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Autism spectrum disorder (ASD) is a group of neurodevelopmental disorders
characterized by social communication deficits, restricted and fixated interests
and abnormal motor behaviors. Increasing evidence implicates oxidative stress,
mitochondrial dysfunction, and neuroinflammation as key biological features of
ASD. Aberrant redox homeostasis, reduced glutathione reserves, increased lipid
peroxidation, and dysregulated NRF2 signaling have been documented in both
peripheral tissues and brain samples. Post-mortem and imaging studies further
reveal deficits in electron transport chain complexes and pyruvate dehydrogenase
activity, suggesting a mechanistic link between mitochondrial bioenergetics and
ASD-related phenotypes. These pathomechanisms have motivated interest in
antioxidant metabolites from botanical drugs and nutrients as complementary
strategies. To critically appraise mechanisms and levels of evidence (in vitro,
in vivo, clinical) for vitamin E and C, glutathione and its precursors, polyphenols
(quercetin, resveratrol, curcumin), Crocus sativus carotenoids (crocin/safranal),
and “indirect” modulators (e.g., omega-3, folinic acid), emphasizing study quality,
translational relevance, and limitations. The aim of this review is to synthesize
current findings on the potential benefits of antioxidants in addressing both
molecular and behavioral aspects of ASD, while also examining the link
between oxidative stress and ASD. Furthermore, we discuss the role of
antioxidant-based interventions in managing ASD symptoms. The review
highlights the complex challenges associated with antioxidant therapies and
deficiencies, emphasizing the need for a multifaceted nutritional approach
particularly in children with ASD.
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1 Introduction

(ASD) is a
neurodevelopmental disorder characterized by deficits in social

Autism  spectrum  disorder lifelong

communication and interaction, as well as restricted and
repetitive patterns of behavior, interests, and activities, often
accompanied by atypical sensory-motor responses (Lord et al.,
2018). affected,
encompassing delayed acquisition and severe impairments in
expressive abilities. In many cases, ASD with
disability, further complicating cognitive and
adaptative functioning (Faja and Dawson, 2017). ASD typically

emerges within the first 3 years of life, during which affected

Language development is  frequently
co-occurs

intellectual

toddlers often show difficulties expressing emotions, establishing
social connection, and developing age-appropriate relationships.
Furthermore, the heterogeneity and complexity of ASD reflect
both in the variability of behavioral profiles among affected
individuals and in the behavioral changes that may occur within
the same individual over time. Repetitive movements observed in
early childhood may shift toward different types of stereotyped
patterns during adolescence, although the repetitive and restricted
nature of the action typically persists. An increasing body of
evidence suggests that these features may be modulated by sex-
related differences. While earlier research suggested few significant
distinctions, more recent findings indicate that females may exhibit
more severe mood disorders and anxiety, and are often diagnosed
later due to subtler symptom profiles and higher camouflaging
abilities (Dellapiazza et al., 2022; Napolitano et al., 2022) (Figure 1).

ASD results from a complex interplay between genetic and
environmental factors. Genetically, ASD can be linked to
identifiable genetic syndromes, such as Fragile X, Tuberous
Sclerosis, Neurofibromatosis I, ADNP syndrome, and copy
number variations (Lubbers et al.,, 2024; Salcedo-Arellano et al.,
2021). In addition, it can also be associated with other medical
epilepsy, defects,
gastrointestinal (GI), immunological, endocrine/metabolic and

conditions  including congenital cardiac
sleep disorders, as well as psychiatric comorbidities like ADHD
and anxiety. The role of environmental factors in ASD became
evident with the observation that advanced paternal and maternal
age is associated with an increased likelihood of having a child with
ASD (Croen et al., 2007). Moreover, prospective studies have
reported increased cases of autoimmune diseases in families of
children with ASD, especially in mothers (Ashwood and Van De
Water, 2004). During the prenatal period, most of the brain
anomalies that are linked to ASD take place, therefore,
environmental exposure to teratogen compounds, such as
valproic acid (VPA) and thalidomide, may adversely affect fetal
neurodevelopment (Arndt et al., 2005). During the perinatal period,
a study conducted by Badawi and colleagues reported that 5% of
newborn survivors with encephalopathy were later diagnosed with
ASD (Badawi et al., 2006). Neuropathological and imaging studies
report macrostructural and microstructural brain differences,
2007),

neocortical anomalies, macrocephaly in early life, and altered

including reduced Purkinje cells (Johnson et al,
trophic signaling, all consistent with atypical neurodevelopmental
trajectories (Courchesne et al., 2001; McCaffery and Deutsch, 2005).
One of the possible mechanisms thought to be related to brain

overgrowth is the increased blood concentrations of brain-derived
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neurotrophic factor (BDNF) in newborns who were later diagnosed
with ASD (Hazlett et al., 2011; Nelson et al., 2001).

Converging evidence highlights mitochondrial dysfunction and
oxidative stress, resulting from excessive production of reactive
oxygen species (ROS) and/or insufficient antioxidant defenses, in
both peripheral tissues and brain samples of individuals with ASD
(Chetchowska et al., 2025; Davinelli et al., 2025; Lin et al., 2022)
This thought  to
neuroinflammation, mitochondrial dysfunction, and synaptic

oxidative  dysregulation is exacerbate
abnormalities, which may underlie some of the core behavioral
and cognitive impairments seen in ASD (Gevezova et al.,, 2023).
In this biological context, natural compounds with antioxidant
and anti-inflammatory properties have attracted growing interest as
complementary strategies to modulate redox homeostasis, immune
signaling, and mitochondrial function in ASD. Therefore, this
review aims to provide an overview of the potential advantages
of antioxidant compounds in influencing both the molecular
mechanisms and behavioral characteristics associated with ASD.
We summarize mechanistic insights across cellular and molecular
domains, critically appraise preclinical and clinical findings, and
discuss translational challenges that include bioavailability and brain
penetration, study heterogeneity, biomarker guided stratification,
and pediatric safety. Finally, we outline future directions within an
ethnopharmacological ~ perspective,  integrating  traditional
knowledge with pharmacological innovation to inform multi
target, standardized, and potentially personalized interventions

for defined ASD endophenotypes.

2 Mitochondrial dysfunction in ASD

From a clinical point of view, mitochondrial dysfunction in ASD
may be the cause of seizures, motor delay, fatigue and
2024) These
impairments may arise from genetic irregularities, including

neurodevelopmental regression (Frye et al,
chromosomal abnormalities and mutations in both mitochondrial
DNA (mtDNA) and nuclear genes that are involved in
mitochondrial ~ function  (Valiente-Palleja et al, 2018)
Mitochondrial dysfunction in ASD can be found in fibroblasts,
gastrointestinal, muscle and brain cells and it is probably caused by
toxicants and microbiome metabolites that can alter and modulate
its normal function (Rose et al, 2018). This impairment
compromises mitochondrial ATP production, resulting in cellular
energy deficits (Siddiqui et al., 2016).

Mitochondrial dysfunction itself can be categorized into two
types: the first type represents a mutation of a gene which is
associated with the ATP-generating pathway, while the second
one is related to various abnormalities such as genetic, biochemic
or metabolic, that may weaken the ability of the mitochondria to
produce ATP (Haas et al., 2007). However, recent studies suggest a
shift from this traditional classification toward the identification of
distinct mitochondrial phenotypes in ASD. These include subgroups
with hyperactive mitochondrial respiration, partial disfunction, or
classical mitochondrial disease patterns, each potentially associated
with different clinical features such as neurodevelopmental
regression or immune malfunction (Frye et al., 2024).

A central mechanism often implicated is the dysfunction of
Electron Transport Chain (ETC), which plays a crucial role in ATP
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ASD pathophysiology and antioxidant points of action. Schematic of oxidative stress, mitochondrial dysfunction (ETC deficits/ROS), BBB/glial
responses, and points of action for vitamin C/E, glutathione/precursors, resveratrol, curcumin, crocin/safranal; link to NRF2 and redox homeostasis.

production. Impairments in the ETC can lead to electron leakage
and the excessive generation of reactive oxygen species (ROS).
When ROS levels exceed those of antioxidant defenses, there is
an aberrant increase in free radical generation resulting in
mitochondrial damage and leading to oxidative stress and
subsequently this increased stress can reduce ETC activity (Gu
et al., 2013) (Figure 2).

This oxidative stress environment can activate immune
through
mitochondrial dysfunction and impaired mitophagy, as observed

signalling pathways promoting neuroinflammation
in recent studies on ASD brains (Pinto Payares et al., 2024). Notably,
post-mortem studies revealed reduced activity of respiratory chain
complexes in a group of ASD children, suggesting that
abnormalities, especially in the frontal, temporal and cerebellar
areas (Chauhan et al, 2011; Tang et al, 2013), may cause
mitochondrial impairment and contribute to the appearance of
the first symptoms (Siddiqui et al., 2016). In these areas, studies
reported reduced activity of non-ETC mitochondrial enzymes, such
as aconitase and pyruvate dehydrogenase. Supporting these findings,
a recent PET (positron emission tomography) imaging study by
(Kato etal., 2023) demonstrated a significant reduction in Complex I
availability in the anterior cingulate cortex of ASD individuals,
reinforcing the hypothesis that compromised mitochondrial
respiration plays a key role in ASD pathophysiology.
Furthermore, ETC deficiencies are noted in the subunits that are
encoded by the mitochondrial DNA, specifically in the ETC
Complex IIT (Poling et al., 2006).

Other post-mortem studies revealed mitochondrial dysfunction and
altered calcium (Ca") signaling. One line of the research is that
mutations arrest or block voltage-dependent channel inactivation
resulting in Ca®* influx. Other mechanisms like mutations that
enhance cytosolic Ca®* levels or intensify intracellular Ca®" signaling
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have also been associated with ASD (Krey and Dolmetsch, 2007).
Mitochondria play a crucial role in managing the cellular Ca?*,
andincreased Ca*" levels could activate an immune response similar
to that detected in ASD brains (Larbi et al., 2007).

Mitochondrial dysfunction in ASD is further supported by the
presence of non-specific biomarkers including reduction in
carnitine and increases in lactate, pyruvate, creatine kinase,
aspartate  aminotransferase and alanine aminotransferase
compared to control groups (Frye, 2020; Rossignol and Frye,
2012). Furthermore, one of the most important brain metabolic
markers is N-acetyl-aspartate (NAA) which contributes to the
production of energy by the mitochondria. Studies conducted on
a group of children affected by ASD revealed a reduction of the NAA
concentrations (Friedman et al., 2003) (Figure 3).

Another notable finding revealed by PET and NMR (nuclear
magnetic resonance) spectroscopy analysis, is that in the brains of
patients affected by ASD were found decreased glucose utilization
and reduced ATP levels, further confirming mitochondrial
dysfunction (Palmieri and Persico, 2010).

