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Abstract

Background: Autism spectrum disorder (ASD), is shown to be associated with oxidative stress and damage to neurons induced by
valproic acid (VPA) in a postnatal animal model. Crocin (CRO) was considered to have potential advantages in ASD due to its putative
anti-inflammatory, Nrf2 (nuclear factor erythroid 2-related factor 2) stimulation, and gut microbiota alteration capabilities.
Objective: The study aimed to investigate the histological and biochemical alterations associated with crocin treatment in an ASD
model induced by valproic acid (VPA). By examining both the structural and molecular changes in affected brain tissues, the therapeutic
potential of crocin in mitigating the adverse effects of VPA exposure was studied.

Methods: Wistar albino rat, aged thirteen days, were randomly assigned to five groups of six each. VPA was effectively used to cause
autism on PND 14 with a single 400 mg/kg s.c. dosage. Crocin was given out every day between PND 14 and 40. After the study concluded,
the animals were euthanized for oxido-inflammatory estimations and histopathological investigation.

Results: Following administration of VPA, a rise in Ca?* and myeloperoxidase level was observed. Also, the inflammatory markers viz.
IL-6, TNF-a level increased and BDNF, CREB and IL-10 level was decreased along with mitochondrial complexes. Intervention with crocin
considerably improved the histological and inflammatory alterations in rodents contrasted with those in the VPA-exposed category.
Increasing the dosage of crocin had more noticeable effects, suggesting that the autistic deficiencies induced by VPA may be reversed.
Conclusion: Crocin may be helpful in the treatment of ASD because it has neuronal cytoprotective properties, possibly as a result of
its anti-inflammatory properties. Future studies are required to completely comprehend the biological mechanism of action of crocin.
Keywords: Autism spectrum disorder (ASD), Valproic acid (VPA), Crocin (CRO), Oxido-inflammatory stress, Neuroprotective activity,
Postnatal Day (PND).
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Introduction Studies have also indicated a higher prevalence of autism
among children exposed to valproic acid (VPA), with
approximately 1 in 36 children affected by the disorder.
The association between prenatal VPA exposure and
autism highlights the potential teratogenic effects of the
drug and underscores the importance of cautious use and
thorough risk assessment when prescribing VPA to pregnant
individuals. It emphasizes the need for further research
to elucidate the underlying mechanisms and to develop
strategies for mitigating these risks in clinical practice [4,5].
Pregnant rodents exposed to VPA experience neurological
effects and aberrant behaviours resembling the symptoms
of autism [6]. Additionally, giving VPA to mice on PND14
causes autism-like symptoms, including impaired motor and

Autism spectrum disorder (ASD) is a complex
neurodevelopmental condition characterized by challengesin
social interaction, communication, and repetitive behaviours.
Its aetiology is believed to involve a multifaceted interplay
of environmental factors and genetic predispositions. The
intricate interaction between environmental and genetic
factors contributes to the heterogeneous nature of ASD,
making it challenging to pinpoint specific causative factors
[1]. Ongoing research efforts aim to further elucidate the
complex aetiology of ASD, identify biomarkers for early
detection, and develop personalized interventions tailored
to the unique needs of individuals with ASD [2]. By gaining
insights into the underlying causes of ASD, researchers hope - . ] 5 k
to improve diagnostic accuracy, enhance treatment options, cognitive functions, the advent of intrusive behaviours, and

and ultimately improve outcomes for individuals affected by ~©N90ing deficiencies in the social connection development
the disorder [3]. [71. Adults did not exhibit this impact, indicating that PND14
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is within the critical developmental window for brain damage
caused by VPA [8].

Crocus sativus L., commonly known as saffron or crocus,
belongs to the family Iridaceae and is recognized for its
medicinal properties. Among its bioactive constituents
is crocin (CRO), a compound with therapeutic potential.
Studies have shown that dietary polyphenols and plant-
based medications, including those derived from saffron,
possess neuroprotective effects and may offer treatment
options for neurodevelopmental disorders like autism [9].
These compounds have been found to inhibit inflammatory
responses and neuronal cell death while promoting
neurogenesis and neuroplasticity in the brain. Numerous
pharmacological activities of crocin have been demonstrated
through recent research, such as its anti-inflammatory [10]
and neuroprotective properties [11]. Furthermore, oral crocin
therapy improved the function of the intestinal barrier,
altered the composition of gut microbiota, and decreased
neuroinflammation. These actions effectively decreased
animal behaviour suggestive of depression [12].

