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Neurodevelopmental disorders
and gut-brain interactions:
exploring the therapeutic
potential of pycnogenol
through microbial-metabolic-
neural networks
Ling Chen, Zhiqiang Li and Yuying Fan*

Department of Pediatrics, Shengjing Hospital of China Medical University, Shenyang, Liaoning, China
Neurodevelopmental disorders (NDDs), characterized by cognitive impairments

and behavioral abnormalities, represent a clinically diverse group of conditions

typically emerging during childhood or adolescence. Major subtypes encompass

autism spectrum disorder (ASD), attention-deficit hyperactivity disorder (ADHD),

and epilepsy. The pathogenesis of these disorders involves multifactorial

interactions between genetic susceptibility (Shank3 mutations in ASD),

environmental triggers (prenatal toxins), neurotransmitter dysregulation

(dopamine (GA) and g-aminobutyric acid (GABA) systems) and immune

dysregulation. Growing research highlights the gut-brain axis disruption as a

potential contributor to NDDs pathophysiology, though systematic evaluation of

therapeutic approaches targeting this axis and related gastrointestinal

comorbidities (GIDs) remains limited. This review comprehensively examines

the pathological mechanisms underlying ADHD, ASD, and epilepsy, while

analyzing the reciprocal relationship between gut-brain axis dysregulation and

GID manifestations in NDDs. Notably, abnormal activation of key signaling

pathways including NF-kB, MAPK and PI3K/AKT/mTOR is strongly associated

with the pathogenesis of NDDs. We further propose pycnogenol (PYC), a

polyphenol extract of pine bark, as a natural compound with multiple

bioactivities such as anti-inflammatory and antioxidant, can directly or

indirectly affect the function of the gut-brain axis by regulating the structure of

the intestinal microbial community (increasing the abundance of Akkermansia

muciniphila and butyric acid-producing bacteria) and its metabolites, providing a

new strategy for the treatment of NDDs.
KEYWORDS

neurodevelopmental disorders, attention-deficit hyperactivity disorder, autism
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1 Introduction

Neurodevelopmental disorders (NDDs) are a complex set of

disorders that occur in childhood due to a variety of genetic or

acquired etiologies (Turner et al., 2021; Lukens and Eyo, 2022),

primarily including attention-deficit hyperactivity disorder

(ADHD), autism spectrum disorder (ASD), intellectual disability,

tourette syndrome (TS) (Morris-Rosendahl and Crocq, 2020), and

childhood epilepsy, which are characterized by abnormalities of

development or dysfunction of the central nervous system that

result in cognitive, emotional, sensory, and motor disorders. In

particular, ADHD is characterized by inattention, hyperactivity,

and impulsivity (Trebaticka and Durackova, 2015). ASD also is a

classic NDDs, which is characterized by impaired social

interactions, difficulties in verbal communication, and repetitive

stereotyped behaviors (Lord et al., 2020). Some researchers have

proposed that the neurobiological mechanisms of ASD include

abnormal synaptic function, neurotransmitter imbalance, and

neuroinflammation; and epilepsy, a widely observed neurological

disorder, manifests through repeated episodes of aberrant electrical

brain activity, potentially causing loss of consciousness and

compromised motor control. Currently, the global prevalence of

neurodevelopmental disorders is on the rise (Chen and Geschwind,

2022), estimates of the prevalence of ADHD range from 20.8 to

44.5%, TD from 1.8 to 17.7%, and ASD from 2.3 to 10.3% (Frances

et al., 2022), as well as the need for long-term care that NDDs

patients are often subjected to, posing a huge economic and

psychological burden on families and society (Trebaticka and

Durackova, 2015). In recent years, the potential of natural

compounds in the treatment of neurodevelopmental disorders has

gradually gained attention, among which the pine bark polyphenol

extract, a natural compound extracted from the bark of the French

coastal pine tree, which main component is proanthocyanidins, has

become a hot research topic due to its antioxidant, anti-

inflammatory and neuroprotective effects (Schoonees et al., 2012).

Studies have shown that pycnogenol (PYC) is able to positively

affect the nervous system by scavenging free radicals, reducing

oxidative stress (OS), inhibiting inflammatory responses, and

modulating neurotransmitter function (Belviranli and Okudan,

2015). For example, in ASD, PYC exerts antioxidant and anti-

inflammatory properties that maybe help to alleviate behavioral

problems and neuroinflammation (Nattagh-Eshtivani et al., 2022).

In addition, PYC has shown potential anticonvulsant and

neuroprotective effects in epilepsy treatment (Goel and Saxena,

2019). As a natural compound, PYC offers new ideas and

possibilities for the treatment of neurodevelopmental disorders,

but its safety and long-term efficacy need to be verified by more

high-quality clinical trials.

Concurrently, numerous investigations into the microbiota-

gut-brain axis reveal that the gut microbiota engages in dynamic

interactions with the brain, collectively referred to as the “gut-brain

axis.”On the one hand, gastrointestinal (GI) motility, secretion, and

digestion are regulated by the central nervous system (CNS) (Cheng

et al., 2019). On the other hand, dysbiosis of the gut flora is closely

linked to various diseases of the CNS (Brescia and Rescigno, 2021).
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For example, children with ASD have significantly lower relative

abundance and lower a-diversity of the Prevotella, Coprococcus, and
the unclassified Veillonellaceae in the gut (Kang et al., 2013). In

addition, dysbiosis of the gut flora increases the prevalence of

ADHD (Cenit et al., 2017). All this suggests that the gut-brain

axis could be used as an adjunctive therapeutic strategy for

neurodevelopmental disorders. In this review, we review the

pathological mechanisms of NDDs, the role of the gut-brain axis

and the regulatory network of related signaling pathways, and

explore the prospects of PYC as a multi-targeted intervention

strategy in the treatment of NDDs.
2 Natural pine bark extract:
pycnogenol

2.1 Anti-inflammatory effect

Inflammation represents a sophisticated immune mechanism,

primarily serving as a protective reaction to harmful stimuli like

pathogens, cellular damage, or toxic agents (Rafiyan et al., 2023),

can be categorized as acute and chronic inflammation, acute

inflammation initiated quickly and contributing to the removal of

damaged cells and pathogens, which contributes to the health of the

host (Alderton and Scanlon, 2021). However, when acute

inflammation develops into chronic inflammation, it results in the

development of an abnormal inflammatory response and a

detrimental cycle of long-term tissue damage that can lead to

diseases such as diabetes, neurological disorders and cancer

(Langworth-Green et al., 2023; Nigam et al., 2023). PYC’s

primary bioactive constituents, proanthocyanidins, comprise

oligomeric/polymeric chains of epicatechin and catechin subunits,

accompanied by complementary phytochemicals like flavonoid

derivatives, polyphenol monomers, and glycosylated cinnamic/

phenolic acids (Rohdewald, 2018). These compounds demonstrate

broad therapeutic potential against chronic inflammatory

pathologies. Mechanistically, PYC suppresses macrophage-derived

pro-inflammatory cytokine secretion (Nattagh-Eshtivani et al.,

2022) while upregulating TReg cell-associated markers (Foxp3

and interleukin-10 (IL-10)) (Fan et al., 2015). Experimental

evidence from Liu et al. revealed PYC’s capacity to attenuate

lipopolysaccharide (LPS)-induced microglial inflammation by

suppressing nitric oxide (NO), IL-6, and IL-1b production (Liu

et al., 2024). Research indicates that lipopolysaccharide (LPS)

triggers microglial inflammatory responses through activator

protein-1 (AP-1) and nuclear factor kappa-B (NF-kB) pathways.
LPS stimulation in microglia increases nitric oxide (NO) and

pro-inflammatory cytokines IL-6 and IL-1b, whose levels

correlate positively with AP-1 and NF-kB expression. Notably,

PYC inhibits these transcription factors’ activity and attenuates

pro-inflammatory mediator production (Fan et al., 2015),

corroborating findings from Liu et al. Microglia, the resident

immune cells of the CNS, are activated in processes tightly linked

to neuroinflammation and essential for normal nervous system

development (Lei et al., 2014).
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2.2 Antioxidant effects