Other studies reported lactic acidosis and increased alanine
levels, it is highly recognized that high concentrations of lactate
can inhibit mitochondrial respiration and disbalance the redox
equilibrium (Oliveira et al., 2005). This hypothesis is supported
by post-mortem evidence of reduced pyruvate dehydrogenase
activity in the brains of individuals with ASD (Gu et al, 2013),
which may impair the conversion of pyruvate to acetyl-CoA, leading
to mitochondrial dysfunction and accumulation of lactate and
alanine. Therefore, the reduction of its activity can cause
insufficient ATP production.

Alongside impairments in carbohydrate metabolism, evidence
of reduced carnitine levels suggest a dysfunction in mitochondrial -
oxidation, leading to accumulation of long-chain fatty acids and
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FIGURE 2
Mitochondrial dysfunction as a possible cause of oxidative stress in ASD.
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Metabolic biomarkers altered in ASD.

elevated markers of lipid elongation and desaturation (Filipek et al.,
2004; Pastural et al., 2009). This metabolic imbalance contributes to
increased lipid peroxidation, as indicated by high malondialdehyde
(MDA) levels (Chauhan et al, 2004), and is exacerbated by a
concomitant reduction in antioxidant defenses.

These mitochondrial impairments not only compromise energy
production but also act as pro-inflammatory stimuli, promoting
chronic neuroinflammation through dysregulated mitochondrial
signaling and innate immune response.

3 Oxidative stress and ASD

As mentioned before, oxidative stress can be the cause of cellular
damage through ROS or reactive nitrogen species (RNS). If ROS
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levels are moderately low, cells are able to respond adequately to
oxidative stress, this condition is called eustress. On the other hand,
in case of excessive distress, cells are exposed to high levels of ROS
which can cause neuroinflammation, damage to the blood-brain
barrier (BBB) and impairment to astrocyte crosstalk leading to ASD
(El-Ansary et al.,, 2018; Russo et al., 2018).

The pathogenesis of ASD might be connected to the gathering of
oxidized products and the disorder of the redox homeostasis
(Frustaci et al., 2012; Raymond et al., 2014). Under physiological
conditions, the BBB serves as a critical interface composed of
endothelial cells connected by tight junction proteins, pericytes,
and surrounding glial elements regulating the transport of molecules
to the central nervous system. However, the brain is highly
susceptible to oxidative damage due to its high oxygen
consumption and limited antioxidant defenses (Sies et al., 2017).
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Indeed, excessive ROS disrupt the BBB integrity, impairing its
selective permeability (Hu et al., 2020). This disruption not only
compromises transport processes but may also allow the infiltration
of pro-inflammatory cytokines and autoantibodies (i.e., maternal
IgG) into the fetal brain during development (Braunschweig and
Van De Water, 2012; Croen et al., 2008). Even though the human
brain weighs less than 2% of the body mass, it is the organ that
consumes the most oxygen and therefore, it is more susceptible to
oxidative stress (Sies et al., 2017). Since glutathione levels are lower
from conception to infancy, children are even more at risk of
oxidative stress. This cascade of oxidative damage and barrier
dysfunction is increasingly recognized as a core mechanism
linking  neuroinflammation to  the neurodevelopmental
abnormalities observed in ASD (El-Ansary et al, 2018; Russo
et al., 2018).

In the brain of children with ASD, low levels of mitochondrial
glutathione, mitochondrial dysfunction, oxidative stress and
oxidative damage to macromolecules such as lipids, proteins and
DNA have been reported (James et al., 2009). ROS interaction with
these macromolecules can cause lipid peroxidation, gene mutation,
enzyme inactivation and protein denaturation (Nathan and
Cunningham-Bussel, 2013; Sena and Chandel, 2012). Oxidative
stress also causes inflammatory response and consequently, ASD
patients are reported to have immunological abnormalities and an
activated inflammatory response (Prata et al., 2019; Vargas et al,,
2005). Moreover, oxidative stress can also be the cause of
injury
dysfunction, all leading to ASD (Manivasagam et al., 2020;
Pisoschi and Pop, 2015). Interestingly, the SOD activity in the
red blood cells was elevated in ASD children if compared to the
control group and that is probably because this mechanism acts

neurodevelopmental  disorder, cerebral and neuro

against the cell damage caused by the oxidative stress in the brain
(Pangrazzi et al., 2020a). Furthermore, studies have reported an
aberrant activation of NRF2, a key antioxidant transcription factor
involved in the regulation of critical antioxidants including
glutathione, SOD, and CAT, leading to reduced antioxidant
capacity (Davinelli et al, 2025) In ASD children, the oxidative
stress is not only higher, but it manifests in a complicated new
pattern concerning different types of ROS and antioxidants
(Hirayama et al., 2020).

4 Immune dysregulation and
neuroinflammation in ASD

ASD itself is related to altered neuroinflammatory mechanisms
and unusual immune responses. The brain is constituted by a
preponderance of microglia and astrocytes, these glial cells are
essential in the Central Nervous System (CNS), with microglia
functioning as innate immune cells involved in surveillance and
defense, while astrocytes modulate neuronal communication,
maintain  the extracellular environment, and regulate
inflammatory signaling (Garland et al., 2022) Both brain cells are
able to produce pro- and anti-inflammatory cytokines (Schwarz and
Bilbo, 2012). The activation of astrocytes and microglia plus the
regulation of cytokine activity is strictly related to ASD (Patterson,
2009). Indeed, microglial activation leads to increased production of

cytokines and activation of nitric oxide synthases (iNOS). The
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enhancement of iNOS increases the nitric oxide which has
harmful and dangerous effects on neurons (Fernandes et al.,
2014; Takano, 2015). According to studies on rodents, high levels
of cytokines might be the cause of the characteristic symptoms of
behaviour present in both development and adulthood in ASD
(Depino, 2013). The use of PET indicated that there was an
activation of the microglia in both ASD and schizophrenia but
although some of the inflammatory markers are common, such as
IL-6, IL-8 and TNF-q, the scientists found a difference in IL-1f
which was mostly found in schizophrenia patients (Bloomfield et al.,
2016; Li et al., 2009). In ASD serotonin and IL-6 have been proposed
as potential combined biomarkers since both present increased
levels compared to control groups (Yang et al., 2015).

Multiple studies have shown elevated levels of cytokine in
peripheral blood of children with ASD. Ashwood et al
(Ashwood et al, 2011), observed significantly higher level of
cytokines, specifically IL-1f, IL-6, IL-8, IL-12p40,in the plasma of
97 children aged 2-5, if compared to the levels of age-matched
children of the control group or children with other developmental
conditions. Enstrom et al., 2010 found elevated secretion of pro-
inflammatory cytokines, IL-6, IL-1B, TNFafrom cultured peripheral
blood monocytes of ASD children cultured and stimulated in vitro
(Enstrom et al., 2010). Furthermore, cytokine profile have been
correlated with ASD severity: in children with moderate to mild
ASD, IL-12p40 were found to be increased while higher levels of
tumor necrosis factor alpha (TNF-a) were found in children with
moderate severity (Inga Jacome et al., 2016). Severe ASD has been
linked to elevated levels of IL-1f and IL-4 in the neonatal blood
(Theoharides et al., 2016), and increased serum levels of IL-1p and
IL-6 compared to control groups (Emanuele et al., 2010). Notably,
higher interleukin concentrations were associated with more severe
behavioral symptoms (Ashwood et al., 2011).

Recent data support findings that immune cells activity in ASD
subjects is compromised, with amplified inflammatory signaling and
reactivity of immune cells such as B-cells, neutrophils and
monocytes (Majerczyk et al., 2022). T-cells are altered in ASD
patients and the equilibrium between the different phenotypes is
important in the progression of the disorder (Ellul et al., 2021). A
great amount of Thl7cell phenotype has been linked to ASD
(Moaaz et al, 2019). After
immunostimulants, there is an enhancement of cytokines in the

pathogenesis exposure to
fetal brain and maternal serum, amniotic fluid and placenta
(Urakubo et al, 2001). One hypothesis suggests that the
dysregulation of maternal immune system itself during
pregnancy could be a possible cause of ASD. In cases of maternal
autoimmunity, IgG antibodies of the mother enter the fetal chamber
crossing the placenta. The IgG can interfere with the fetal
development and inhibit the complete formation of the BBB of
the fetus (Braunschweig and Van De Water, 2012; Croen
et al., 2008).

Evidence suggests that brain inflammation from pregnancy till a
year after birth might contribute to ASD (Theoharides et al., 2013).
In case of autoimmune components, auto-antibodies directed at
fetal brain proteins might cause BBB damage (Braunschweig and
Van De Water, 2012; Zimmerman et al, 2007). Maternal
autoimmune diseases have been suggested as a trigger for
developmental central nervous system deficiencies as well as ASD

(Brimberg et al., 2013; Han et al., 2021). Another hypothesis relates
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increased gastrointestinal permeability, probably mediated by the
immune system, with ASD onset (Navarro et al., 2015). This
weakness of intestinal barrier might make ASD patients more
vulnerable to environmental pathogens. Gluten and casein-
derived molecules, if present in subjects with altered immune
system, like in ASD, can cross the highly permeable intestinal
barrier, and activate pro-inflammatory processes, releasing pro-
inflammatory mediators that travel to the brain centers through
the blood, contributing to neuro-inflammatory activities (De
Magistris et al., 2013; Fiorentino et al., 2016).

5 Antioxidants targeting oxidative
stress and neuroinflammation in ASD

Besides excessive levels of oxidative stress and pro-inflammatory
molecules, ASD patients are also distinguished for their nutritional
deficits. Several studies have pointed out that ASD subjects of all ages
present nutritional abnormalities and redox imbalances caused by
the dysfunctional mitochondria (Bjorklund et al., 2019). Therefore,
adding antioxidants and anti-inflammatory molecules to the diet
can significantly counterbalance their symptoms.

Several studies have proposed that ASD may involve different
biological profiles, including alterations in redox balance,
mitochondrial dysfunction and immune-inflammatory signaling.
These profiles are supported by biochemical and metabolic
findings, but they are not recognized as formal clinical subtypes,
nor are they used to stratify participants in clinical trials.
Consequently, the available evidence does not support direct
matching between specific antioxidants and ASD subtypes. No
clinical studies have evaluated antioxidant efficacy in biomarker-
defined ASD groups, and standardized criteria for identifying such
profiles remain lacking. However, since many antioxidants act on
pathways that overlap with these observed biological alterations, we
provide a brief summary of how the compound discussed in this
review relates to the mechanisms most frequently implicated in
ASD. This overview is intended to contextualize existing
without

findings, suggesting

applications (Table 1). Across compounds, the variability in

subtype-specific  therapeutic
dosing regimens, developmental timing, behavioral assays, and

redox endpoints impose interpretive caution and require

harmonization  for  future translational —work.  Finally,
standardization of polyphenol preparations (e.g., percentage of
trans-resveratrol, curcumin >95%) was inconsistently reported

across studies, limiting cross-study comparability.
5.1 Vitamin E and ASD

Vitamin E is an antioxidant that, being part of the cellular
membranes, interferes with or suppresses the lipid peroxidation
while reducing reactive peroxyl radicals (Pangrazzi et al., 2020b).
Moreover, vitamin E slows down the ROS production (Bej et al.,
2024a). The study conducted by Langari employed a prenatal VPA
model of ASD, in which pregnant rats received VPA on
gestational days 8-10. Only male offspring were evaluated
during adolescence. To test a potential protective effect,
vitamin E (500 mg/kg) was administered prenatally 1 h before
each VPA doses. Behavioral outcomes were assessed through the
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open field, three-chamber social interaction test and elevated plus
maze, revealing improvements in repetitive behaviors, sociability,
and anxiety-like response in vitamin E + VPA group (Alinaghi
Langari et al., 2021).

