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ARTICLE INFO ABSTRACT

Keywords: The current study was conducted to examine an innovative method for synthesizing gold nanoparticles (AuNPs)
Sweet granadilla from an aqueous sweet granadilla (Passiflora ligularis Juss) P. ligularis. Furthermore, the synthesized AuNPs were
Antioxidant

used to explore their potential neuroprotective impact against propionic acid (PPA)-induced autism. A sweet
granadilla extract was used to achieve the synthesis of AuNPs. The structural and dimensional dispersion of
AuNPs were confirmed by different techniques, including UV-Vis spectrophotometer (UV-Vis), X-ray Diffraction
(XRD) Pattern, Energy Dispersive X-ray (EDX), Zeta potential, and High-Resolution Transmission Electron Mi-
croscopy (HRTEM) analysis. The AuNPs mediated by P. ligularis adopt a spherical shape morphology and the
particle size was distributed in the range of 8.43-13 nm without aggregation. Moreover, in vivo, the anti-autistic
effects of AuNPs administration were higher than those of P. ligularis extract per second. In addition, the reduced
anxiety and neurobehavioral deficits of AuNPs were observed in autistic rats which halted the brain oxidative
stress, reduced inflammatory cytokines, ameliorated neurotransmitters, and neurochemical release, and sup-
pressed apoptotic genes (p < 0.05). The alleviated antiapoptotic gene expression and histopathological analysis
confirmed that the treatment of AuNPs showed significant neural pathways that aid in reducing tissue damage
and necrosis. The results emphasize that the biomedical activity was increased by using the green source syn-
thesis P. ligularis -AuNPs. Additionally, the formulation of AuNPs demonstrates strong neuroprotective effects
against PPA-induced autism that were arbitrated by a range of different mechanisms, such as anti-inflammatory,
antioxidant, neuromodulator, and antiapoptotic effects.

Anti-inflammatory
Gold nanoparticles
Autism

1. Introduction

Passion fruit is the general name given to several species of Passiflora
(Barbosa Santos et al., 2021). The Passiflora genus has been considered
to contain more than 500 species, most of which produce fruits for in-
dustrial processing and human consumption (Bugallo et al., 2020). A
large number of these species may be found in tropical America, spe-
cifically in Ecuador, Brazil, Peru, Colombia, Paraguay, and Bolivia (He
et al., 2020). Passion fruit is abundant in the vitamins B1, B2, and C, as
well as fibers, minerals, beta-carotene, and pro-vitamin A (de Oliveira
et al., 2017). Additionally, it also showed potent antifungal and anti-
bacterial activities (Ramli et al., 2020, Carmona-Hernandez et al.,
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2021).

P. ligularis are known for being low in fat and significantly rich in
fiber, vitamins A, C, K, P, niacin (Sampaio et al., 2022; Ryals et al.,
2020), carbohydrates, as well as phosphorus, iron, and calcium (Ashok
etal., 2020). The plant sweet granadilla has several promising biological
properties, including antimicrobial, antioxidant, hepatoprotective, anti-
hypertensive, lung-protective, and anti-inflammatory activities, as well
as anxiolytic-like anti-diabetic, sedative antidepressant activities (Rai
et al., 2022, Khalil and Tazeddinova, 2020, Sayago-Ayerdi et al., 2021).
They have been historically used to treat diseases like Alzheimer’s,
Cancer, Parkinson’s, and liver disorder (Ravi, 2021). According to the
photochemical investigations sweet granadillas contain flavonoids
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(isochaftoside, chrysin, homo orientin, orientin, swertisin), alkaloids
(harmalol, harmol, harmane, harmaline), organic acids (butyric, formic,
palmitic acid, and makicoleic), esters (ethylcaporate and butyrate),
sugars (glucose and fructose), enzymes (phenolase and catalase) (da
Fonseca et al., 2020; George et al., 2017). All of these substances have
been allied to the scavenging of free radicals, reducing oxidative stress,
and inhibiting the oxidation of biomolecules that cause deterioration of
physiological activities (Boaventura et al., 2013). These substances can
decrease post-prandial hyperglycemia and block the essential enzymes
glucosidase and amylase, which offer possible treatments for diabetes
mellitus (Saravanan and Parimelazhagan, 2014). When there is a lot of
oxidative stress over a long period, cells may suffer severe injury.
Degenerative and Chronic diseases like cancer, aging, arthritis, auto-
immune disorders, and cardiovascular and neurological diseases are all
greatly influenced by oxidative stress (Shinde et al., 2012). Many fac-
tors, including genetics, oxidative stress, the environment, immunology,
and neurological factors, are known to contribute to autism spectrum
disorder (ASD). ASD is a stereotypical central nervous system condition
(CNS). Communication issues, repetitive behavior and narrow interests,
hyperactivity (Sharma et al., 2019), digestive issues, irritability,
aggression, sleep abnormalities, epilepsy, anxiety, and sensory pro-
cessing disorders are common signs of ASD (Bhandari and Kuhad, 2015).
Genetic and environmental variables are thought to have significant
component in the etiology of ASD, even though it has not yet been
properly developed (Hayretdag et al., 2020). A major part of neuro-
developmental disorders like autism is also controlled by the immune
system. Other variables which might have a role in the progression of
ASD were maternal obesity, cigarette smoking, air pollution, alcohol
use, and maternal infections/immune activation (Bolte et al., 2019).
Owing to the absence of facts about the pathophysiology, origin, and of
symptoms associated with autism, it is not entirely curable. Modern
synthetic drug therapy aims to relax patients and increase memory, but
each drug used for this purpose has a unique profile of hazardous side
effects. Hence, biological methods used for the formation of nano-
particles like plant extracts (flowers, leaves, bark, stems, seeds, fruit
peels, etc.) have several advantages over toxic chemical processes,
including environmentally friendly and biocompatibility with pharma-
ceuticals and other biomedical applications (Khandel et al., 2018, Al-
Radadi, 2022a, Olawale et al., 2022). Nanoparticles are tiny particles
with size ranges between 1 and 100 nm (Satzer et al., 2016, Ijaz et al.,
2020). They are frequently synthesized using either top-down or
bottom-up methods (Al-Radadi and Al-Youbi, 2018a, Fu et al., 2018,
Yucel et al., 2020). Due to their diverse chemical properties, nano-
particles are valuable in a wide range of industries, including optics and
medicine, where they can be utilized to treat diseases (Deshmukh et al.,
2019). Plants are used in the biogenic synthesis method to yield nano-
particles (Rozhin et al., 2021). The green synthesis may offer nano-
particles with more precisely defined sizes and morphologies as
compared to certain other physicochemical ways of synthesis (Gebre-
slassie and Gebretnsae, 2021, Al-Radadiet al., 2022). The fundamental
virtue of adopting plant-based synthesis techniques over conventional
physical and chemical techniques is that they are more cost-effective,
easier to scale up, and more environmentally friendly for synthesizing
large amounts of nanoparticles. Additionally, these techniques do not
involve the use of hazardous chemicals, high pressures, or extreme
temperatures (Al-Radadi and Adam, 2020, Kujur and Daharwal, 2021,
Ronavari et al., 2021, Al-Radadi, 2022b). Metal nanoparticles (MNPs)
may be employed to direct a natural supplement into a particular organ
that is affected, improving drug delivery, selectivity, efficacy, and safety
and lowering medication dosage (Al-Radadi, 2018, Al-Radadi, 2021a,b).
Due to their small particle size and high loading capacities, they aid in
enhancing the herbal medication’s solubility and concentrating the drug
in a specific affected area, which results in better efficacy (Bhaskar et al.,
2010, Sachan and Gupta, 2015, Al-Radadi and Al-Youbi, 2018b).
Therefore, the synthesis of metal nanoparticles has attracted significant
interest in a wide range of biomedical fields, including cancer therapies,
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antibacterial agents, and gene transplantation (Patra and Baek, 2015,
Yaqoob et al., 2020, Al Jahdaly et al., 2021). The nanoparticles synthesis
for medical purposes has to be biocompatible and either low-toxic or
non-toxic (Ratan et al., 2020). Metal nanoparticles like platinum,
Palladium, gold, and silver nanoparticles have undergone extensive
testing on humans (da Silva et al., 2011, Schrofel et al., 2014, Al-Radadi,
2022¢, Al-Radadi, 2019, Faisal et al., 2021, Prakash Patil et al., 2021,
Abdullah et al., 2022, Al-Radadi, 2022d). Owing to its biocompatibility
and surface modifiability, the gold metal, which is considered to be the
most recognized metal nanoparticle for health applications, will be our
choice (Moore and Chow, 2021). Gold nanoparticles (AuNPs) have
received a lot of attention because they may interact with light via
surface plasma resonance (SPR) (Shedbalkar et al., 2014, Sibuyi et al.,
2021). Moreover, AuNPs have antibacterial, antioxidant, and catalytic
properties. Several cancer cell lines have been successfully treated using
natural sources for the formation of AuNPs (Kajani et al., 2016, Khan-
danlou et al., 2018, Khan et al., 2019, Rajeshkumar et al., 2021). Due to
their multifunctional properties in detection, therapeutics, surface
chemistry, and imaging, AuNPs have employed in different fields such as
material sciences, chemistry, medicine, physical, and life sciences
(Panzarini et al., 2018, Barabadi et al., 2020, Al-Radadi, 2022e, Al-
Radadi, 2023). Moreover, there is no specific literature available on
aqueous Passiflora ligularis extracts used for the synthesis of AuNPs.
Therefore, the aim of the current investigation was used to explore the
effectiveness of an aqueous extract P. ligularis, as a biological source to
treat a wide range of diseases and may serve as an ideal goal for the
identification of active natural compounds utilizing activity isolation.
The optical, morphological, elemental, and structural properties of
synthesized P. ligularis-AuNPs were characterized by different tech-
niques including, UV-Vis, XRD, HRTEM, Zeta potential, and EDX.
Furthermore, the P. ligularis-AuNPs were used to examine the potential
neuroprotective impact against propionic acid-induced autism in rats by
exploring the oxidative stress, behavioral, inflammatory, and gene
expression markers (Scheme.1).

