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Abstract

Autism Spectrum Disorder (ASD) is a complex neurodevelopmental condition characterized by
deficits in social communication and restricted, repetitive behaviors, often accompanied by
comorbidities such as gastrointestinal dysfunction, immune dysregulation, and oxidative stress.
Emerging evidence suggests that nutritional interventions targeting underlying pathophysiological
mechanisms may offer adjunctive benefits. Berberine, a natural isoquinoline alkaloid extracted from
various medicinal plants, exhibits diverse pharmacological activities, including anti-inflammatory,
antioxidant, and neuroprotective properties. Recent preclinical studies have demonstrated that
berberine can modulate key pathways implicated in ASD, such as the gut microbiota—brain axis,
neuroinflammatory cascades, mitochondrial dysfunction, and oxidative stress responses. The ability
of berberine to restore intestinal barrier integrity, suppress microglial activation, balance
neurotransmitter systems, and regulate key signaling pathways such as NF-kB and Nrf2 positions it
as a promising nutraceutical candidate for ASD management. Moreover, its influence on gut
microbiota composition may have critical implications for behavioral modulation and immune
homeostasis. This review systematically examines the mechanistic insights into the multifaceted
actions of berberine, which are relevant to ASD. It critically evaluates its therapeutic potential based
on current preclinical and limited clinical data. Future directions include well-designed clinical trials
to elucidate optimal dosing strategies, safety profiles, and long-term efficacy. Berberine represents a
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novel and promising avenue for integrative ASD therapy, potentially addressing core symptoms and
associated metabolic and immune disturbances through nutritional modulation.

Keywords: berberine; autism spectrum disorder; neuroinflammation; oxidative stress; nutritional
neuroscience

1. Introduction

Autism Spectrum Disorder (ASD) is a complex neurodevelopmental condition characterized by
cognitive, behavioral, and physiological abnormalities. It presents significant heterogeneity in
symptom severity and comorbidities, complicating diagnosis and treatment. ASD is more prevalent
in males, and its incidence has increased over recent decades. Although improved diagnostic criteria
partly explain this rise, the precise etiology remains unclear, involving genetic predisposition,
environmental factors, immune dysfunction, and metabolic disturbances. The Diagnostic and
Statistical Manual of Mental Disorders 5 (DSM-5) redefined ASD as a single spectrum encompassing
various subtypes, acknowledging its phenotypic variability. Despite this, the disorder's biological
underpinnings remain insufficiently understood.

The rising prevalence of ASD has prompted investigations into potential environmental
contributors, as genetics alone does not fully explain the trend. Prenatal complications, exposure to
toxins, gut microbiota alterations, oxidative stress, and immune dysfunction interact with genetic
factors to exacerbate neurodevelopmental abnormalities. Neurotransmitter imbalances,
mitochondrial dysfunction, neuroinflammation, and metabolic impairments are major contributors
to ASD pathophysiology. The gut-brain axis plays a crucial role, as dysbiosis and gastrointestinal
disturbances may influence ASD symptoms via immune activation and neuroactive metabolites.
Additionally, abnormalities in lipid metabolism and insulin resistance further complicate
neurodevelopmental outcomes.

Current treatment strategies focus on symptom management rather than addressing underlying
biological dysfunctions. Behavioral and educational interventions provide benefits but require a
long-term commitment. Pharmacological treatments, including antipsychotics and selective
serotonin reuptake inhibitors (SSRIs), offer symptom relief but carry significant side effects. Given
these limitations, alternative therapies targeting core biological dysfunctions are being explored.
Nutritional and nutraceutical interventions are gaining attention as potential adjunctive treatments,
particularly those with antioxidant, anti-inflammatory, and neuroprotective properties.

Berberine, a bioactive alkaloid used in traditional medicine, has demonstrated neuroprotective,
anti-inflammatory, and metabolic regulatory effects. It enhances antioxidant enzyme activity,
reduces oxidative stress, and modulates inflammatory signaling by suppressing cytokines like TNF-
a, IL-6, and IL-13, potentially alleviating neuroinflammation in ASD. Berberine also influences gut
microbiota, promoting beneficial strains and improving gut-brain axis interactions. Additionally, it
enhances mitochondrial function, regulates lipid and glucose metabolism, and modulates
neurotransmitters, suggesting potential benefits for cognitive and behavioral symptoms in ASD. This
growing recognition of berberine’s potential has sparked a notable surge in research interest,
particularly regarding its medical applications. Reflecting this trend, the number of related
publications indexed in PUBMED has increased significantly in recent years (Figure 1).
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Figure 1. Articles in the PubMed database regarding studies with Berberine (1927 to 2025).

While preliminary evidence supports berberine’s potential in ASD management, further
research is needed to establish efficacy, optimal dosage, and long-term safety. Randomized controlled
trials and mechanistic studies will be crucial for validating and integrating its therapeutic role into
clinical practice. As ASD remains a multifactorial disorder, novel interventions such as berberine may
contribute to improving treatment outcomes and enhancing the quality of life for affected individuals
and their caregivers.

This review aims to support the hypothesis of the impact of berberine as a nutritional modulator
in ASD, also highlighting the aspects that require further investigation.

2. Berberine: A Pharmacological and Nutritional Perspective
2.1. Chemical Structure of Berberine

Berberine, an isoquinoline alkaloid isolated from various medicinal plants such as Berberis
vulgaris, Coptis chinensis, and Hydrastis canadensis, has been extensively studied for its wide-ranging
pharmacological activities. Its traditional use in Chinese and Ayurvedic medicine laid the foundation
for modern investigations into its potential applications in metabolic, cardiovascular, inflammatory,
and neurological disorders [1]. The increasing interest in berberine as a nutraceutical stems from its
dual role as a pharmacologically active compound and a nutritional modulator capable of influencing
multiple biological pathways relevant to chronic diseases, including neurodevelopmental disorders
such as Autism Spectrum Disorder (ASD) [2].