Cucinotta et al., evaluated a metabolic antioxidant therapy
combining ubiquinol Q10, Vitamin E, and B-complex vitamins
in 59 (42 males and 17 with
neurodevelopmental disorders. In the cohort of 59 patients, 17 of
them were diagnosed with ASD and 19 of them diagnosed with ASD
co-occurring with intellectual disability or global developmental

individuals females)

delay. Although the study provides the overall sex distribution, it
does not specify the exact number of males and females within the
ASD subgroup. Diagnoses were established according to DSM-V
and confirmed through ADOS-2 or ADI-R. Patients received daily
doses of ubiquinol (50-100 mg), vitamin E (30-60 mg), and B-group
vitamins for at least 3 months. The study did not involve biological
analyses; outcomes were evaluated through Clinical Global
Impression ratings and clinician/parent reports. The intervention
was associated with improvements

in cognition, adaptive

functioning, social  motivation, attention, and  motor
coordination. The authors conclude that this antioxidant-based
support is well tolerated and may provide clinically meaningful
benefits, although controlled trials are needed to confirm efficacy
(Cucinotta et al., 2022).

Weight of evidence: Overall evidence is Low: primarily
preclinical with heterogeneous designs and no consistent human

biomarkers.
5.2 Vitamin C and ASD

Vitamin C is a powerful antioxidant capable of counteracting
and eliminating ROS produced during metabolic processes
(Figueroa-Méndez and Rivas-Arancibia, 2015). In a study
conducted by Qiu (Qiu et al,, 2007) an increased vulnerability to
oxidative damage in case of vitamin C deficiency was observed.
Unlike vitamin E, vitamin C is not stored in the body and, since it is
not endogenously produced, it is crucial that it is supplemented with
arich diet. When consumption is low or there is a malabsorption of
vitamin C, scurvy, a rare disease may appear. This condition has also
been observed in children with ASD, possibly resulting from highly
selective and rigid eating behaviors (Kothari et al, 2020;
Sakamornchai et al.,, 2022). Blood levels of vitamin C in those
children are lower if compared to healthy controls (Mari-Bauset
et al., 2015).

In a recent study on VPA-based rodent model, vitamin C was
administered through drinking water (600 mg/L) from early
gestation until the end on the third postnatal week, and only
male offspring were evaluated. The treatment attenuated VPA-
induced behavioral abnormalities in both Y-maze and social play
tests, while also restoring prefrontal SOD and GSH-Px activity and
normalizing VPA-related changes in neuronal number and soma
size (Margedari et al., 2024).

Williams et al., studied the safety and preliminary efficacy of
intravenous glutathione (600 mg), alone or combined with vitamin
C (2000 mg) and N-acetylcysteine (up to 600 mg), in 24 children
with ASD (glutathione group n = 6, 6 males and 0 females; trio group
n = 6, 5 males and 1 female; placebo group n = 12, 10 males and
2 females), in a double blind, placebo controlled crossover design.
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TABLE 1 Clinical summary of antioxidant intervention in ASD: Population, dose/route, duration, clinical domains, redox biomarkers, safety, and level of
evidence are reported for each study.

Metabolite ~ Population Dose/Route Duration Primary Redox Safety/ Level of
(age/sex; clinical biomarkers  Tolerability evidence
setting) domains  (Y/N; which)
(effect)
Vitamin E Children/ Vitamin E (30- 3 months Improvements No (biomarkers Radomized Low Cucinotta
adolescent with 60 mg), Ubiquinol in cognition, not collected) controlled et al. (2022)
ASD (n =17), (50-100 mg), adaptive necessary to
ASD with co- B-group vitamins functioning, confirm efficacy
morbid social and tolerability
Intellectual motivation,
disability (n = 19) attention, and
Retrospective motor
chart review study coordination;
no placebo
group
Vitamin C Children with Glutathione Two No significant Yes Generally well Low Williams et al.
(ascorbate) ASD (n=24).DB- | (600 mg) consecutive differences (quantification of | tolerated (2025)
PC RTC intravenous, weeks, in a 8- reduced
Vitamin C week period, glutathione,
(2000 mg), separated by a oxidized
N-acetylcysteine. 1-week glutathione and
Combined or washout redox radius
glutathione alone analyzed)
Cysteine-rich Preschool Powder form: Daily doses | Increased Yes Generally well Moderate- Castejon et al.
whey protein Children with 0.5 g/kg for for 90 days glutathione (quantification of | tolerated low (2021)
isolate (CRWP), | ASD 3-5 years children<20 kg or levels and reduced, oxidized,
precursor to (n = 46).; DB- 10 g for >20 kg selective and total
support PC RTC children) improvements glutathione)
Glutathione in adaptive
synthesis behavior and
socialization
Resveratrol (add- | Children with 250 mg twice 10 weeks Hyperactivity No Generally well Low Hendouei
on to risperidone) | ASD 4-12 years daily, oral -reduction; core tolerated et al. (2020)
(n = 62); DB- ASD symptoms
PC RCT -not significant
Coenzyme Q10 | Children 30 or 60 mg/day, 100 days Behavior: Yes MDA |; total | Good overall Low- Mousavinejad
(ubiquinone-10) 3-12 years with oral mixed signals; antioxidant tolerability Moderate et al. (2018)
ASD (n = 90 of subgroup status (TAS)T
which boys = 66, improvements
girls = 24); reported
randomized
dosing
comparison

Abbreviations: DB-PC, double-blind placebo-controlled; RTC, randomized clinical trial; FR-a Ab, folate receptor-alpha autoantibodies; TAS, total antioxidant status.

The intervention was delivered as single weekly intravenous
infusion, with each dose administered over 15 min in 50 mL of
saline, for two consecutive 8-week periods, separated by a 1-week
washout. Biological analyses were performed on plasma samples,
quantifying total and reduced glutathione, oxidized glutathione and
redox ratios using HPLC with colorimetric detection, while
behavioral outcomes were assessed weekly through standardized
caregiver questionnaires and clinician-rated scales. The study found
no significant differences between active treatments and placebo in
either biochemical or behavioral measures, although all groups
showed mild improvements over time, likely reflecting
nonspecific effects. The authors concluded that glutathione, with
or without vitamin C and NAC, was well tolerated but did not
produce measurable therapeutic benefit in this cohort (Williams
et al., 2025).

Notably, no redox biomarkers were collected in this trial, which
limits mechanistic interpretation.

Frontiers in Pharmacology

Weight of evidence: Overall evidence is Moderate-Low:
encouraging signal from a historical cross-over trial but limited
by small samples and lack of biomarker data.

5.3 Glutathione and ASD

Glutathione is another important molecule, which ratio between the
reduced form (GSH) and the oxidized one (GSSG) dictate and influences
the redox status of the cell. It plays a very crucial role in supporting
intracellular redox pathways, as it is one of the most significant
antioxidants produced endogenously (Shen et al., 2000). Glutathione
peroxidase (GPx) supports this system by catalyzing the reduction of
hydrogen peroxide and lipid peroxides using GSH (Krishnamurthy et al.,
2024). When the GSSG form is ten times as great to the GSH form, the
cell is exposed to oxidative stress (Rushworth and Megson, 2014).

Notably, there is a correlation between neuronal apoptosis and
GSH debilitation in the pathophysiology of ASD (Bjerklund et al.,
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2021). If the glutathione redox balance shifts towards the oxidized
forms, it could serve as a precursor for DNA damage and possibly
increased apoptosis, playing a crucial role as one of the causes of the
disorder (Kulkarni and Wilson, 2008; Rose et al., 2008). Such results
can also be supported by post-mortem findings of decreased GSH
levels in blood, temporal cortex, and the cerebellum in ASD patients
(Chauhan et al., 2012) while higher oxidized forms are present in
ASD children (James et al., 2004). As reported, ROS generates
hydrogen peroxide, which is a harmful molecule that can be
scavenged by the glutathione peroxidase through GSH, it is
found in the cytosol and the mitochondria, and by the catalase
which is present in the peroxisomes. This main function of both
enzymes can be threatened by the mitochondrial dysfunction mainly
present in ASD children (Bjorklund et al, 2021). In autism, a
reduction in glutathione levels is observed, but also a reduced
methylation capacity and lower levels of sulfate, taurine and
cysteine. Cysteine itself is an essential substrate for the synthesis
of glutathione.

Evidence suggests that glutathione, when administered orally or
transdermally, is inefficient in significantly raising systemic
concentrations. Therefore, it has been suggested to provide
2011).
supplementation of glutathione is not ideal because it is not

precursors of glutathione (Kern et al, Moreover,
transported inside the cells, indeed, it needs to be synthesized
within them. A randomized, double-blind, placebo-controlled
clinical trial conducted by Castejon et al., employed a cysteine-
rich whey protein isolate (CRWP), a precursor designed to support
glutathione synthesis. The trial enrolled 46 preschool children aged
3-5 years with a confirmed diagnosis of ASD, although the authors
did not report the sex distribution, ASD subtypes, symptom severity,
or comorbid conditions of the participants. Patients received CRWP
(powder form: 0.5 g/kg for children<20 kg or 10 g for >20 kg
children) daily for 90 days. Then behavioral outcomes were assessed,
while molecular analyses quantified reduced, oxidized, and total
glutathione in peripheral blood mononuclear cells (PBMCs).
Children receiving CRWP showed a significant increase in
glutathione levels and selective improvements in adaptive
behavior and socialization domains (Castejon et al., 2021).

Glutathione is able to improve the antioxidative system
decreasing the oxidative damage and the neuroinflammation
caused to the neurons (Ghanizadeh et al,, 2012). Interestingly, it
has been shown that GSH levels tend to increase due to glutamate-
mediated excitatory activity (Tebartz Van Elst et al., 2014), and one
of the hypotheses related to symptoms of ASD is the presence of an
imbalance between excitatory neurotransmitter, glutamate, and one
of the principal inhibitory transmitter, GABA.

