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Abstract: Despite the increased social and financial burden associated with autism spectrum disorder
(ASD), no particular treatment for this illness has been identified. A detailed examination of prior
trials conducted to treat autism revealed that nutrition intervention was commonly utilised as an
additional method of therapy. Indeed, the early detection of nutritional deficiencies and metabolic
problems, together with appropriate therapeutic measures, can be a cornerstone for enhancing
the metabolic and behavioural abilities of individuals with autism. In this work, a propionic acid
(PPA)-induced rodent model of ASD was fed Spangled emperor (Lethrinus nebuloses), Dusky grouper
(Epinephelus marginatus), and Parrot Fish (Scaridae), which are locally named Hammour, Shour,
and Hareed, respectively, in Saudi Arabia. The aim of this study was to investigate the effect of
dietary intervention with three kinds of whole fish (Lethrinus nebuloses, Epinephelus marginatus, and
Scaridae), as a rich source of w-3 fatty acids, on selected biochemical markers (reduced glutathione
(GSH), thiobarbituric acid reactive substances (TBARS), creatine kinase (CK), lactate dehydrogenase
(LDH), dopamine) together with a histopathological examination of the cerebellum and hippocampus
as neurotoxic features of propionic acid in a rodent model of autism. Briefly, our findings give
preliminary evidence in favour of employing fish as a rich supply of omega-3 fatty acids to reduce
the neurotoxic effect of a PPA-induced ASD in a rat model. It may be beneficial to provide an extra
marine omega-3-rich diet for improving certain metabolic autistic features related to oxidative stress,
energy metabolism, and brain neurotransmitters.

Keywords: autism spectrum disorders; propionic acid; Lethrinus nebuloses; Epinephelus marginatus;
oxidative stress; energy metabolism; dopamine; serotonin; rats

1. Introduction

Autism spectrum disorder (ASD) is characterised by a set of persistent symptoms
that can range in severity from common and acute to significantly low or high perfor-
mance [1,2]. ASD includes neurological developmental disorders, of which stages start
throughout childhood and the development stage and last the entirety of a person’s lifespan.
There may be a number of factors that affect the development of autism, although the
precise cause of ASD is currently unknown. The condition is influenced by genetic [3-5],
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environmental [4,5], and gene expression abnormalities [6]. Whatever the cause, early iden-
tification and therapy offer opportunities for intervention and recovery [1]. Vital indicators
of autism include oxidative stress, extreme glutamate toxicity, polyneuritis, weak fatty acid
and energy metabolism, and excessive propionic acid. These indicators can all point to
treatable abnormalities and provide a baseline that we can use to assist autistic people and
lessen their symptoms [7].

The human body cannot synthesise a-linolenic acid (ALA) or linoleic acid (LA), also
known as essential fatty acids, so they must be consumed in the diet. Plant oils are rich in
an omega-3 fatty acid called «-linolenic acid, which is a metabolic precursor for eicosapen-
taenoic acid (EPA), docosapentaenoic acid (DPA), and docosahexaenoic acid (DHA) (which
are found in fish and fish oils) in the human body [8]. Both omega-3 and omega-6 pathways
utilise the same enzymes, and both of them have to compete for the same enzymes in order
to produce their final products. The benefits of DHA depend on dietary intake because
of the low conversion rates of ALA to EPA and DPA and little to no DHA synthesis [9].
Omega-3 PUFAs improve the symptoms of metabolic disorders and are beneficial for
various chronic diseases, such as diabetes, insulin resistance, heart disease, and obesity.
Diets high in n-3 PUFA has been found to be involved in increasing the expression of
apolipoprotein A-I in lipid metabolism, S-adenosylmethionine synthase in one carbon
metabolism, fructose-1, 6-bisphosphatase, ketohexokinase and 6-phosphogluconolactonase
in carbohydrate metabolism, cytosolic malate dehydrogenase, GTP-specific succinyl CoA
synthase beta subunit and ornithine aminotransferase in the citric acid cycle, and disulfide
isomerase-A3 and lactoylglutathione lyase in protein synthesis. Apart from this, they re-
duce the expression of regucalcin in lipid metabolism, aldehyde dehydrogenase in protein
synthesis, and adenosine kinase in one carbon metabolism [10].