oxidative stress occurs when the equilibrium between oxidants

and antioxidants is disrupted, leading to overproduction of reactive

oxygen species (ROS) and free radicals. These disturbances in

homeostasis are associated with numerous diseases, such as

cardiovascular conditions, tumors, and neurological disorders (van

der Pol et al., 2019). Research suggests that PYC inhibits the

expression of cell adhesion molecules, cyclooxygenase (COX),

lipoxygenase (Peng et al., 2012), NO, and inducible nitric oxide

synthase (iNOS) (Uhlenhut and Hogger, 2012). This is due to the

fact that the main active ingredients of PYC include

proanthocyanidins, catechins, phenolic acids and flavonoids,

which are effective in scavenging free radicals in the body, thus

reducing cellular damage caused by OS (Packer et al., 1999). Studies

have shown that PYC not only scavenges free radicals directly, but

also protects the cellular antioxidant system and enhances the

antioxidant defense of cells (Kim B. et al., 2020). Cossin et al. used

ESR spectroscopy to study the retention time of ascorbate radicals in

the ascorbate-ascorbate oxidase system and found that the retention

time was prolonged after PYC treatment (Cossins et al., 1998). In

addition, the protective effect of PYC on the nervous system is one of

its important functions. It has been proposed that amyloid beta

peptide (Ab) induced a large amount of ROS production by PC12 of

pheochromocytoma cells leading to apoptosis (Cheng et al., 2017),

whereas PYC treatment inhibited the release of ROS, which

ultimately protected the neuronal cells from A beta-induced

apoptosis, and improved the improvement of memory and

cognitive functions (Peng et al., 2002). PYC is able to enhance

synaptic plasticity by promoting the expression of brain-derived
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neurotrophic factor (BDNF) (Kebir and Joober, 2011), an important

neurotrophic factor that promotes neuronal growth, differentiation

and synapse formation. Studies have shown that PYC can

significantly increase BDNF levels, resulting in improved synaptic

function and learning memory (Luzzi et al., 2011). Additionally,

another clinical study showed that the ingestion of 1 mg/kg of PYC

for four weeks in pediatric patients with ADHD resulted in 18.3%

improvement in hyperactivity and 14.4% improvement in attention

(Weichmann and Rohdewald, 2024), and DNA damage, as assessed

by measuring the levels of 8-oxo-7,8-dihydroguanine (8-oxoG),

found that oxidative DNA damage in pediatric patients with

ADHD after ingestion of PYC significantly decreased, as well as

increased total antioxidant status and improved glutathione (GSH)

levels in pediatric patients with ADHD after PYC intake

(Weichmann and Rohdewald, 2024). Treatment of ADHD in

children with PYC normalized catecholamine concentrations,

leading to a reduction in OS and alleviation of ADHD (Sinn,

2008). These studies suggest that PYC can be a strong candidate

for the treatment of neurodevelopmental disorders by exerting its

antioxidant effects (Table 1).
2.3 PYC metabolism and gut microbiota

PYC is derived from French coastal pine bark extract and is

standardized to contain 70 ± 5% proanthocyanidins, consisting of

catechin and epicatechin polymers with different chain lengths, as

well as low molecular weight compounds containing paclitaxel,

vanillic acid, gallic acid, cinnamic acid, ferulic acid, and caffeic acid

(Figure 1) (D’Andrea, 2010). These low molecular weight
TABLE 1 Treatment effects of PYC on ADHD, ASD and epilepsy.

Diseases
Sample
volume

PYC dose Duration Effects Reference

ADHD 61 children 1 mg/kg/d 4 weeks
↓ Hyperactivity and inattention;

↓ plasma OS markers
(Trebaticka et al., 2006)

ADHD 24 adults
1 mg/kg/d
(Four doses)

3 weeks ↑ Executive functioning (Tenenbaum et al., 2002)

ADHD 50 children 1 mg/kg/d 12 weeks
↓ GSSG;
↑ GSH;
↓ TAS

(Dvorakova et al., 2006)

ADHD 144 children 1 mg/kg/d 10 weeks
↓ ADHD-RS scores;

Improve ADHD and focus
(Verlaet et al., 2017)

ADHD 57 children 1 mg/kg/d 4 weeks
↓ Catecholamine levels, OS

and hyperactivity
(Dvorakova et al., 2007)

ASD-induced lung inflammation 10 mice (n=5) 15 mg/kg and 30 mg/kg 6 days
↓ Inflammatory cell infiltration;

↓ IL-1b, IL-6, TNF-a;
Inhibited MMP-9 expression

(Pak et al., 2024)

Mice model of pentylenetetrazole-
induced epilepsy

36 mice
(n=6)

50 mg/kg and 100 mg/kg 2 weeks

Prolonged seizure latency;
↓ Seizure duration and

frequency;
↓ TBARS;

↑SOD, CAT and GSH

(Goel and Saxena, 2019)
↓ Expression downward, ↑ Expression upward.
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compounds are able to be absorbed in the small intestine and the

oligomers and polymers are metabolized by microorganisms upon

arrival in the large intestine. After reaching the large intestine, they

are metabolized by microorganisms (Schantz et al., 2010). A

pharmacokinetic study showed that plasma samples assayed from

healthy volunteers given 200 mg (multiple intakes over 5 days) and

300 mg (single-dose intake) of PYC, tested 4 h after the last intake

and 14 h after the single-dose intake, revealed that catechins,

paclitaxel, caffeic acid and ferulic acid, as well as the

intestinal microbial the metabolite 5-(3′,4′-dihydroxyphenyl)-g-
valerolactone content was significantly increased (Grimm et al.,

2006). In addition, the presence of oligomers and polymeric

proanthocyanidins in the large intestine promotes the

proliferation of a variety of beneficial bacteria with health-

protective effects on the host. For example, Akkermansia

muciniphila and butyrate-producing bacteria showed increased

colonisation while inhibiting LPS-producing bacteria (Niwano

et al., 2022). Proanthocyanidins have been reported to increase

the abundance of gut microorganisms such as Bacteroidota,

scillospiraceae, Muribaculaceae and Desulfovibrionaceae, as well as

activate short-chain fatty acids (SCFAs) receptors in the colon (Sun

et al., 2024). Another study claimed that catechin intervention

induced an increase in the ratio of Bacteroidetes to Firmicutes, as

well as a decrease in the relative abundance of Lactobacillus

plantarum and Acetobacter pomorum (Perez-Burillo et al., 2021).

Along with the promotion of beneficial bacteria and the inhibition

of harmful bacteria by PYC, which can contribute to the formation

and differentiation of intestinal immune cells and regulate the

release of inflammatory factors, thus affecting brain activity and

function (Wu et al., 2025). And the fact that SCFAs can stimulate

the vagus nerve or indirectly regulate host metabolism and

cognition through immune-neuroendocrine mechanisms (Doifode
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et al., 2021), these studies have demonstrated that PYC has a

protective effect on the nervous system through the gut-brain axis

for neuroprotective effects. Furthermore, since PYC is primarily

composed of phenolic compounds, these compounds undergo

biotransformation upon ingestion. Specifically, they are

metabolized by microbial enzymes in the colon, resulting in the

production of smaller bioavailable molecules. These metabolites are

subsequently absorbed by the colon into the bloodstream and

transported to various tissues and organs (Rohdewald, 2002).

During the metabolism of PYC, intestinal microorganisms play a

critical role in the catabolism and transformation of phenolic

compounds, leading to the formation of small molecule

metabolites with antioxidant and anti-inflammatory bioactivities.

By analyzing the serum metabolites of human volunteers after PYC

ingestion, it was observed that the metabolites 5-(3′,4′-
dihydroxyphenyl)-g-valerolactone and 5-(3′-methoxy-,4′-
hydroxyphenyl)-g-valerolactone were retained in blood cells and

exerted beneficial effects on host health (Bayer and Hogger, 2024).
3 Pathogenesis of
neurodevelopmental disorders

ADHD is a NDDs that usually begins in early childhood and is

persistent (Cortese and Coghill, 2018), characterized by inattention,

impulsivity, hyperactivity, and poor control over self-behavior.