Weight of evidence: Overall evidence is Moderate: randomized

data show improved cellular GSH with selective functional gains.
5.4 Quercetin and ASD

In addition to the compounds mentioned above, polyphenols
also reveal promising and beneficial effects in ASD. Their main
ability is to donate electrons to the oxidized molecules, being
considered as powerful antioxidants (Ajami et al, 2017).
Polyphenols can be helpful in improving cognitive function and
neuroprotection (Castelli et al, 2018). From the family of
polyphenols, the main one showing the most anti-inflammatory

Frontiers in Pharmacology

10.3389/fphar.2026.1783888

and antioxidant effects is the quercetin (Li et al., 2016). Quercetin
(from Quercus robur L (Fagaceae), leaf; solvent not reported) is
capable of enhancing mitochondrial activity while acting against
oxidative stress and improving mitochondrial membrane potential
(Bej et al., 2024b). The antioxidant properties of quercetin have been
extensively characterized across different experimental models,
including cardiotoxicity and heavy-metal-induced tissue injury.
In a doxorubicin-induced cardiomyopathy model in male
Sprague-Dawley rats Sharma et al., investigated the antioxidant
and cytoprotective effects of quercetin. Cardiac tissue was
examined for oxidative stress markers, including SOD, CAT,
glutathione levels, and lipid peroxidation. Moreover, the authors
performed q RT-PCR to quantify Nrf2 mRNA expression,
demonstrating that quercetin upregulated this key antioxidant
transcription factor while restoring endogenous antioxidant
enzyme activity and reducing tissue damage (Sharma et al., 2020;
Wang J. et al., 2020). Complementary evidence comes from Wang
et al., who used cadmium-induced testicular toxicity model in male
rats and showed that quercetin mitigated oxidative damage in the
testes by evaluating SOD, GPx, CAT and GSH, lowering MDA
levels, and reducing cadmium accumulation.

The potential neuroprotective effects of quercetin were also
investigated by de Mattos et al., employing a prenatal VPA rat
model of autism. Pregnant Wistar rats received quercetin at
50 mg/kg orally from gestational day 6.5-18.5, while autism-like
features were induced by a single oral dose of VPA (800 mg/kg) on
gestational day 12.5. The study evaluated both male and female
offspring. Behavioral testing (open field, social interaction, tail flick
nociception) was conducted between postnatal days 30-40, followed
by biochemical analyses in cerebral cortex, hippocampus, striatum,
and cerebellum. Oxidative stress was quantified through ROS,
nitrites, TBARS, total thiols, and the activities of SOD, CAT GPx,
GST, and ALA-D,
fluorescence-based detection. Quercetin prevented VPA-induced

using spectrophotometric assays and
behavioral impairments and attenuated oxidative alterations
across multiple brain regions, supporting its antioxidant and
neuroprotective potential in this ASD model (De Mattos
et al., 2020).

Since quercetin itself in low concentrations is poorly absorbed,
can hardly cross the BBB and is quickly eliminated, the study of
Moghaddam used quercetin-loaded nanophytosome (QNP) against
autism-like damage in maternal separation model. Newborn Wistar
rats (males only in the experimental phase were included) were
separated from the dam for 3 h/day from postnatal day 1-9, and
subsequently treated orally with quercetin or QNP at 10 or
40 mg/kg/day for 21 days starting at Post Natal Day (PND).
Behavioral ~ assessments  (open-field, self-grooming, social
interactions) were followed by biochemical and molecular
analyses in the cerebellum, where oxidative stress markers
(MDA, GSH, SOD, CAT, and GPx)
spectrophotometrically, and Nrf2, Bax, Bcl-2, and Caspase-3
mRNA levels were measured by q RT-PCR. QNP showed
superior efficacy to free quercetin,

were quantified

improving autism-like
behaviors, restoring antioxidant enzyme activity, and modulating
apoptotic and antioxidant (Moghaddam
et al.,, 2023).

An additional consideration regarding quercetin concerns its

gene expression

structural classification as a pan-assay interference compound
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(PAINS). Although widely investigated for its antioxidant and
catechol A
substructure, which has been associated with assay interference

bioactive properties, quercetin contains the
and apparent promiscuity in high-throughput and biochemical
This aspect highlights the

interpretation of experimental findings, particularly when activity

screenings. need for careful
is reported (Bolz et al., 2021). In addition, brain-region specificity
may influence antioxidant readouts, such as cortex, hippocampus,
striatum, and cerebellum show distinct redox and metabolic profiles
in ASD models.

Weight of evidence: Overall evidence is Low given potential
and PK clinical translation

assay—interference constraints;

remains limited.
5.5 Resveratrol and ASD

Resveratrol (commonly sourced from Vitis vinifera L (Vitaceae),
skin/seed or Reynoutria japonica Houtt (Polygonaceae), root), an
important representative of the polyphenols, can stimulate
mitochondrial activity inhibiting mitochondrial dysfunction
which is typical of ASD patients (Jardim et al., 2018). This
bioactive compound can protect cells from neuronal damage
while reducing oxidative stress and improving memory (Moussa
et al., 2017; Navarro-Cruz et al.,, 2017). The antioxidant activity of
the resveratrol is exerted by its capacity to neutralize free radicals but
also from its ability inactivating the antioxidant enzymes such as
SOD, CAT, and GPx (Izzo et al., 2021). One of the main advantages
of resveratrol is the fact that it can pass the BBB so it can be used as a
targeting molecule in case of neurodegenerative diseases (Tellone
et al,, 2015). The administration of resveratrol in ASD patients
enhances the social impairment and ameliorates the behavioral
hyperactivity and cognitive function. The molecular mechanism
through which resveratrol carries out this improvement in
behavioral divergences is the expression of cortical gamma-amino
butyric acid neurons, modulation of synthesis of anti-inflammatory
molecules and antioxidants effects (Malaguarnera et al., 2020).

Resveratrol administration after prenatal exposure to VPA in
rats, resulted in prevention or reduction of autism-like social
deficits, pregnant Wistar females received a single intraperitoneal
dose of VPA (600 mg/kg) on gestational day 12, while resveratrol
was administered subcutaneously at 3.6 mg/kg/day from gestational
day 6.5-18.5. Only male offspring were tested. Social behavior was
assessed in adolescence using the three-chamber sociability and
social novelty-test, without additional molecular or tissue-based
analyses.  Resveratrol  (non-botanical  resveratrol;  trans-
resveratrol >98-99%; botanical origin not reported) prevented
VPA-induced deficits in sociability and social novelty preference,
indicating a protective effect on autism-like social impairments
(Bambini-Junior et al., 2014). Evidence suggests that the use of
propionic acid (PPA) in rats might induce neuropathological
changes similar to those observed in ASD.

In the study conducted by Bhandari and Kuhad, male Wistar
rats received intracerebroventricular PPA infusions, followed by
resveratrol treatment at 20 mg/kg/day for 10 days (non-botanical
resveratrol; trans-resveratrol >98-99%; botanical origin not
reported). Biochemical and histological analyses were performed
on the hippocampal and cortical tissue, assessing oxidative stress
markers, antioxidant enzyme activity, and glial activation through
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spectrophotometric assays and immunohistochemistry. Resveratrol
significantly reduced lipid peroxidation, restored glutathione
balance, and attenuated astrocyte and microglial reactivity,
indicating a protective effect against PPA-induced oxidative and
inflammatory damage (Bhandari and Kuhad, 2017). Differences in
route (oral vs. subcutaneous), developmental timing, and brain-
region sampling likely contribute to divergent findings across
preclinical studies.

Zeng et al. (2024) employed a maternal immune activation
(MIA) mouse model, induced by lipopolysaccharides (LPS)
administration during pregnancy, which led to autism-like
behaviors in the offspring. The authors hypothesized that
resveratrol could mitigate these alterations by regulating Thoc5, a
in RNA transport and processing. The
downregulation of Thoc5 induced by LPS was restored in the

factor involved
offspring of resveratrol-treated mice and brought a significative
reduction of pro-inflammatory cytokines in the placenta and fetal
brain. The litter born from mothers administered with resveratrol,
demonstrated a significative improvement in social interaction test
and repetitive behaviors. These findings emphasize the critical role
of the MIA in neurodevelopmental disorders and supports
resveratrol’s protective potential (Zeng et al., 2024).

Some studies to assess the potential effects of resveratrol in ASD
patients have also been conducted. In a double-blind, placebo-
controlled randomized trial, Hendouei and colleagues evaluated
resveratrol (non-botanical resveratrol; trans-resveratrol >98-99%;
botanical origin not reported) as an adjunct to risperidone in
children with ASD. Children aged 4-12 years were diagnosed
with ASD according to DSM criteria, both boys and girls were
included, and the study explicitly excluded participants with major
psychiatric comorbidities such as ADHD, depressions, bipolar

disorder, anxiety disorders, epilepsy, severe intellectual
disabilities, or recent antipsychotic use, ensuring relative
homogeneous sample focused on irritability.  Patients

(62 children) were randomized to receive risperidone plus
resveratrol (250 mg twice daily) or risperidone plus placebo for
10 weeks. Clinical outcomes were assessed using Aberrant Behavior
ChecKlist - Community (ABC-C) at baseline, week 5, and week 10,
with no biological or imaging analyses performed. While resveratrol
did not significantly improve the primary outcome of irritability, it
produced a significant reduction in hyperactivity compared to
placebo. Both boys and girls were included, but analyses were
not sex-stratified (Hendouei et al., 2020).

Although often presented as a broadly beneficial polyphenol,
resveratrol has also been repeatedly flagged as a potentially PAINS-
susceptible molecule, owing to its redox activity, metal-chelating
properties, and tendency to interfere with multiple assay formats in a
non-specific manner as highlighted in the Nature commentary
(Baell, 2016). Moreover, no redox biomarkers were collected in
clinical trial, which limits mechanistic interpretation.

Weight of evidence: Overall evidence is Low: an add-on signal
on hyperactivity without core-symptom change; no biomarker
confirmation.

5.6 Curcumin and ASD

Curcumin (from Curcuma longa L (Zingiberaceae), rhizome;

ethanolic extract, DER not reported; standardized to
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curcumin >95% when specified) exerts its major effects on reducing
inflammation, oxidative stress and mitochondrial dysfunction
(Bhandari and Kuhad, 2015). According to the study of Dong
and collaborators, rats receiving curcumin manifest lower levels
of pro-inflammatory cytokines such as IL-6 (Dong et al., 2012). This
anti-inflammatory molecule can repress the pro-inflammatory gene
expression while blocking the phosphorylation of the inhibitory
factor I-kappa B (IkB).

In addition, curcumin is able to inhibit lipid peroxidation (El-
Demerdash et al., 2009). It has been demonstrated that curcumin
can act an important part in managing the protein aggregation,
mitochondrial function and nitrosative/oxidative stress (Ak and
Giilgin, 2008). Curcumin can cross the BBB improve the activity
and increase the concentration of the antioxidant enzymes. These
effects have been demonstrated in vitro in neuronal and glial models
of oxidative stress, and in vivo in male Sprague-Dawley rats. These
findings, although obtained from models of oxidative stress and
mitochondrial dysfunction rather than in autism models, are highly
relevant because they target biological mechanism that are also
characteristic of ASD (Sachdeva et al., 2022).