2. Materials and methods

2.1. Preparation of sweet granadillaExtract and green synthesis of p.
ligularis-AuNPs

The fresh sweet granadilla was purchased from a local market. The
sweet granadilla was rinsed by distilled water to get rid the dust and
other contaminated particles that were used to prepare an aqueous
extract. The (5 gm) sweet granadilla pulp was mixed with (70 mL) of
distilled water in a cleaned dry glassware and was boiled in a flask for a
few min. The extract was cooled down and then filtered through
Whatman filter paper. An aqueous extract was served as reducing and
stabilizing agent for the synthesis of P. ligularis-AuNPs. After that,
different volume of an aqueous extract was mixed into different ratios of
(1 x 10°® M) solution of precursor tetra chloroauric acid (HAuCls-3H50)
(Sigma Aldrich) to achieve the optimum synthesis of P. ligularis-AuNPs.
The reaction mixture was stirred until the color of the solution changed,
and UV-Vis spectrophotometry was employed to confirm the formation
of P. ligularis-AuNPs.

2.2. Optimization studies for p. ligularis-AuNPs synthesis

To determine the stability of synthesized P. ligularis-AuNPs from
sweet granadilla extract, several optimum factors were investigated,
including the volume of sweet granadilla extract, volume of
(HAuCly4-3H50) solution, temperature, pH, and reaction time. The final
solutionwas characterized by UV-visible absorption spectra and verified
by HRTEM images.

2.2.1. Optimization of extract volume
To optimize the synthesis of P. ligularis-AuNPs, different volumes (1
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Scheme 1. Green Synthesis of AuNPs and P. ligularis.

mL, 2 mL, 3 mL) of sweet granadilla extract were mixed to (7 mL) of (1 x
10"® M) (HAuCl,-3H,0) in a reaction that was kept at room temperature
(25 °C) for around 6 h.

2.2.2. Optimization of HAuCly3H,0Volume

Thevolume effects of (HAuCly-3H20) were investigated by reacting
(3 mL) of sweet granadilla extract with (1 mL, 2 mL, 3 mL, 4 mL ...7 mL)
volumes of (HAuCl4-3H20) solution simultaneously for about 6 h at
room temperature (25 °C).

2.2.3. Optimization of reaction time

To determine the impact of time interval, the absorption spectra of
P. ligularis-AuNPs formed during the reaction medium with the optimum
volume of (HAuCl4-3H20) and sweet granadilla extract solution were
examined over a range of reaction times (1-6 h) at (25 °C) room
temperature.

2.2.4. Optimization of pH

With the optimal amount of sweet granadilla extract and
(HAuCly4-3H50) solution, the reaction mixture was optimized by pH that
was evaluated at various levels of pH (1, 2, 3, 4, and 6) subsequently6 h
of the reaction, at (25 °C) room temperature.

2.2.5. Optimization of temperature

P. ligularis-AuNPs were stabilized by maintaining the reaction under
the aforementioned optimal conditions at varying temperatures (15 °C,
20 °C, 25 °C, 230 °C, 35 °C) for approximately 6 h.

2.3. Characterization of AuNPs

The UV-visible spectroscopy (Shimadzu, UV-2600) was employed to
confirm the synthesis of AuNP son wavelength ranges between 400 and
800 nm, at regular intervals. After that, the sample of AuNPs was dried

for two days at (25 °C) in an oven to eliminate the moisture. The dry
sample was subsequently acquired and analyzed using powder XRD to
ascertain the crystalline morphology of AuNPs. The data was collected
using PANalytic EMPYREAN at (45 kV), (40 mA), over a range of (20) =
(20-80°) with a scanning speed of (26/min). HRTEM (high-resolution
transmission electron microscopy) and the zeta potential for stability of
P. ligularis-AuNPs were used to examine the size, dispersion, and
morphology of the AuNPs. The surface stability, elemental composition,
and size of the synthesized AuNPs were investigated using the EDX

analysis.
2.4. Animals

The NRC (National Research Centre), in Cairo, Egypt provided 70
male Wistar rats, each weighing 200 + 20 g. The food and water used in
laboratories were provided to the rats, which were housed under stan-
dard conditions. All experimental procedures followed the guidelines set
by the National Research Council Ethics Committee and the National
Institutes of Health for the ethical treatment and possession of experi-
mental animals (Publication No. 85-23, revised 1985).

2.5. AcuteToxicity study

The optimum P. ligularis-AuNPs formulation was compared to a so-
lution of P. ligularis extract in an in vivo acute toxicity assay to determine
their safety on rats after their administrations. 30 Wistar rats weighing
180 + 20 gm were used. Rats were divided into 6 groups 5 rats each. The
aqueous extract P. ligulariswas administered to three groups at concen-
trations of (10, 20, and 40 mg/kg) wt orally by gastric lavage, while the
other three groups received P. ligularis-AuNPs at concentrations of (2, 4,
and 8 ppm). The lethal dose (LD50) over a 24-hour interval that killed
half the animals was recorded for both formulations. The rats were
allowed free access to rat food and water and underwent a week of
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acclimation prior to the experiment. The Animal Care and Use Com-
mittee of NRC, Cairo, Egypt, confirmed their approval of the study’s
ethical practices and principles (Panzarini et al., 2018, Barabadi et al.,
2020).