Globally, the prevalence of ADHD in children and adolescents in

recent years has been about 8.0%, with the prevalence in boys (10%)

being twice as high as in girls (5%) (Ayano et al., 2023). The

majority of ADHD patients have normal intelligence but often have

cognitive impairment and learning difficulties, and the development

of ADHD involves genetic (Laria et al., 2021), environmental
FIGURE 1

PYC main components proanthocyanidin, catechins and epicatechins Structural formula. PYC’s main components are a mixture of monomers,
oligomers, and polymers, and its monomers are mainly catechin and epicatechin. Oligomers and polymers are collectively known as
proanthocyanidin, which are bioflavonoids with a special molecular structure, and are now internationally recognized as the most effective natural
antioxidants for scavenging free radicals in the human body.
frontiersin.org

https://doi.org/10.3389/fcimb.2025.1601888
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Chen et al. 10.3389/fcimb.2025.1601888
(Faraone and Larsson, 2019), dietary, neurotransmitter, and

brain function abnormalities. Studies of twins and adopted

children have shown that ADHD is highly genetically

inherited (60%-90%) (Faraone et al., 2015). Although the

specific pathogenesis of ADHD has not yet been elucidated,

neurotransmitter abnormalities (dopamine (DA), norepinephrine

(NE), 5-hydroxytryptophan (5-HT)) as well as increased OS and

neuroinflammation in patients with ADHD have been the focus of

most research (Curatolo et al., 2009).

ASD is a heterogeneous lifelong NDDs primarily characterized

by social difficulties, communication difficulties and repetitive

behaviors and interests (Hirota and King, 2023). The prevalence

of ASD is reported to be steadily increasing worldwide, reaching

1.85% in 2016 alone, with a 4.3 times more common in boys than

girls (Maenner et al., 2020), often accompanied by symptoms such

as epilepsy, anxiety, depression and ADHD (Yang et al., 2022). The

study suggested that genetic and environmental factors early in

development play a crucial role in the aetiology of autism (Maenner

et al., 2020). The researchers found that ASD runs predominantly in

families, with a heritability of 83%, especially in twins, where the

proportion of phenotypic variation due to genetic factors is

estimated to be as high as 90%, suggesting that genetic factors

may explain most of the etiology of ASD (Sandin et al., 2017). In

addition, chemical exposures, infections, inflammation and

dysfunctional immune responses during early embryonic

development also increase the prevalence of ASD (Li et al., 2021).

Furthermore, we summarize and highlight the mechanistic

advances in synaptic function and pathway abnormalities, gut-

brain axis and immune response dysregulation in ASD patients to

provide a theoretical basis for the next step in precision therapy.

Epilepsy, the most prevalent neurological disorder, affects

approximately 0.5% to 2% of the general population and is

characterized by recurrent epileptic seizures (Christodoulou et al.,

2018). These seizures can present with a range of clinical

manifestations, including loss of consciousness, limb convulsions,

foaming at the mouth, and incontinence. Notably, epidemiological

data indicate that approximately two-thirds of epilepsy cases have

their onset during childhood or adolescence (Christodoulou et al.,

2018). The pathogenesis of epilepsy is highly complex and

multifactorial, involving a combination of mechanisms such as

abnormal neuronal discharges, imbalances in neurotransmitter

systems, dysfunction of ion channels, dysregulation of neuroglial

cell activity, genetic predispositions, immune-mediated processes,

mitochondrial dysfunction, and the modulatory influence of gut

microbiota (Chakraborty et al., 2022). In recent years, advances in

genomic technologies, such as whole exome sequencing (Palmer

et al., 2018), have unveiled the intricate genetic interplay between

epilepsy and neurodevelopmental disorders. For instance, Takata

et al (Takata et al., 2019). demonstrated that individual-specific

deleterious ultra-rare variants (dURVs) are significantly enriched in

patients with epileptic encephalopathy (EE) and developmental and

epileptic encephalopathy (DEE). These variants were identified not

only within known EE/DEE-associated genes but also in genes not

previously linked to these conditions (Takata et al., 2019). DEE

represents a distinct epilepsy subtype characterized by the co-
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occurrence of seizures and neurodevelopmental impairments,

wherein seizures may exacerbate neurodevelopmental deficits, and

conversely, neurodevelopmental disorders may heighten seizure

susceptibility (Guerrini et al., 2023). In the following sections, we

will provide a detailed exploration of epilepsy-related pathological

mechanisms, with a focus on abnormal neuronal excitability and

mitochondrial dysfunction.
3.1 Neurotransmitter abnormalities

Neurotransmitters play an important role in the regulation of

neuronal activity, cognitive function and behavioral control. The

development of ADHD is closely linked to abnormal levels of

neurotransmitters such as DA (Faltraco et al., 2021), NE and 5-

HT (Bidwell et al., 2011; Daws and Gould, 2011). Modulation of

attention, energy levels, and emotional control relies heavily on

these neurotransmitters. Notably, ADHD-diagnosed children

display distinct DA and NE level profiles relative to their

neurotypical counterparts (Gul et al., 2022), and this difference

leads to impaired messaging and regulation. In patients with

ADHD, dysfunction of the DA system is mainly characterized by

reduced levels of dopamine or obstruction of its delivery processes

(Li et al., 2017). For example, positron emission tomography studies

have found that ADHD patients have an increased density of

dopamine transporters in brain regions such as the prefrontal

cortex and the striatum (Koirala et al., 2024), which allows for a

too-rapid reuptake of dopamine, thereby reducing the effective

concentration of dopamine in the synaptic gap, ultimately leading

to distraction and impulsive behavior (Koirala et al., 2024). In

addition, animal experiments have shown that activation of

dopamine D2 receptors significantly enhances working memory

and attention, but the density of dopamine D2 receptors is

significantly reduced in the prefrontal cortex of ADHD patients

(Vazquez et al., 2022), which further contributes to cognitive

dysfunction and behavioral inhibition. Genetically, the genetic

predisposition to ADHD is further supported by the findings of

dopamine receptor D4 and dopamine receptor D5 as ADHD

susceptibility genes. NE is another important neurotransmitter

closely related to ADHD and is mainly involved in regulating

functions such as alertness, attention and mood (Vazquez et al.,

2022). Research suggests that the function of the norepinephrine

transporter may be enhanced in people with ADHD, leading to

increased reuptake of norepinephrine, which reduces its

concentration in the synaptic gap (Bonisch and Bruss, 2006).

Decreased norepinephrine impairs the brain’s ability to

regulate attention and alertness, resulting in inattention and

hyperactive behavior.

Epilepsy is fundamentally characterized by abnormal neuronal

activity, primarily driven by an imbalance between excitatory and

inhibitory neurotransmission, which leads to the pathological over-

synchronization of neuronal networks (Follwaczny et al., 2017).

A key mechanism underlying this imbalance involves the

excessive release of glutamate, the brain’s principal excitatory

neurotransmitter, and/or insufficient levels of g-aminobutyric acid
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(GABA), its major inhibitory counterpart (Akyuz et al., 2021).