Nearly all ASD cases are reported to have an omega-3 fatty acid deficiency, especially
for children having low levels of total omega-3 fatty acids in their plasma [11]. More-
over, it has been revealed that the red blood cell membranes of pervasive developmental
disorder patients have insufficient levels of eicosapentaenoic acid /docosahexaenoic acid
(EPA/DHA) [12]. Amminger et al. [13] reported an improvement in stereotypy (the repeti-
tive repetition of an act) and hyperactivity in autistic children when put on a DHA /EPEPA-
rich diet. Long-chain omega-3 supplements have been proven to benefit not only autism
but also some neurological conditions, such as dyspraxia, dyslexia, and aggressiveness [14].
Omega-3 long-chain polyunsaturated fatty acids are structural components of cells present
in the central nervous system [15]. These fatty acids play a major role in development of
neurons, synapses, and visual acuity and regulate gene expression levels [16,17]. They can
normalise oxidative stress and anti-inflammatory pathways [18]. D-resolvins, protectins,
and maresins, from DHA, are key lipid mediators in the resolution of inflammation [19],
and neuroprotection D1, in particular, suppresses neuronal death [20]. Although EPA is
found in neural cell membranes in lesser concentrations than DHA, it serves key phys-
iological roles as a source of anti-inflammatory chemicals, including PGE3, LTB5, and
E-resolvins [21,22].

Various studies in animals have investigated the consequences of polyunsaturated
fatty acid (PUFA) deficiencies in neurodevelopment. Both in vitro and ex vivo studies
with cultured mouse neurons have shown that PUFAs play an important role in dendritic
growth and the synaptogenesis of neuronal cells [23].

Bazinet and Layé (2014) [24] have studied the effect of nutritional intervention and
its role in inflammatory control. They reported that dietary insufficiency may be a risk
factor for ASD. Omega-6 (w-6) PUFAs, such as arachidonic acid (AA) and linoleic acid
(LA), have been thought to be proinflammatory, whereas w-3 PUFAs are thought to be
anti-inflammatory and/or pro-resolving [25]. Since fish is a significant source of omega-3
fatty acids (n-3 FAs), which are found in the membranes of brain tissue as well [26,27],
studies are exploring their nutritional value as a major preventive for neurodevelopmental
disorders. Moreover, fishery products are advised as dietary sources because eating fish is
linked to a decreased risk of vascular brain disease [28]. Dietary fish are found to decrease
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abnormalities in nerve fibres and enlarged fluid-filled spaces around blood vessels in the
brain’s white matter. Fish eaters are likely to have much lower prevalence of vascular brain
disease. Fish is rich in some essential nutrients or minerals, such as selenium, vitamin
D, and iodine, which are essential for the growth and development of the brain [29].
According to a recent study on dietary fish intake, fish protein and oil feed can prevent
age-related short-term memory loss in mice. The findings also showed that fish feed have
physiological advantages for preserving axon shape in the hippocampus and lowering
the risk of brain damage [30]. Several studies have demonstrated the role of omega-3
fatty acids in behaviour and reading skills [31,32]. Almost 30% of kids with autism are
put on fish oil supplements. It has been observed that fish oil supplements can reduce
hyperactive behaviour in autistic patients [33,34]. Figure 1 illustrates the involvement of
dietary omega-3 fatty acids in various physiological functions related to the development
and functioning of the brain and its relationship with a decreased risk of developing various
mental disorders, especially autism.

Decrease the risk of developing various mental disorders

Activate receptors end cell signaling
pathw hich are involved in brain

function t
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{

Involved in brain development and

Play a major role in mairtaining  ogjam
membrase stracture and function

NENr Ol ANSmission

Omega-3 treatment mproved autisin characteristics

Neurodegeneration .
Neurotransmission

Oxidative stress R . .
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Figure 1. Figure illustrating the involvement of dietary omega-3 fatty acids in various physiological
functions related to the development and functioning of the brain and its relationship with a decreased
risk of developing various mental disorders, especially autism.

The three different types of sea fish (Lethrinus nebuloses, Epinephelus marginatus, and
Scaridae), which is widely consumed in the Kingdom of Saudi Arabia, have been used in the
present study and were analysed for their fatty-acid profile prior to use. One strategy that
could aid in figuring out the process by which autism arises in humans is animal modelling.
Presently, we used the PPA-induced rat model of autism. Propionic acid (PPA) has fre-
quently been documented to cause a range of oxidative stresses, altered neurotransmission,
impaired energy metabolism, and behavioural abnormalities in rats, which are similar
to ASD [35,36]. This dietary short-chain fatty acid is produced metabolically by enteric
bacteria in the stomach and is a common food preservative. Blood-brain barriers (BBB) and
the gut-blood barrier (GBB) are both easily crossed by PPA, allowing it to enter the central
nervous system (CNS). It can penetrate cell membranes in the brain and build up inside
of cells, causing intracellular acidification, which can change neurotransmitter release
and, eventually, affect neuronal activity and communication [35,36]. All these findings
motivated us to explore the ameliorative effect of an omega-3-rich fish (Lethrinus nebuloses,
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Epinephelus marginatus, and Scaridae) diet (whole fish diet as a nutritional intervention) on
the neurotoxic effects of propionic acid in a rodent model of autism.