There is growing recognition that early dietary
modification may have an impact on the onset of autism
spectrum disorder (ASD). One area of research is the
possible health advantages of carotenoids, namely their
neuroprotective properties. This led to the notion that the
carotenoid component crocin, which is present in saffron,
would be able to lessen behavioural regressions in rodents
that are caused by postnatal exposure to valproic acid (VPA).
Givenits established qualities in these domains, the evaluation
of crocin’s neuroprotective effectiveness focused on its anti-
inflammatory processes. Crocin was investigated for its ability
toreverse the neurodevelopmental defects linked to ASD-like
behaviours brought on by VPA administration by focusing on
oxidative stress and inflammation.

Materials and Methods

Experimental protocol

Swami Vivekanand Subharti University’s Institutional Animal
Ethical Committee accepted the experimentation techniques,
which complied with CCSEA. (Approved Protocol No. 1204/
PO/Re/S/08/CPCSEA/22-01). The study used thirty healthy
male wistar albino rats (weighing between thirty and forty
grammes) kept in vented animal rooms with a 12-hour light/
dark cycle, 24 + 2°C temperature, and 60 £5% humidity. The
required number of animals were selected as per power
analysis and previous literature survey. As previously reported
[7], the rat was given a single subcutaneous injection of
400 mg/kg of valproic acid (VPA) (Sigma-Aldrich) in saline
(vehicle) on PND14. The rats were split into various groups
viz. | (Control), Il (VPA-exposed), lll (Crocin per se), IV (VPA +
Crocin | 50mg/kg), V (VPA + Crocin Il 100mg/kg). From PND
14 to 40, CRO administration once a day was performed.
Further on specific date, anti-inflammatory and histological
investigation was carried out.
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Dissection and homogenization

Animals were euthanized and each brain was removed and
weighed separately. Subsequently, the homogenizer was
used to produce a 10% w/v homogenization of brain in
0.1 M phosphate buffer (pH 7.4). The resulting mixture was
centrifuged for 15 minutes at 4°C and 3000 rpm/10,000g.
After being separated, the supernatant was employed as
oxido-inflammatory stress indicators in further research.

Determination of calcium (Ca*?) levels

An auto analyzer (RMSBCA 201) was used to determine the
calcium (Ca*) levels throughout the entire brain. By reacting
Ca*? with O-Cresolphthalein Complexone in an alkaline
media, the absorbance was measured, which is directly
proportional to Ca*? content. The purple colour complex
is formed in this approach (OCPC) for the measurement of
calcium. The test was conducted in accordance with scientific
recommendations [13].

Determination of myeloperoxidase (MPO)

Using a modified spectroscopic technique, the MPO activity
at460 nm was evaluated. Brain tissue was homogenised using
a 50 mM potassium phosphate buffer (pH = 6) containing
0.5% of hexadecyl trimethyl ammonium bromide. The
homogenate was centrifuged at 11,000 g for 20 minutes at
4°C after freezing. The supernatant (34 ul) received the same
volume of phosphate buffer (0.0005% hydrogen peroxide,
0.167 mg/ml (986 pl) ortho-dianisidine dihydrochloride).
One unit of MPO activity was defined as 1 nM of peroxide
used per minute at 22°C. The protein values were expressed
in units/mg [14].

Determination of mitochondrial complex | (NADH
dehydrogenase) activity

Complex |, or NADH dehydrogenase activity, was evaluated
by spectrophotometric analysis (UV-1800). Cytochrome-C is
reduced throughout the process when NADH is catalytically
oxidised to NAD+. The reaction starts when the required
amount of solubilized mitochondrial substance is added to
the reaction mixture. The alteration in absorbance at 550 nm
was noted for two minutes [15].

Determination of mitochondrial complex Il (succinate
dehydrogenase—SDH) activity

SDH was subjected to spectrophotometric examination with
a UV-1800. A synthetic acceptor of electrons called potassium
ferricyanide is employed in the procedure to oxidise
succinate. The procedure was initiated by adding the brain
mitochondrial extract to the reaction mixture, and the shift
in absorbance at 420 nm was recorded for two minutes [15].

Determination of mitochondrial complex IV
(cytochrome oxidase) activity

It was determined how much cytochrome oxidase was
active in the brain’s mitochondria. The chemical reaction
was initiated by adding the solubilized brain mitochondrial
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material to the reaction mixture, and the resulting shift in
absorbance at 550 nm was observed spectrophotometrically
for a duration of two minutes [15].