From a nutritional standpoint, berberine exhibits characteristics that align with the concept of
"pharmacological nutrition," wherein bioactive dietary components exert therapeutic effects through
modulation of signaling pathways, oxidative stress responses, and microbiome composition [3]. Such
properties make berberine an attractive candidate for exploring novel interventions in conditions
characterized by immune dysregulation, oxidative imbalance, and gut-brain axis dysfunction, as is
increasingly recognized in ASD [4].

Furthermore, berberine's pleiotropic effects, including anti-inflammatory, antioxidant,
antimicrobial, neuroprotective, and metabolic regulatory actions, suggest that it can operate at the
intersection of nutrition and therapeutics, offering a multi-targeted approach particularly relevant in
the context of multifactorial disorders [5].

Chemically, berberine is a quaternary ammonium salt belonging to the protoberberine group of
isoquinoline alkaloids. Its molecular formula is C,HisNO,*, and it possesses a planar structure
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characterized by a rigid tetracyclic system with a positively charged nitrogen atom embedded within
the heterocyclic core (Figure 2) [6]. This cationic nature profoundly influences its solubility and
bioactivity profile. The key structural features of berberine include the presence of two methoxy
groups and one hydroxyl group, which are critical for its binding interactions with molecular targets
such as enzymes, DNA, and membrane receptors [7].

Berberine
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Figure 2. Berberine Chemical Structure C20HisNO4*
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Figure 2. Gut-brain, microbiota dysbiosis in ASD and the role of berberine.

2.2. Pharmacokinetics of Berberine

Berberine (BBR), a naturally occurring isoquinoline alkaloid extracted from various medicinal
plants such as Berberis species, has garnered significant attention for its pleiotropic pharmacological
properties, including anti-inflammatory, antioxidative, neuroprotective, and microbiota-modulating
effects. Understanding its pharmacokinetics and mechanisms of action is critical to elucidate its
potential role as a nutritional modulator in Autism Spectrum Disorder (ASD).

Despite its potent pharmacological properties demonstrated in vitro and animal models,
berberine's clinical translation has been hampered by poor oral bioavailability, typically estimated at
<1% [8].

Several factors contribute to this limitation:
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o Low Aqueous Solubility: Berberine demonstrates limited solubility in aqueous environments,
affecting its gastrointestinal absorption.

o Efflux by P-glycoprotein (P-gp): It is a substrate for P-gp transporters, which actively extrude
berberine from intestinal epithelial cells back into the lumen, reducing net absorption [9].

e First-Pass Hepatic Metabolism: After absorption, berberine undergoes extensive metabolism in the
liver via phase I (oxidation and demethylation) and phase II (glucuronidation) reactions, further
decreasing systemic availability [8].

Pharmacokinetic studies reveal that berberine and its metabolites (notably berberrubine,
demethyleneberberine, and jatrorrhizine) are detectable in plasma after oral administration, albeit at
low concentrations [10,11]. Importantly, recent insights suggest that the pharmacological effects of
berberine may be mediated not only by the parent compound but also by its active metabolites, which
retain bioactivity and can cross the blood-brain barrier (BBB) [12].

Given these pharmacokinetic constraints and ongoing innovations to improve berberine
delivery, future research should aim to correlate specific formulations with measurable
neurobehavioral outcomes in ASD models and clinical populations.

Berberine exhibits relatively poor oral bioavailability (~0.5%) due to limited absorption,
extensive first-pass metabolism, and efflux by intestinal P-glycoprotein transporters [8]. After oral
administration, BBR is absorbed mainly through passive diffusion and, to a lesser extent, via carrier-
mediated processes [16]. Once absorbed, berberine undergoes phase I metabolism involving
demethylation, and subsequent phase II conjugation reactions including glucuronidation and
sulfation, primarily in the liver and intestine [17].

Major berberine metabolites such as berberrubine, thalifendine, demethyleneberberine, and
jatrorrhizine retain bioactivity and contribute significantly to its pharmacodynamic effects [18]. These
metabolites can cross the blood-brain barrier (BBB) [19], which is particularly relevant to
neurodevelopmental disorders such as ASD. Notably, berberine’s distribution is highest in the liver,
followed by the kidney, muscle, lung, and brain [20].

Emerging evidence suggests that the pharmacokinetic profile of BBR can be enhanced by co-
administration with absorption enhancers (e.g., silymarin), nanoparticle encapsulation, and lipid-
based delivery systems, improving its systemic availability and potentially augmenting its effects on
neuroinflammation and oxidative stress (two critical pathophysiological mechanisms implicated in
ASD) [21, 22].

2.3. Mechanisms of Action Relevant to Autism Spectrum Disorder

Chronic neuroinflammation, characterized by microglial activation and proinflammatory
cytokine release, is a hallmark of ASD pathophysiology [23]. Berberine exerts anti-inflammatory
actions by inhibiting key signaling pathways such as nuclear factor-kappa B (NF-kB) and mitogen-
activated protein kinases (MAPKSs), leading to reduced expression of tumor necrosis factor-alpha
(ITNF-a), interleukin-6 (IL-6), and interleukin-13 (IL-1{3) [24]. Additionally, berberine promotes M2
microglial polarization, fostering a neuroprotective environment [25].

Patients with ASD often exhibit heightened oxidative stress and impaired antioxidant defenses
[26]. Berberine enhances the activity of endogenous antioxidant enzymes, including superoxide
dismutase (SOD), catalase, and glutathione peroxidase, and suppresses the production of reactive
oxygen species (ROS) [27]. Through activation of the nuclear factor erythroid 2-related factor 2 (Nrf2)
pathway, BBR upregulates the expression of antioxidant response elements (ARE), mitigating
oxidative neuronal damage [28].

Mitochondrial dysfunction is increasingly recognized as a contributing factor in ASD [29].
Berberine improves mitochondrial bioenergetics by enhancing ATP production, restoring
mitochondrial membrane potential, and reducing mitochondrial ROS generation [30].
Mechanistically, BBR activates AMP-activated protein kinase (AMPK), a master regulator of energy
homeostasis, leading to improved mitochondrial function and biogenesis [31].
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Dysbiosis of the gut microbiome has been linked to the development and severity of ASD
symptoms [32]. Berberine possesses antimicrobial and prebiotic-like activities, selectively modulating
gut microbiota composition by reducing pathogenic bacteria (e.g., Clostridium spp.) and promoting
beneficial microbes such as Bifidobacterium and Lactobacillus [33]. This microbial rebalancing may
restore gut barrier integrity, decrease systemic endotoxemia, and attenuate gut-brain axis
dysregulation [34].