2. Materials and Methods
2.1. Materials

Fresh samples of three different species of sea fish, Spangled empero (Lethrinus neb-
uloses), D. Grouper (Epinephelus marginatus), and Parrot Fish (Scaridae), which are locally
named Hammour, Shour, and Hareed, respectively, in Saudi Arabia, were purchased
from a local market in Riyadh city. Sodium chloride (NaCl), metaphosphoric acid, and
ethylene diamine tetra acetic acid (EDTA) were obtained from Loba Chemie (Mumbai,
India), thiobarbituric acid (TBA) was obtained from Applichem (Darmstadt, Germany),
and sodium citrate, disodium hydrogen phosphate, perchloric acid, and trichloroacetic acid
were obtained from Sigma-Aldrich (Darmstadt, Germany).

2.2. Preparation of Fish Samples and Its Fatty Acid Composition

The head, skin, and bone of fish samples were all taken off. The bodies of the fish
samples were blended and portioned in Petri dishes and stored at —80 °C for 24 h and then
placed into the freeze-drying chamber (LABCONCO, Christ Alpha 1-2 LD plus, Kansas
City, MO, USA) at a pressure of 20 Pa; the temperature of the heat shelf was set as —76 °C
and 0.040 mbar, with the cold trap at —50 °C for 8 h. Fatty acid methyl esters (FAMESs)
from freeze-dried fish were prepared using a fatty acid methylation kit from Sigma-Aldrich
Company (catalogue number, MAK224), following the manufacturer’s instructions. Fatty
acid compositions were determined using a gas chromatography (GC Clarus 500, Perkin
Elmer, Shelton, WA, USA), and fatty acid concentrations were expressed as the weight
percentage of PUFA (% wt) (Table 1).

Table 1. Polyunsaturated fatty acid profiles of Lethrinus nebuloses, Epinephelus marginatus, and Scaridae.

PPA + PPA + PPA +

Fatty Acids Lethrinus Epinephelus Scari p-Value
! caridae

nebuloses marginatus
Linoleic acid (C18:2) 0.414 + 0.067 0.452 £0.121 0.503 £ 0.121 0.428
a-Linolenic acid (C18:3) 0.362 £ 0.129 0.208 £ 0.020 0.280 £+ 0.116 0.243
Arachidonic acid (C20:4) 0.28 £ 0.047 2.172 £ 0.101 b¢ 0.644 £ 0.141 2> 0.001
Eicosapentaenoic acid (C20:5) 0.28 £+ 0.047 0.415 £+ 0.039 0.280 +0.113 0.105
Docosatetraenoic acid (C22:4) 22.870 £ 0.207 ¢ 16.601 + 0.217 b¢ 2.547 4 0.199 2P 0.001
Docosahexaenoic acid (C22:6) 0.155 £ 0.1352 24.657 + 2.839 be 0.979 £0.1952 0.001

Kruskal-Wallis Test among all groups with multiple comparisons (Mann-Whitney Test) within the entire groups
for each parameter. @ Describes a significant difference between the group and the Lethrinus nebuloses group at
a significant level (0.05). P Describes a significant difference between the group and the Epinephelus marginatus
group at a significant level (0.05). ¢ Describes a significant difference between the group and the Scaridae group at
a significant level (0.05).

2.3. Experimental Design
2.3.1. Animals

Forty weaning (3-weeks-old) Wister Albino male rat pups with an average weight of
70 g & 20 g were obtained from the Experimental surgery and Animals laboratory, Faculty
of Medicine, King Saud University. Rats were housed in polypropylene cages under
standardised controlled conditions (temperature 24-25 °C, relative humidity of 55-45%,
12 h light/dark cycle). Food and tap water were offered ad libitum during the experimental
period. All rats were fed a standard diet prepared based on Saudi Grains Organization
(SAGO) for a one-week adaptation period (acclimatisation period). All three rats were
placed in a separate cage for 7 days to become acclimatised, before being randomly divided
into five groups of eight rats each as follows:

The control group received only phosphate buffer and was fed a standard diet; the
PPA group received a neurotoxic dose of PPA (250 mg/kg body weight) [37] for the first
three consecutive days and was put on a standard diet. The PPA + S. Empero group
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was administered the same dose of PPA and put on a standard diet mixed with Lethrinus
nebuloses fish for 36 days. The PPA + D. Grouper and PPA + P. Fish groups were also
administered the same dose of PPA and put on a standard diet mixed with Epinephelus
marginatus (Shour) and Scaridae fish (Hareed), respectively, for 36 days. Freeze-dried whole
fish was mixed with the standard diet at 12.5%.

By the end of the feeding trials, on day 37, rats were decapitated and brain samples
were collected and immediately stored at —80 °C until use. The experimental procedure
was pre-approved by the Scientific Research Ethical Committee of Bioethics in King Saud
University (KSU), Ref Number: No: KSU-SE-19-101.

2.3.2. Biochemical Analysis

One half of the brain tissue was homogenised in bi-distilled water (1:10, w/v), cen-
trifuged at 3000 x g rpm, at 4 °C for 10 min, and stored at —80 °C until use for the following
mentioned assays.