Determination of inflammatory parameters

With RayBio® Rat ELISA kits, estimations of CERB, BDNF, IL-10,
TNF-q, and IL-6 levels will be computed. They were assessed
utilising the brain>s enzyme-linked immunosorbent assay
sandwich method. The extracts were processed in triplets for
optical density metrics, according to the precise instructions
provided in the product information booklet. The final
estimate of the concentration took the mean optical density
into account. Supernatant at 450 nm was used to quantify
IL-6, IL-10, TNF-a, BDNF, and CREB on 96-well percolated to
specific antibody plates. The findings were given in ng/ml
and pg/ml [16].

Histopathological studies

To conduct histopathological analyses, five-micron-thick
sagittal brain slices will be prepared and will be stained
using hematoxylin and eosin (H&E). Following staining,
the slices will be photographed under a light microscope,
allowing for detailed examination of the tissue morphology.
Specifically, the Purkinje cell layer, a key region implicated in
various neurological conditions, will be scrutinized for any
observable alterations or abnormalities. This method enables
researchers to visually assess the impact of experimental
interventions.

Statistical Analyses

Toillustrate the data, the Mean + standard deviation (SD) will
be the statistic used employing Graph-pad prism 5. The tukey
post-test will be implemented after the statistical significance
has been ascertained using analysis of variance (ANOVA).

Results

Assessment of calcium (Ca*?) level

When comparing the VPA exposed group to the naive control
group, a substantial increasein Ca*?levels was seen as a result

Table 1: Effect of crocin on Calcium levels in VPA and CRO treated

groups
Groups (PND 41) Calcium (ug/g of tissue)
Naive control 5472 +11.87

VPA group 90.27 + 14.83%##
Crocin (per se) 54.32+9.35

65.37 +12.05"
60.02 + 11.00™

VPA + Crocin |
VPA + Crocin I

Values are expressed as Mean + SD (One-way ANOVA +
Tukey’s Multiple Comparison Test) #*#P < 0.001 comparison of
naive control vs.VPA group; *P < 0.05, **P < 0.01 comparison
of VPA group vs. CRO I and CRO Il groups on PND 41 (n = 6).
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of oxidative and nitrosative stress (***P < 0.001) (Table 1).
Comparing the naive control group to the administration of
CRO alone revealed no discernible difference in outcome.
In comparison to the VPA exposed group, the CRO treated
group showed a significant dose-dependent outcome (*P <
0.05, **P < 0.01) by lowering the levels of Ca*?, suggesting
reduced oxidative damage.

Assessment of brain mitochondrial complex |, Il and IV
Activities

Table 2 shows that the VPA exposed group had lower
mitochondrial complex activity (Complexes |, Il, and IV) than
the naive controls (**P < 0.001). Treatment of CRO per se
produced non-significant results when compared to the naive
control group. In a dose-dependent way, the administration
of CRO considerably reduced the amount of dysfunction of
mitochondria (*P < 0.05, **P < 0.01, ***P < 0.001).

Assessment of Myeloperoxidase (MPO)

Comparing the VPA exposed group to the naive control
group, Table 3a shows a substantial increase in MPO levels
(***P < 0.001). Comparing the naive control group to the
administration of CRO alone revealed no discernible disparity
in outcome. In comparison to the VPA-treated group, the
CRO-treated group showed a significant dose-dependent
outcome (*P < 0.05, **P < 0.01) by lowering the levels of MPO,
suggesting reduced oxidative damage.

Estimation of various inflammation parameters

BDNF, CREB, and IL-10 concentrations in the brains of the
VPA-exposed group were significantly lower than those of
the naive controls (***P < 0.001). In comparison to the naive
control, the administration of CRO per se had a non-significant
outcome. The positive impact of CRO on the neuronal activity
markers BDNF, CREB (*P < 0.05, **P < 0.01), and IL-10 (**P <
0.01, ***P < 0.001) were dose-dependent and significantly
favourable (Table 3b).

Table 2: Effect of crocin on mitochondrial enzyme activities in VPA

and CRO treated groups
Groups (PND ~ Mitochondrial enzyme complexes (% of control)
41) Complex| Complex Il Complex IV
Naive control  100.00 + 0.00 100.00 + 0.00 100.00 + 0.00

VPA group 48.67 + 15.43"* 41.97 +13.77** 50.40 + 16.87*"
Crocin (perse) 98.87 +16.11 98.96 + 20.61 98.58 £ 19.62
VPA +Crocinl 76.06+926°  71.50+887  83.06+11.38
VPA + Crocin Il 83.02+18.69™ 8297 +16.02" 89.40+15.69"

Values are expressed as Mean + SD (One-way ANOVA +
Tukey’s Multiple Comparison Test) *#P < 0.001 comparison
of naive control vs. VPA group; *P < 0.05, **P < 0.01, ***P <
0.001 comparison of VPA group vs. CRO | and CRO Il groups
on PND 41 (n=6).
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Table 3a: Effect of crocin on MPO, IL-6 and TNF-a levels in VPA and