2.6. Experimental model of intracerebroventricular PPA-InducedAutism

Ketamine/xylazine cocktail (0.1 ml/100 gm rat) was used to anes-
thetize the rats. to expose the skulls, The animal$ heads were shaved,
cleansed, and cut. A midline sagittal incision was made in each rat’s
scalp while placed in a frame of stereotaxic. To access the anterior
section of the caudoputamen, the skull was punctured by a burr hole
(Stereotaxic coordinates: anterior/posterior 1.4 mm; medial/lateral 1.8
mm; dorsal/ventral 3.0 mm). A plastic ear pin was used to lock a cannula
that measured (2.5 cm) in length. A fixative was then placed on top of
the burr hole following its being sealed off with dental cement. An
antibiotic (betadine) was frequently applied after the layer was sutured.
Then (1M) propionic acid (PPA) solution was diluted by phosphate
buffer saline (PBS) to a (4 ul) injection volume and infused over the
period days 1st to 7th day for 10 min. The intracerebrally (ICV) injection
was introduced to sham animals that were the same as PBS (MacFabe
et al., 2007).

2.7. Experimental design

Rats were dispensed into 4 groups; each group comprised 10 animals.
Group (1) Sham control: PBS (ICV). Group (2) ASD group: PPA (ICV).
Group (3) P. ligularis group (PPA + P. ligularis extract ‘“,)Tg"'g b. wt p.o).
Group (4) P. ligularis-AuNPs group (PPA + P. ligularis-AuNPs 2ppm/ml p.
0). The total duration of the study was 28 days. From day 1st to day
7%PPA was administered ICV. P. ligularis and P. ligularis-AuNPs were
chronically administered from day 8th to the end of the study (day 28).
Neurobehavioral parameters were measured 28 days after ICV injection
of PPA (reciprocal social interaction, stereotypic behavior, open field,
and elevated plus maze). The brains of all the rats were removed and
divided into two halves under deep ether anesthesia conditions. The first
part was processed for further histological analysis by being paraffin-
embedded and formalin-fixed. To achieve a final concentration of 10
%?Y, the remaining half was homogenized with (0.1M) phosphate buffer
saline at pH 7.4 and centrifuged at (3000xg) for 15 min at (4 °C). Further,
the biochemical analyses were performed using the resulting
supernatant.

2.8. Neuro-behavioral assessment

The reciprocal social interaction, open field, elevated plus maze, and
stereotypic behavior tests were carried out on day 28 after the PPA in-
jection to evaluate social deficiencies specific to autism.

2.8.1. Reciprocal social interaction

Observe the behavior of two unfamiliar rats engaged in social
interaction in a standard arena for 5 min. Various parameters were
observed for social contact. The social parameters include (walking
closely behind the other, push-crawl, and keeping pace) (Silverman
et al., 2010).

2.8.2. Stereotypic behavior

The ASD-induced rats in a social environment and spraying their
backs and necks with a fine water mist allows investigators to notice a
nonsocial parameter known as recurrent self-grooming in the animals.
Several spontaneous stereotypes behavioral can be observed in rats,
such as jumping, self-grooming, and circling. All through the 5 min
session was used to determine the total amount of time interval for
grooming the body and the head (Moretti et al., 2005).
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2.8.3. Elevated Plus-Maze

To explore the behavior of autistic rats related to anxiety, the anal-
ysis of elevate plus-maze was carried out. In this, the rats were kept in a
typical elevated plus maze for 15 min, which was composed of a device
(plus shaped) with two opposite enclosed arms and two open arms and
(60 x 5 x 30 cm set at a right angle. The amount of time that was spent in
each arm was determined (Hogg, 1996).

2.8.4. Open-Field test

To measure anxiety and nonselective attention, the open field test
was carried out as previously reported by (Han et al., 2012). The open
field apparatus typically measures (50 x 50 x 40 cm) and was filled with
one rat per slot. The subject had five minutes to examine the arena. The
number of entries in the center area, grooming, rearing times and dis-
tance traveled were all measured.

2.9. Biochemical investigation

2.9.1. Brain oxidative stress markers

TBARS (Thiobarbituric acid reactive compounds) in samples of brain
tissuewere measured to determine the amount of lipid peroxidation
(Placer et al., 1966). The method of Ellman was used to assess brain
glutathione (GSH) (George and Biophysics, 1959). In addition, the
Marklund-described method was used to measure brain superoxide
dismutase (SOD) activity (Marklund et al., 1985).

2.9.2. Brain inflammatory cytokines

The assay Enzyme-linked immunosorbent were employed to record
the tumor necrosis alpha (TNF-a) and brain interleukin beta (IL-1p)
using a and an ELISA kit (Invitrogen Corporation in Camarillo, Califor-
nia) and microtiter plate reader (Fisher Biotech, Germany) in accor-
dance with the procedures of Kitaura (Kitaura et al., 2004), and Tamaoki
(Tamaoki et al., 1999), respectively.

2.9.3. Brain neurotransmitters

The high-performance liquid chromatography (HPLC) system was an
Agilent Technologies 1100 series with a quaternary pump (Quat pump,
G131A model) was used to measure the levels of brain dopamine,
glutamate (glu), and serotonin (5-hydroxytryptamine, 5-HT). The ODS-
reversed phase column (C18, 25x0.46 cm i.d. 5um) was used to
accomplish separation. A flow rate of 1 ﬁ was used to deliver the mobile
phase, which was composed of a 97/3 (%) mixture of methanol and
potassium phosphate buffer. The injection volume was (20 mL) and UV
detection was carried out at 270 nm. The neurotransmitter concentra-
tion was calculated by using a peak area-based external standard
approach. The concentration of the sample was directly determined
from a linear standard curve (Salem et al., 2018).

2.9.4. Neurochemical parameters

Brain Myelin basic protein (MBP) and Extracellular signal-regulated
protein kinase (ERK) were measured using a microtiter plate reader
(Fisher Biotech, Germany) and ELISA kit (Invitrogen Corporation
Camarillo, CA, USA) as followed by (Bernard et al., 2002, Choi et al.,
2016) respectively.

2.10. Expression analysis of Apoptosis-Related genes

2.10.1. Extraction of Total RNA and cDNA synthesis

The Trizol®Reagent kit (Invitrogen, Germany) was employed to
collect the total RNA (ribonucleic acid) from the brain tissues of rats.
The instructions of the manufacturer were followed for the isolation
technique. The complementary DNA (cDNA) originated by replicating
the RNA that was obtained from brain tissue. The Revert Aid TM First
Strand cDNA Synthesis Kit (MBI Fermentas, Germany) protocols were
followed to produce a reaction volume of (20 pl). Then, DNA product



N.S. Al-Radadi et al.
was stored at (-20 °C) until DNA amplification.

2.10.2. Quantitative Real-Time-PCR (qRT-PCR)

The degree of cDNA replication and expression of the investigated
genes in the rat population was assessed using a quantitative real-time
PCR device (Applied Biosystem, USA). The 2 — AACT approach were
used to assess the comparative quantification of the targeted (Bcl2,
Caspase-3, Bax) that were a reference to the ($-Actin).

2.11. Histopathological investigation

In the histopathological examination, the brain samples were fixed in
10% formol-saline, immersed in paraffin, subdivided into (5 um thick)
sections with a microtome (Leica, Berlin, Germany), put on a microscope
slide, stained with eosin and hematoxylin Stain and then examined
under a light microscope.

2.12. Statistical analysis

The data were displayed as mean + SE of the mean. The data were
subjected to a one-way analysis of variance (ANOVA) using the Statis-
tical Package for the Social Sciences (SPSS) version 11 software, and
Duncan post hoc tests with significance levels of (p < 0.05) were used to
compare the results.