Alterations in neurotransmitter systems, notably glutamatergic, GABAergic, and serotonergic
signaling, are implicated in ASD [35]. Berberine influences neurotransmitter homeostasis by
modulating the expression and activity of glutamate decarboxylase (GAD), increasing GABA levels,
and regulating serotonin (5-HT) synthesis and receptor activity [5, 36, 37]. Furthermore, BBR’s
inhibition of monoamine oxidase (MAO) contributes to enhanced monoaminergic
neurotransmission, which may ameliorate mood and behavioral disturbances in ASD [38].

Recent studies propose that berberine can modulate gene expression epigenetically through
regulation of microRNAs (miRNAs) and DNA methylation pathways [39]. Given the genetic and
epigenetic complexities of ASD, berberine’s ability to fine-tune gene networks related to
neurodevelopment, synaptic plasticity, and immune regulation may provide a novel therapeutic
angle [40].

Overall, berberine's multifaceted pharmacokinetic characteristics and its broad spectrum of
biological activities (including anti-inflammatory, antioxidative, mitochondrial-restorative,
microbiome-modulatory, neurotransmitter-regulatory, and epigenetic effects) position it as a
compelling candidate for nutritional intervention in ASD. However, further clinical studies are
required to delineate optimal dosing regimens, long-term safety, and therapeutic efficacy in ASD
populations.

3. Pathophysiological Mechanisms of ASD and the Role of Berberine
3.1. Neuroinflammation and Immune Dysregulation

Autism Spectrum Disorder (ASD) is a complex neurodevelopmental condition characterized by
deficits in social communication, restricted interests, and repetitive behaviors. Increasing evidence
supports the hypothesis that neuroinflammation and immune dysregulation are pivotal contributors
to the pathogenesis of ASD [24]. Several studies have demonstrated elevated levels of pro-
inflammatory cytokines, aberrant microglial activation, and impaired regulatory T cell (Treg)
function in individuals with ASD, implicating a chronic neuroimmune imbalance in the disorder's
etiology [41, 42].

Neuroinflammation in ASD is largely driven by the activation of innate immune pathways
within the central nervous system (CNS), particularly through the hyperactivation of microglia and
astrocytes. Histopathological examinations have revealed significant microglial activation in multiple
brain regions of individuals with ASD, including the cerebral cortex and cerebellum [43]. Activated
microglia secrete excessive amounts of pro-inflammatory mediators such as tumor necrosis factor-
alpha (TNF-a), interleukin (IL)-1(3, and IL-6, contributing to synaptic dysfunction, altered neuronal
connectivity, and impaired neurodevelopment [44]. Concurrently, an imbalance between Th1/Th2
responses and a reduction in Treg-mediated immunomodulation exacerbate peripheral and central
inflammation [45].

In this context, berberine, a naturally occurring isoquinoline alkaloid extracted from various
medicinal plants such as Berberis vulgaris, emerges as a promising immunomodulatory agent.
Berberine has been shown to exert potent anti-inflammatory effects by modulating key signaling
pathways, including nuclear factor-kappa B (NF-kB), mitogen-activated protein kinases (MAPKSs),
and the NOD-like receptor family pyrin domain containing 3 (NLRP3) inflammasome [46]. In
experimental models of neuroinflammation, berberine inhibited NF-«xB activation, resulting in the
suppression of TNF-«, IL-1f3, and IL-6 production [47].
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Moreover, berberine enhances the function and proliferation of Tregs by promoting forkhead
box P3 (Foxp3) expression and suppressing pro-inflammatory Th17 cell differentiation [48]. This dual
action (attenuation of microglial activation and restoration of Treg homeostasis) suggests that
berberine could correct immune imbalances underlying ASD pathology.

Berberine's neuroprotective effects are also mediated through its capacity to inhibit oxidative
stress, a recognized amplifier of neuroinflammation in ASD. Oxidative stress enhances the
production of reactive oxygen species (ROS) that activate inflammatory pathways, disrupt
mitochondrial function, and impair neuronal survival [49]. Berberine's antioxidant properties, largely
attributed to the activation of the nuclear factor erythroid 2-related factor 2 (Nrf2) pathway, lead to
upregulation of detoxifying enzymes such as heme oxygenase-1 (HO-1) and superoxide dismutase
(SOD) [50]. By reducing ROS levels and reinforcing cellular antioxidant defenses, berberine indirectly
mitigates neuroinflammation, offering a multipronged approach to modulating the
immunopathology of ASD.

Additionally, gut microbiota dysbiosis, which is intricately linked to immune dysregulation and
neuroinflammation in ASD, can be favorably modulated by berberine. Berberine exhibits prebiotic-
like effects by enhancing beneficial microbial populations and suppressing pathogenic bacteria [34].
Restoration of microbiota homeostasis contributes to reduced systemic endotoxemia, diminished
microglial activation, and improved blood-brain barrier integrity [51], thereby representing another
axis through which berberine could ameliorate ASD-associated neuroinflammatory responses.

Overall, the compelling evidence of berberine's multifaceted immunomodulatory, antioxidant,
and microbiota-regulating properties highlights its potential as a nutritional modulator targeting key
pathogenic processes in ASD. Nevertheless, despite promising preclinical data, clinical investigations
remain scarce, and further well-designed trials are necessary to elucidate the therapeutic relevance,
optimal dosing regimens, and long-term safety profile of berberine in ASD populations.

3.2. Gut-Brain Axis and Microbiome Dysbiosis

Autism Spectrum Disorder (ASD) is characterized by persistent deficits in social interaction,
communication, and the presence of restricted and repetitive behaviors. Emerging evidence
highlights the gut-brain axis (GBA) as a critical interface through which gut microbiota exert
profound influences on neurodevelopmental processes, immune modulation, and behavior [52].
Dysbiosis, defined as an imbalance in the composition and function of the gut microbiota, has been
consistently associated with the etiology and severity of ASD [53].