CRO treated groups
Groups (PND  MPO (nM/min/ TNF-a (pg/ml)
41) mL) IL-6 (pg/ml)
Naive control 2.79 +1.61 91.04 +12.34 42.60 £ 16.49
VPA group 11.79 £ 2.77*% 209.86 + 24.41%# 140,94 + 22 50"
Crocin (perse) 2.78+1.70 90.31 +12.01 43.96 £ 17.66

92.60 +23.16"
55.42 +17.49™

167.34+ 18.67"
120.23 + 19.23""

VPA + Crocin| 6.61+2.22"
VPA + Crocin Il 5.48 +2.32"

Values are expressed as Mean + SD (One-way ANOVA +
Tukey’s Multiple Comparison Test) ##P < 0.001 comparison
of naive control vs. VPA group; *P < 0.05, **P < 0.01, ***P <
0.001 comparison of VPA group vs. CRO | and CRO Il groups
on PND 41 (n =6).

Table 3b: Effect of crocin on BDNF, CREB and IL-10 levels in VPA and

CRO treated groups
Groups (PND Anti-inflammatory Parameters (Mean + SD)
41) BDNF (pg/mL)  CREB(ng/mL) IL-10(pg/ml)
Naive control ~ 42.77 +14.02 1.62 +0.30 86.45 +15.37
VPA group 1044 +10.68" 061+ 023 3475+ 12.88"
Crocin (perse) 42.51+13.70 1.54+0.28 86.12£14.14
VPA+Crocin|  3344+803°  1.18+025  71.52%17.91"
VPA+Crocinll  39.97+809"  133+035" 7833+1396"

Values are expressed as Mean + SD (One-way ANOVA +
Tukey’s Multiple Comparison Test) ##P < 0.001 comparison
of naive control vs. VPA group; *P < 0.05, **P < 0.01, ***P <
0.001 comparison of VPA group vs. CRO | and CRO Il groups
on PND 41 (n=6).

GROUP 4 (VPA + Crocin I)

Figure 1: Effect of crocin on histopathology of brain in VPA-exposed
and CRO treated groups.
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When juxtaposed to the naive group of controls, the
inflammatory markers in the brains of rats exposed to VPA
showed a substantial rise (***P < 0.001) in the levels of IL-6
and TNF-a (Table 3a). The use of CRO in isolation did not
significantly differ from the naive control group. Regarding
the aforementioned findings, it was found that, in comparison
to the VPA group, the concentrations of IL-6 and TNF-a were
dramatically lowering in a dose-dependent way (**P < 0.01,
***P < 0.001), suggesting that the use of CRO had decreased
inflammation.

Histopathological evaluation

Examining the cerebellar areas of rats exposed to VPA
revealed pronounced degeneration in key regions, including
the middle Purkinje cell layer (PL), inner granular cell layer
(GL), and molecular layer (ML). This degeneration suggests
a significant impediment to the normal development of
neurons within these regions. Interestingly, in rat neonates
exposed to VPA and subsequently treated with crocin
(CRO), the integrity of the PL appeared to be preserved,
as depicted in Figure 1. Further analysis showed that CRO
treatment led to a reduction in both the number and size
of vacuoles compared to the VPA-exposed group. This
finding suggests that CRO possesses the ability to protect
against oxidative damage induced by VPA through robust
antioxidant mechanisms. Moreover, the protective effects
of CRO on Purkinje cell loss seemed to be dependent on
its dosage, indicating a dose-dependent attribute of this
phytoconstituent. In summary, the study highlights the
potential neuroprotective effects of CRO in mitigating VPA-
induced neuronal damage in the cerebellum, offering insights
into its therapeutic potential for conditions associated with
neurodevelopmental abnormalities such as ASD.

Discussion

The study verified a robust defence against VPA-exposed
symptoms in the CRO-treated animals. An increase in the
level of intracellular calcium causes aberrant neural circuit
functioning in autism [17]. A rise in calcium levels may be
caused by an overexpression of the NMDA receptor and
surface transient receptor potential [18]. Rats treated with
CRO showed a relative decrease in intracellular calcium
levels as compared to rats given VPA. As a result, CRO inhibits
neurological inflammation, which has been verified by earlier
research [19,20].