Reduced Glutathione (GSH)

The assay was carried out in the brain according to the method of Beutler et al.
(1963) [38]. The method was based on the development of a relatively stable yellow colour
when 5,5-dithiobis-2-nitrobenzoic acid (DTNB) is added to sulphahydryl compounds. The
concentrations were expressed as ug/mL.

Assay of Lipid Peroxides

The extent of lipid peroxidation was determined by measuring the levels of the
lipid peroxidation products, the thiobarbituric acid reactive substances (TBARS), mainly
malondialdehyde (MDA), according to the thiobarbituric acid (TBA) test of Ruiz—Larrea
et al. (1994) [39]. The concentrations were expressed as mol/mL.

Assay of Creatine Kinase (CK)

Using a spectrophotometric method, creatine kinase was determined using the CK
National Saudi Company (NSC) kit for its simplicity, as a product of the NSC Human,
Germany Kit obtained from the United Diagnostics Industry. The concentrations were
expressed as U/L.

Assay of Lactate Dehydrogenase (LDH)

The quantitative determination of lactate dehydrogenase (LDH) in the brain ho-
mogenates was performed using the lactate-to-pyruvate kinetic method described by Todd
(1974) [40], with the kit obtained from United Diagnostics Industry. The concentrations
were expressed as U/L.

Assay of Dopamine

Dopamine (Cat. No: MBS725908) was measured using a competitive enzyme-linked
immunosorbent assay ELISA kit (My BioSource Company, San Diego, CA, USA) following
the manufacturer’s instructions. The concentrations were expressed as ng/mL.

Assay of Serotonin

Serotonin (5-HT) was measured (Cat. No: MBS725497) using a Sandwich ELISA kit
(My BioSource Company, USA), following the manufacturer’s instructions. The concentra-
tions were expressed as ng/mL.

2.3.3. Fatty Acid Profile of Brain Tissue

The other half of the brain tissue was freeze dried for the fatty acid profile. Fatty
acid methyl esters (FAMESs) from freeze-dried brain samples of treated rats were prepared
using a fatty acid methylation kit (Sigma-Aldrich Company, Catalogue Number MAK224)
following the manufacturer’s instructions. FAMEs were separated via gas chromatography
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(GC Clarus 500, Perkin Elmer, Shelton, WA, USA), equipped with an OmegawaxTM 320
capillary column (30 m x 0.32 mm i.d x 0.25 pm film thickness, Supelco, Inc., Bellefonte, PA,
USA) as follows: oven temperature of 200 °C; carrier gas, helium, 25 cm/s at 200 °C; flame
ionisation detector (FID) at 260 °C; injection, 1 pL, split 100:1 at 250 °C. FAMEs (C14-C22)
were identified based on a comparison with retention times of standard fatty acids (Supelco,
Inc., Bellefonte, PA, USA). The PUFA-2, animal source, and fatty acid concentration were
expressed as the weight percentage of each fatty acid in total fatty acids (% wt/wt).

2.3.4. Liver Histology

The brain of every rat was fixed in 10% neutral buffered formalin. Then, they under-
went routine histopathological processing, embedding in paraffin, sectioning to “5 um
thickness”, and staining with haematoxylin and eosin. The slides were then examined
using light microscope by a certified surgical pathologist.

2.3.5. Statistical Analysis

The data were expressed as the mean + standard division (S.D). Normality was
checked by using the Shapiro-Wilk test using the SPSS software. Comparisons between
different groups were performed using a one-way analysis of variance (ANOVA) with
multiple comparisons (Dunnett test) for parametric groups and using the Kruskal-Wallis
Test with the Mann-Whitney Test as multiple comparisons test for nonparametric groups.

Figure 2 demonstrates the research design of the present study.

Lethrinus nebuloses = m%?mm Scaridae
marginatus
L ——|
Freeze diied e Fatty acid analysis

40 Weaning Wister Albino Male
Rat Pups

i = i
i ! U

Control group

Diet- Standard diet

Duration- 39 days

- P B = S,
\.‘ r-’r PPA+ S.Empero grou PPA+D.Grouper group PPA+P.Fish group

PPA group PPA (230mg/kz BW) PPA (250mg/kg BW) Diet- PPA (230mzkg BW) |

PPA (230mg/kg BW) Diet- Diet- Standard diet Standard diet Diet- Standard diet |
Standard diet Duration- 3 days Duration- 3 days Duration- 3 days |
Duration- 3 days Followed By Followed By Followed By !
Followed By | Standard diet mixed with Standard diet mixed with Standard diet mived with |
Standard diet-36 days { Lethrinus nebuloses | i Epinephelus marginatus Scaridae i
3

J '\\Pu.ration— 36 days # \_Duration -36 days

Biochemical analysis

P %
i

Reduced glutathione (GSH)
Lipid peroxides

Creatine Kinase (CK)
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o A A

Figure 2. Research design of the ameliorative effect of dietary fish omega-3s on modifying the
neurotoxic effects of propionic acid-induced autism.
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3. Results