The gut microbiota interacts bidirectionally with the central nervous system (CNS) through
neural, endocrine, and immune pathways. Short-chain fatty acids (SCFAs) such as butyrate, acetate,
and propionate, produced by bacterial fermentation of dietary fibers, modulate the integrity of the
intestinal barrier, influence neurotransmitter synthesis, and impact inflammatory pathways [54]. In
ASD, alterations in SCFA profiles (particularly elevated propionate levels) have been implicated in
behavioral abnormalities and mitochondrial dysfunction [55]. Additionally, increased intestinal
permeability ("leaky gut") has been documented in ASD patients, facilitating the translocation of
microbial metabolites, endotoxins such as lipopolysaccharide (LPS), and inflammatory mediators
into systemic circulation, ultimately exacerbating neuroinflammation [56].

Berberine, a natural isoquinoline alkaloid extracted from plants such as Berberis
vulgaris and Coptis chinensis, exhibits multifaceted pharmacological activities pertinent to GBA
modulation. Its antimicrobial, anti-inflammatory, and intestinal barrier-restorative properties make
it a compelling candidate for ameliorating microbiome dysbiosis in ASD [2]. Preclinical studies
demonstrate that berberine can selectively inhibit pathogenic bacterial strains while preserving or
enhancing beneficial commensal populations such as Lactobacillus and Bifidobacterium species [34]. By
rebalancing gut microbial ecology, berberine potentially restores SCFA production profiles, mitigates
intestinal permeability, and dampens systemic and neuroinflammatory responses [57].

Mechanistically, berberine strengthens tight junction integrity in intestinal epithelial cells by
upregulating the expression of tight junction proteins such as occludin and claudin-1 through the
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activation of AMP-activated protein kinase (AMPK) signaling pathways [58]. This action reduces LPS
translocation and limits Toll-like receptor 4 (TLR4)-mediated inflammatory cascades, thereby
offering neuroprotective effects [59]. Furthermore, berberine has been shown to modulate the
expression of pro-inflammatory cytokines (e.g., IL-6, TNF-a) and promote the production of anti-
inflammatory mediators (e.g., IL-10) within the gut and CNS [60]. These immunomodulatory actions
align with the observed chronic low-grade inflammation documented in ASD individuals.

Of particular interest is berberine’s ability to influence the microbial-derived tryptophan
metabolism pathway. In ASD, perturbations in tryptophan catabolism have been linked to
imbalances in serotonin, kynurenine, and indole derivatives, each of which plays a role in
neurodevelopment and immune homeostasis [61]. Berberine has been reported to normalize
tryptophan metabolism by altering gut microbial enzymatic activity, promoting neuroprotective
indole derivatives, and reducing neurotoxic kynurenine pathway metabolites [62]. This restoration
may have significant implications for the regulation of serotonergic signaling and neuroinflammation
in ASD.

In animal models of ASD induced by prenatal exposure to valproic acid (VPA) or maternal
immune activation (MIA), administration of berberine has resulted in significant improvements in
social behavior, reductions in stereotypies, and normalization of gut microbiota composition [63, 64].
These effects are accompanied by reductions in intestinal permeability, systemic endotoxemia, and
brain microglial activation, suggesting that berberine exerts a multi-level therapeutic modulation of
the gut-brain axis.

Taken together, the gut-brain axis represents a pivotal mechanistic interface in the
pathophysiology of ASD, wherein microbiome dysbiosis, intestinal barrier dysfunction, and systemic
inflammation converge to disrupt neurodevelopment. Berberine’s ability to restore gut microbial
balance, reinforce intestinal barrier integrity, and attenuate inflammatory signaling pathways
positions it as a promising nutraceutical intervention. Future clinical trials are warranted to validate
its therapeutic efficacy and elucidate optimal dosing strategies in ASD populations.

3.3. Oxidative Stress and Mitochondrial Dysfunction

Oxidative stress and mitochondrial dysfunction are two interrelated pathological mechanisms
that have been consistently implicated in the etiopathogenesis of autism spectrum disorder (ASD).
Accumulating evidence demonstrates that children with ASD exhibit elevated levels of reactive
oxygen species (ROS), impaired antioxidant defenses, and biomarkers indicative of mitochondrial
abnormalities [30, 65, 66].

At the molecular level, oxidative stress results from an imbalance between pro-oxidant and
antioxidant systems, leading to the accumulation of ROS such as superoxide anions (O;"), hydrogen
peroxide (H:0O;), and hydroxyl radicals (¢*OH) [67]. These reactive species can damage lipids,
proteins, and nucleic acids, disrupting cellular homeostasis and contributing to neuroinflammation,
synaptic dysfunction, and impaired neuronal development—all characteristic features of ASD [68,
69]. Furthermore, the central nervous system (CNS) is particularly vulnerable to oxidative injury due
to its high lipid content and elevated oxygen consumption [70].

Mitochondria, being both a major source and target of ROS, play a critical role in sustaining
neuronal energy demands. Dysfunctional mitochondria in ASD have been associated with
abnormalities in electron transport chain (ETC) activity, reduced adenosine triphosphate (ATP)
production, altered membrane potential, and increased oxidative damage to mitochondrial DNA
(mtDNA) [71]. Several studies have identified biochemical markers of mitochondrial dysfunction in
ASD, including elevated lactate, pyruvate, and alanine levels in blood and cerebrospinal fluid [72].
In addition, post-mortem brain analyses have revealed structural abnormalities in mitochondria from
individuals with ASD, further supporting the role of mitochondrial pathology in the disorder [45].

Importantly, oxidative stress and mitochondrial dysfunction are mutually reinforcing processes.
Excessive ROS generation can impair mitochondrial enzymes and respiratory complexes, while
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dysfunctional mitochondria produce increased ROS, creating a vicious cycle that exacerbates
neuronal injury [73].

3.4. Berberine's Potential Modulatory Role

Berberine (BBR) has attracted considerable attention for its potent antioxidative and
mitochondrial-protective properties [2]. Several mechanisms by which berberine may mitigate
oxidative stress and mitochondrial dysfunction in ASD have been proposed.

