeutic group that was treated with
luteolin after PPA treatment, with recorded values of
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Table 1: Level of measured markers in brain homogenate of treated rats compared to control group

Parameter Groups Mean=£SD Mean=£SEM Change (%) p-value® p-value?
GSH (ug/g of brain tissue) Control 115.65+29.92 12.21 100.00 - 0.0006
PPA 61.651+19.54 6.182 53.30 0.0006
Luteolin 113.25+23.46 7422 97.92 0.8605
Therapeutic 141.05£78.86 24.94 122.35 0.6185
Protective 160.81+34.85 12.32 139.05 0.0258
GST (IU/g of brain tissue) Control 24.27+12.59 5.142 100.00 - 0.0116
PPA 30.26+12.13 4.044 124.69 0.3770
Luteolin 45.88+25.46 8.054 189.06 0.0750
Therapeutic 58.32+2257 7.140 240.33 0.0046
Protective 4555+22.23 7.862 187.70 0.0583
Lipid peroxidation (umol/g of brain tissue) Control 51.03%£18.60 7.594 100.00 - 0.2930
PPA 61.7%£30.99 9.802 120.09 0.4576
Luteolin 44.65+7.86 2487 87.49 0.3496
Therapeutic 56.86+14.25 4.509 111.41 0.4910
Protective 49.26+8.75 3.095 96.52 0.8151
Vitamin C (ug/g of brain tissue) Control 172.15£250.91 102.4 100.00 - 0.0376
PPA 147.131+86.89 27.48 85.46 0.7738
Luteolin 355.72+£241.88 76.49 206.63 0.1691
Therapeutic 150.01+106.28 33.61 87.13 0.8073
Protective 152.85+110.39 39.03 88.78 0.8481
Catalase (IU/g of brain tissue) Control 0.611+0.186 0.07632 100.00 - 04712
PPA 0.9570+0.4718 0.1650 161.00 0.1075
Luteolin 0.86+0.66 0.2092 141.50 0.3808
Therapeutic 0.94£0.65 0.2083 153.96 0.2570
Protective 0.58+0.43 0.1551 96.22 0.9122
Caspase-3 (ng/g of brain tissue) Control 31.84+31.84 1.935 100.00 - 0.0017
PPA 20.72£6.900 2.182 65.07 0.0001
Luteolin 26.251+8.342 2.638 8244 0.1224
Therapeutic 33.12+21.92 6.932 104.02 0.874
Protective 12.10£6.729 2.128 38.00 0.0001
GRP78 (ng/g of brain tissue) Control 138.3£70.80 25.03 100.00 - 0.0128
PPA 130.4£32.36 10.23 94.28 0.7590
Luteolin 92.12£32.06 10.14 66.60 0.0832
Therapeutic 130.1£30.50 9.644 94.07 0.7455
Protective 76.40£51.48 16.28 55.24 0.047

p-value between all groups using One-way ANOVA, Pp-value between the control group and other groups using the unpaired t-test, two-tailed p-value,
GRP78: Glucose-Regulated Protein-78, GSH: Glutathione, GST: Glutathione-S-transferase and PPA: Propionic acid

+111.41%, also decreased lipid peroxidation but still
increased values compared to the control group. Likewise, the
protective-treated group exhibited a significant increase in
GSH (+139.05%), GST (+187.70%) and a drastic decrease in
caspase-3 (38.00%), GRP78 (55.24%) and vitamin C(88.78%) in
comparison with the control group. The brain homogenates
of protective and therapeutic-treated animals also showed
improvement in all the tested parameters, as shown in
Table 1. In addition, individual values represent the mean and
standard error of the mean, with a significant p-value at *0.05,
**0.01,***0.001 and ****0.0001 of all parameters measured in
the brain homogenate of the treated rats presented in
Table 1 compared to the control group. The ROC curve
analysis, presented in Table 2 shows AUC, specificity and
sensitivity. Finally, Pearson correlation between the different
measured parameters was performed and presented in
Table 3, showing either a positive or negative correlation.