The fatty acid profile analyses included the saturated, monounsaturated, and polyun-
saturated fatty acids in control, PPA, PPA + Lethrinus nebuloses, PPA+ Epinephelus margina-
tus, and PPA + Scaridae in brain homogenates of study models via gas chromatography.
Table 2 demonstrates a significant difference in saturated fatty acids, such as undecanoic
acid (p = 0.061), lauric acid (p = 0.037), myristic acid (p = 0.044), palmitic acid (p = 0.046),
stearic acid (p = 0.017), heneicosanoic acid (p = 0.023), and behenic acid (p = 0.068), between
various groups. Similarly, a significant difference was observed between groups in gondoic
acid (MUFA) (p = 0.013) and in some PUFAs, such as cis-5,8,11,14,17-eicosapentaenoic
(p = 0.023) and cis 13,16-docasadienoic acid (p = 0.020)

Table 2. Fatty acid, omega-3, and omega-6 precursor profiles of brain homogenates in the

study model.
PPA + PPA + PPA +
Fatty Acids Control PPA Lethrinus Epinephelus Scaridae p-Value
nebuloses marginatus
Saturated fatty acids (SFA)
Caprylic acid (C8:0) 0.007 £ 0.01 0.003 =+ 0.003 0.074 £ 0.18° 0.073 +0.15° 0.039 £ 0.096 0.284
Undecanoic acid (C11:0) 0.015 + 0.03 0.031 £0.04° 0.002 + 0.002 © 0.098 £ 0.15 0.051 £ 0.095 0.061
Lauric acid (C12:0) 0.005 £+ 0.01 0.015 +0.02° 0.027 £+ 0.05 0.133 £0.14 % 0.049 + 0.096 0.037
Tridecanoic acid (C13:0) 0.023 + 0.04 0.026 + 0.02 0.013 + 0.008 0.047 £ 0.07 0.056 £ 0.093 0.641
Myristic acid (C14:0) 1.391 £ 3.06 3.942 + 3529 257 +1.62°2 2375 +£2.67? 1.062 4+ 1.888 P 0.044
Pentadecanoic acid (C15: 0) 0.428 + 0.56 0.687 £ 0.46 0.602 + 0.32 0.556 + 0.47 0.533 £ 0.483 0.904
Palmitic acid (C16:0) 33.243 £9.97 39.184 +£4.26 44,471+ 4.23 20 40.291 £6.73 4236 +£5241° 0.046
Heptadecanoic acid (C17:0) 0.717 £ 0.31 0.749 + 0.25 1.026 £+ 0.51 0.759 + 0.24 0.644 + 0.169 0.607
Stearic acid (C18:0) 0.578 +0.28 0.557 +0.13 0.613 +0.18 0.350 + 0.15° 0.755+0.17° 0.017
Arachidic acid (C20:0) 0.369 + 0.23 0.317 £ 0.21 0.524 + 0.54 1.781 £+ 3.58 0.2+ 0.16 0.581
Heneicosanoic acid (C21:0) 0.162 £0.11 0.048 £0.022 0.104 + 0.08 0.029 £0.022 0.069 £ 0.05° 0.023
Behenic acid (C22:0) 0.256 £ 0.10 0.370 £ 0.41 0.523 +£ 0472 0.609 + 0.81 0.156 £ 0.112 0.068
Tricosanic acid (C23:0) 0.126 + 0.07 0.080 + 0.02 0.143 +£0.10 0.167 + 0.21 0.064 £ 0.05 0.161
Lignoceric acid (C24:0) 0.346 +0.22 0.297 +0.13 0.317 £ 0.16 0.361 + 0.31 0.147 £0.14 0.275
Monounsaturated fatty acids (MUFA)
Gondoic acid (C20:1) 0.271 £ 0.16 1.867 £2.272 1.687 £3.37 4.074 £3.562 0.293 4 0.334 P 0.013
Palmitoleic acid (C16: 1) 1.623 + 0.67 1.348 + 0.67 1.708 +1.19 8.893+ 11.27 % 2.997 £ 2.52 0.048
cis 10-Heptadecanoic acid (C17: 1) 10.669 + 26.77 0.573 +0.19 0.829 4+ 0.44 1.562 £+ 2.37 5.023 +11.81 0.845
Polyunsaturated fatty acids (PUFA)
Linoleic acid (C18:2) 3.806 + 2.55 10.780 + 8.07 6.035 + 2.99 11.848 + 14.65 5.481 + 3.64 0.517
Methyl8,11,14-eicosatrienoate (C20:3) 1.206 + 0.63 5.204 £ 7.09 3.709 + 4.88 2.067 +4.29 0.868 £ 0.29 0.185
cis 11,14-Eicosadienoic acid (C20:4) 1.159 £ 0.57 0.942 + 0.53 1.227 £ 0.98 1.74 £ 1.79 1.357 £ 0.64 0.851
Linolenic acid (C18:3) 1.422 4+ 0.48 4.488 +4.78 3.731 £291 5.827 +7.80 2.874 £2.17 0.300
cis-5,8,11,14,17-Eicosapentaenoic (C20:5) 19.472 £+ 8.09 14.018 +4.18 15.792 + 4.61 7.863 4 4.29 b 17.26 4+ 8.08 0.023
cis 13,16-Docasadienoic acid (C22:2) 22.704 £ 10.05 14.475 +4.53% 14275+ 7.112 8.497 +£5.34°? 18.694 + 8.82 0.020