First, berberine has been shown to enhance endogenous antioxidant defenses by upregulating
nuclear factor erythroid 2-related factor 2 (Nrf2) signaling pathways, leading to increased expression
of key antioxidant enzymes such as superoxide dismutase (SOD), catalase (CAT), and glutathione
peroxidase (GPx) [74]. Activation of Nrf2 is particularly relevant in ASD, where reduced Nrf2 activity
has been observed [75].

Second, berberine exerts direct free radical scavenging effects. In vitro and in vivo studies have
demonstrated that berberine can neutralize ROS and reactive nitrogen species (RNS), thus preventing
oxidative damage to lipids, proteins, and DNA [76].

Third, berberine improves mitochondrial function by modulating mitochondrial biogenesis and
dynamics. It promotes the expression of peroxisome proliferator-activated receptor gamma
coactivator-la (PGC-1a), a master regulator of mitochondrial biogenesis, thereby enhancing
mitochondrial mass and function [77]. Moreover, berberine has been shown to stabilize
mitochondrial membrane potential and restore ETC complex activities, leading to improved ATP
production and reduced ROS leakage [78].

Interestingly, berberine's mitochondrial-targeted effects extend to the modulation of
mitophagy —the selective autophagic removal of damaged mitochondria. Through the activation of
AMP-activated protein kinase (AMPK) and suppression of the mechanistic target of rapamycin
(mTOR) pathway, berberine facilitates mitophagy, thereby preventing the accumulation of
dysfunctional mitochondria and reducing oxidative stress burden [79].

Collectively, these multifaceted actions suggest that berberine may interrupt the vicious cycle of
oxidative stress and mitochondrial dysfunction that contributes to ASD pathophysiology. Although
direct clinical trials evaluating berberine in ASD populations are still lacking, preclinical models of
neurodevelopmental and neurodegenerative disorders provide encouraging data supporting its
potential therapeutic role [80].

Future research should prioritize randomized controlled trials assessing the efficacy, optimal
dosing, safety profile, and mechanistic biomarkers associated with berberine supplementation in
individuals with ASD. Given its pleiotropic mechanisms of action and favorable safety record in other
clinical contexts, berberine emerges as a promising candidate for adjunctive intervention strategies
targeting oxidative stress and mitochondrial dysfunction in ASD.

3.5. Neurotransmitter Imbalances and Synaptic Function

ASD is increasingly recognized as a neurodevelopmental condition characterized by profound
disturbances in neurotransmitter systems and synaptic function. These abnormalities contribute to
the core behavioral symptoms of ASD, including impaired social interaction, communication deficits,
and repetitive behaviors. Alterations in key neurotransmitters—namely gamma-aminobutyric acid
(GABA), glutamate, serotonin (5-HT), and dopamine—have been consistently implicated in its
pathophysiology [81, 82].

Glutamatergic and GABAergic imbalances are particularly critical. A shift toward excitatory
glutamatergic transmission over inhibitory GABAergic signaling creates an excitatory/inhibitory
(E/I) imbalance that disrupts neural circuit homeostasis [83]. Several postmortem and genetic studies
have revealed reductions in GABAergic interneuron populations and decreased expression of
glutamate decarboxylase enzymes (GAD65/67), further exacerbating hyperexcitability in cortical and
subcortical regions [84, 85]. These findings are complemented by neuroimaging evidence
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demonstrating altered glutamate concentrations in multiple brain regions of individuals with ASD
[86].

Beyond the E/I balance, serotonergic dysfunction has long been associated with ASD. Elevated
whole blood serotonin levels, or hyperserotonemia, represent one of the earliest and most replicated
biomarkers in the disorder [87]. The serotonergic system is crucial during critical periods of brain
development, regulating neurogenesis, synaptogenesis, and cortical organization [95]. Perturbations
in 5-HT signaling can therefore profoundly influence synaptic architecture and functional
connectivity, leading to long-lasting behavioral consequences.

Dopaminergic pathways, particularly those involving the mesocorticolimbic and nigrostriatal
circuits, are also implicated in ASD. Aberrant dopamine neurotransmission may underlie impaired
reward processing, social motivation deficits, and repetitive motor behaviors commonly observed in
affected individuals [88]. Animal models with altered dopamine receptor expression or signaling
pathways frequently exhibit ASD-like phenotypes, further supporting a causative role [89].

Synaptic dysfunction, including deficits in synaptic plasticity and spine morphology, has been
recognized as a hallmark of ASD neuropathology. Studies highlight abnormalities in long-term
potentiation (LTP) and long-term depression (LTD)—processes essential for learning and memory —
alongside aberrant dendritic spine density and structure in cortical and hippocampal neurons [90].
These synaptic anomalies are often linked to genetic mutations affecting synaptic proteins, such as
neuroligins, neurexins, and SHANK family scaffolding proteins, underscoring the centrality of
synaptic integrity in ASD [91].

In this complex neurochemical landscape, BBR emerges as a promising modulator capable of
addressing neurotransmitter imbalances and restoring synaptic function. Preclinical evidence
suggests that BBR exerts multifaceted neuroprotective effects by modulating neurotransmitter levels,
synaptic protein expression, and signaling pathways critical for synaptic plasticity [92, 93].

BBR has been shown to enhance GABAergic signaling by upregulating GABA_A receptor
subunits and GAD expression, thus promoting inhibitory tone and correcting E/I imbalances [94].
Furthermore, BBR inhibits excessive glutamatergic activity by attenuating NMDA receptor-mediated
excitotoxicity and modulating intracellular calcium influx [95]. These actions contribute to the
stabilization of neural circuits and protection against synaptic degeneration.

In the serotonergic system, BBR modulates 5-HT levels through inhibition of monoamine
oxidase A (MAO-A) and serotonin reuptake transporters, effectively enhancing serotonergic
neurotransmission [5]. Such mechanisms may normalize developmental serotonergic signaling and
ameliorate behavioral abnormalities associated with ASD.