GABA, the primary inhibitory neurotransmitter in the brain, is

predominantly localized within short-axoned interneurons

(Treiman, 2001). These interneurons form synaptic connections

with neuronal cell bodies and proximal axons, playing a critical role

in maintaining inhibitory tone and counterbalancing excessive

neuronal excitation to ensure neural circuit stability (Treiman,

2001). Recent studies have demonstrated that transplantation of

GABAergic interneuron precursor cells can enhance endogenous

GABA signaling, offering a promising therapeutic strategy for

seizure control (Arshad et al., 2023). Additionally, many

antiepileptic drugs exert their anticonvulsant effects by

modulating GABAergic transmission, such as through the

potentiation of GABA receptor activity or inhibition of GABA

reuptake (Loscher, 2021). Additionally, the voltage-gated sodium

ion (NaV) a subunit 1 (SCN1A), which encodes the NaV1.1 subunit,

is predominantly expressed in GABAergic neurons (Parihar and

Ganesh, 2013). Extensive research has identified SCN1A mutations

as one of the most frequently implicated genetic alterations in

epilepsy (Parihar and Ganesh, 2013). Experimental studies using

SCN1A knockout mice have demonstrated that the loss of NaV1.1

function selectively reduces Na+ current density in inhibitory

interneurons, while sparing excitatory pyramidal neurons

(Chakraborty et al., 2022). This interneuron-specific impairment

disrupts inhibitory neurotransmission, leading to neuronal

hyperexcitability and the development of epilepsy. Meanwhile,

SCN1B encodes NaVb1, which shares similar clinical features with

SCN1A (Brackenbury and Isom, 2011), suggesting that the

mechanism of pathogenesis of SCN1B mutations may involve

impaired NaV1.1 function, ultimately leading to abnormal Na+

channels (Wei et al., 2017). Notably, exome and targeted

sequencing revealed that K+ channel dysfunction may also lead to

ineffective reduction of excitability, which may predispose to

epilepsy. Voltage-gated potassium (KV) channels have an essential

function in the modulation of electrical excitability in neuronal

systems (Zheng and Chen, 2024). Research has shown that mutant

KV channels are associated with epilepsy (Zheng and Chen, 2024),

indicating that abnormal ion channel function is closely linked

to seizures.
3.2 Oxidative stress and neuroinflammation

Recent evidence suggests that ADHD is strongly associated with

redox imbalance. OS in the brain causes damage to neuronal

integrity due to the high susceptibility of polyunsaturated fatty

acids to oxidation and ROS production, which may also lead to

activation of astrocytes and microglia. Some of these enzymes are

catalase (CAT), superoxide dismutase and glutathione peroxidase

(GPx), which are accepted biomarkers of OS. In a study of 35

ADHD patients and 35 healthy controls, plasma GPx levels were

found to be significantly lower in the ADHD patients than in the

healthy group (Ceylan et al., 2010). The mean serum levels of TAC,

GSH and CAT were significantly lower in the ADHD patients than

in the healthy group (Visternicu et al., 2024). Recently, it has been
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reported that pediatric patients with ADHD have higher levels of

OS, particularly malondialdehyde (Bulut et al., 2007), a breakdown

product of the main chain reaction leading to polyunsaturated fatty

acid oxidation used as a marker of OS (Corona, 2020). Meanwhile,

when redox imbalance occurs, the escape of high levels of ROS

activates the massive release of pro-inflammatory chemokines and

cytokines, which dysregulates the immune response and ultimately

leads to neuroinflammation (Weng et al., 2018). In one study,

elevated levels of the cerebrospinal fluid pro-inflammatory cytokine

TNF-b and low levels of the anti-inflammatory cytokine IL-4 were

observed in patients with ADHD (Mittleman et al., 1997).

Gustafsson et al. suggested that levels of IL-6, tumor necrosis

factor-a (TNF-a), and monocyte chemotactic protein-1 may be

markers of ADHD risk (Gustafsson et al., 2020). Prenatal exposure

to inflammation has been reported to potentially disrupt brain

development, causing structural changes in gray matter volume and

brain regions (prefrontal cortex, anterior cingulate cortex, and

corpus callosum), resulting in failure of permanent neural circuits

to mature, or neuroendocrine changes that increase the risk of

ADHD in children (Buske-Kirschbaum et al., 2013). Animal studies

have shown that adult mice prenatally exposed to polycytidylic acid

(poly(I:C)) have a reduction in total brain volume (da Silveira et al.,

2017) similar to the reduction in gray matter volume in children

with ADHD (Castellanos et al . , 2002). Thus, OS and

neuroinflammation are coexisting and interrelated mechanisms

(Solleiro-Villavicencio and Rivas-Arancibia, 2018).

A growing body of research suggests that the pathogenesis of

ASD is related to the accumulation of oxidative products and

disturbances in antioxidant metabolism. When oxidative stress

occurs in the endothelium of children with autism, the blood-

brain barrier may be impaired, leading to differential diffusion and

transport (Ellwanger et al., 2016). Studies have shown that

compared to healthy controls, blood levels of plasma

malondialdehyde, serum malondialdehyde, RBC superoxide

dismutase, plasma reduced glutathione, and Plasma glutathione,

which are markers of oxidative stress, were reduced or increased in

varying degrees (Geier et al., 2009; Hu et al., 2020). Usui N. et al.

found, by analyzing lipid metabolomics, that 48 metabolites in

patients with ASD were enriched mainly in lipid biosynthesis and

metabolism, oxidative stress and Synaptic function-related targets

(Usui et al., 2020). Meanwhile, coenzyme Q10, a mitochondrial

antioxidant cofactor that crosses the BBB, was shown to improve

communication in children with ASD by administering its reduced

form (ubiquinol) to children with ASD (Gvozdjakova et al., 2014).

In addition, the direct administration of coenzyme Q10 had a

significant mitigating effect on the symptoms and oxidative stress

in ASD (Mousavinejad et al., 2018).

Simultaneously oxidative stress is a key factor in the onset and

development of epilepsy. The production and accumulation of free

radicals leads to cell damage and neuronal death, which can trigger

epilepsy (Waldbaum et al., 2010). Studies have proposed that

antioxidants can reduce seizure frequency and severity in animal

models (Aguiar et al., 2012). Whereas mitochondria serve as a

major source of ROS, mitochondrial dysfunction leads to

overproduction of ROS, further exacerbating OS (Aguiar et al.,
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2012). Mutations in mitochondrial DNA have been found in

hereditary epilepsy (myoclonic epilepsy with ragged red fibers)

and mitochondrial encephalopathies that can directly affect the

activity of the electron transport chain (Pearson-Smith and Patel,

2017), as well as the fact that most mouse models deficient in SOD2

suffer from mitochondrial dysfunction, resulting in increased ROS,

decreased ATP, and ataxia (Liang et al., 2012). These studies suggest

a vicious cycle of OS and mitochondrial dysfunction in epilepsy that

can contribute to lower seizure thresholds and increased severity.
3.3 Synaptic function and pathway
abnormalities

It is proposed that most ASD risk genes encode proteins that

play an important role in synaptic function, such as neurexins

(NRXNs, such as NRXN1, NRXN2, NRXN3) (Costales and

Kolevzon, 2015), Neuroligins and Shank3 (Lyons-Warren et al.,

2022). For example, mutations in the NRXN1 gene, which encodes

a synaptic adhesion molecule and a presynaptic neuronal connexin

that plays an important role in synaptic adhesion (Li and Pozzo-

Miller, 2020), differentiation and maturation, have also been found

to be strongly associated with the development of ASD. And animal

studies showed that inhibitory synapses were reduced in the

brainstem and cortex of all three NRXN knockout or double

knockout KO animals. Several brain regions are reduced in

volume in Nlgn3R451C KI mice, which carry Nlgn3R451C mutations

associated with ASD patients (Ellegood et al., 2011), and show

reduced hippocampal neurotransmission mediated by AMP-

activated protein kinase (AMPK) receptors (Chanda et al., 2016).

Shank3 is a postsynaptic density (PSD) protein that has an essential

function in targeting neurons (Wang L. et al., 2023), anchoring and

dynamic regulation of synaptic localization of neurotransmitter

receptors and signaling molecules (Zhou et al., 2016). Moreover,

molecular, biochemical and behavioral abnormalities associated

with autism phenotypes have been observed in various Wnt

pathway-associated knockout mouse models (Grayton et al., 2013;

Durak et al., 2016). As a negative regulator of autism, CHD8 can

participate in the classical Wnt signaling pathway by binding

directly to b-catenin or being recruited to the promoter region of

b-catenin responsive genes (Durak et al., 2016). In addition, b-
catenin is closely linked to the Wnt signaling pathway and regulates

normal brain development along with phosphatase and tensin

homolog (PTEN) (Kwan et al., 2016). Furthermore, it has been

shown that the PI3K/AKT/mTOR is highly correlated with ASD

and is mainly involved in regulating synaptogenesis (Modi and

Sahin, 2020), cortico-genesis and related neuronal processes

(Gilbert and Man, 2017). AKT/mTOR is a biological substrate for

autism, and mTOR is involved in synaptic plasticity, neuronal

development and memory storage in the CNS (Trovato et al.,

2020). Protein expression and phosphorylation of mTOR and its

downstream signaling pathway components were found to be

significantly reduced in autistic individuals (Nicolini et al., 2015).
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3.4 Gut microbiology and immune
dysregulation