3. Results

3.1. P. ligularis-AuNPs production under different conditions and its
characterization using UV-Visible and HRTEM analysis

The formation of gold nanoparticles was accomplished under a wide
range of conditions, including different pH levels, different volumes of
sweet granadilla extract, and various concentrations of (HAuCly-3H30)
solution. The formation of AuNPs with the sweet granadilla extract was
indicated by changing the color of the reaction mixture to ruby red.
However, a distinctive peak between AuNPs525 and 570 nm was visible
in P. ligularis-AuNPs, which confirmed the synthesis of gold
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nanoparticles (Aljabali et al., 2018, Ismail et al., 2018, Al-Radadi,
2022e). The synthesized P. ligularis-AuNPs provide additional evidence
by examining HRTEM images (Fig. 6).

3.1.1. Effect of extract volume

The effect of extract volume on optimum synthesis of P. ligularis-
AuNPs was carried out in a series of reactions by using different volumes
of sweet granadilla extract (1 mL) to (3 mL) with a constant volume (7
mL) of (1 x 102 M) (HAuCl4-3H50). The reduction of Au ions was
formed by allowing the reaction mixture for approximately 6 h at room
temperature. Further, the UV-Vis absorption spectra were monitored to
record the surface plasmon resonance peak intensity that was amplified
and turned to be sharper by expanding the amount of extract sweet
granadilla between (1 mL) to (3 mL) after 6 h of reactions (Fig. 1)
(Gurunathan et al., 2014, Paul et al., 2014, Das et al., 2015, Majumdar
et al., 2016). The results revealed that the optimum volume (2 mL) of
sweet granadilla extract was suitable for the synthesis of P. ligularis-
AuNPs which was confirmed by a UV-visible absorption analysis.
Fig. 1showed the highest SPR peak for 2 mL extract, whereas the
spherical shape of the AuNPs was further demonstrated through HRTEM
images of the stable P. ligularis-AuNPs as shown in Fig. 6.

3.1.2. Effect of HAuCly-3H20 volume

The optimum P. ligularis-AuNPs synthesis was achieved using the
volume effect of (HAuCl4-3H20) which was examined by changing the
volumes of (1x10‘3 M)(HAuCl4-3H20) (1-8 mL) at constant volume of
sweet granadilla extract (2 mL) at room temperature for 6 h. The impact
of (HAuCl4-.3H20) on synthesized P. ligularis-AuNPs was evaluated
using UV-Vis analysis. The absorption spectra of UV-Vis indicated a
weak absorption peak intensity at 556 nm for (5 mL) (HAuCl4-.3H20)
solution. Additionally, UV-Vis absorption indicated a high peak in-
tensity at a wavelength to559 nm when the volume was increased to (7
mL), but in (8 mL) the peak intensity shifted towards the red area
(bathochromic) at a wavelength to 566 nm. Therefore, the optimal
volume was (7 mL), as shown in (Fig. 2) (Milaneze et al., 2014).

3mLExt

600 650 700

~
w
o

Wavelength (nm)

Fig. 1. UV-Vis absorption of gold nanoparticles by varying the volume of P. ligularis extract (1-3 mL) with (7 mL) (HAuCl4-3H30) (1 x 10°® M) after 6 h and at room

temperature 25 °C..)
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Fig. 2. UV-Vis absorption of gold nanoparticles by varying the volumes of (HAuCl4-3H20) (1 x 10" M) (1-8 mL) with (2 mL) of P. ligularis extract after 6 h and at

room temperature (25 °C..)

3.1.3. Effect of reaction time

The reaction of manufactured P. ligularis-AuNPs was observed by
UV-vis spectroscopy during a batch reaction with (2 mL) sweet granadilla
extract and (7 mL) (1 x 10 M) (HAuCly-3H20) at room temperature
and for a period of 6 h. It was observed that the absorption peaks
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intensity of the synthesized nanoparticles was likewise enhanced by
increasing reaction time and becoming stronger and sharper at 6 h
(Fig. 3) (Murad et al., 2018, Aji et al., 2019, Dudhane et al., 2019, Al-
Radadi, 2023). Furthermore, the absorbance vs. reaction time graph
represents that the peaks absorption become increases faster up to 4 h,

-0.1380 430 480 530

580 630 680 730

Wavelength (nm)

Fig. 3. UV-Vis absorption of (HAuCl4-3H,0) (1 x 10 M) (7 mL) with (2 mL) of P. ligularis extract after by varying the contact time (1-6)h at room tempera-

ture (25 °C..)
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after that the peak intensity gradually decreases at 5 h, and finally it
reaches a high absorbance at 6 h (Fig. 3). HRTEM images revealed
identical outcomes that provided additional confirmation for the syn-
thesized P. ligularis-AuNPs.

3.1.4. Effect of pH

The pH optimization of synthesized P. ligularis-AuNPs was achieved
by conducting the reaction mixture at different levels of pH from pH=
(1-6). The reaction used for the synthesis of P. ligularis-AuNPs was
confirmed by UV-Vis absorption peak at a wavelength of 560 nm, where
the peak strength increases with increasing pH from (1-3), but decreases
at pH (4, 5, 6) (Fig. 4) (El-Naggar et al., 2016, Castro et al., 2018, Kang
et al., 2018, Singh et al., 2018b, 2018a). It was clear from the plot that
the strong SPR peak of the synthesized AuNPs was successfully obtained
in acidic conditions, indicating fast synthesis. The results were further
confirmed by HRTEM (Fig. 6) of the synthesized AuNP that were mostly
homogenous particles at pH = 3, if the pH of the reaction was further
increased the non-homogenous nanoparticles may be formed. In light of
these observations, it can be concluded that pH = 3 (the usual pH of the
extract solution) is the optimum pH for the synthesis of P. ligularis-
AuNPs. The result was further reinforced by the HRTEM analysis that
was shown in (Fig. 6).

3.1.5. Effect of temperature

The optimum temperatures used to synthesize P. ligularis-AuNPs
were achieved by ranging the temperature from (15-35 °C) (Fig. 5). The
observation of UV-Vis was carried out on the reaction mixture. The
strength of the absorption peaks increased as the temperature of the
reaction was increased up to (25 °C) and started to decrease at (30 °C),
(35 °C). So, the optimum temperature for P. ligularis-AuNPs was at
(25 °C) (Fig. 5) (Annamalai et al., 2013, Mohamed et al., 2014, Gna-
naprakasam et al., 2016, Karthik et al., 2016, Castillo-Henriquez 2020).
TheP. ligularis-AuNPs synthesized were tiny, uniform, mostly spherical
in shape, had a smooth surface, and did not form agglomerates.
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3.2. EDX analysis

Further, the elemental illustrations were observed by energy
dispersion X-ray analysis. The dry gold nanoparticles employed in the
EDX examination showed a high-intensity typical signal at (1.8 keV) and
(2.1 KeV) for Au metals and as well as other distinctive weak signals for
phosphorus, calcium, and potassium (Fig. 7), that existed in the
P. ligularis. Moreover, a significant carbon signal has been observed,
which is thought to have been caused by the biomolecules present in the
gold nanoparticles (Pham et al., 2011, Khan et al., 2018, Singh et al.,
2018b, 2018a, Boomi et al., 2019, Ji et al., 2019).

3.3. X-ray diffraction analysis

The substance XRD was employed to examine the crystallinity and
phase purity of AuNPs. Four peaks with diffraction angles of 38.1°,
44.51°, 64.61°, and 77.82° corresponding to the refractive index planes
like (111), (200), (220), and (31 1) were detected in the XRD pattern.
The results are consistent with those of previously reported literature
that showed a characteristic pattern for AuNPs synthesized using a green
synthesis technique (Geraldes et al., 2016, Lee et al., 2016, Miri et al.,
2018, Al-Radadi, 2021a,b). The average crystallite size for the synthe-
sized AuNPs was measured by high-intensity (220) diffraction angles.
Nonetheless, the peak intensity revealed that gold nanoparticles were
crystalline in morphology (Fig. 8). The Debye-Sheerer formula was used
to calculate the average crystallite size of synthesized nanoparticles.