Moreover, berberine's effects extend to dopaminergic regulation. Experimental models
demonstrate that BBR can increase dopamine concentrations in the prefrontal cortex and striatum by
inhibiting dopamine transporters (DAT) and modulating tyrosine hydroxylase activity [96]. These
effects on the dopamine system may enhance motivation, reward processing, and executive function,
thereby addressing key deficits in ASD.

At the synaptic level, BBR upregulates the expression of synaptic proteins such as PSD-95 and
synaptophysin, enhances LTP induction, and protects against synaptic loss under oxidative stress
and inflammatory conditions [97]. Additionally, BBR activates signaling pathways critical for
synaptic plasticity, including the brain-derived neurotrophic factor (BDNF)/TrkB axis and the
PI3K/Akt pathway [98]. Through these actions, berberine not only prevents synaptic deterioration
but also fosters synaptic remodeling and functional recovery.

Collectively, the evidence positions BBR as a compelling candidate for therapeutic intervention
targeting neurotransmitter dysregulation and synaptic pathology in ASD. Future studies should
focus on delineating precise molecular mechanisms, optimal dosing strategies, and clinical
translation of these preclinical findings.

4, Preclinical and Clinical Evidence

4.1. Animal Models and in Vitro Studies
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Preclinical research utilizing animal models and in vitro systems has significantly advanced the
understanding of berberine’s potential role in modulating ASD related pathophysiology. These
studies have illuminated the molecular mechanisms through which berberine exerts neuroprotective,
anti-inflammatory, antioxidant, and microbiota-modulating activities, each of which is highly
relevant to the pathogenesis of ASD.

Animal models of ASD, including those induced by valproic acid (VPA), maternal immune
activation (MIA), or genetic modifications (e.g., Shank3 mutations), provide critical platforms for
exploring the effects of BBR on behavioral and biochemical abnormalities associated with ASD.
Notably, berberine administration in VPA-induced ASD models has been associated with marked
improvements in social interaction, repetitive behaviors, and cognitive performance [99, 100].

Mechanistically, BBR has been shown to attenuate neuroinflammation, a pivotal feature of ASD
neuropathology, by downregulating the expression of pro-inflammatory cytokines such as tumor
necrosis factor-alpha (TNF-a), interleukin-6 (IL-6), and interleukin-1{ (IL-13) via modulation of the
NF-«B signaling pathway [101]. In a murine model of MIA-induced ASD, berberine treatment
significantly suppressed microglial activation and astrocyte reactivity, concomitant with
normalization of hippocampal and cortical cytokine profiles [31]. These findings suggest that
berberine may ameliorate ASD-like behaviors through direct modulation of neuroimmune
interactions.

In addition to its anti-inflammatory effects, berberine’s antioxidant properties have been
demonstrated to counteract oxidative stress, a critical contributor to neuronal dysfunction in ASD.
Preclinical studies have documented that berberine enhances the activity of endogenous antioxidant
enzymes such as superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx),
while simultaneously reducing levels of malondialdehyde (MDA) and reactive oxygen species (ROS)
in the brain tissues of ASD models [102, 103].

Emerging evidence also indicates that BBR favorably modulates mitochondrial function, which
is often impaired in ASD. In vitro analyses using neuronal cultures derived from ASD models have
revealed that berberine improves mitochondrial membrane potential, enhances ATP production, and
mitigates mitochondrial ROS generation [12]. This mitochondrial stabilization may underpin the
observed improvements in synaptic plasticity and cognitive outcomes.

Berberine’s interaction with the gut-brain axis is of relevance to ASD, given the substantial
evidence linking gastrointestinal (GI) dysbiosis to core symptoms of the disorder. In animal models,
BBR administration restored the balance of gut microbiota by increasing the abundance of beneficial
commensals (e.g., Bifidobacterium, Lactobacillus) and suppressing pathogenic species (e.g., Clostridium
spp., Desulfovibrio) [104, 105]. This microbial rebalancing was associated with reductions in systemic
endotoxemia (as measured by serum lipopolysaccharide levels) and improvements in blood-brain
barrier integrity, both of which are disrupted in ASD [106].

Furthermore, in vitro studies have highlighted berberine’s capacity to modulate
neurotransmitter systems implicated in ASD. Berberine has been shown to increase the expression of
brain-derived neurotrophic factor (BDNF) and modulate serotonergic and dopaminergic signaling
pathways in cultured neuronal cells [107, 108]. Such neuromodulatory effects may contribute to
improvements in social and cognitive behaviors observed in preclinical ASD models.

Interestingly, BBR also demonstrates epigenetic regulatory effects. Recent studies indicate that
berberine can influence DNA methylation and histone acetylation patterns, particularly at promoter
regions of genes involved in inflammation, oxidative stress, and synaptic function [109]. These
epigenetic modifications may provide a long-term mechanism for berberine’s neuroprotective
benefits in ASD.

Taken together, the preclinical body of evidence underscores berberine’s multifaceted
therapeutic potential in ASD, acting through modulation of neuroinflammation, oxidative stress,
mitochondrial dysfunction, gut dysbiosis, neurotransmission, and epigenetic regulation. While
promising, these findings necessitate further translational validation to establish optimal dosing,
treatment windows, and long-term safety profiles before clinical application.
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4.2. Human Studies and Translational Potential

Although most research on berberine's effects in ASD remains preclinical, emerging human
studies and translational approaches suggest a promising role for this natural alkaloid as a nutritional
modulator.

Current clinical evidence regarding berberine in ASD is sparse but growing. Early-phase pilot
studies have primarily focused on the compound’s anti-inflammatory, antioxidant, and microbiota-
modulating properties, given the recognized contribution of systemic inflammation, oxidative stress,
and gut-brain axis disruptions in ASD pathophysiology [110-112]. For instance, berberine’s
capability to regulate pro-inflammatory cytokines, particularly interleukin-6 (IL-6) and tumor
necrosis factor-alpha (TNF-a), and to enhance antioxidant defenses by upregulating nuclear factor
erythroid 2-related factor 2 (Nrf2) pathways has positioned it as a candidate for therapeutic
interventions [113, 114].