Patients with ASD frequently exhibit comorbid GI dysfunction, a

phenomenon that may be mechanistically linked to the complex

interplay between the GI system and neuroendocrine/neuroimmune

systems (Vuong and Hsiao, 2017; Hughes et al., 2018). This

observation aligns with the growing body of research on the gut-

brain axis, which has gained significant attention in recent years for its

role in bidirectional communication between the gut and the central

nervous system (Vuong andHsiao, 2017). The gut microbiota, defined

as the diverse community of microorganisms residing in the human

gastrointestinal tract, is increasingly recognized as a key mediator in

this cross-system interaction. Given that ASD typically manifests

during childhood, a critical period when the infant gut microbiota is

shaped by oligosaccharide-rich breastmilk (Rodriguez et al., 2015), the

healthy infant gut microbiota is predominantly colonized by beneficial

genera such as Bifidobacterium and Lactobacillus (Human

Microbiome Project, 2012). However, studies have identified

significant dysbiosis in children with ASD, characterized by elevated

levels of Desulfovibrio, a sulfate-reducing bacterium whose abundance

correlates with autism severity (Tomova et al., 2015). Notably, its

primary metabolic byproduct, hydrogen sulfide, exhibits cytotoxic

effects on colonic epithelial cells and contributes to GI inflammation,

distinguishing ASD patients from healthy controls (Carbonero et al.,

2012). Comparative analyses of gut microbiomes between ASD

patients and their neurotypical siblings have revealed substantial

alterations in microbial composition. Specifically, significant

reductions were observed in the relative abundances of

Faecalibacterium prausnitzii (a key butyrate producer with anti-

inflammatory properties), Prevotella copri, Bacteroides fragilis, and

Akkermansiamuciniphila (Retuerto et al., 2024), alongside a decreased

ratio of Bacteroidetes and Firmicutes (Tomova et al., 2015).

Furthermore, ASD-associated microbiomes exhibited a marked

depletion of genera involved in carbohydrate degradation and

fermentation, including Prevotella, Coprococcus, and unclassified

Veillonellaceae, suggesting impaired microbial metabolic

functionality (Kang et al., 2013). In contrast, the gut microbiota of

patients with ADHD and epilepsy is unclear. One study found that the

relative abundance of Bifidobacterium was lower in pediatric patients

with ADHD (Partty et al., 2015). In a study by B. Jakobi et al. it was

shown that in adult patients with ADHD the relative abundance of

Clostridia_UCG_014 and Eubacterium_xylanophilum_group was

decreased, whereas the relative abundance of Eisenbergiella and

Ruminococcus_torques_group was increased (Jakobi et al., 2024).

Ruminococcus_torques_group was previously reported to be

enriched in pediatric patients with ASD and to play a significant

role in gut microbiota function and pro-inflammatory responses

(Jakobi et al., 2024). It has also been suggested that the transfer of

gut microbes from ADHD patients to healthy mice resulted in altered

flora structure (Tengeler et al., 2020). In addition, one study analyzed

the causal relationship between gut microbiota and epilepsy and found

that certain specific gut flora (Betaproteobacteria, Veillonellaceae, and
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Burkholderiales) were associated with an increased risk of epilepsy

(Zeng et al., 2023; Qiu et al., 2024).

Concurrently, immune dysregulation has been identified as a

common feature in individuals with ASD, with studies

demonstrating a strong association between immune dysfunction

and the severity of behavioral symptoms (Hughes et al., 2023).

Notably, children with ASD exhibit elevated levels of circulating

innate immune cells, further underscoring the interplay between

systemic inflammation and neurodevelopmental outcomes in this

population (Tural Hesapcioglu et al., 2017; Robinson-Agramonte

et al., 2022). Additionally, Enstrom et al. demonstrated

dysregulation of monocyte activation in patients with ASD. Their

findings revealed that Toll-like receptor 2 activation in peripheral

CD14+ monocytes isolated from ASD patients led to significantly

elevated expression of TNF-a, IL-1b, and IL-6 (Kim YS. et al., 2020).

Notably, LPS-induced TLR4 activation also resulted in increased IL-1b
expression. Importantly, the study established a positive correlation

between elevated IL-1b levels and the severity of ASD-related

behavioral manifestations (Emanuele et al., 2010). Elevated pro-

inflammatory cytokine responses, particularly interferon-g and

TNF-a, have been identified as significant contributors to the

heightened susceptibility of autistic children to GI inflammation and

the exacerbation of behavioral symptoms (Hughes et al., 2023). Studies

have demonstrated that these cytokines are produced in response to

common dietary proteins in autistic children, highlighting a potential

link between dietary triggers and systemic inflammation (Schwartzer

et al., 2017). Importantly, these pro-inflammatory cytokines can either

cross the blood-brain barrier (BBB) directly or stimulate brain

endothelial cells, disrupting the local immune milieu within the

central nervous system (Robinson-Agramonte et al., 2022). This

immune dysregulation fosters a dysfunctional brain environment,

which is thought to underlie core behavioral manifestations of ASD,

including social dysfunction and repetitive behaviors.
4 Gut microbiota and
neurodevelopmental disorders

4.1 Gut microbes linked to
neurodevelopment

The gut microbiota critically regulates brain activity and behavioral

processes, a mechanism largely mediated by the gut-brain axis, a

bidirectional signaling pathway connecting the gastrointestinal tract

and the central nervous system, as evidenced by extensive scientific

inquiry (Davias et al., 2025). Experimental studies utilizing animal

models have revealed that both germ-free (GF) mice and antibiotic-

treated, microbiota-depleted mice exhibit profound neurophysiological

and behavioral alterations compared to control groups (Vuong et al.,

2020). These changes manifest as reduced social interaction, impaired

cognitive performance, and heightened anxiety-like behaviors.

Conversely, when neonatal animals with depleted microbiota

undergo gut flora diversification or complete microbial

reconstitution, significant improvements are observed in brain

development and behavioral abnormalities previously seen in GF
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mice. Epidemiological case-control studies have further demonstrated

that children with neurodevelopmental disorders, exhibit significant

alterations in gut microbiota composition (Dan et al., 2020). These

findings suggest a potential link between gut microbial dysbiosis and

the pathogenesis of neurodevelopmental disorders. In addition, Hsiao

et al (Hsiao et al., 2013). showed that the probiotic Bacteroides fragilis

was able to remodel the gut microbiome and improve social, repetitive

and anxiety-like behaviors in mice.

Notably, gut microbial metabolites are regulating host

neurodevelopment through multiple mechanisms. Studies have

shown that specific genera including Alloprevotella, Paraprevotella

and Ruminococcus exert neuroprotective effects by producing SCFAs

that inhibit microglial cell activation and attenuate neuroinflammation

(Deng et al., 2025). The metabolites of these SCFAs have been

demonstrated to enhance host cognitive function, improve learning

and memory, and promote emotional stability (Deng et al., 2025).

SCFAs are essential for themaintenance of immune homeostasis in the

brain and the regulation of neuroinflammatory processes (Hoogland

et al., 2015). In particular, butyrate regulates gene expression by

inhibiting histone deacetylase (HDAC) activity (Ullah et al., 2024),

thereby promoting neuronal plasticity and supporting cognitive

function (Selkrig et al., 2014). These findings emphasize the

importance of gut-derived metabolites in shaping brain health and

function. Furthermore, integrated multi-omics analyses have revealed

significant differences in the levels of specific neurotransmitter

precursor metabolites and neurotransmitter metabolites between

individuals with ASD and neurotypical controls (Dan et al., 2020).