_ K
= Peost

Where Bragg’s angle is denoted by symbol 6, the X-ray wavelength
corresponds to A that is (1.5406 A°), the full width at half maximum
(FWHM) is represented by B, and D displayed the average particle size
which was found to be in the range of 8.0 nm to 13 nm.
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Fig. 4. UV-Vis absorption of (HAuCl,-3H,0) (1 x 10 M) (7 mL) with (2 mL) of P. ligularis extract after by varying the pH values (1-6), after 6 h at room tem-

perature (25 °C..)
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Fig. 5. UV-Vis absorption of (HAuCl4-3H30) (1 x 10 M) (7 mL) with (2 mL) of P. ligularis extract at different temperature (15-35 °C), after 6 h of the rection.
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Fig. 6. HRTEM images of P. ligularis-AuNPs of P. ligularis (2 mL) with (7 mL) (HAuCl,-3H,0) (1 x 10 M) after 6 h at pH value (3), at 25 °C) room temperature.
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Fig. 8. X-ray diffraction pattern of P. ligularis-AuNPs.

3.4. High-Resolution transmission electron microscopic analysis

HRTEM images illustrate the size and morphological distribution of
P. ligularis-AuNPs, as shown in (Fig. 6). The results revealed that the size
of synthesized P. ligularis-AuNPs was in the range of 8.34 nm to 13 nm
with non-aggregated spherical morphology. The dimension of
P. ligularis-AuNPs was confirmed by the size distribution histogram
analysis, which was shown in (Fig. 9A). The obtained data from the
present investigation were consistent with the previously published
report for AuNPs that showed compatible agreements. The zeta potential
value of biogenic AuNPs was determined by sharp and signal peak ob-
tained at — 25.3 mV (Fig. 9B) (Ramakrishna et al., 2016, Hamelian et al.,
2018, Vo et al., 2019).

3.5. Acute toxicity study

The acute toxicity test of these substances was investigated by
applying various concentrations of P. ligularis extract and P. ligularis-
AuNPs to rats. The extract of P. ligularis did not exhibit any obvious
behavioral or morphological effects, such as hair loss, respiratory
distress, convulsions, restlessness, coma, laxative use, urine, weight loss,
or itching. The end of the treatment did not record any lethality at any of

the selected concentrations. The rats showed signs of tachycardia,
increased respiration, and an arched back when exposed to AuNPs at a
concentrationand of (8ppm) and no morbid, y or mortality was observed,
even though such symptoms were hardly detectable at the dose (2ppm).
Table 1

3.6. Effect of p. Ligularis and p. ligularis-AuNPs on neurobehavioral
parameters

3.6.1. Reciprocal social interaction

The obtained data demonstrate the time of social interaction that was
shorter in the autistic group of rats than in the Sham group (p < 0.05). In
comparison, P. ligularis treatment improved the impairment in social
interaction, and P. ligularis-AuNPs treatment reversed it (Amini et al.,
2023) (Fig. 10).

3.6.2. Stereotypic behavior

The rats exposed to PPA exhibited more repetitive stereotyped
behavior compared to the sham and ASD groups. Nonetheless, the
amount of stereotypical behavior displayed by autistic rats was
dramatically reduced after P. ligularis injection. The excessive repetition
and stereotyping behavior were significantly reduced by P. ligularis-
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Fig. 9. Corresponding (A) size distribution graph and (B) Zeta potential of P. ligularis-AuNPs.

Table 1

Acute Toxicity results of synthesized AuNPs.
Samples 10 mg/kg 20 mg/kg 40 mg/kg
Control 19.3£0.3 21.5+04 23.7 £ 0.5
P. ligularis 18.2 £ 0.2 20.4 4+ 0.3 225+ 0.4
AuNPs 19.1 £ 0.3 23.7 £ 0.5 27.9+ 0.5

AuNPs therapy (p < 0.05) (Abdelkader et al., 2022) (Fig. 11).

3.6.3. Elevated plus maze

The results demonstrated that PPA exposure significantly enhanced
time spent in the closed arm while significantly decreasing time spent in
the open arm in autistic rats as compared to the sham group (p < 0.05).
Therefore, the treatment with P. ligularis or P. ligularis-AuNPs eases the
abnormality that is caused by PPA which causes anxiety, however
P. ligularis-AuNPs had a more pronounced effect than the P. ligularis
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group (Anadozie et al., 2023) (Fig. 12).

3.6.4. Open field

The amount of time spent grooming and the amount of distance
traveled increased significantly in induced PPA rats. Whereas the shorter
rearing period in comparison to the sham groupwas observed as opposed
to the ASD group. However, P. ligularis treatment improved these
behavioraldeficiencies. Moreover, treatment with P. ligularis-AuNPs
reduced anxiety-related behavior (p < 0.05) (Abdelkader et al., 2022)
(Fig. 13).

3.7. Effect of p. Ligularis and p. ligularis-AuNPs on biochemical
parameters

3.7.1. Brain oxidative stress markers
The findings showed that the PPA-induced rats subsequently
increased the MDA level in brain tissue (99.3 %), and those of SOD and
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Fig. 11. Effect of AuNPs on PPA autistic rats on stereotype behavior test: re-
petitive, compulsive behavior was measured for 5 min.

GSH levels that were significantly depressed (-49.9 % and —82 %,
respectively), in comparison to the sham group. The administration of
P. ligularis considerably reduced oxidative stress markers, when
compared to a group that had received PPA treatment. AuNPs treatment
led to a significant restoration of oxidative stress markers in comparison
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to P. ligularis and the PPA group (p < 0.05) (Moldovan et al., 2022)
(Fig. 14).

3.7.2. Brain inflammatory cytokines

According to the data, the PPA-treated group had a statistically sig-
nificant increase in the IL-1p and TNF-«a levels in the brain (98.1 % and
170.7 %, respectively), in contrast to the sham group. The PPA-induced
rat group along with P. ligularis demonstrated substantial increases in
both IL-1p and TNF-a levels (-33.6 %) and (-41.7 %). respectively.
However, P. ligularis -AuNPs restored both brain IL-18 and TNF-a (p <
0.05) (Sun et al., 2021) (Fig. 15).

3.7.3. Brain neurotransmitters

The PPA-induced ASD rats showed a substantial decrease in brain
dopamine and serotonin (-74.2 % and —63.4 % respectively) associated
with a significant elevation in brain glutamate level (124.1 %) versus the
sham group. The treatment with P. ligularis induced observed a large
increase in both serotonin and dopamine levels with a notable decrease
in brain glutamate levels in brain in contrast to the PPA group. After the
treatment of P. ligularis-AuNPs subsequent increases in brain dopamine
and serotoninare shown, whereas glutamate levels were brought back to
normal in comparison to the PPA-induced ASD group (Jawna-Zboinska
et al., 2016) (Fig. 16).

3.7.4. Neurochemical parameters

The results demonstrate that PPA injection enhances the brain ERK
(Tiwari et al., 2021) and MBP (Khera et al., 2022) (186.4 % and 67.6 %,
respectively). The administration of P. ligularis significantly decreased
both ERK and MBP in contrast to the PPA group. The P. ligularis-AuNPs
showed maximum restoration of ERK and MBP levels in contrast to the
PPA group and surpassed by P. ligularisin autistic rats (p < 0.05)
(Fig. 17).