Indeed, the study of Al-Askar et al,, investigated the effect of
curcumin (non-botanical source; standardized curcumin >95%.) in
a VPA-induced rat model of autism. Pregnant Wistar rats received
600 mg/kg VPA on gestational day 12.5 and only male offspring
were used. On PND 7, pups were treated orally with curcumin at
1 g/kg, and analyses were performed on whole-brain homogenates
day 28. The cytokines,
neurotransmitters, oxidative stress markers and detoxification

collected at study quantified
enzymes using ELISA-based assays, revealing that VPA exposure
disrupted glutathione balance, increased IL-6, CYP450 and
glutamate, and reduced serotonin and IFN-y, while curcumin
partially restored these alterations (Al-Askar et al., 2017).

Furthermore, Yang and Bhandari employed a PPA-induced rat
model of autism, using male-only Sprague-Dawley rats that received
intracerebroventricular infusions of 1M PPA. Curcumin (non-
botanical source; standardized curcumin >95%) was administered
orally for 28 days at 50, 100 or 200 mg/kg, and its effects were
assessed through an extensive battery of neurobehavioral tests
alongside biochemical analyses of whole-brain tissue. The study
quantified oxidative and nitrosative stress markers, mitochondrial
respiratory chain complex activities, and inflammatory mediators
such as TNF-a and MMP-9, using spectrophotometric assays and
ELISA. Curcumin dose-dependently reversed PPA-induced deficits
in social interaction, repetitive behaviors, anxiety, locomotion,
learning and memory, while normalizing oxidative stress,
mitochondrial dysfunction and pro-inflammatory signaling,
supporting its neuroprotective efficacy in this ASD model
(Bhandari and Kuhad, 2015; Yang et al., 2020).

A noteworthy 2020 study employed the BTBR T* tf/] (BTBR)
mouse model of idiopathic autism to assess the effects of curcumin
treatment from PND 6 to PND 8. Only male pups were used, and
source) administered

intraperitoneally at 20 mg/kg/day. Behavioral testing at adulthood

curcumin (non-botanical was
revealed improvements in sociability, reductions in repetitive
behaviors and partial rescue of cognitive deficits. To uncover the
underlying mechanisms, the researchers analyzed hippocampal
tissue focusing on dentate gyrus, where they quantified neural
progenitor through  BrdU,

proliferation and neurogenesis
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immunofluorescence for Sox2, GFAP, DCX and NeuN, and
unbiased stereological cell counting. BTBR mice showed
suppressed hippocampal neurogenesis, but curcumin restored
progenitor proliferation and enhanced neural differentiation,
suggesting that early curcumin exposure exerts long-lasting
benefits (Zhong et al., 2020).

In another study on male BTBR mice curcumin demonstrated a
modulatory effect on a7 nicotinic acetylcholine receptors (a7-
nAChRs). It was administered intraperitoneally at 25, 50 or
100 mg/kg for 21 days, and behavioral analyses focused on
sociability and repetitive behaviors. The beneficial effects were
dose-dependent without altering locomotion or anxiety. Brain
tissue from the hippocampus and cerebellum were examined.
Using patch clamp electrophysiology, the researchers showed that
curcumin potentiated a7-nAChRs in rat hippocampal neurons, and
also restored SOD and CAT activity interactions (Jayaprakash
et al., 2021).

Bioavailability remains a major translational challenge for oral
curcumin, which undergoes rapid metabolism and shows limited
systemic exposure unless delivered through optimized formulations
(e.g., liposomes, nano-phytosomes).

Despite the promising therapeutic potential of polyphenols like
curcumin and resveratrol, their clinical application is often hindered
by poor bioavailability, rapid metabolism, and low chemical
stability. However, recent advancements in novel drug delivery
systems are overcoming these limitations. The development of
nanotechnology-based formulations, such as liposomes and
nanophytosomes, has shown great promise in enhancing the
solubility, stability, and brain bioavailability of these compounds,
thereby maximizing their neuroprotective effects in ASD
(Moghaddam et al., 2023; Sachdeva et al.,, 2022).

However, it is important to note that curcumin has also been
identified as a PAINS, exhibiting behaviors such as redox cycling,
metal chelation, aggregation, and fluorescence interference that can
artificially inflate its apparent bioactivity in vitro (Nelson
et al., 2017).

Weight of evidence: Overall evidence is Low-Moderate: robust
mechanistic plausibility and diverse preclinical benefits; clinical
corroboration is needed.

5.7 Crocin, safranal and ASD

Crocin and safranal (Crocus sativus L. (Iridaceae), stigma;
aqueous/ethanolic preparations; crocin/crocetin content reported
when available) are both metabolites found in saffron (Crocus
sativus). Safranal, a monoterpene aldehyde responsible for the
characteristic smell of saffron, is an antioxidant that contributes
to lowering oxidative stress in the neurons, inhibiting the
production of pro-inflammatory cytokines and balancing the
equilibrium between free radicals and antioxidants activity (Bej
et al., 2024c). Crocin, on the other hand, is another metabolite of
Saffron that also shows antioxidant activity that may be helpful in
case of autism-like behavior since brain oxidative stress is
compromised in the pathophysiology of the disease (Seyedinia
et al.,, 2023).

The study of Seyedinia et al., was conducted on female rats that
were injected with VPA on the 12.5th day of pregnancy to induce an
experimental model of autism. The subsequent treatment of 28 days
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of saffron (30 mg/kg) or crocin (15 or 30 mg/kg) or saline was
performed on the postnatal days 30-33 on male offspring. After
28 days of saffron treatment, behavioral testing targeting anxiety,
nociception, motor coordination, and cognition showed an
amelioration of autism-like behaviors. Moreover, biochemical
analyses were performed on whole brain homogenates, assessing
malondialdehyde, glutathione and catalase as oxidative stress
markers using standard ELISA and spectrophotometric assays.
The authors report that oxidative imbalance displayed by the
offspring was counterbalanced (Seyedinia et al., 2023).

Another study reported that crocin administration (10, 30, or
50 mg/kg) for 28 days during the juvenile period in a prenatal VPA-
induced autism model in rats, alleviated the autism-like behaviors in
the male offspring. Behavioral assessments were conducted in the
open-field test, while molecular analyses were performed on medial
prefrontal cortex tissue. Gene expression on BDNF and SK-3 was
quantified using real-time PCR, revealing that VPA reduced the
expression BDNF, which plays a crucial role in synaptic plasticity
and neuronal survival, and increased GSK-3, which is involved in
neurodevelopment and neuroinflammation whereas crocin dose-
dependently normalized both markers (Hosseini et al., 2025). The
carotenoid profile of Crocus sativus L. (stigma) differs markedly
from other botanical sources, potentially underpinning distinct
redox signatures in VPA models.

Weight of evidence: Overall evidence is Low-Moderate in VPA
models; clinical studies are pending.

5.8 L-carnosine, CoQ10 and ASD

Among the lipophilic nutraceuticals, Coenzyme Q10 (Q10)
supplementation  reduced markers of stress
(Mousavinejad et al., 2018).

CoQ10 supplementation has a positive effect on oxidative stress in

oxidative

children with ASD; a randomized, placebo-controlled clinical study
evaluated oral administration of Q10 in 90 children affected by ASD
(66 boys and 24 girls), aged 3-12 years. They were all diagnosed
according to DSM-IV-TR, ADOS, and CARS criteria; the study
excluded individuals with comorbid neurological, metabolic, genetic
or psychiatric conditions, including epilepsy, fragile X syndrome,
tuberous sclerosis, PKU, fetal alcohol syndrome and any acute or
chronic medical illness. Participants received 30 or 60 mg/day of
Q10 for 100 days, and serum samples were analyzed for
QI0 concentrations, malondialdehyde, total antioxidant status,
SOD, and glutathione peroxidase, using ELISA assays. The study
reported that the 60 mg/day dose significantly reduced lipid
peroxidation and improved antioxidant status (Mousavinejad et al.,
2018). CoQ10 bioavailability varies substantially by formulation, which
may partly explain inconsistent behavioral findings across trials.
Furthermore, among the various nutraceuticals, L-carnosine stands
out as a prominent compound believed to possess neuroprotective and
antioxidant properties that may be beneficial for children with ASD.
This molecule, combined with Q10 and a-lipoic acid, a mitochondrial
coenzyme with potent antioxidant properties, was used to treat
16 children affected by autism (88% males). These children did not
display any genetic syndromes, while only one child had a comorbid
seizure disorder. All children showed mitochondrial enzymatic
abnormalities on the MitoSwab assay at baseline. Biological analyses
were performed on PBMCs, assessing mitochondrial enzymology
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(citrate synthase and ETC complexes) and mitochondrial respiration
using Seahorse XFe96 with the mitochondrial oxidative stress test. The
supplement normalized citrate synthase and complex IV activity and
enhanced mitochondrial resilience to oxidative stress, particularly in
children with greater developmental impairment (Hill et al., 2025).
Reported clinical heterogeneity may, in part, reflect formulation-
dependent variability in CoQ10 bioavailability.

Weight of evidence: Overall evidence is Moderate: pediatric
trials  show reduction and

lipid-peroxidation improved

antioxidant status, with mixed behavioral effects.

6 Indirect antioxidants

While some molecules act like antioxidants by directly
scavenging free radicals, there are some bioactive compounds
that can support oxidative stress balance indirectly, by regulating
inflammatory pathways, redox signaling or mitochondrial function.
Notably, polyunsaturated fatty acids (PUFAs), folates and probiotics
have shown positive effects on these aspects (Table 2).

6.1 PUFAs and ASD

Among the PUFAs, the omega-3 and omega-6 series are the
most common (Veselinovi¢ et al., 2021), their presence is vital for
proper neurological maturation and activity (Doaei et al., 2021).

Recent findings suggest that omega-3 fatty acid, such as EPA and
DHA, may act as indirect antioxidants in ASD. These compounds
act through modulation of neuroinflammation and oxidative stress
by regulating microglial activation and reducing proinflammatory
cytokines (Veselinovi¢ et al., 2021).

A preclinical study by Alfawaz et al., employed a propionic acid
(PPA)-based rat model. The experimental design included
35 juvenile male Western albino rats, distributed into five groups
and PPA
or their
of these
of brain

of seven animals each: untreated controls, PPA alone,
followed by treatment with omega-3, vitamin B12,
combination. The researchers examined the impact
interventions through a biochemical characterization
homogenates, quantifying oxidative and inflammatory markers
(GSH),
S-transferase (GST), 5-lipoxygenase (5-LOX), cyclooxygenase-2
(COX-2), leukotriene B4, prostaglandin E2, and ascorbic acid

such as lipid peroxides, glutathione glutathione

using spectrophotometric assays and ELISA. They also assessed
gut microbial composition by culturing fecal samples on selective
media. PPA exposure produced pronounced oxidative stress and
disruptions in lipid metabolism, whereas post-treatment with
omega-3 or vitamin B12, administered individually or together,
partially normalized antioxidant defenses, modulated inflammatory
enzyme activity, and altered microbial profiles. These findings
indicate that omega-3 and vitamin B12 can counteract several
PPA-induced biochemical abnormalities, although the evidence
remains limited to an animal model and cannot be directly
extrapolated to clinical populations (Alfawaz et al., 2018).