Notably, a substantial body of evidence indicates that elevated blood

levels of 5-HT are commonly observed in children with ASD, a

phenomenon potentially linked to gut microbiota-mediated

regulation of tryptophan metabolism (Chen R. et al., 2017). Specific

gut microbial species, including Lactobacillus rhamnosus(L.

rhamnosus)and Clostridium butyricum, have been shown to

modulate host mood and neuronal excitability through their

influence on the secretion of key neurotransmitters and

neuromodulators, such as glucagon-like peptide-1, 5-HT, and GABA

(Dicks, 2022). In a recent preclinical study, administration of the

probiotic L. rhamnosus was found to enhance cognitive function in

mice (Bravo et al., 2011). This effect was attributed to the strain’s ability

to regionally modulate GABA receptor expression in the brain, leading

to reduced anxiety-like behaviors and improved memory performance

(Bravo et al., 2011). These findings not only highlight the intricate

interplay between gut microbiota and brain function but also open new

avenues for exploring microbiota-based therapeutic strategies in

neuropsychiatric disorders.
4.2 Gut microbiome dysbiosis and ADHD,
ASD and epilepsy

4.2.1 Altering the microbiome in ADHD, ASD and
epilepsy

The study demonstrates that fecal microbiota transplantation

from individuals with ADHD into mice induces not only shifts in

gut microbial composition but also significant alterations in
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behavior, brain structure, and function (Tengeler et al., 2020). These

findings underscore a potential mechanistic link between gut

microbiota and early neurodevelopmental processes. Comparative

analyses of gut microbiota profiles between children with ADHD

and healthy controls revealed distinct dysbiosis patterns,

characterized by reduced relative abundances of Faecalibacterium

and Veillonellaceae , alongside increased abundances of

Enterococcus and Odoribacter (Wan et al., 2020). Notably,

Faecalibacterium, a genus known for its anti-inflammatory

properties, is consistently reported at lower levels in inflammatory

conditions (Martin et al., 2023), suggesting a possible role in

ADHD-related pathophysiology. Further supporting this,

Szopinska-Tokov et al. conducted a study involving 42

adolescents and young adults with ADHD, revealing a significant

increase in Ruminococcaceae_UGC_004 and a reduction in b-
diversity, which was particularly associated with inattention

symptoms (Szopinska-Tokov et al., 2020). Intriguingly,

Ruminococcaceae_UGC_004 shares genetic sequences with

microbial species capable of degrading GABA, a key inhibitory

neurotransmitter. Additionally, ADHD patients exhibited

significantly reduced a diversity (Prehn-Kristensen et al., 2018),

which was inversely correlated with hyperactivity severity, further

highlighting the interplay between gut microbial diversity and

ADHD symptomatology.

Furthermore, extensive research has documented significant

alterations in gut microbiota community structure among

individuals with ASD, which are closely linked to the high

prevalence of gastrointestinal disorders (GIDs) such as diarrhea,

constipation, and abdominal pain in this population (Kho and Lal,

2018). A pivotal reseacher by Zhou et al (Dan et al., 2020). revealed a

marked reduction in the relative abundance of Prevotella, Prevotella

copri, and Prevotella stercorea in the gut microbiota of ASD patients.

As a keystone genus in the human gut, Prevotella plays a critical role

in maintaining intestinal homeostasis and modulating immune

responses. Specifically, Prevotella copri produces succinic acid,

which binds to succinate receptors on dendritic cells, enhancing

antigen-specific T cell responses and contributing to host immune

defense mechanisms (Dan et al., 2020). Additionally, the fecal

microbiota composition in ASD children diverges notably, with

Bacteroidetes showing diminished abundance and Firmicutes,

Lactobacillus, and Desulfovibrio demonstrating heightened

prevalence (Tomova et al., 2015). Notably, the relative abundance

of Desulfovibrio and the Bacteroidetes-to-Firmicutes ratio have been

shown to correlate with both ASD severity and the intensity of GIDs

(Kwak et al., 2023), further underscoring the potential role of gut

microbiota in ASD pathophysiology.

Accumulating evidence highlights a significant association

between epilepsy and gut microbiota dysbiosis. At the genus level,

the relative abundance of Roseburia and Blautia was reduced

(Mousavi et al., 2025). Roseburia is one of the major butyrate

producers in the gut microbiota, with butyrate showing

antiepileptic properties in a model of experimental epilepsy (Lal

et al., 2001). Moreover, in a previous study, it was found that

children with epilepsy had very low levels of Blautia in their
Frontiers in Cellular and Infection Microbiology 09
intestines (Huang et al., 2019). From another study, it was

observed that Proteobacteria were higher in epileptic patients

than in healthy individuals, and Campylobacter, Delftia,

Haemophilus, Lautropia, and Neisseria among the Proteobacteria

were significantly elevated in epileptic patients (Safak et al., 2020).

Conversely, the relative abundances of Bacteroidetes and

Firmicutes, which dominate the healthy gut microbiota, were

significantly reduced in epileptic patients (Safak et al., 2020).

4.2.2 Bidirectional regulation of the gut-brain axis
The gut-brain axis represents an intricate bidirectional

communication network connecting the CNS and the GI,

integrating neural, endocrine, and immune pathways to regulate

neurodevelopment, brain function and cognition (Chen et al., 2021b).

Emerging research has elucidated that the CNS communicates with the

gut via interconnected neuronal, hormonal, and neuroendocrine

pathways, orchestrating key intestinal functions such as motility,

permeability, and mucosal immunity (Bicknell et al., 2023). For

instance, traumatic brain injury (TBI) induces elevated plasma

endotoxin levels and increased intestinal permeability, leading to gut

dysbiosis and gastrointestinal dysfunction (Treangen et al., 2018).

Similar disruptions in gut microbiota composition have been

observed in animal models of cerebral ischemia (Singh et al., 2016)

and spinal cord injury (Manrique et al., 2016), underscoring the

systemic impact of neurological insults on gut homeostasis.

Communication from the gut microbiome to the CNS occurs

through two primary modalities: (1) rapid signaling via the vagus

nerve, which directly links the enteric nervous system (ENS) to brain

regions regulating emotion and cognition; and (2) slower, indirect

pathways mediated by the hypothalamic-pituitary-adrenal (HPA) axis,

immune responses, and microbial metabolites such as SCFAs,

hormones, and tryptophan derivatives (Ullah et al., 2023).

Experimental studies demonstrate that gut microbiota depletion or

compositional shifts can dysregulate HPA axis activity, altering stress

perception and anxiety-related behaviors (Diaz Heijtz et al., 2011).

Conversely, glucocorticoids released during HPA axis activation under

stress directly modulate ENS function and intestinal inflammation

(Schneider et al., 2023), establishing a feedback loop between

psychological states and gut physiology. The vagus nerve, a major

component of the parasympathetic nervous system, serves as the most

direct conduit for gut-brain communication. It regulates intestinal

motility, permeability, enzyme secretion, and mucus production while

transmitting microbial signals to the CNS (Bonaz et al., 2018). Animal

studies reveal that L. rhamnosus supplementation modulates emotional

behaviors and GABA receptor (GABAAa2, GABAAa1, GABAB1b)
mRNA expression via vagus nerve-dependent mechanisms (Bravo

et al., 2011), which has a palliative effect on the development and

symptoms of ADHD (Partty et al., 2015). Building on this, vagus nerve

stimulation has emerged as a therapeutic intervention for NDDs due to

its potent anti-inflammatory effects (Wang Q. et al., 2023), highlighting

its potential to restore gut-brain axis homeostasis. Immune system

involvement in the gut-brain axis is equally critical. The gastrointestinal

tract harbors a dense population of immune cells that continuously

interact with resident microbiota (Ullah et al., 2025). Dysbiosis-induced
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FIGURE 2

Bidirectional regulation of the gut-brain axis. The gut microbiota interacts bidirectionally with the central nervous system via a neuroendocrine-
immune network. This crosstalk occurs either through direct signaling via microbially-derived metabolites or indirectly by modulating gut-derived
molecules that activate vagal afferent pathways. Furthermore, the gut microbiota orchestrates 5-HT synthesis within enterochromaffin cells. Notably,
5-HT transport across the BBB requires vagus nerve involvement. Concurrently, the metabolites SCFAs and bile acids and related compounds
produced by microorganisms are not only associated with vagal circuits, but also influence ENS activity and gut mechanosensory responses. The
vagus nerve serves as a pivotal mediator between endocrine and neuronal signaling pathways.
FIGURE 3

The potential of probiotics and their metabolites to treat ASD through the gut-brain axis. The gut microbiota interacts with the brain through
endocrine and neurosecretory pathways, while the brain influences microbial composition through the autonomic nervous system by mechanisms
that are also closely linked to the immune and humoral systems. The gut microbiota can ameliorate ASD symptoms either by directly producing
neurotransmitter precursors (5-HT, GABA) or by stimulating gut flora metabolites in order to promote synthesis and release of neurotransmitters
from enteroendocrine cells.
Frontiers in Cellular and Infection Microbiology frontiersin.org10

https://doi.org/10.3389/fcimb.2025.1601888
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Chen et al. 10.3389/fcimb.2025.1601888
immune imbalance can trigger systemic inflammation, exemplified by

LPS-mediated activation of immune cells and cytokine release, which

promote CNS inflammation by compromising the blood-brain barrier

(Figure 2) (Bonaz et al., 2018).