3.8. Effect of p. Ligularis and p. ligularis-AuNPs on molecular parameters

3.8.1. Apoptotic genes analysis

When rats exposed to PPA had significantly upregulated the
apoptosis-related genes level of the caspase-3 (150.5 %) and bax (170
%), compared to the sham group, while Bcl2 expression was signifi-
cantly downregulated (-49.6 %). The analysis of apoptotic genes was
remarkably improved by the administration of P. ligularis, and was
almost normalized by the treatment of P. ligularis-AuNPs (p < 0.05)
(Sato et al., 2022) (Fig. 18).
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Fig. 12. Effect of AuNPs on PPA autistic rats behavioral parameters Elevated plus maze test: Time spent in opened and closed arm were assessed for 5 min.
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3.9. Histopathological investigation

According to histopathological evaluation of the tissues, the PPA
injection caused several areas of necrosis in thetissues of rat brain, which
were surrounded by rims of astrocytic reaction that were noticeably
congested and areas of vacuolar degeneration (Dogan et al., 2023).
When autistic rats were treated with P. ligularis, there was a marginal
improvement in the brain tissues compared to the PPA group, but

12

continuous astrocytes, necrosis, no degeneration, and less congestion
were examined. The rats treated with P. ligularis-AuNPs indicated that
the brain tissues had significantly improved, as evidencedby an astro-
cytic reaction, less necrosis, no degeneration, and minor congestionwere
observed in the brain tissues (Fig. 19).
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Fig. 15. Effect of AuNPs on PPA autistic rats’ Inflammatory cytokines: interleukin 1 beta (IL-1p), and brain tumor necrosis alpha (TNF-x).
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Fig. 16. Effect of AuNPs on PPA autistic rats brain neurotransmitters: serotonin, dopamine, and glutamate.

4. Discussion

The current investigation aimed to synthesize plant-based synthesis
of AuNPs using P. Ligularis plant extracts that were responsible for the
reduction of (HAuCl4-3H20) and act as stabilizing and capping agents.
The P. ligularis-AuNPs were characterized by different spectroscopic
techniques and were then employed for investigations into the biolog-
ical potential. The different parameters of reaction were used to
optimize P. ligularis-AuNPs for instance the volume of P. ligularis plant
extract, volume of metal ion (1 x 102 M) (HAuCly4-3H0), temperature,
pH and reaction time (Al-Radadi, 2022a). According to the results, the
best volume for a metal ion (1x10-3 M) (HAuCl4-.3H20) was found to be
(7 mL) and the specified effective volume of P. ligularis extract was 2
mL, that was supported by UV-Vis and HRTEM research. The low in-
tensity peak gradually increased as the extract volume went from 1 mL
to 3 mL. Similarly, the (1 x 102 M) (HAuCly-3H,0) volume increased
from (1-8 mL) and also showed significant intensity augmentation from
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556 nm to 559 nm peaks in UV-Vis absorption. The result demonstrates
that the small volume (5 mL) (HAuCls-3H20) solution showed a small
peak intensity ata wavelength of 556 nm. In addition, when the volume
was increased to (7 mL), the UV-Vis absorption displayed the highest
peak intensity and a strong SPR (surface plasmon resonance) absorption
peak at a wavelength of (Apax = 559 nm). The volume was further
increased up to (8 mL) the peak intensity shifted towards the red area
(bathochromic) at a wavelength of (566 nm), indicating that the opti-
mum volume is (7 mL) (Fig. 2) (Milaneze et al., 2014), Jafarizad et al.,
2015, Wahab et al., 2018, Latha et al., 2019, Sunayana et al., 2020).
Similar findings from the HRTEM analysis revealed that AuNPs were an
identical in size and shape without aggregation.

The visible spectra of P. ligularis-AuNPs were examined for the
distinct peak at max = 559 nm that attribute to metallic nanoscale gold
and is related to the synthesis of AuNPs (Ismail et al., 2018). It is
confirmed by studying HRTEM visuals, as the synthesized P. ligularis-
AuNPs attained a spherical shape and were distributed evenly with no
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Fig. 19. Photomicrographs of rat hippocampal tissues.

aggregation (Fig. 6). The P. ligularis-AuNPs were recognized spherical
with polydisperse results with a high SPR peak in the spectra (Sunayana
et al., 2020). One of the most important factors that determined the size
of P. ligularis-AuNPs was contact time that revealed high-intensity ab-
sorption peak with (2 mL) sweet granadilla extract and (7 mL) (1 x 1073
M) (HAuCl4-3H20) at room temperature and up to 6 h, as shown in
(Fig. 3). As the period expanded, the colour change was observed for the
stable synthesis of P. ligularis-AuNPs. Since the peak amplitude was
proportional to the contact time, it also increased as time passed. The
plot illustrated that the absorption of the peaks increased sharply up to 4
h and then slowed and decreased at 5 h after that it showed high
absorbance and optimum results were obtained at 6 h (Murad et al.,
2018).

Furthermore, the synthesis of P. ligularis-AuNPs examinations were
conducted at various temperatures (15-35 °C) (Fig. 5). The data
revealed a broad absorption peak at 15 °C, but upon increasing the
temperature of the reaction from 20 °C t025 °C, a sharp peak of intensity
appeared. It is implied that there is no reaction occurring at 15 °C and
that no distinctive AuNPs peak forms. However, as the reaction tem-
perature increased from (30 °C) to (35 °C), the peak intensity reduced.
As a result, 25 °C is thought to be the optimum temperature of the re-
action for the synthesis of P. ligularis-AuNPs (Gnanaprakasam et al.,
2016).

Moreover, the optimum pH used for the synthesis of AuNPs was to
change the pH conditions of the reaction. The pH range was 1-6 where
the results suggested that the peak intensity is increased upon increasing
the pH from (1-3), nothing happened when the reaction continue up to
pH 3. Interestingly, the product displayed a strong characteristic peak
(max = 559 nm) at pH 3, indicating that the pH level was suitable for the
product’s formation. The peak broadening may be caused by the reac-
tion molecules being hampered by hydrogen bonding interactions with
the functional groups present in the constituents of P. ligularis plant
extract, whereas the decreased intensity indicates that the reactions are
inactive (Castro et al., 2018). The results that were obtained were
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consistent with previous investigations, that described that Ephedra
plant extract was used to reduce AuNPs under various conditions,
including volume, pH, temperature, and reaction time (Al-Radadi,
2023).

The HRTEM images of P. ligularis-AuNPs showed spherical shape
with particle size ranges 8.34 nm to 13 °C. This might be owing to the
accessibility of various components in plant extract that act as capping
agents. Similar results were reported earlier for P. ligularis-AuNPs that
are consistent with the current study (Vo et al., 2019). Further, the
potential difference between the dispersion medium and the stationary
layer of fluid associated with the dispersed particle was verified by the
zeta potential (ZP), which offers information on the surface charge of
nanoparticles. ZP is an essential asset using P. ligularis to assess the

stability and surface charge of the Au-NPs. The biogenic P. ligularis-
AuNPs showed exceptional stability at 25 °C and the ability to prevent
aggregation due to their negative surface charge due to negative surface
charge that was —25.3 mV (Fig. 9(B)) (Balasubramanian et al., 2020; Al-
radadi, 2023).

The crystal structure and phase of P. ligularis-AuNPs were identified
using X-ray diffraction patterns. The four peaks obtained from the XRD
analysis were related to the (111), (200), (220), and (31 1) planes with
diffraction angles of 38.1°, 44.51°, 64.61°, and 77.82° corroborated the
phase purity and were in good agreement with previously published
data. The Debye-Scherrer equation was used to determine the mean size
of nanoparticles that was in the range of 8.0 nm to 12.513 nm for Au NPs
and were consistent with the TEM results (Fig. 6) 8.34 nm to 13 nm (Miri
et al., 2018, Al-Radadi, 2021). Additionally, the elemental composition
of synthesized nanoparticles were determine by EDX analysis. It facili-
tates the presence of gold, carbon, oxygen, calcium, potassium, and
phosphorus spots, which provides more evidence in favor of the coor-
dination of organic substances (phytochemicals) with metal atoms to
produce P. ligularis-AuNPs (Khan et al., 2018, Boomi et al., 2019).