DISCUSSION

The current study’s findings showed that luteolin has
therapeutic and preventive benefits against the neurotoxic
effects of PPA in young male albino rats, which serve as a
rodent model for ASD. This confirmed luteolin’s antioxidant
and anti-ER stress properties, as seen by the improvement of
GSH, GST, catalase and lipid peroxides as measures of
oxidative stress and GRP78 as a measure of ER stress, with no
effect on caspase-3, a pro-apoptotic marker. Given that ER
stress and oxidative stress might be linked to a variety of
molecular cascade responses, including mitochondrial
dysfunction, neuroinflammation and cell death, all of which
contribute to the etiology of ASD as a neurodevelopmental
disorder, using luteolin as a nutritional intervention may be
critical. The finding could find support in multiple recent
studies that prove that luteolin is one of the most powerful
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Table 2: ROC analysis of the parameters measured in the brain homogenate of the treated rats

Parameter Groups AUC Likelihood ratio Sensitivity (%) Specificity (%) p-value
GSH (ug/g of brain tissue) PPA 0.9333 1.200 100.0 16.67 0.0048
Luteolin 0.5583 0.6000 10.00 8333 0.7042
Therapeutic 0.5250 0.8400 70.00 16.67 0.8708
Protective 0.8125 1.125 75.00 33.33 0.0528
GST (IU/g of brain tissue) PPA 0.6417 1.350 90.00 3333 0.3566
Luteolin 0.7583 3.600 60.00 8333 0.0927
Therapeutic 0.9250 5.400 90.00 83.33 0.0057
Protective 0.8021 1.750 87.50 50.00 0.0612
Lipid peroxidation (umol/g of brain tissue) PPA 0.6500 0.9600 80.00 16.67 0.3290
Luteolin 0.6500 0.6000 10.00 8333 0.3290
Therapeutic 0.6500 1.400 70.00 50.00 0.3290
Protective 0.5208 0.9000 75.00 16.67 0.8973
Vitamin C (ug/g of brain tissue) PPA 0.6750 1.200 100.0 16.67 0.2548
Luteolin 0.7500 0.6000 10.00 8333 0.1037
Therapeutic 0.6167 2.100 70.00 66.67 0.4477
Protective 0.6250 1.125 75.00 3333 0.4386
Catalase (IU/g of brain tissue) PPA 0.7407 0.9333 77.78 16.67 0.1255
Luteolin 0.5917 2.400 40.00 83.33 0.5508
Therapeutic 0.6417 1.400 70.00 50.00 0.3566
Protective 0.6042 1.250 62.50 50.00 0.5186
Caspase-3 (ng/g of brain tissue) PPA 0.8813 1.143 100.0 12.50 0.0067
Luteolin 0.7063 4.000 50.00 87.50 0.1426
Therapeutic 0.6188 1.600 60.00 62.50 0.3986
Protective 0.9938 2.000 100.0 50.00 0.0004
GRP78 (ng/g of brain tissue) PPA 0.5750 1.143 100.0 12.50 0.5940
Luteolin 0.7625 1.600 20.00 87.50 0.0621
Therapeutic 0.6000 1.867 70.00 62.50 0.4772
Protective 0.7625 2.400 60.00 75.00 0.0621
AUC: Area under the curve, GRP78: Glucose-Regulated Protein-78, GSH: Glutathione, GST: Glutathione-S-transferase and PPA: Propionic acid
Table 3: Pearson'’s correlations between the measured parameters
Parameter R (person correlation) p-value
Catalase (IU/g of brain tissue) with lipid peroxidation (mmol/g of brain tissue) -0.3195 0.0345* NP
GST (IU/g of brain tissue) with GSH (ug/g of brain tissue) 03513 0.0194* p2
Lipid peroxidation (mmol/g of brain tissue) with catalase (IU/g of brain tissue) -0.3195 0.0345* NP
Lipid peroxidation (mmol/g of brain tissue) with GRP78 (ng/g of brain tissue) 0.4942 0.0007*** pe
GSH (ug/g of brain tissue) with GST (IU/g of brain tissue) 0.3513 0.0194* pe
GRP78 (ng/g of brain tissue) with lipid peroxidation (mmol/g of brain tissue) 0.4942 0.0007*** pa

***Correlation is significantat the 0.001 level, *Correlation is significant at the 0.05 level, *Positive correlation, °PNegative correlation, GRP78: Glucose-Regulated Protein-

78, GSH: Glutathione, GST: Glutathione-S-transferase and PPA: Propionic acid

and pleiotropic flavonoids, acting as a protective antioxidant
and anti-inflammatory throughout the body by altering
critical regulatory molecules?*?, Indeed, one of the strategies
commonly used for assessing the effect of luteolin on the
functioning of the brain in an ASD rat model is using an oral
neurotoxic dose of PPA (250 mg/kg b.wt./day) for 3 days'®%.