Kruskal-Wallis Test among all groups with multiple comparisons (Mann-Whitney Test) within the entire group
for each parameter. # Describes a significant difference between the group and the control group at the significant
level (0.05). P Describes a significant difference between the group and the PPA group at a significant level (0.05).

While LDH did not show any significant variation among the five studied groups,
Figure 3A demonstrates the non-significant increase in CK in PPA-treated rats as a rodent
model of autism and the significant decrease in response to the three different nutritional
interventions, with Lethrinus nebuloses and Epinephelus marginatus fish being more effective
than Scaridae. Both kinds were reported to be significantly lower in CK compared to the PPA-
rodent model of ASD, with a comparable level to the control group. The levels of GSH and
lipid peroxides in all groups studied are shown in Figure 3B,C. While no significant changes
were observed in the PPA-rodent model of ASD, in Lethrinus nebuloses- and Epinephelus
marginatus-fed groups, compared to the control group, a significant decrease in glutathione
in Scaridae-fed rats was observed (p < 0.001). Lipid peroxides recorded a significantly
elevated level in the PPA-treated group (p < 0.05) and only a lower level in Lethrinus
nebuloses rats. Figure 3D demonstrates the considerable changes in 5-HT in response to PPA
treatment and fish extract feeding trials. Figure 3E demonstrates a remarkable decrease
in dopamine (DA) in PPA-treated rats as a rodent model of autism and the significant
rescue of DA levels in rats fed Epinephelus marginatus and Lethrinus nebuloses w3 PUFA-rich
fish extract, with only Epinephelus marginatus recording significantly higher dopamine
compared to the PPA-group and control (p < 0.05).
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Figure 3. (A-E) Comparison of the different measured variables among control, PPA treatment as a
rodent model of ASD, Spangled empero (Lethrinus nebuloses), D. Grouper (Epinephelus marginatus),
and Parrot Fish (Scaridae) fed as nutritionally treated model of ASD (** p < 0.01, * p < 0.05).

Thirty-five samples from the rats’ brains were examined. They included parts of the
cerebrum, cerebellum, and hippocampus from each rat. PPA-induced changes in rats were
predominantly observed in the cerebellum and hippocampus. Compared to the control
group, the PPA group showed decreased size and density of Purkinje cells in the cerebellum.
However, the PPA + Lethrinus nebuloses group, PPA + Epinephelus marginatus group, and
PPA + Scaridae group showed an increase in the density and size of Purkinje cells (Figure 4).

Hippocampal changes (Figure 5) include decreased neuronal density in the CA4
(Cornu Ammonis) region of the PPA group compared to that in the control group. PPA+
Lethrinus nebuloses, PPA+ Epinephelus marginatus, and PPA+ Scaridae groups showed a
slightly increased density of the neurons in the CA4 region compared to that in the
PPA group.
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Figure 4. H&E-stained cerebellum sections with arrows highlighting the Purkinje layer in the cere-
bellum. (A): The control group sections show back-to-back large cells (black arrows) with abundant
cytoplasm, round vesicular nuclei, and prominent nucleoli (H&E, X400). (B): In the PPA-group, the
Purkinje layer shows a paucity of Purkinje cells (black arrow) with scattered cellular degenerative
changes (red arrow), such as smaller and shrinking cells with dark basophilic staining (H&E, 200). (C):
The PPA + Lethrinus nebuloses group shows a reduction in Purkinje cell density but still higher density
than the PPA-group (black arrows, H&E, X200). (D): A rat from the PPA+ Epinephelus marginatus
group shows a higher density of Purkinje cells (black arrow) than the PP-group and the occasional
degeneration of scattered Purkinje cells (red arrow, H&E, X200). (E): PPA + Scaridae group also shows
a higher density of the Purkinje cells (black arrows) than the PPA-group (H&E, X200).