4.2.2.1 Probiotics modulate the gut-brain axis to improve
ASD

Accumulating evidence indicates a strong association between

ASD pathogenesis and gut-brain axis dysfunction (Figure 3). The gut

microbiota influences brain function through multiple pathways,

including neuroendocrine signaling, neuroimmune modulation,

and autonomic nervous system regulation (Goralczyk-Binkowska

et al., 2022). Clinically, a significant proportion of ASD patients

present with comorbid GIDs, where gut dysbiosis contributes to

immune dysregulation. This process involves the release of

proinflammatory chemokines and cytokines that can cross the

compromised BBB and bind to cerebral endothelial cells,

subsequently triggering neuroinflammatory responses (de Theije

et al., 2011). Current research supports probiotic modulation of the

microbiota-gut-brain axis as a potential therapeutic strategy for ASD

(Feng et al., 2023). Shaaban et al. demonstrated that 3-month

probiotic supplementation in ASD children led to measurable

improvements in both gastrointestinal symptoms and core ASD

behaviors, including social interaction and functional severity

(Shaaban et al., 2018). Daily administration of Lactobacillus

plantarum WCFS1 (4.5×1010 CFU) significantly enhanced

intestinal microbiota composition, particularly increasing

Enterococcus and Lactobacillus populations, while improving gut

function (Sivamaruthi et al., 2020). Oral administration of L.

rhamnosus (1×109 CFU/day for 28 days) modified behavioral

responses through vagus nerve-mediated mechanisms (Bravo et al.,

2011). Furthermore, ICR mice given L. plantarum STIII (5 × 108

CFU/g, 0.8 ml/d) by intragastric tube feeding for two consecutive

weeks exhibited improved social impairment, self-effacement, and

freezing time. This was accompanied by an increase in the abundance

of the beneficial bacterium Lachnospiraceae and a decrease in the

relative abundance of Alistipes (Guo et al., 2022). Prenatal valproic

acid-induced ASD models showed reversal of autistic-like behaviors

and immune function normalization following Lactobacillus

supplementation (Feng et al., 2023).
5 Role of related signalling pathways
in NDDs

5.1 NF-kB

NF-kB, a family of transcription factors comprising p65, RelB, c-

Rel, NF-kB1, and NF-kB2, serves as a central orchestrator of

neuroinflammatory and OS pathways by governing the expression

of pro-inflammatory cytokines and OS-associated enzymes (iNOS,

COX-2) (Ghosh et al., 2012). Neuroinflammation, a hallmark of

NDDs, is primarily driven by microglial activation, which releases a

cascade of inflammatory mediators, contributing to neuronal

dysfunction and death (Lee et al., 2021). For instance, LPS-induced
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microglial overactivation triggers the release of NO, TNF-a, IL-1b,
and IL-6, leading to neuronal apoptosis and CNS damage (Amor

et al., 2010). The NF-kB signaling pathway, activated by cytokine

receptors and TLR4, regulates microglial activation and upregulates

the expression of iNOS, COX-2, TNF-a, IL-1b and IL-6, thereby

amplifying neuroinflammatory responses (Bethea et al., 1998). In a

study utilizing the OLINK technique to assess 96 inflammatory

proteins in a deeply phenotyped cohort of 126 adults with ADHD,

the NF-kB pathway emerged as one of the most significantly altered

biological processes, alongside chemokine, IL-17, metabolic

dysregulation, and chemokine attraction (Schnorr et al., 2024).

Supporting this, Cortese et al. found that elevated levels of IL-6 and

TNF-a were positively correlated with hyperactive-impulsive

symptoms in children and adolescents with ADHD and comorbid

obesity, further implicating NF-kB-mediated inflammation in

ADHD pathophysiology (Schnorr et al., 2024). Similarly, in an

epileptic mouse model, increased expression of SerpinA3N was

shown to exacerbate hippocampal neuroinflammation through NF-

kB pathway activation and RYR2 phosphorylation, highlighting the

role of NF-kB in epilepsy-related neuroinflammation. Given its

central role in neuroinflammation, targeting the NF-kB pathway to

downregulate pro-inflammatory cytokine production and enhance

the anti-inflammatory functions of microglia represents a promising

therapeutic strategy for NDDs. This approach could mitigate

neuroinflammatory damage and improve behavioral and cognitive

outcomes in conditions such as ADHD, ASD, and epilepsy.

PYC has been reported to act as an inhibitor of the NF-kB. In a

study examining the expression of pro-inflammatory factors in

LPS-stimulated microglia after PYC treatment, the researchers

found a significant reduction in the release of NO, TNF-a, IL-6,
and IL-1b, as well as lower levels of intercellular adhesion molecule

1 and perilipin 2, in a dose-dependent manner after PYC treatment

(Fan et al., 2015). In an LPS-induced atherosclerosis mouse model,

PYC pretreatment significantly inhibited TLR4 expression and NF-

kB activation, resulting in a decrease in the number of macrophages

accumulating in plaques and a reduction in the levels of pro-

inflammatory cytokines (Luo et al., 2015). Jafari F et al.

administered PYC to 6-hydroxydopamine-induced Parkinson’s

mice at doses of 10, 20, and 30 mg/kg for 7 days and found that

PYC treatment increased the expression of Nrf2 anti-inflammatory

genes and exhibited neuroprotective effects (Jafari et al., 2022).
5.2 MAPK

The mitogen-activated protein kinase (MAPK) signaling pathway,

including the c-Jun N-terminal kinases (JNKs), p38, and extracellular

signal-regulated kinases (ERK), represents a central signaling cascade

regulating cellular apoptosis and synaptic plasticity (Chen et al.,

2021a). JNK signaling attenuates OS-induced hippocampal neuronal

apoptosis (Zhang et al., 2020). In addition to apoptosis regulation, JNK

isoforms regulate neurodevelopmental processes such as cerebral

morphogenesis, axodendritic patterning, synaptic plasticity, and

memory consolidation (Coffey, 2014). Persistent JNK

hyperactivation has been demonstrated to drive epileptogenic by
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exacerbating post-ictal neuronal apoptosis, neuroinflammation, and

hippocampal neurodegeneration (Singh et al., 2021). Notably, JNK3-

deficient murine epilepsy models display attenuated seizure activity

and neuronal apoptosis, accompanied by reduced hippocampal

neurodegeneration, diminished gliosis, and downregulated

inflammatory gene expression relative to wild-type controls

(Auladell et al., 2017). Similarly, JNK1 knockout models exhibit

expanded populations of immature neurons, highlighting distinct

isoform-specific functions in neurogenesis (de Lemos et al., 2018).

Emerging studies support the functional involvement of p38MAPK in

modulating synaptic plasticity. In vivo studies employing p38

heterozygous knockdown mice (p38KI/+) demonstrated that

hippocampal p38 MAPK downregulation mitigates angiotensin II-

induced cognitive deficits and restores synaptic plasticity (Dai et al.,

2016). These findings collectively underscore the therapeutic potential

of targeting isoform-specific MAPK signaling for neurodevelopmental

and neurodegenerative disorders.

ERK and its phosphorylated forms are critical for

neurobehavioral responses and cognitive processes under both

physiological and pathological conditions. Evidence indicates that

ERK activation drives hippocampal apoptosis, a process linked to

the pathogenesis of childhood learning disabilities (Yan et al., 2019).