The study of Doaei evaluated whether omega-3 supplementation
modifies behavioral and social symptoms in children diagnosed with
ASD according to DSM IV-TR criteria and ADOS assessment.
54 participants (control group: 20 males and 6 females,
intervention group: 19 males and 9 females. The intervention
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TABLE 2 Clinical summary of indirect antioxidant intervention in ASD.

10.3389/fphar.2026.1783888

Supplementation  Population Dose/  Duration Primary Redox Safety/ Level of
(age/sex; Route clinical biomarkers Tolerability evidence
setting) domains (Y/N;
(effect) Waitely)
Omega-3 Children with 1,000 mg/ 8 weeks Improved No (biomarkers Well tolerated Low Doaei
ASD (n = 54; day of long- stereotyped not collected) et al.
control group chain omega behaviors, social (2021)
20 males and 3 (189 mg communication,
6 females; EPA and overall
intervention +120 mg GARS scores
group 19 males DHA) or compared to
and placebo; oral placebo
9 females); RTC
Omega 3-6-9 Children Omega 3-6- Daily for Medium No (biomarkers Well tolerated Low Boone
18-38 months, 9 (338 mg 90 days improvements in | not collected) et al.
who were either EPA, anxious/ (2022)
born preterm or | 225 mg depressed
exhibited early DHA, 93 mg behaviors and
signs of ASD GLA, internalizing
(31 participants, 306 mg oleic symptoms, and a
68% males); acid per day) large
DB RTC or placebo; improvement in
oral interpersonal
relationship
skills, but no
effects on sleep or
other behavioral
domains
Fish oil Young adults Fish oil Two capsule/ | The intervention | No (biomarkers Well tolerated Low Politi
19-40 years capsules day for produced no not collected) et al.
(19 participants, weeks 6 weeks significant (2008)
15 males and (0.93 g EPA improvement in
4 females) with + DHA) severity or
moderate-to- plus 5 mg frequency of
profound vitamin E aberrant
intellectual behaviors during
disability; Open treatment or
Label study follow-up
Efalex® Children with DHA Two capsules | After treatment, | No (biomarkers Well tolerated Low Meguid
ASD 3-11 years (60 mg), twice a day PUFA not collected) et al.
(30 participants; EPA for 3 months | concentration (2008)
18 males and (13 mg), increased
12 females) and gamma- significantly,
30 healthy linolenic particularly
children; Non- acid (GLA) linoleic acid and
randomized, (12 mg) and DHA, and 20 of
uncontrolled arachidonic 30 children
pre-post acid showed
intervention (AA) (5 mg) measurable
study behavioral
improvement
Folinic acid (calcium Children with 1-2 mg/kg/ 12-24 weeks | Language/ Variable (often Good; no major Moderate Frye
folinate) ASD and day (max communication not primary safety signals (Higher in FR-a et al.
language 50 mg/day), improvement; endpoints) reported Ab + (2018)
impairment oral stronger in FR-a endophenotype)
(48 participants; autoantibody-
82% males and positive
18% females) subgroup
DB-PC RCTs
(FR-a Ab
stratification)

Abbreviations: DB-PC, double-blind placebo-controlled; RTC, randomized clinical trial; FR-a Ab, folate receptor-alpha autoantibodies; TAS, total antioxidant status.

consisted of 1,000 mg/day of long-chain omega-3 (189 mg EPA
+120 mg DHA) for 8 weeks, compared with a placebo containing

quantified through a validated food-frequency questionnaire.
Omega-3 supplementation significantly improved stereotyped
and overall GARS scores
compared to placebo (Doaei et al., 2021).

medium chain triglycerides. Behavioral outcomes were assessed  behaviors, social communication,

using Gilliam Autism Rating Scale-2, while dietary intake was
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Furthermore, in a study involving 31 children aged
18-38 months who were either born preterm or exhibited early
signs of ASD, participants received omega-3-6-9 supplementation
(338 mg EPA, 225 mg DHA, 93 mg GLA, 306 mg oleic acid per day)
or placebo. The sample included both males and females (68% boys),
children with major neurological syndromes, severe developmental
delay, sensory impairments, or medical conditions were excluded.
Outcomes relied on caregiver-reported behavioral and sleep
questionnaires (CBCL, TBAQ-SF, Vineland-2, CSHQ, BISQ),
analyzed  using  mixing  effects  regression  models.
Supplementation produced medium improvements in anxious/
depressed behaviors and internalizing symptoms, and a large
improvement in interpersonal relationship skills, but no effects
on sleep or other behavioral domains (Boone et al., 2022).

The study by Politi et al., enrolled 19 young adults aged 18-40
(15 males and 4 females) diagnosed according to DSM-IV-TR and
CARS scores>40, all presenting moderate-to-profound intellectual
disability. Participants received two fish-oil capsules daily for
6 weeks (0.93 g EPA + DHA) plus 5 mg vitamin E. Outcomes
relied exclusively on caregiver-rated behavioral assessments using
Rossago Behavioral Checklist. The intervention produced no
significant improvement in severity or frequency of aberrant
behaviors during treatment or follow-up (Politi et al., 2008).

The study of Meguid et al., involved 30 healthy children and
30 children affected by autism (18 males, 12 females), aged
3-11 years, all diagnosed with DSM-V and CARS, with no
reported medical comorbidities and in good physical health.
Children received Efalex®, a fish oil-based supplement containing
DHA (60 mg), EPA (13 mg), gamma-linolenic acid (GLA) (12 mg)
and arachidonic acid (AA) (5 mg), two capsules twice daily for
3 months. Biochemical analyses were performed on dried whole-
blood spots, assessing free PUFAs using tandem mass spectrometry,
while behavioral changes were evaluated with CARS. Before
supplementation, ASDchildren showed markedly reduced levels
of linoleic acid, DHA, AA and linoleic acid compared with
healthy controls (Meguid et al, 2008). Notably, no redox
biomarkers were collected in this trial, which limits mechanistic
interpretation. Weight of evidence: Overall evidence is Low, some
RCTs benefits

internalizing symptoms, but findings are inconsistent across age

document for social communication and
groups and severity levels, and no study integrates redox biomarkers

to confirm mechanistic effects.
6.2 Folates and ASD

Folic acid, folinic acid and 5-methylenetetrahydrofolate are
folates, which are essential for the metabolism of nucleotides and
DNA methylation. Folate metabolism plays an essential role in
ASD by
homocysteine levels and supporting glutathione synthesis, key

maintaining redox homeostasis in regulating
components in defense against oxidative stress. Indeed, Rossignol
and Frye (Rossignol and Frye, 2021) examined studies linking
ASD.

administering folinic acid at doses typically ranging from 0.5 to

cerebral folate deficiency to Treatment  studies
2 mg/kg/day reported improvements in communication, irritability,
attention, stereotypy, and neurological signs. Many studies have
questioned if an increase in maternal folate during pregnancy, with

the main aim of reducing neural defects, could somehow be related
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to an increased risk of ASD in children because the timing of neural
tube closure, and therefore the use of folic acid corresponds with
embryogenesis. A comprehensive review of recent clinical data
highlights that while folate deficiency is common among
individuals with ASD, maternal folic acid supplementation does
not correlate with higher risk of the disorder, indeed folate therapy
has been associated with improved neurodevelopmental outcomes
(Vasconcelos et al., 2025).

Frye and collaborators conducted a study on 48 non-syndromic
ASD children with language impairment, diagnosed using ADOS,
ADI-R or multidisciplinary clinical criteria. The cohort included
82% males and 18% females, and children with genetic syndromes,
prematurity, major medical disease or severe irritability were
excluded,  although
gastrointestinal, allergic, neurological, and sleep disorders were

common  comorbidities  such  as
present. Biological analyses were performed on fasting blood
samples, measuring folates, B12, zinc, cooper, magnesium,
glutathione redox status, and folate receptor-alpha autoantibodies
using immunoassays and biochemical assays. Folinic acid (2 mg/kg/
day, max 50 mg/day) produced significantly greater improvements
in standardized verbal communication scores and several adaptive
and behavioral subscales compared with placebo, with a stronger
effect on children (Frye et al., 2018).

Furthermore, a placebo-controlled randomized trial evaluated
the efficacy of folinic acid (5 mg twice daily) for 12 weeks in
19 children aged 3-10 years (sex distribution not reported) with
ASD diagnosed by ADOS, without genetic syndromes, major
medical comorbidities, or treatments affecting folate metabolism.
Biological analyses were performed on serum, measuring folate,
B12, homocysteine, folate  receptor-alpha
autoantibodies using radioimmunoassay and mass spectrometry.

vitamin and
Folinic acid produced significant improvements in global ADOS
score, social interaction, and communication, whereas placebo
showed no meaningful change (Renard et al., 2020).

Ramaekers et al., observed lower levels of 5-MTFH, the active form
of folic acid, in the cerebrospinal fluid (CSF) in ASD patients. This was
due to the presence of autoantibodies against folate receptor which
blocked the folate binding site. Indeed, in 23 patients out of a total of
25, 5-MTHF in CSF was low despite normal serum folate treatment
with folinic acid for a year restored folate levels and led to clinical
improvements. Neggers et al, confirmed these observations,
highlighting that over 70% of children affected by ASD showed
positivity to these autoantibodies and may benefit from targeted
folinic acid supplementation (Neggers, 2014; Ramaekers et al., 2007;
Ramaekers et al, 2013). The presence of folate receptor-a

defined  ASD
to folinic acid,

autoantibodies ~ represents  a

endophenotype with higher

biologically
responsiveness
illustrating the value of biomarker-guided intervention.

Weight of evidence: Overall evidence is Moderate-High in FR-a
Ab + children;
endophenotype.

smaller or inconsistent effects outside this

6.3 Prebiotics, probiotics and ASD

that
supplementation may counteract oxidative stress in individuals

Recent findings suggest prebiotics and probiotic

with ASD, likely through modulation of microbial composition
and lowering oxidative stress biomarkers.
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Indeed, a study employed a PPA rodent model of autism to
examine whether probiotic supplementation can counteract gut
barrier dysfunction and neurochemical alterations. 40 juvenile male
Western Albino rats (aged 3-4Ramaekers et al., weeks) received oral
PPA at 250 mg/kg/for 3 days to induce autism-like features, followed
by 3 weeks of probiotic treatment with Bifidobacterium infantis,
Lactobacillus bulgaricus, or a commercial probiotic mixture (all at
0.2 g/kg). Brain tissue homogenates and serum samples were collected
to quantify intestinal permeability markers (zonulin and occluding),
oxidative-stress markers (GSH, MDA, CAT), and GABA-receptor
gene expression using ELISA and biochemical assays. The study
concluded that probiotics reduced gut leakiness, lowered oxidative
stress, and enhanced GABA-receptor expression, supporting a
protective role on the gut-brain axis in this ASD model. Among
the tested interventions, Bifidobacterium infantis produced the most
pronounced effects, showing the greatest reduction in gut-leakiness
markers and the strongest upregulation of GABA-receptor expression
(Bin-Khattaf et al., 2024). Also, according to Zarezadeh et al., the
restrictive dietary behaviors in ASD may exacerbate oxidative stress
within the gut, proposing that targeted probiotics therapies may reduce
markers of lipid peroxidation and enhance oxidative stress defenses
(Zarezadeh et al., 2023).