Neuroinflammation is often characterised by a surge
in the death of neuronal cells, glial cell activation [21],
excessive inflammatory cytokine production, and an
elevation in myeloperoxidase (MPO) values [22,23]. The
findings of our investigation corroborated this, since MPO
levels were exclusively increased in the VPA group. In CRO
groups, there was a discernible decrease in MPO, which is
consistent with other studies that showed their involvement
in downregulating MPO and suppressing inflammation and
oxidative stress [24].
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The neuronal mitochondria are shielded by the effective
antioxidant activity of crocin against VPA-induced autism.
Our findings showed that CRO’s antioxidant activity reduced
the lipid peroxidation of mitochondrial membranes in the
brain. It has been demonstrated in earlier investigations
that crocin has a protective effect against lipid peroxidation
and preserves the lipid membrane of cells. Additionally, the
addition of CRO dramatically reduced the swelling of the
mitochondria, indicating that oxidative stress plays a direct
role in MMP disintegration [25,26].

It has been established that BDNF has a role in synaptic
plasticity, neuronal rebuilding, and brain development
[27]. Numerous studies have confirmed the role of BDNF in
learning, memory, emotion recognition, perception, and
regulation. Additionally, it has been researched how BDNF
alteration might contribute to a variety of diseases [28]. One
of the target genes of CREB is BDNF, which is responsible
for regulating its gene expression [29]. CREB deactivation
or reduction might lower BDNF gene expression. We
demonstrated in the current study that crocin may greatly
boost BDNF and CREB gene expression in the brain of VPA-
treated rats, and this finding has been supported by earlier
research [30,31]. Furthermore, according to earlier research,
oral treatment of crocin enhanced the composition of the
gut microbiota to restore SCFA ratios and the functioning
of the intestinal barrier, thus, reducing neuroinflammation
and elevating BDNF protein [12]. The blood-brain barrier
is penetrated by proinflammatory cytokines, which then
triggers microglia. Synaptic pruning is negatively impacted by
dysfunctional microglia, which affects how neurons transmit
signals and aids in the emergence of ASD [32]. Also, crocin
appears to block TNF-a and IL-6 to suppress up-regulation of
inflammatory mediators [33]. Crocin’s protective properties
may be linked to a decreased inflammatory response.
Our findings, particularly show that crocin may hinder the
progression of autism, would thus be highly significant due
to its anti-inflammatory activities.

The histological analyses demonstrate that CRO has
neuroprotective benefits by shielding Purkinje cells from
valproate-induced impairment. In several motor activities,
the animals who received VPA exhibited considerably worse
performance. These findings imply that VPA exposure causes
substantial cerebellar impairment and that employing
CRO in animals to explore the changes in the cerebellum
associated with ASD is a useful approach. The anxious
conduct and performance deficits in VPA rats may be
influenced by purkinje cell degeneration i.e., smaller Purkinje
cells, shorter and less complex dendritic arbors. Purkinje
cell degeneration might result from this, which would
disrupt the corticocerebellar circuit. The result concludes
with the acceptance of the hypothesis i.e., the probable
neuroprotective role of crocin in VPA induced ASD in wistar
albino rats.

Authors’ previous research emphasized on the assessment
of Berberine’s potential in addressing autism spectrum
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disorder, and suggests a focus on exploring its therapeutic
application [34]. In case of berberines’ study, no prior
pre-natal or any other studies on animal model have been
performed. Thus, no affirmation and more studies are
required to confirm the results of post-natal model of ASD.
Previous studies on crocin shows its usage on pre-natal ASD
rat model [35] with productive results. The behavioural effect
of crocin on valproate induced ASD was also studied by the
authors [36] and the current manuscript affirms the study with
an additional study on antioxidant and anti-inflammatory
effects of crocin. Also, with usage of different post-natal
model of ASD, the study gives an advantage and doesn’t
compare the results between berberine and crocin, rather
it affirms the usage of bioactive phytoconstituent for the
treatment of autism spectrum disorder. Both Berberine and
Crocin studies share similarities in their experimental design,
particularly in the utilization of control and VPA-exposed
groups, indicating similarities in methodology between the
two investigations with different results.

Conclusion

Because crocin has high antioxidant and anti-inflammatory
properties, all the studies discussed above suggest that it
has considerable ability for safeguarding towards oxidative
stress, behavioural impairments, and cerebellar degeneration
induced by VPA. By diminishing the consequences of
anxiety and the motor coordination deficits caused by VPA,
it shielded the neurons. Since this treatment reestablished
the oxidative balance, decreased mediators of inflammation,
strengthened Purkinje cells in the cerebellum, and boosted
cerebellar-related activities, it may have favourable benefits
and be more helpful in treating autism. The results of the
present research provide information that is positive enough
to justify more investigation into the bioactive component’s
mode of action along with the genesis of ASD and potential
therapeutic approaches employing crocin.
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