A small open-label study involving children with ASD (n=24) reported that adjunctive treatment
with BBR (administered orally at 300 mg/day for 12 weeks) led to improvements in behavioral scales,
including the Childhood Autism Rating Scale (CARS) and the Aberrant Behavior Checklist (ABC),
compared to baseline assessments [115]. Improvements were particularly noted in the irritability and
social withdrawal subscales, although the study lacked a placebo-controlled group; therefore, its
findings must be interpreted with caution. Notably, biochemical analyses revealed reductions in
serum markers of oxidative stress (malondialdehyde) and pro-inflammatory cytokines after BBR
supplementation [116].

Another pilot clinical investigation evaluated the synergistic use of BBR with probiotics in ASD
patients, given the well-documented dysbiosis observed in this population [117]. Participants
receiving combined therapy demonstrated not only significant amelioration of gastrointestinal
symptoms but also modest improvements in social behaviors, suggesting a gut-brain axis-mediated
mechanism [118]. These findings align with preclinical data indicating that berberine restores
microbial diversity and enhances short-chain fatty acid (SCFA) production, both of which have
neuroactive properties [119, 120].

Despite these promising preliminary results, human studies present several limitations that
hinder definitive conclusions. Small sample sizes, lack of randomization and blinding, heterogeneous
diagnostic criteria, and variable dosing regimens pose significant barriers to reproducibility and
generalizability. Furthermore, pharmacokinetic challenges—such as berberine’s poor oral
bioavailability —necessitate innovative delivery systems (e.g., nanoparticles, liposomal formulations)
to maximize its therapeutic potential in clinical settings [121].

From a translational perspective, berberine offers an attractive profile: it is a natural, well-
characterized molecule with multi-targeted actions relevant to core and associated symptoms of ASD,
including neuroinflammation, oxidative stress, mitochondrial dysfunction, and gut dysbiosis [122—
123]. Its pleiotropic mechanisms may allow a broader therapeutic window compared to single target
agents, an advantage particularly pertinent in a disorder as heterogeneous as ASD.

Ongoing clinical trials registered in international databases (e.g., ClinicalTrials.gov) are
investigating berberine’s efficacy in neurodevelopmental and psychiatric disorders, including ASD,
which will provide more robust data regarding dosing, safety, and clinical outcomes [124].
Additionally, pharmacogenomic studies exploring individual variability in BBR metabolism (e.g.,
variations in CYP450 enzymes and efflux transporters) may further refine patient selection and
optimize therapeutic efficacy in ASD populations [125].

In essence, while the translational potential of berberine in ASD is compelling, rigorous
randomized controlled trials with standardized methodologies are urgently needed to validate its
efficacy and safety. Future research should also prioritize elucidating biomarkers of response to
berberine therapy, potentially enabling a precision nutrition approach for managing ASD.

5. Safety, Dosing, and Potential Limitations
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BBR, a naturally occurring isoquinoline alkaloid extracted from various plants such as Berberis
vulgaris and Coptis chinensis, has gained considerable interest as a nutraceutical agent due to its
diverse pharmacological properties. In the context of ASD, understanding the safety profile, optimal
dosing regimens, and inherent limitations of berberine is critical to evaluate its translational potential.

Overall, BBR has been characterized by a favorable safety margin in preclinical and clinical
studies. Toxicological assessments have indicated that oral administration of berberine is generally
well tolerated across various species. Acute toxicity studies in rodents have reported a median lethal
dose (LD50) exceeding 5,000 mg/kg, suggesting a low risk of acute toxicity [126]. Sub-chronic and
chronic toxicity studies similarly indicate that doses below 300 mg/kg/day are devoid of significant
systemic toxicity [1].

In human studies, BBR has been associated with mild adverse events such as gastrointestinal
discomfort (e.g., diarrhea, constipation, flatulence), transient elevations in liver enzymes, and rare
reports of bradycardia [127]. Importantly, most adverse effects appear dose-dependent and reversible
upon cessation of therapy [128]. No severe immunotoxic, genotoxic, or carcinogenic effects have been
consistently reported in long-term evaluations [129].

Of specific concern for the ASD population, particularly in pediatric cohorts, is the blood-brain
barrier (BBB) penetration and potential neurotoxicity. Preclinical evidence suggests that BBR crosses
the BBB, albeit at relatively low concentrations; however, these levels are sufficient to exert
neuroprotective effects without evidence of neurotoxicity at therapeutic doses [8].

Determining an optimal dosing strategy for BBR in ASD presents a complex challenge, given the
variability in absorption, metabolism, and individual response. BBR displays poor oral bioavailability
(approximately <1%), primarily due to P-glycoprotein-mediated efflux and first-pass metabolism
[130]. Strategies such as co-administration with absorption enhancers (e.g., silymarin) or formulation
into nanoparticles have been explored to improve systemic availability [131].

Clinical dosing regimens for metabolic and neuropsychiatric disorders typically range between
500 mg to 1500 mg/day, divided into two or three doses [132]. Extrapolating from existing
pharmacokinetic and pharmacodynamic data, a cautious titration strategy beginning at the lower
end of this range (e.g., 250-500 mg/day) appears prudent for ASD populations, especially in pediatric
subjects.

Notably, berberine’s half-life of approximately 4-6 hours supports multiple daily
administrations to maintain therapeutic plasma concentrations [12]. Pharmacokinetic modeling in
children remains limited, necessitating cautious interpretation and advocating for individualized
dosing approaches based on body weight, metabolic status, and therapeutic monitoring.

Despite its promising therapeutic profile, berberine administration in ASD is not without
significant limitations:

While preclinical models of neuroinflammation, oxidative stress, and gut-brain axis modulation
suggest benefits of BBR, clinical trials targeting ASD specifically remain scarce. Current human
studies have primarily focused on metabolic comorbidities or surrogate neurobehavioral markers,
which limit direct extrapolation to core ASD symptomatology [133].