Moreover, Wang et al., used a maternal immune activation (MIA)
mouse model to examine whether probiotic supplementation during
pregnancy can prevent autism-related phenotypes in offspring.
Pregnant C57BL/6] dams received Poly (I:C) at 20 mg/kg on
embryonic day 125, while a probiotic mixture containing
Bifidobacterium bifidum, B. infantis and Lactobacillus helveticus was
administered orally from embryonic day 0.1 to PND21, only male
offspring were tested. Behavioral assessment included a comprehensive
battery: three-chamber social interaction, social novelty, marble
burying, tail
suspension, and forced-swim test. Biochemical analyses were

self-grooming, open-field, elevated plus maze,
performed on maternal serum, fetal brains, and adult prefrontal
cortex, measuring IL-6 and IL-17a (ELISA), parvalbumin-positive
interneurons (immunofluorescence), and GABA/glutamate levels
(HPLC). Probiotic treatment prevented MIA-induced increases in IL-
6/IL-17a, preserved parvalbumin positive interneurons, normalized
GABAergic signaling, and fully rescued social, repetitive, anxiety-and
depression-like behaviors in adult offspring (Wang et al., 2019).

Another study investigated whether prebiotic and probiotic exert
neuroprotective and antioxidant effects in a PPA rat model of ASD.
The study used 36 male Sprague-Dawley rat pup, exposed to
250 mg/kg PPA to induce ASD-lke features, and pre-treated for
27 days with either yogurt, artichoke extract (400 mg/kg), luteolin
(50 mg/kg) or Lacticaseibacillus rhamnosus GG (0.2 mL/day).
Biochemical analyses were performed on brain tissue homogenates,
quantifying GSH, GPX1, GABA, IL-6, IL-10 and TNFa using ELISA-
based assays. PPA exposure markedly increased oxidative stress and
neuroinflammation, while all nutritional intervention partially restored
antioxidant markers and reduced pro-inflammatory cytokines, with L.
rhamnosus GG showing the strongest GPX1 recovery. The authors
concluded that probiotic and prebiotic supplementation exerts
measurable antioxidant and anti-inflammatory effects in this model,
supporting their potential as complementary neuroprotective strategies
(Alsubaiei et al., 2023).

Supplementation with three different lactobacillus strains to

VPA-induced ASD mice improved behavioral symptoms
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compared to the risperidone group, a drug approved by the Food
and Drug Administration. In this study, only male offspring were
included, from weaning to sexual maturation (4-8 weeks of age),
rats were treated by gavage with Lactobacillus helveticus CCFM1076,
L. acidophilus La28, or L. acidophilus JCM1132 at 10° CFU/mL.
Behavioral testing was followed by biochemical analyses on colon,
faces, serum, cerebellum, and prefrontal cortex, assessing
tryptophan metabolites, serotonin (5-HT) pathway intermediates,
neurotransmitters (GABA, glutamate, dopamine, acetylcholine) via
UPLC, UPLC-TQD, and ELISA, alongside gut microbiota profiling
through 16S r RNA sequencing. Among the tested strains,
CCFM1076 the

therapeutic effect, improving social behavior, restoring 5-HT

Lactobacillus  helveticus showed strongest
synthesis and metabolism in both peripheral and central tissues,
balancing excitatory-inhibitory —neurotransmission, increasing
hypothalamic oxytocin, and partially normalizing gut dysbiosis
(Kong Q. et al., 2021).

The mechanism by which probiotics exert their positive effects is
still not known but it is though that they might influence neuroactive
metabolites like gamma-aminobutyric acid and serotonin (Israelyan
and Margolis, 2018). Most of these findings come from animal
models, where probiotics have been shown to influence GABAergic
signaling (e.g., altered expression of GABA_A and GABA_B
receptor subunits in the brain) and serotoninergic pathways
(such as changes in tryptophan metabolism, enterochromaffin-
cell 5HT synthesis, and SERT-mediated reuptake), highlighting
potential mechanisms through which the gut microbiota may
affect brain function (Israelyan and Margolis, 2018). When
probiotics are combined with fructooligosaccharides, a reduction
in the hyper-serotonergic state is observed (Wang Y. et al., 2020).

According to Grimaldi and his research group, the use of
prebiotics in individuals with ASD has been shown to improve
levels of the beneficial bacteria, inhibiting harmful bacteria and
reducing the anti-social behavior present in many patients
(Grimaldi et al., 2018; Wang Y. et al., 2020). They evaluated the
effects intervention with B-GOS®
galactooligosaccharides in 30 children diagnosed with ASD. The

of a 6-week prebiotic

cohort included both males and females although the exact sex
distribution is not reported, and children with major medical
comorbidities were not described beyond gastrointestinal
complaints. Participants either followed an exclusion diet, defined
as gluten and casein free regimen adopted independently by families
before enrolment, or an unrestricted die, an important source of
baseline heterogeneity, as dietary patterns were not experimentally
assigned. The study analyzed fecal and urine samples to assess gut
microbiota composition (via 16S rRNA sequencing and FISH) and
metabolic profiles (via 'H-NMR spectroscopy), with behavioral
questionnaires and GI symptom diaries. Result showed that
children on exclusion diets were associated with distinct
microbial and metabolic profile at baseline, and that B-GOS®
improved social behavior only in children already following the
exclusion diet, while also inducing specific shift in gut microbiota
and metabolites. However, because dietary groups differed prior to
intervention, the study cannot fully disentangle prebiotic effects
from those attributable to the pre-existing diet.

According to the study of Shaaban et al., if ASD children aged
5-9 years are given a supplementation a 3 months supplementation

with Lactobacillus acidophilus, Lactobacillus rhamnosus and
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Bifidobacterium longum, significant improvements emerge in ASD
severity, gastrointestinal symptoms, and domains related to social
interaction and communication. The study enrolled 30 children
with ASD (19 males and 11 females) diagnosed according to DMS-V
and confirmed through ADOS/ADI-R, while excluding those with
neurodevelopmental comorbidities, chronic medical conditions,
gastrointestinal diseases, or special diets. Participants received
5 g/day of probiotic powder (100 x 10° CFU/g), and stool
samples were analyzed by quantitative real time PCR to quantify
and B.
gastrointestinal outcomes were assessed using ATEC and 6-item

Lactobacillus  rhamnosus longum. Behavioral and
GI Severity Index, both of which showed marked improvement
alongside increased counts of beneficial gut bacteria. Although
promising, the absence of blinding and placebo control limits the
strength of causal inference (Shaaban et al., 2018).

The study by Billeci et al., demonstrated that the use of
probiotics for 6 months can modify the electroencephalography
patterns, showing reduction in B and y bands power in frontopolar
regions, frequency ranges often implicated in higher-order cognitive
processing, and increases in coherence and frontal asymmetry
toward patterns more consistent with neurotypical development.
These neurophysiological shifts were observed in preschoolers with
ASD (35 males and 11 females) diagnosed through to DSM-5 and
validated with ADOS-2 and ADI-R, with participants screened to
exclude neurological syndromes, epilepsy, sensory impairments,
diets,

a

diseases, secial and other
Children high-dose

probiotic mixture (De Simone Formulation, 450 billion CFU/

gastrointestinal major

comorbidities. received multistrain
day). These findings suggest that probiotics may modulate
neurophysiological activity in ASD (Billeci et al., 2023).

A double-blind, placebo-controlled pilot trial, evaluated the
effects of Lactobacillus plantarum PS128 and intranasal oxytocin
in 35 individuals with ASD (26 males, 9 females) aged 3-20 years. All
participants had a diagnosis of ASD established with DSM-IV-TR or
DSM-5 and validated with ADOS-2 and/or ADI-R, while individuals
with neurological or psychiatric comorbidities, recent probiotic or
oxytocin use, or unstable medications were excluded. Subjects
received the probiotic at 6 x 10° CFU/day for 16 weeks, followed
by an additional 12 weeks of combined treatment with intranasal
oxytocin titrated up to 32 IU/day. Biological analyses were
performed on stool samples (16S rRNA sequencing) and blood
serum (ELISA for oxytocin, inflammatory and neuroinjury
markers), while behavioral outcomes were assessed using SRS,
ABC and CGI. The combination of probiotics and oxytocin
produced greater improvements in social responsiveness, aberrant
behaviors, and clinician-rated global functioning than either
treatment alone, and was associated with favorable shift in gut
The authors concluded that

and

microbiome network structure.
plantarum  PS128
synergistic effects on

Lactobacillus oxytocin may exert
in ASD,

warranting larger controlled trials (Kong X.-J. et al., 2021).

socio-behavioral symptoms

Many of the studies reviewed highlight promising behavioral,
neurochemical, or microbiota-related effects of probiotic and
prebiotic interventions, yet very few include direct measurements
of oxidative-stress biomarkers. As a result, evidence for antioxidant
action in humans remains largely indirect and inferred from animal
models, underscoring the need for clinical trials that systematically
quantify redox outcomes alongside behavioral endpoints.
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Weight of evidence: Overall evidence is Low-Moderate: multiple
animal studies and a growing number of small clinical trials suggest
benefits across gut-brain signaling, social and behavioral domains,
gastrointestinal symptoms, and neurophysiological patterns, yet
most human studies rely on caregiver-reported outcomes, lack
diet,
comorbidities, or baseline microbiome composition. Evidence for

biomarker integration, and seldom control for

antioxidant action remains largely indirect, without systematic
measurement of redox biomarkers. Larger, placebo-controlled,
trials clarify
mechanisms, and optimal microbial strains.

biomarker-guided are needed to efficacy,

Taken together, these heterogeneous findings highlight both
biological plausibility and the methodological constraints that shape
the the
Discussion below.

current evidence base, motivating integrative

7 Discussions

A growing body of evidence indicates that oxidative stress,
mitochondrial dysfunction, and neuroinflammation are central to
the pathophysiology of ASD. These mechanisms affect synaptic
plasticity, energy metabolism, and the integrity of the gut-brain
barrier. Postmortem and imaging studies have revealed electron
transport chain defects and impaired pyruvate dehydrogenase
activity in ASD brains, with regional reductions in Complex I
availability and non-ETC enzymes such as aconitase and PDH.
These findings support a causal role of mitochondrial bioenergetics
in neurobehavioral phenotypes (Chauhan et al., 2011; Tang et al.,
2013; Gu et al., 2013; Kato et al., 2023). Complementary clinical and
meta-analytic data consistently demonstrate systemic redox
imbalance, including lower glutathione reserves, altered GSH/
GSSG ratios, increased lipid peroxidation, and dysregulated
NREF2 signaling, linking oxidative status to immune activation
and synaptic dysfunction (James et al, 2004; Chauhan et al,
2012; Chen et al., 2021; Davinelli et al., 2025). These mechanisms
plausibly influence behavioral domains (irritability, hyperactivity,
sociability, language, sleep) and interact with gastrointestinal
comorbidities and barrier integrity.