Autism spectrum disorder (ASD) is characterized by behavioral,
memory cytoarchitecture, and intellectual deficits and is one of the most
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prevalent neurocognitive disorders. The present study investigated the
neuroprotective effect of P. ligularis extract and P. ligularis-AuNPs in
PPA-induced autism in rats. The behavioral tests were conducted as well
as oxidative stress, anti-inflammatory, neurotransmitter, neurochem-
ical, and molecular markers in the homogenate brain of rats were
assessed. In addition, histopathological alterations in brain tissues were
investigated. PPA-induced autism is a well-established experimental
animal model of autism that can induce neurobehavioral impairment
(Mirza and Sharma, 2019, Dogan et al., 2023).

In this study, rats exposed to PPA exhibited autistic-like phenotype
and behavior, which was shown by a decrease in the amount of time
spent performing social interaction and an increase in stereotyped/re-
petitive behavior and grooming. Furthermore, PPA-induced rats
demonstrated anxiety-related behavior in open field, elevated plus
maze, and rearing time tests. The aforementioned findings were in
agreement with earlier research using the ICV PPA rat model (Lobzha-
nidze et al., 2020). The biochemical effects of propionic acid, induced
change in the neural function, increased NMDA receptor sensitivity,
inhibited Na+/K + ATPase, elevated nitric oxide, and promoted intra-
cellular calcium release, all have the potential to change neurotrans-
mission in different parts of the brain and be the source of these
behavioral deficits (Quednow et al., 2004). Moreover, weak acid pro-
pionic acid has the potential to gradually accumulate in CNS cells,
increasing intracellular acidosis, disrupting synaptic transmission and
other neuronal functions, and ultimately causing behavioral and
neurological abnormalities (Tannock and Hot; 1989, Mehan et al.,
2020).

Neurological disorders have a direct relationship with oxidative
stress and neuroinflammation (Salem et al., 2016, Alesawy et al., 2021)
and are essential to the development of autism. Our findings showed
that PPA-induced polyunsaturated fatty acid oxidation produced MDA,
which causes biomolecular damage and inhibited the level of antioxi-
dants in brain tissue. According to the investigation, MDA levels
increased in blood samples from a patient with autism spectrum disor-
ders because of oxidative stress (Gonzalez-Fraguela et al., 2013).
Another study revealed that MDA levels were also elevated in ASD,
suggesting that these patients may be more susceptible to oxidative
stress due to the immaturity of their antioxidant responses (Zoroglu
et al., 2004, Meguid et al., 2011). These findings suggested that the
autistic brain may be more susceptible to oxidative stress.

By certain investigations, CNS-specific inflammation may be
involved in the development of ASD (Vargas et al., 2005, Zimmerman
et al., 2005). The data clearly showed an increase in IL-1pand TNF-a in
the brain homogenates of PPA-treated rats, suggesting a role for PPA in
neurotoxicity. These results are consistent with those of several clinical
investigations on the cytokines in the brains of autistic patients (Li et al.,
2009, Ashwood et al., 2011, Sun et al., 2021). It was observed that
proinflammatory cytokines, chemokine (IL-8), and Th1 cytokines levels
remained high in the patients of ASD, indicating that PA may still have a
role in the etiology of autistic symptoms. Moreover, it was also shown
that brain tissues of rats administered intracerebroventricular PPA in-
jections had spectacular reactive astrogliosis and microglia activation,
presenting evidence of an intrinsic neuroinflammatory response (Shultz
et al., 2011).

Brains of individuals with autism have been reported to suffer from
neurotransmission disruption which alters inhibition in the brain
network and affects the ability to perceive emotional expressions (Oblak
et al., 2011). The present investigation discovered that brain homoge-
nates from PPA-treated rats had significantly lower levels of serotonin
and dopamine as well as notably higher levels of glutamate. These
findings are in agreement with previously reported literature (Azmitia
et al.,, 2011) where the decrease in serotonin transporter activity and
tryptophan retention in autistic patients were observed. Also, the
decrease in dopamine levels observed in this study was similar to pre-
vious investigations (Garnier et al., 1986, Mandic-Maravic et al., 2022),
which found elevated levels of homovanillic acid (HVA) and dopamine
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hydroxylase in autistic children which contributes to development of
autistic signs. The increase in Glu activates glutamate receptors, that
might induce excitotoxicity and cause the death of neuronal cells. Glu is
speculated to have important effects in several forms of neuro-
degeneration, because of the potential for leakage from damaged tissues.
Glu excitotoxicity is generally triggered by microglial activation and
excessive stimulation of Glu receptors, which has been linked to PPA
neurotoxicity as well as impaired brain development and synaptic
plasticity (Flores-Méndez et al., 2016, El-Ansary et al., 2017).

The development of neurons and the activation of the adult brain can
both be significantly influenced by ERK. ERK1 and ERK2 have important
roles in the regulation of adult nervous functional units, including
learning, neuroinflammation, memory formation, synaptic plasticity,
and neuronal death (Sun and Nan, 2017). The pathogenesis of the
neurological condition associated with ASD is characterized by
abnormal ERK signaling. Several ERK inhibitors have shown promising
results in curing a wide range of ailments, including brain injuries (Mori
et al., 2002), Parkinsonism (Quesada et al., 2008), autoimmune disease
(Brereton et al., 2009), and ASD (Yufune et al., 2015). According to
recent data, PPA-induced ASD in rats significantly increased the ERK
levels. These findings support a prior study that claimed ERK hyper-
activation was responsible for the development of CNS pathologies in
the autoimmune ASD animal model (Albert-Gasco et al., 2020). Our
findings showed that after PPA administration, MBP was significantly
increased. MBP is a structural protein required for the formation of the
myelin sheath and helps in the proliferation of neural stem cells during
neurogenesis, which is a significant pathological feature of ASD (Mirza
and Sharma, 2019). According to previously reported literature (Khan-
babaei et al., 2019), both male and female autistic mice had enhanced
myelination in their frontal brains, which was associated with higher
levels of myelin basic protein. When apoptotic gene expression was
examined in autistic rats, it was observed that Bax (a pro-apoptotic
marker), and caspase-3 (an apoptotic marker) gene expression were
significantly upregulated. while Bcl2 (an anti-apoptotic marker)
expression was downregulated. Recently, similar reports were available
on a challenge that arises in apoptotic markers together with evidence of
an increase in caspase-3 in autistic rat brains due to BBB disruption,
apoptosis, and/or neurodegeneration, which are PPA neurotoxic in-
dicators (Olczak et al., 2010).

The histopathological analysis of the brain tissues of the PPA-treated
rats showed several areas of necrosis surrounded by a demarcating rim
of astrocytic response, with congestion and areas of vacuolar degener-
ation which confirms the assertion that PPA is neurotoxic (Dogan et al.,
2023).

On the other hand, the present investigation demonstrated that
treating rats with P. ligularis extract considerably improved the param-
eters. Significantly, the treatment of P. ligularis-AuNPs restored these
values to the range that was considered normal. The existence of various
major biomolecules, such as alkaloids, flavonoids, cyanogenic, phenols
group, minerals, vitamins, glycosides, and terpenoid compounds, dis-
tinguishes Passiflora species from other plants (Zibadi and Watson,
2004). The anti-anxiety activity of P. ligularis extract may have
contributed to the improvement of behavioral impairments observed
during this investigation after P. ligularis extract administration (Coleta
et al., 2001) stated that the open field, horizontal-wire, and elevated
plus mazetests on rats were used to explore the anti-anxiety activity of
P. ligularis. The aqueous extract had anxiolytic-like properties without
having a large impact on neuronal activity.