Figure 5. H&E-stained sections of the hippocampus proper (CA1-CA4) and the dentate gyrus.
(A): A sample from the control-group hippocampus tissue exhibits densely packed cellular pyramidal
neurons (black arrows in the CA4 region) with no degenerative changes (H&E, X400). (B): The
PPA-group shows decreased density of the pyramidal neuron layer (black arrows) with degenerative
cellular changes in the granule cell layer of the dentate gyrus (red arrows, H&E, X100). (C-E): The
PPA + Lethrines nebuloses, PPA + Epinephelus marginatus, and PPA + Scaridae groups show an increase
in the density of pyramidal neurons (black arrows) in CA4 region of the hippocampus compared to
that in the PPA-group. No degenerative changes were detected in the granule cell layer of the dentate
gyrus (red arrow, H&E X400).
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4. Discussion

Diet and nutrition are extremely crucial aspects of everyone’s lives. They contribute to
the development of a healthy body and a strong mind. It is commonly known that nutrient-
dense foods can help the body clear toxins, build a strong immune system, control hunger,
and avoid obesity [41]. Eating disorders are widespread in children with autism ASDs [42].
Their penchant for high-energy, low-nutrient foods can change their metabolism, creating
an accumulation of reactive radicals and mental and physical deterioration. Although
dieting and weight loss are already widespread in the general community, it has become
difficult to raise awareness about diet, nutrition, and obesity among children with special
needs. Despite their best efforts, parents of such children are frequently unable to control
their children’s eating habits due to irritability and behavioural issues. Doctors and parents
must now collaborate with nutritionists and dieticians to help these children eat healthy
foods in order to stay fit and improve their quality of life [43,44].

Brain function, particularly neuronal activity, requires much energy in mammals [45].
The most energy-intensive process in the central nervous system is neurotransmission.
It is, specifically, the restoration of membrane potential by Na+/K+-exchanging ATPase
following an action potential that consumes 50% of brain ATP [46]. The reversible phospho-
rylation of creatine by ATP is catalysed by creatine kinase. CK isoenzymes are specifically
positioned in the cell at crucial locations of ATP consumption to efficiently regenerate ATP
in situ via phosphocreatine, as well as at sites of ATP synthesis to build up a phosphocrea-
tine pool. As a result, the CK/Pcr system is important for cellular energy buffering and
transfer, especially in cells with high and fluctuating energy demands, such as neurons [47].
This enzyme is sensitive to oxidative stress and is assumed to be one of the key targets of
oxidative modification in neurodegenerative disorders [48].

The present study’s considerable elevation of CK in the PPA-rodent model of ASD
(Figure 3A) can find support in previous clinical studies by Al-Mosalem et al. (2009)
and Poling et al. (2006) [49,50]. However, according to Frye et al. (2013) [51,52], only
some of the ASD patients with mitochondrial dysfunction had elevated CK levels. The
significantly lower CK reported in rats fed fish (Figure 3A) could find support in the
previous study of [53] who showed that w-3 was effective in lowering CK and LDH serum
levels in healthy persons. Therefore, w-3 should be prioritised as a recovery agent for
exercise-induced muscle damage in therapies. Omega-3 fatty acid may reduce the severity
of or enhance recovery from mild traumatic brain injury (mTBI) [54]. Based on this, they
recommended fatty fish consumption, which would include the increased intake of w-3
fatty acids, protein, vitamins, and minerals as more appropriate from the nutritional point
of view than a recommendation for fish oil supplementation.

The slight increase in LDH in fish-fed groups could be attributed to a metabolic
increase in glycolytic flux to replenish depleted ATP as a neurotoxic effect of PPA [36]. This
contradicts a previous report [55], which found that w-3 PUFA suppressed LDH expression
as a brain glycolytic enzyme, but it may be supported by recent study by Akhigbe et al.
(2021) [56], which found that w-3 PUFA can help restore ischaemia/perfusion-induced
damage by modulating lactate transport and metabolism.

Oxidative stress is the major etiological mechanism that contributes to the pathogenesis
of ASD. While oxidative stress is promoted and supported by enzymatic and nonenzymatic
mediators of the omega-6 family, oxidative stress is inhibited by enzymatic lipid mediators
of omega-3 fatty acids [57]. The significant decrease in glutathione (Figure 3B) in Scari-
dae fish-fed rats could be attributed to heavy metal contamination, e.g., cadmium. The
mechanism of toxicity of cadmium is linked to cadmium’s disruption of the cellular redox
state and its structural similarities with divalent cations, such as zinc and calcium [58]. The
redox activity of cadmium depletes antioxidants and glutathione, causes oxidative stress,
enhances lipid peroxidation, and alters the lipid composition of membranes.

Generally speaking, lipid peroxidation is the process by which oxidants, such as free
radicals, destroy lipids with carbon—carbon double bonds, particularly polyunsaturated
fatty acids (PUFAs).The unexpected increase in lipid peroxides in the Epinephelus marginatus
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and Scaridae fish-fed rodent model of autism (Figure 3C) could be supported by Avramovic
et al. (2012) [59], who discovered that additional w-3 PUFA may increase lipid metabolism
species, particularly lipid peroxides or MDA, but that this was accompanied by signifi-
cantly higher anti-oxidant enzymes, such as superoxide dismutase SOD, and glutathione
peroxidase, highlighting the advantages of a diet high in w-3 PUFA in treating oxidative
stress [60]. This may mean that, although not being antioxidants themselves, PUFAs have
shown an anti-oxidative impact in circumstances when more conventional antioxidants,
such vitamin E, have failed [61,62].