The low systemic bioavailability of BBR, coupled with rapid metabolism to inactive derivatives,
constrains its therapeutic window. Innovative delivery systems, including liposomal encapsulation
and solid lipid nanoparticles, have demonstrated promise but require validation in
neurodevelopmental disorder contexts [134]. To overcome bioavailability challenges, several
strategies have been investigated:

e Nanoparticle Encapsulation: Berberine-loaded nanoparticles have demonstrated enhanced
solubility, stability, and intestinal permeability [13].

e  Lipid-Based Formulations: Liposomes and solid lipid nanoparticles can protect berberine from
degradation and improve lymphatic transport [14].

e Co-administration with P-gp Inhibitors: Agents that inhibit P-gp can enhance berberine's
intracellular accumulation [15].
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These advancements are crucial for optimizing berberine's therapeutic efficacy, particularly in
neurodevelopmental disorders where BBB penetration and sustained systemic availability are
essential for clinical success.

BBR is a known inhibitor of cytochrome P450 isoenzymes (CYP2D6, CYP3A4) and organic cation
transporters, raising concerns about potential pharmacokinetic interactions with concomitant
medications frequently prescribed in ASD, such as antipsychotics, anticonvulsants, and selective
serotonin reuptake inhibitors [135]. Vigilant monitoring and dose adjustments may be necessary to
avoid adverse interactions.

Commercially available BBR supplements exhibit substantial variability in purity, bioactive
content, and contamination with heavy metals or adulterants [136]. Standardization of BBR
formulations is urgently required to ensure consistent therapeutic outcomes and minimize risks.

Pediatric populations, especially those with ASD, may have altered pharmacodynamics and
pharmacokinetics due to differences in gut microbiota composition, hepatic metabolism, and BBB
permeability. These variables may influence berberine’s efficacy and tolerability, necessitating age-
specific research protocols [137].

While short- to medium-term administration appears safe, data on long-term BBR use exceeding
12 months remain limited. Concerns regarding cumulative effects on hepatic function, gut microbiota
dysbiosis, and endocrine regulation warrant longitudinal studies before widespread
recommendations in ASD management [1, 26].

In summary, BBR exhibits a promising safety and efficacy profile for modulating key
pathophysiological pathways implicated in ASD. Nevertheless, its translation into clinical practice
requires careful consideration of dosing strategies, monitoring of potential interactions, and rigorous
validation through controlled trials addressing both efficacy and long-term safety in diverse ASD
subpopulations [138].

NEUROINFLAMMATION

* Suppresses microglial
activation

OXIDATIVE STRESS

e Enhances Nrf2 activation
* Reduces oxidative damage

BERBERINE

AS A NUTRITIONAL MODULATOR
IN ASD

GUT-BRAIN AXIS
DYSFUNCTION

o Modulates gut microbiota
¢ Restores intestinal barrier

THERAPEUTIC
POTENTIAL

o Improves behayioral symptoms
estores metabolic balance

Figure 3. Schematic representation of the mechanistic pathways through which berberine may exert therapeutic
effects in ASD. BBR modulates neuroinflammation by suppressing microglial activation and regulating NF-«xB
signaling, reduces oxidative stress through Nrf2 pathway activation, restores gut-brain axis integrity by
modulating microbiota and strengthening the intestinal barrier, and improves behavioral and metabolic
outcomes. Together, these actions highlight berberine’s potential as a nutritional modulator for ASD

management.

6. Conclusions and Future Perspective
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BBR, a naturally occurring isoquinoline alkaloid, has emerged as a promising nutritional
modulator for ASD owing to its multifaceted biological activities [139]. The mechanistic insights
summarized in this review suggest that BBR exerts neuroprotective, anti-inflammatory, antioxidant,
and microbiota-modulating effects that intersect with key pathological processes implicated in ASD.
Specifically, BBR’s ability to regulate neuroinflammation via the NF-kB and MAPK signaling
pathways, to mitigate oxidative stress by enhancing the Nrf2/ARE antioxidant response, and to
reshape gut microbiota composition by increasing beneficial bacterial genera such
as Bifidobacterium and Lactobacillus provides a compelling rationale for its therapeutic exploration in
ASD management [15-17].

At the neurochemical level, BBR modulates critical neurotransmitters, including serotonin,
dopamine, and GABA, potentially ameliorating core behavioral impairments and comorbidities
associated with ASD [15, 16]. Furthermore, its role in preserving mitochondrial integrity and energy
homeostasis through the AMPK pathway could address the metabolic disturbances frequently
observed in individuals with ASD [111]. Preclinical models have provided robust evidence
supporting BBR’s efficacy in improving social interaction deficits, repetitive behaviors, and cognitive
dysfunction, while also attenuating peripheral immune dysregulation and gut permeability [1-3].

Despite these encouraging findings, translation to clinical practice remains premature. The
bioavailability of BBR is intrinsically low, and optimal dosing regimens, safety profiles, and long-
term effects in pediatric populations with ASD are yet to be conclusively determined. Emerging
nanotechnology-based delivery systems, including liposomal encapsulation and nanoparticle
carriers, offer promising avenues to overcome these pharmacokinetic limitations [13,14]. Moreover,
the heterogeneity of ASD pathophysiology necessitates stratified approaches to patient selection,
potentially guided by inflammatory, oxidative, metabolic, and microbiome biomarkers to identify
those individuals most likely to benefit from BBR supplementation.

Future research should prioritize well-designed, randomized controlled trials (RCTs) with
standardized diagnostic criteria, sufficient sample sizes, and long-term follow-up periods to
rigorously evaluate BBR's therapeutic efficacy and safety in ASD. Investigations should also dissect
the dose-response relationship, examine possible synergistic effects with other nutraceuticals or
conventional pharmacotherapies, and explore BBR's impact on specific ASD endophenotypes, such
as immune dysfunction or mitochondrial abnormalities.

In parallel, integrative omics technologies—including transcriptomics, proteomics,
metabolomics, and microbiomics—should be harnessed to elucidate the molecular networks
modulated by BBR in ASD patients. This systems biology approach will not only deepen our
understanding of BBR’s mechanism of action but also facilitate the development of precision nutrition
strategies tailored to the biological needs of individuals with ASD.

In conclusion, berberine represents a highly promising, though still underexplored,
nutraceutical intervention for Autism Spectrum Disorder. A multidisciplinary convergence of basic
research, clinical trials, and precision medicine will be essential to unlock its full therapeutic potential
and to pave the way for evidence-based nutritional strategies that complement existing ASD
treatments.
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