Table 1 shows considerable GSH depletion in the PPA-
treated group compared to the control (p<0.0006). This was
supported by the findings of MacFabe'" and El-Ansary et /¢,
who found that a neurotoxic dose of PPA increased oxidative
stress indicators, decreased antioxidant synthesis and
impaired GSH metabolism in most brain areas. Furthermore,
it has been well-established that autism is associated with
increased oxidative damage?%, Table 1 also demonstrates
that in these animals, the luteolin effect was remarkably
effective in restoring GSH levels in the brain, with values of

+22.35% for the therapeutic group and +139.05% for the
protective group (p<0.0258).

The recorded effect of luteolin in restoring the brain
GSH level can be supported by the work of Mohammad et a/°
and Alsubaiei et a/?°, who reported that consumption of
artichoke as luteolin-rich food showed a significantincrease of
GSH in PPA-treated rats as rodent models of autism. This can
be explained, interestingly, by the fact that luteolin increases
reduced GSH levels and GSH synthetase expression, the latter
of which catalyzes the second step of GSH biosynthesis03',
Lipid peroxidation (MDA) increased in the PPA-treated
group, as seen in Table 1, with reported values of +20.09%
higher than in the control group. This was consistent with
El-Ansary et a/?® findings, which indicated a significant
increase in MDA in the brains of the PPA group compared to
the control group.
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The antioxidant efficiency of luteolin shown in the present
study was confirmed by the previous work of Ueda et a/3?,
who found that luteolin supplementation reduced lipid
peroxidation and increased levels of antioxidant enzymes.
Luteolin has four hydroxyl groups at the 3,4, 5 and 7 positions,
which are necessary for its antioxidant action. It has been
proposed that the quantity of hydroxyl groups substituted on
ring B, particularly at the 3rd position, is directly related to the
free radical scavenging ability of luteolin. Catalase is an
antioxidant enzyme that is present in all organisms that
require oxygen. It plays a vital role in decomposing hydrogen
peroxide into water and oxygen. This process protects cells
from injury caused by reactive oxygen species, thereby
preventing oxidative damage®. The data presented in
Table 1 shows an elevation of catalase activity in the PPA
group with recorded values of +61.00% and no significant
difference compared to the control group. This result could be
related to the pathological effects of PPA because similarly
elevated levels of catalase were found in children with ASD?34,
Previous research by Alonazi et a/* found that catalase
activity went down in rats treated with PPA, but the higher
activity seen in rats treated with PPA does not contradict that
finding. This finding is expected because it is well known that
/n vivo systems, catalase activity increases when oxidative
stress is not very strong or prolonged. However, if oxidative
stress is severe or persistent, it can significantly reduce
catalase activity and cause severe protein damage through
either direct oxidative damage to the catalase molecules,
oxidative stress-induced gene expression or both. This can
ultimately lead to cellular dysfunction and contribute to the
development of various diseases.

The current study discovered that luteolin significantly
enhanced the detoxification systems of the rats that were
given it. There was +140.33% higher GST activity (p<0.0046)
in the therapeutic group (Table 1), which is a key family of
enzymes that get rid of harmful compounds by connecting
them to GSH, the body’s main antioxidant. While PPA
increased GST activity by +24.69%, the effect was not
significantly different from the control. El-Ansary et a/*’ came
to the same conclusion as this study: There was no significant
difference in GST activity between the brains of rats that were
given PPA and rats that were not given PPA.

According to research by Koppenol and Hider®® and
Talluri et a/*°, ascorbic acid, often referred to as vitamin C, is a
powerful antioxidant that humans do not synthesize in their
bodies and must obtain only through diet to maintain their
levels of vitamin C. Table 1 shows that the luteolin treatment
group had higher vitamin Clevels than the control group. This
was in good agreement with Zhang et a/* and Ashokkumar

and Sudhandiran*', who recorded that luteolin increases
antioxidants while decreasing neurodevelopmental damage
by protecting against oxidative stress. Alfawaz et a/*? found
that vitamin C activity was remarkably lower in rats treated
with PPA which was consistent with the finding of the present
study.

Under the normal physiological environment, GRP78
works as a molecular chaperone, binding to misfolded
proteinsand initiating ER-associated destruction of minimized
misfolded proteins. On the other hand, GRP78 increases
expression due to the accumulation of unfolded proteins in
the ERresponse to ER stress**#4, Studies in both animal models
and patients with ASD reported that ER stress is one of the
underlying mechanisms of ASD pathology>*. Table 1
demonstrated that GRP78 levels in PPA-treated rats are
comparable to those in the control group, with no significant
differences. This was consistent with Cirrik et a/’® recent
discovery that, whereas ER stress was linked to ASD, plasma
levels of GRP78 did not change in ASD patients, which
supports the current work as an experimental, preclinical
study. Their findings suggested that GRP78 is not a good
biomarker for detecting ER stress in ASD patients.