Within this mechanistic framework, natural compounds with
antioxidant and anti-inflammatory properties, including vitamins C
and E, glutathione precursors, CoQ10, L-carnosine, polyphenols
including quercetin, resveratrol, and curcumin, and saffron
metabolites like crocin and safranal show biological plausibility
and preliminary efficacy on biochemical and behavioral
endpoints. Clinical studies, although limited in size, report
irritability, sleep  quality,
biomarkers following

improvements in hyperactivity,

communication, and oxidative stress
supplementation with vitamin C, CoQl0, folinic acid, and
mitochondrial support formulations (Mousavinejad et al., 2018;
Frye et al., 2018; Renard et al., 2020; Hill et al., 2025). Preclinical
models demonstrate that these compounds reduce reactive oxygen
species, stabilize mitochondrial membrane potential, enhance
mitophagy, and activate NRF2 dependent transcription, which
into attenuation of ASD like in VPA,
propionic acid, maternal immune activation, and BTBR
paradigms (Bambini Junior et al, 2014; De Mattos et al., 2020;

Yang et al., 2020; Zhong et al., 2020; Zeng et al., 2024). Advances in

translates behaviors
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drug delivery systems, including liposomes and nanophytosomes,
address low solubility, rapid metabolism, and limited blood brain
barrier penetration, thereby improving central nervous system
exposure and pharmacodynamic effects, which is essential for
clinical translation of several phytochemicals (Moghaddam et al.,
2023; Sachdeva et al., 2022).

Indirect antioxidants and systems level modulators such as
PUFAs, folates or folinic acid, and prebiotics or probiotics also
show promise. By influencing membrane composition, immune
signaling, and gut microbiota, these interventions have been
associated with improvements in social motivation, adaptive
behavior, anxiety, and gastrointestinal symptoms, together with
reductions in lipid peroxidation markers and enhanced barrier
function (Veselinovi¢ et al., 2021; Santocchi et al., 2020; Bin
Khattaf et al., 2024; Zarezadeh et al., 2023). This evidence
supports a multi target therapeutic paradigm that is consistent
with the multifactorial nature of ASD and suggests that
combined interventions, for example, omega3 with vitamin D or
vitamin E, or cysteine rich proteins to boost glutathione, may exert
additive or synergistic effects across redox, mitochondrial, and
immune pathways (Castejon et al., 2021; Politi et al., 2008; Boone
et al,, 2022). This mapping is hypothesis-generating and should not
be construed as subtype-specific therapeutic guidance until
biomarker-stratified trials are conducted.

Despite these promising signals, important limitations constrain
interpretation and translation. A source of inconsistency arises from
preclinical studies, which differ markedly in their methodological
approaches. Animal models employ a wide range of behavioral
assays, biochemical endpoints, and tissue sampling strategies,
making cross-study comparison inherently difficult.
investigators analyze whole-brain homogenates, whereas others

Some

focus on specific regions such as cortex, hippocampus, or
cerebellum, each characterized by distinct redox and metabolic
profiles. Moreover, the choice of behavioral tests varies substantially
across studies, which further complicates the interpretation of
antioxidant effects. This methodological heterogeneity mirrors the
variability observed in human studies. Indeed, the clinical literature
exhibits heterogeneity in design, dosing, duration, and outcome
measures, frequent reliance on parent reported scales without
uniform blinding, and underpowered samples that hinder strong
inference and guideline development (Doherty et al, 2022;
Vasconcelos et al, 2025). Few studies stratify participants by
biological signatures such as mitochondrial phenotypes, redox
profiles, or folate receptor alpha autoantibodies, even though data
indicate differential responsiveness to targeted interventions in defined
endophenotypes (Frye et al., 2024; Rossignol and Frye, 2021). The
current literature does not support a direct association between specific
and clinically defined ASD subtypes. Pediatric
safety require clarification,
particularly for polyphenols and carotenoids with intrinsically low

antioxidants
pharmacokinetics and long-term
oral bioavailability and potential interactions with conventional
medications like antipsychotics or stimulants (Hendouei et al., 2020;
Mousavinejad et al., 2018). In addition, both preclinical and clinical
literature often underrepresent females, limiting insights into sex-
specific immunometabolic and hormonal modulators of treatment
response (Seyedinia et al, 2023; De Mattos et al, 2020). These
mechanisms have not been systematically investigated in ASD
populations, and no antioxidant trials to date have reported sex-
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specific treatment outcomes. A further methodological issue is that
many in vivo studies explicitly exclude female animals to avoid
potential confounding effects related to hormonal fluctuations.
Although this practice is common across biomedical research, it
has unintended consequence of systematically removing female-
specific biological variability from the evidence base. As a result,
our understanding of redox regulation, mitochondrial function and
neuroimmune signaling in ASD females remain extremely limited.
This gap is particularly problematic given that ASD in females often
presents with distinct behavioral, developmental, and physiological
profiles, which may influence both oxidative stress-markers and
response to antioxidant-based interventions. Incorporating sex as a
biological variable in future studies will therefore be essential to
determine whether males and females may benefit differently from
antioxidant-based treatments and to address the current imbalance in
ASD research.

It is also important to note that many ASD studies systematically
exclude participants with common comorbidities such as epilepsy,
gastrointestinal disorders or severe behavioral dysregulation. The aim
is to minimize confounding factors and obtain cleaner biological
signals. However, this practice inevitably narrows the clinical
spectrum represented in research samples and reduces natural
heterogeneity of ASD, limiting the generalizability of findings. This
issue is clearly illustrated by Politi et al., who investigated omega-3
supplementation in a cohort of young adults with severe autism and
profound intellectual disability, reporting no behavioral benefits. In
contrast, several studies included in this review that enrolled younger
individuals or participants with milder symptom profile have
documented improvements following EPA/DHA supplementation,
suggesting that age, developmental stage, and baseline severity may
critically modulate treatment responsiveness.

Another recurring limitation emerges on antioxidant-based
ASD,
methodological gap: most clinical studies report behavioral or

interventions  in constrained by a fundamental
functional improvements without directly measuring oxidative-
stress biomarkers. This disconnect limits the ability to determine
whether observed benefits truly reflect restoration of redox
homeostasis or arise from unrelated mechanisms. As a result, the
antioxidant hypothesis ASD remains supported largely by
preclinical evidence and by indirect clinical observations rather
than by robust biochemical validation in patients.

To address these gaps, future research should prioritize larger scale
multicenter randomized controlled trials with standardized protocols,
adequately powered biomarker-guided RCTs with harmonised clinical
endpoints plus GSH/GSSG, MDA/TBARS, SOD/CAT/GPx panels,
head-to-head monotherapy vs. combination designs, sex-stratified
analyses, PK-informed formulations for polyphenols, and
developmentally sensitive timing. Precision medicine approaches
should enroll participants based on biological signatures rather than
broad diagnostic categories, including glutathione status, lactate to
pyruvate ratios, N acetyl aspartate, NRF2 related profiles, electron
transport chain complex activity, and the presence of folate receptor
alpha autoantibodies in cerebral folate deficiency. Development and
testing of advanced delivery strategies, such as nanoformulations and
prodrugs, are needed to overcome bioavailability challenges and
improve central nervous system penetration and target engagement.
Ethnopharmacological knowledge can guide the design of synergistic
phytochemical combinations that move beyond single compound
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interventions toward standardized multi component formulations
with complementary actions on redox balance, membrane biology,
and immune modulation (Bej et al., 2024¢; Yang et al., 2020). Trials
should also incorporate sex-specific analyses, age related stratification,
and clinically relevant comorbidities such as gastrointestinal
dysfunction and sleep problems, all of which can modulate
treatment  efficacy.  Finally, establishing pharmacovigilance
frameworks and core outcome sets with clinically meaningful
thresholds will be essential to ensure safety, comparability, and
regulatory readiness for antioxidant-based strategies in ASD.
Overall, current data substantiates a strong mechanistic
rationale and an early clinical signal for natural compounds in
ASD, especially in subgroups with oxidative or mitochondrial
dysfunction or nutritional deficits. With rigorous methodology,
biomarker guided enrollment, optimized delivery, and careful
interventions  can
validated

therapeutic options that complement existing standards of care

safety ~monitoring, antioxidant-oriented

progress from complementary approaches to

for defined ASD endophenotypes.

8 Conclusion

To conclude, ASD is a multifaceted neurodevelopmental
condition shaped by a combination of genetic, environmental,
influences.  Oxidative  stress and

and immune-related

neuroinflammation are increasingly recognized as central
elements in its development, with mitochondrial dysfunction and
weakened antioxidant systems playing a significant role. Natural
compounds with antioxidant and anti-inflammatory properties
offer biologically plausible and clinically promising strategies,
particularly for subgroups with redox imbalance or nutritional
deficiencies. Although compounds such as vitamins, polyphenols,
and plant-derived molecules have demonstrated promise in
preliminary studies, more comprehensive clinical trials are
needed to confirm their therapeutic value, determine optimal
dosages, and assess long-term safety. Incorporating antioxidant-
based strategies into personalized treatment plans, particularly for
children with ASD, may offer significant benefits in managing
behavioral and cognitive symptoms. As scientific understanding
deepens, these compounds may become valuable tools in the

broader therapeutic landscape of ASD.

9 Materials and methods

A structured literature review (PRISMA 2020) was conducted
across PubMed, Embase, Cochrane Library, Scopus, and Google
Scholar to 31 January 2026. We included preclinical (in vitro, in vivo)
and human clinical studies on ASD that reported either redox
biomarkers and/or clinical outcomes. We excluded off-topic
articles and studies with insufficient methodological detail
(missing model/species, dose, route, duration, controls). Since
polyphenols PAINS assays
(autofluorescence, redox cycling, aggregation, metal chelation),

can act as in biochemical
in-vitro hits without orthogonal validation were downgraded; in

vivo and clinical evidence received greater weight. Best-practice
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compliance for botanical materials. We aligned nomenclature
and reporting to ConPhyMP and the Four Pillars, ensuring
type/

characterization (when applicable), and pharmacological context.

transparency on botanical drug identity, extract

Search strategy: “autism spectrum disorder” OR ASD AND
oxidative OR redox OR mitochondrial OR neuroinflammation
AND “vitamin C”/ascorbate; vitamin E/tocopherol; glutathione/
N-acetylcysteine; quercetin; resveratrol; curcumin; crocin/safranal;
coenzyme Q10; omega-3; folinic/folate; probiotic/prebiotic.

Eligibility: Preclinical (in vitro, in vivo) and clinical ASD studies
reporting redox biomarkers and/or clinical outcomes; off-topic
studies or those lacking model/species, dose/route/duration, or
controls were excluded.

Selection and extraction: Two-stage screening (title/abstract; full
text). Extraction included model/species, sex, dose/route/duration,

tissue, controls, redox biomarkers, clinical outcomes, and safety.
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