P. ligularis is abundant in polyphenols and has been considered a
natural antioxidant. The findings showed that P. ligularis administration
decreased MDA levels and increased SOD and GSH in the brain tissues of
autistic rats. Other study report the antioxidant activity of P. ligularis
which was concentration-dependent, and was tested against DPPH
radical and several reactive oxygen species (superoxide radical, hy-
droxyl radical, and hypochlorous acid) (Zeraik et al., 2011). The
neutrophil peroxidase activity as well as the myeloperoxidase enzyme
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present in neutrophil granules were reported to be inhibited by
P. ligularis. Additionally, the maintenance of SOD and GSH levels en-
hances the antioxidant capacity of P. ligularis and contributes to its
protective effect against neurological disorders.

On the other hand, TNF-a and IL-1f levels were markedly reduced
after the administration of P. ligularis. These findings were consistent
with those of (Beninca et al., 2007), which state that the Passiflora
species aqueous leaf extract demonstrated potential anti-inflammatory
in the in vivo experimental model hindered pleural cavity of leukocyte
influx that was linked with an obvious blockade of nitric oxide, mye-
loperoxidase, cancer, interleukin-1 levels, and cell necrosis factors in the
acute model of inflammation caused by intrapleural injection of rats.
Dexamethasone was less effective than P. ligularis at reducing the levels
of interleukin-1 and tumor necrosis (Capasso and Sorrentino, 2005).

The current data showed that consumption of P. ligularis greatly
reduced the disruption of neurotransmitters, which was demonstrated
by an increase in serotonin and dopamine levels and a decrease in
glutamate levels. These results were consistent with (Jawna-Zboinska
et al., 2016), who showed that groups receiving P. ligularis extract
exhibited a glutamic acid reduction. The main excitatory neurotrans-
mitter is glutamic acid, which also serves as a source of the inhibitory
neurotransmitter GABA. The most crucial CNS controlling mechanism is
the balance between these two systems (Zhou and Danbolt, 2014).
Presynaptic GABAA receptor activation inhibits glutamate release by
lowering the calcium ion influx carried on by depolarization. The basic
consequence of damaged brain neurons is the release of excessive glu-
tamic acid, which causes excitotoxicity and alterations in GABA release
(Waldmeier et al., 2008). Glutamic acid/GABA system imbalance is a
significant contributing factor to many CNS disorders, including
depression, anxiety, epilepsy, and addiction. The activation of GABAA
and GABAB receptors may have a neuroprotective effect. The anxiety-
reducing effect results from stimulating GABAA receptors (Guerrini
et al., 2013). Therefore, the release of DA is inhibited by glutamate
through the action of AMPA receptors. On the other hand, the stimula-
tion of the GABAA receptor opposes the mechanism and promotes the
release of DA (Avshalumov et al., 2003). Furthermore, the inflammatory
cytokines and inflammatory responses are elaborated in the ASD
transmission. P. ligularis’s ability to reduce inflammation may be a viable
mechanism by which it improves neurological impairment and increases
levels of serotonin and dopamine.

MAPKs, a group of signaling molecules that includes the proteins
ERK, p38, and JNK, probably play a significant role in the mechanisms
that cause inflammation (Lasa et al., 2002). According to current in-
formation, plant P. ligularis treatment significantly reduced ERK levels in
brain homogenate. Similar findings from a prior study showed that LPS-
induced ERK, p38, and JNK phosphorylation were substantially blocked
when P. ligularis was used as a medication. The P. ligularis exhibited
promising MAPK pathway inhibition. The inhibition of the main MAPK
signal in the basic inflammatory response is affected by related disorders
(Canas et al., 2010). The primary myelin protein, myelin basic protein
(MBP) translations are regulated efficiently by ERK, which in turn
controls the timing of remyelination (Michel et al., 2015). That explains
why MBP decreased in autistic rats which administered P. ligularis
treatment.

In autistic rats, P. ligularis extract administration demonstrated a
neuroprotective effect against PPA-induced apoptosis. Significant
downregulation was observed in Bax and caspase-3 expression along
with an elevation in Bcl2 expression. These findings were in agreement
with another earlier research (Fu et al., 2016, Wen et al., 2018). They
showed that P. ligularis inhibited apoptosis mediating the PI3K/Akt/Bad
signalling and downstream mitochondria-caspase-3-dependent cell
death pathway in PC12 cells. Moreover, P. ligularis reduced intracellular
ROS generation in rat primary cortical neurons via the PI3K/Akt
signaling pathway to prevent neurotoxicity.

Importantly, P. ligularis-AuNPs accomplished better effects than
P. ligularis extract in all of the variables examined. This finding may be
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explained by the functional groups found in plant extracts and the
morphological identities of AuNPs, where biomolecules act as a stabi-
lizing agent that can employ their influence to the benefit of nano-
particle aggregation. These results are consistent with the research of
(Boruah et al., 2021), which examined the green synthesis of AuNPs
using P. ligularis. It was found that green AuNPs synthesized by
P. ligularis extract exhibit greater antioxidant activity, lower toxicity,
and assist in the regeneration of neuronal cells in animal models. It
demonstrates that integrating various plant extract fractions to stabilize
AuNPs may be the driving force behind the increase in the bioactive
nature of green AuNPs. Moreover, histopathological investigation in the
current study indicated that brain sections of P. ligularis-treated rats
showed areas of necrosis, and astrocytic reaction, with mild congestion.
In P. ligularis-AuNPs-treated rats, brain sections showed less tissue
damage, and fewer lesions were observed to be decreased and closer to
normal tissue.

5. Conclusion

The current study established a simple and direct, environmentally
friendly, energy-saving, and cost-effective approach used for the suc-
cessful synthesis of P. ligularis-AuNPs by sweet granadilla extract, where
the sweet granadilla extract functions as a new neuroprotective agent
against autism for the synthesis of P. ligularis-AuNPs. The synthesized
AuNPs were thoroughly characterized through different techniques
including, X-ray diffraction, Zeta potential, EDX, UV-visible absorption,
and HRTEM. According to the examination of HRTEM, P. ligularis-AuNPs
have spherical and triangular forms and have a size range of 8.43-13
nm. The findings demonstrate that P. ligularis-AuNPs were more bio-
logically active than pure sweet granadilla extract. The P. ligularis-
AuNPs had a strong neuroprotective impact on PPA-induced autism in
rats. The positive effects were accomplished by reducing neuro-
behavioral impairment, oxidative stress, and inflammation, improving
brain neurotransmitters and neurochemicals, reducing apoptosis, and
boosting the antioxidant defense system in the brain. This study may
open up possibilities for the environmentally friendly and biologically
active green synthesis of gold nanoparticles from P. ligularis, which may
have a potential therapeutic approach for the treatment of autism. The
limitations of the current study have in adequate in the exact mechanism
action against autism, which may be challenging to identify additional
consequences of chronic use and determine whether the anxiety notice
through behavioural analysis, especially connected to brain damage
(cerebellar), which also have an influence on emotions and behaviour.

6. Future perspectives

Clinical trials for the treatment of autism are now being investigated
worldwide, and recent reports have shown some encouraging progress.
Therefore, in context, nanoparticles are considered to be a promising
therapeutic agent. Since their exact mechanisms of action are still un-
known, AuNPs are a good and powerful antioxidant. The effectiveness of
AuNPs has been thoroughly investigated against autism and it has been
concluded that their efficiency against autism is sufficient to expand the
contribution of this study to include autism nano therapies. However,
some investigation on the use of nanoparticles against a few autistic rats
has been performed, but the corresponding nanoparticles have not yet
been examined to evaluate their impact on autism patients.
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