Table 1 shows that luteolin reduced the GRP78levelin the
brain of protective-treated rats with a significant change
(p<0.0473) and recorded values of 55.24% and in luteolin-
treated rats with recorded values of 66.60% compared to the
control group. The results of Kou et a/* corroborated our
investigation, demonstrating that in a study using mouse
models, Alzheimer’s disease luteolin observed a decrease in
GRP78 expression. The decrease in GRP78 expression indicates
that luteolin might have an inhibitory effect on ER stress.

Caspase-3 is an essential protein involved in the process
of programmed cell death, often known as apoptosis.
Caspase-3 plays a crucial role in the normal development of
the brain and is necessary for programmed cell death in
specific cell types or response to specific death-inducing
stimuli¥’. Table 1 demonstrated a significant decrease in levels
of caspase-3 in the brain homogenates of PPA-treated rats
(p<0.0019), with recorded values of 65.07% compared to
controls. There was no significant difference between the
therapeutic group (p<0.8746), with recorded values of +4.02%
and the control group. A similar finding in caspase-3 has been
reported by MacFabe et a/* who provided evidence that PPA
treatment did not cause increased amounts of activated cell
death (caspase-3). Interestingly, the observed reduction in
caspase-3in PPA-treated rats could be related to PPA-induced
autistic behavioral traits reported by Abuaish et a/> and
Lo et al®. Abuaish et a/® found lower social contact in
PPA-treated rats as a rodent model of autism, whereas
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Cheng et a/*® found poor social interaction in
Caspase 3-/-males when exposed to a freely roaming novel
mouse, including decreased interaction time and mounting.
Thus, caspase-3 is required for a subset of social behaviors.
Table 1 showed that luteolin dramatically reduced
caspase-3 levelsin both the protected and therapeutic groups.
This may contradicted the previous explanation linking lower
caspase-3 in PPA-treated rats to impaired social interaction in
a rodent model of autism>>°, but it was consistent with the
findings of Liu et a/>", who discovered that luteolin reduced
the protein levels of caspase-3 as a pro-apoptotic marker in
cells treated with methylglyoxal. Current findings suggest
that luteolin may lower oxidative stress, neuroinflammation
and apoptotic cell death in mouse models of several
neurological diseases>>*. Further studies are recommended
to unveil the underlying factors responsible for the protective
effects of luteolin against ASD phenotypes. Among the
measured variables oxidative stress-related markers and
caspase-3 recorded high AUCs, specificity and sensitivity
through the use of ROC analysis showing their usefulness
either as markers of PPA neurotoxicity or luteolin health-
promoting effects. On the other hand, GRP78 demonstrates a
useless marker of ER in PPA neurotoxicity and a good marker
for luteolin protective or therapeutic potency (Table 2).
Table 3 demonstrates the Pearson'’s correlations between the
measured variables. Among the presented correlations, it is
noteworthy to discuss the significant positive correlations
between lipid peroxides and GRP78 as markers of oxidative
and ER stress respectively. This can be supported by
considering previous studies that ascertained links
between oxidative stress, redox protein folding, ER stress and
inflammatory responses and the development of various
diseases>>. However, despite the substantial body of evidence
suggesting that PPA exposure contributes to and/or causes
ASD, the present investigation’s limitations include the
analysis of the molecular pathways connecting the alteration
of the tested markers in the PPA-treated group with the
behavioral autistic features developmentin the rodent model.

CONCLUSION

Overall, the findings of this study suggested that PPA
causes neurotoxicity-associated oxidative stress. Furthermore,
studies have indicated that luteolin is neuroprotective and
neurotherapeutic, making it a good candidate for treating
ER, which is the genesis of neurological illnesses like
autism. More research is needed to determine the efficacy of
luteolin in treating various neurophenotypes in ASD, such as
neuroinflammation, glutamate excitotoxicity and altered gut
microbiota.

SIGNIFICANCE STATEMENT

Luteolin is likely one of the bioactive compounds that
help different types of medicinal plants work as medicines to
prevent disease. Since preclinical studies have shown that
luteolin has pharmacological effects, including the ability to
scavenge reactive oxygen species and to reverse cognitive
disabilities, the current study evaluated its potential to protect
and treat brain intoxication caused by PPA believed to be
associated with autism and learning impairments. Luteolin use
might help in treating various neurophenotypes in ASD, such
as neuroinflammation, glutamate excitotoxicity and altered
gut microbiota.
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