Tight regulation of ERK signaling promotes neural stem cell
Frontiers in Cellular and Infection Microbiology 12
differentiation into neurons, suppresses apoptotic cascades, and

supports synaptic plasticity through the formation of functional

neural circuits. PYC has been reported to modulate ERK activity

and protect neurons from damage. In a study by Xia et al., primary

rat astrocytes were subjected to oxygen-glucose deprivation/

reoxygenation (OGD/R) injury and treated with PYC at

concentrations of 10, 20, 40, and 60 mg/mL. Cell viability assays

and Western blot analysis revealed that PYC attenuated OGD/R-

induced cell viability loss and oxidative stress, and inhibited ERK1/2

phosphorylation (Xia et al., 2017). These findings indicate that PYC

exerts neuroprotective effects through the ERK1/2 MAPK pathway.
5.3 PI3K/AKT/mTOR

The PI3K/AKT/mTOR signaling pathway constitutes a critical

regulatory axis in cellular physiology, comprising three core

components: phosphoinositide-3 kinase (PI3K), protein kinase B

(PKB/AKT), and mammalian target of rapamycin (mTOR)

(Figure 4). Upon activation by extracellular signals, PI3K catalyzes

the phosphorylation of phosphatidylinositol lipids to generate

phosphatidylinositol-3,4,5-trisphosphate (PIP3), a secondary

messenger essential for AKT membrane recruitment and activation
FIGURE 4

Regulatory mechanisms of NF-kB, MAPK and PI3K/AKT/mTOR. In NDDs, the NF-kB, MAPK and PI3K/AKT/mTOR signaling pathways are central and
closely related to apoptosis and proliferation, as well as neuronal survival and inflammation. For PI3K/AKT, PI3K converts PIP2 to PIP3, which recruits
Akt kinase and stimulates Akt phosphorylation via mTORC2. mTOR is a key downstream target of the PI3K/Akt pathway and an important autophagy
regulator. mTORC1 is a core component downstream of PI3K/Akt, and p-Akt can directly activate mTORC1, making it a key component of PI3K/Akt.
mTORC1 is a core component downstream of PI3K/Akt. p-Akt can directly activate mTORC1 to positively regulate translation. p-Akt can also
phosphorylate mTORC2, which in turn activates the PI3K/Akt/mTOR pathway to regulate downstream autophagy, and is also involved in
neuroinflammation, altered brain connectivity and apoptosis.
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(Jafari et al., 2019). AKT exerts pleiotropic effects on neuronal

homeostasis through phosphorylation-dependent modulation of

downstream targets, including anti-apoptotic regulators BCL-2 and

BCL-XL, thereby orchestrating neuronal survival, proliferation, and

differentiation (Hou et al., 2018). This signaling cascade is initiated

through receptor tyrosine kinases and cytokine receptors (Jacobs et al.,

1993), playing pivotal roles in neurodevelopmental processes such as

synaptogenesis, corticogenesis, and cortical circuit assembly (Sharma

and Mehan, 2021). Pathological hyperactivation of PI3K/AKT/mTOR

signaling induces structural abnormalities including neuronal

hypertrophy, axonal guidance defects, and disrupted connectivity

patterns across brain regions (Heras-Sandoval et al., 2014).

Importantly, mTOR-dependent dysregulation of cortical networks

mediating higher cognition has been mechanistically linked to

autism spectrum disorder pathogenesis (Sharma and Mehan, 2021).

Within the CNS, mTOR integrates diverse physiological functions

spanning synaptic plasticity (Sensi et al., 2018), neurogenesis, neuronal

migration, memory consolidation, and autophagy regulation (Kassai

et al., 2014). Mounting studies have demonstrated that mTOR acts as

a pivotal downstream effector molecule of PI3K/AKT in synaptic

plasticity. mTOR is capable of targeting and regulating local protein

synthesis on prominent functions and structures. It has been reported

that mTOR supports synaptic plasticity by phosphorylating eIF4E-

bind-ing protein 1 and Ribosomal protein S6 kinase beta-1, thereby

promoting ribosomal protein synthesis and mRNA translation

(Peterson et al., 2011), which provide the material basis for the

formation of post-synaptic dendritic spines and the enhancement of

synaptic strength. In addition, Gao et al. found that inhibition of

mTOR overactivation modulates autophagy and increases the

expression of post-synaptic density markers (PSD-95) and

presynaptic vesicle proteins (SYP) to ameliorate anesthesia/surgery-

induced memory and cognitive dysfunction by constructing a mice

model (Gao et al., 2021). While PTEN functions as a key negative

regulator of the PI3K/AKT/mTOR axis (Naderali et al., 2018), its

deficiency has been mechanistically linked to core ASD phenotypes.

Preclinical evidence demonstrates that PTEN knockout mice

recapitulate neurodevelopmental features of ASD, manifesting

macrosomia, impaired social preference, cognitive deficits, and

heightened seizure susceptibility. Notably, these animal models

exhibit synaptic pathophysiology consistent with human ASD

cortical circuit abnormalities (Sharma and Mehan, 2021). Emerging

regulatory mechanisms further implicate this pathway in

neuropsychiatric disorders. A seminal study by Duan et al.

identified microRNA-155 as a potent driver of epileptogenic

through PI3K/AKT/mTOR hyperactivation, revealing novel cross-

talk between non-coding RNAs and canonical signaling pathways in

neurological disease pathogenesis (Duan et al., 2018).

Moreover, PYC has been reported to enhance glucose uptake in a

dose-dependent manner by promoting the membrane translocation

of glucose transporter protein (GLUT4) and increasing the relative

abundance of Akt mRNAs through the PI3K pathway (Lee et al.,

2010). Meanwhile, procyanidins, the primary components of PYC,

have been found to down-regulate the accumulation of reactive

oxygen species (ROS) and inhibit the activation of inflammatory

factors. Excessive ROS release can lead to aberrant activation of the
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AKT/mTOR pathway, which in turn triggers inflammation and

metabolic disorders (Chen L. et al., 2017). This suggests that

procyanidins can indirectly down-regulate the over-activation of

the PI3K/AKT/mTOR pathway (Zhao et al., 2022), thereby

alleviating neuroinflammation.
6 Conclusion and perspectives

The global prevalence of NDDs continues to rise, with their

etiology encompassing complex interactions among genetic factors

(including inherited and de novomutations), immune dysregulation,

and environmental influences. These pathological interactions

ultimately lead to neuronal damage, synaptic abnormalities,

dysregulation of signaling pathways, immune activation, and

disrupted brain functional connectivity. Recently, the bidirectional

regulatory potential of the gut-brain axis in NDD treatment has

garnered significant attention. Research indicates that gut

microbiota and their metabolites can enhance CNS function by

modulating chemokine, cytokine, and neurotransmitter (GABA and

5-HT) expression, as well as influencing synaptic plasticity, blood-

brain barrier permeability, and neuroinflammatory responses,

thereby improving neurodevelopment and behavior. Furthermore,

extensive studies have demonstrated a close association between

NDDs and GIDs. In this review, we comprehensively examined

current literature on NDDs pathological mechanisms and the roles

of NF-kB, MAPK, and PI3K/AKT/mTOR signaling pathways in

NDDs pathogenesis. We propose that PYC, a pine bark polyphenol

extract, can modulate the structure of gut microbial community to

increase the expression of SCFAs, GABA and 5-HT targeting the

gut-brain axis as well as regulating synaptic protein synthesis and

promoting plasticity, thus becoming a powerful natural drug

candidate for the treatment of NDDs. Future studies should

consider exploring the direct targets of PYC on NF-kB, MAPK

and PI3K/AKT/mTOR pathways, such as inhibiting the activity of

TLR4 and IKKb to block the nuclear translocation of NF-kB and

reduce the release of inflammatory factors. And PYC regulates

mTORC1 complex activity to promote neuronal survival and

synaptic plasticity.The combined signaling pathway constructs a

visual model of gut flora-metabolite-signaling pathway, as well as

linking the gut-brain axis, to clarify the therapeutic strategy of PYC

as a drug candidate to mediate the gut-brain axis against NDDs.
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