Given that dopamine (DA) is a key modulator of neuronal activity in some brain areas
linked to ASD, there is a convincing reason to ask whether dysfunctional DA signalling
could impact brain activity across a range of ASD-implicated brain assemblies. The formally
suggested dopamine hypothesis of ASD [63] assumes that the functional dysregulation of
DA pathways could contribute to the behavioural alterations that lead to an ASD clinical
presentation. For example, aberrant mesolimbic DA signalling could diminish the reward
value assigned to social stimuli, finally leading to impaired social interaction and/or
communication skills. Abnormal nigrostriatal DA signalling could promote stereotyped
or repetitive behaviours. Thus, the dopamine hypothesis of ASD, as currently stated,
predicts that either hyper or hypo-dopaminergic signalling within certain areas could lead
to or worsen ASD-related behavioural features [63]. This is consistent with the idea of an
“inverted U” shape to describe the optimal level of DA receptor signalling, wherein too
much or too little DA is detrimental to cognitive functions [64,65]. This can find support by
the previous study by Healy-Stoffel and Levant (2018) [66], which reported the involvement
of a w-3 PUFA-rich diet in neurological disorders linked to dopamine systems, such as
Parkinson’s disease (PD), schizophrenia, ASD, attention deficit hyperactivity disorder
(ADHD), and depression. With the inverted U-shape DA hypothesis, the significant increase
in DA is still within the recommended level, i.e., it is not too much higher compared to
control levels. This suggested the beneficial effects of the reasonable increase in DA in
rats fed w-3 PUFA-rich fish (Figure 3E), which could find support in the study reporting
that low levels of w-3 PUFAs in the brain affect the brain dopamine systems and, when
combined with appropriate genetic and other factors, increase the risk of developing these
disorders and/or the severity of the disease. Moreover, it is accepted that increasing
omega-3 fatty acids in the brain may reduce inflammatory cytokines, which may improve
neurotransmitter function. There is also a reduction in dopamine and serotonin signalling
with omega-3 deficiency in the brain [67]. This interpretation could find support in a recent
study, which suggests that although the DA system is modified differently in different ASD
rodent models, the intranasal administration of DA effectively corrects their behavioural
phenotypes, which may present a hopeful treatment strategy for different types of ASD [68].

Figure 4 shows the neurotoxic effects of PPA in the induced rodent model, which
include the strikingly reduced size and density of Purkinje cells in the cerebellum. This
is supported by a prior study that found that, on average, the cross-sectional areas of
Purkinje cells in autistic patients were 24% smaller than those in control people. In this
study, two out of five autistic participants had mean Purkinje cell sizes that amounted
to a size reduction of more than 50% [69] and also in PTEN knock-out mice as a rodent
model of autism [70]. Interestingly there was a noticeable increase in the density and size
of Purkinje cells in the PPA-induced rodent model fed the three kinds of fish (Lethrinus
nebulosus, Epinephelus marginatus, and Scaridae) [70].

This could be related to the high omega-3 fatty acid content of the three types of fish
tested. Our findings are supported by research that found considerable improvement in
altered histopathology and oxidative stress in lead-intoxicated mice. They discovered that
omega-3 fatty acids have neuroprotective properties [71]. Additional histopathological
abnormalities were observed as the hippocampus showed decreased neuronal density
in the CA4 (Cornu Ammonis) region of the PPA group compared to that in the control
group. This is consistent with another study that found multiple synaptic alterations in
the CA1 region of the hippocampus in a propionic acid mouse model of ASD, including
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the presence of some atypically enlarged presynaptic terminals with a reduced density of
synaptic vesicles and short active zones [72]. The observed increase in the hippocampus
neuronal density in the PPA-rodent model fed Lethrinus nebulosus, Epinephelus marginatus,
and Scaridae could possibly be attributed to the fact that a higher omega-3 index is usually
associated with greater hippocampal volumes, as a structure in the brain, which plays a
significant role in learning and memory [72].

5. Conclusions

Our results provide some preliminary evidence in favour of using fish as a rich source
of omega-3 fatty acid to amend the neurotoxic effects in a PPA-induced rodent model of
ASD. Omega-3 can be used as an effective antioxidant, which can help to reduce oxidative
stress as an etiological mechanism of autism. Based on the fact that oxidative stress is
directly related to glutamate toxicity and neuroinflammation, which are another two
etiological mechanisms of this disorder, this suggests that an omega-3-rich diet can be used
as an early intervention strategy to avoid a clinical presentation or as a treatable approach
for autism.
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