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Highlights


What are the main findings?




	•

	
Harmful modulation of the mTOR pathway precipitates exacerbated autophagy and subsequent neurotoxicity.




	•

	
The oxidative stress inherent in MeHg neurotoxicity regulates neuronal autophagy via an mTOR-dependent mechanism.









What are the implications of the main findings?




	•

	
NAC provides neuroprotection by restoring mTOR signaling homeostasis and facilitating the systemic excretion of MeHg–thiol complexes.




	•

	
Therapeutic intervention with NAC mitigates the impact of MeHg-induced neuronal toxicity.










Abstract


Methylmercury (MeHg) is a potent environmental contaminant primarily ingested through seafood consumption. Gestational exposure induces profound neurological and developmental deficits in the fetus that often persist throughout childhood. This developmental vulnerability arises from the immature state of the blood–brain barrier and a limited endogenous antioxidant capacity in the developing CNS. Postnatal exposure via breastfeeding further compromises neurodevelopment, specifically impairing visuospatial processing and memory. While fetal and placental mercury accumulation correlates with gestational age, the specific mechanisms of transplacental transport remain poorly defined. Mechanistically, MeHg predominantly accumulates in fetal renal tissue, followed by the brain and liver. This review aims to elucidate MeHg-induced oxidative stress and autophagic collapse mediated by the PI3K/AKT/mTOR and AMPK/TSC2/mTOR pathways. Furthermore, we evaluate neuroprotective candidates, specifically N-acetyl-L-cysteine (NAC) and CCL chemokine modulation, as strategies to mitigate fetal impairment and the associated cellular damage.
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1. Introduction


As a potent organic contaminant, methylmercury (MeHg) bioaccumulates in aquatic food chains and reaches critical concentrations in humans primarily through seafood consumption [1]. Driven by biomagnification, MeHg levels can induce severe clinical symptoms in the central nervous system (CNS) [1,2]. Its pathological potential is largely attributed to its capacity to traverse the blood–brain barrier (BBB) and the placental barrier [2]. This poses a significant threat to the developing fetus, where MeHg exposure precipitates diverse complications, including impaired neurological development, congenital deformities, and preterm birth [3,4]. The severity of these impacts is dictated by exposure levels and the developmental stage of the brain, with the fetal, embryonic, and neonatal stages exhibiting extreme vulnerability [2].



While the mechanisms underlying MeHg-induced fetal impairment remain partially elucidated, current evidence highlights the role of reactive oxygen species (ROS) formation and the induction of autophagy [5,6]. Specifically, the inhibition of the mammalian target of rapamycin (mTOR)—a central regulator of cellular metabolism and the cell cycle—has been proposed as a primary pathological pathway [6,7]. Given that mTOR dysregulation is a hallmark of MeHg-induced developmental impairment, identifying potent pharmacological modulators is a priority for mitigating long-term fetal deficits.



In this context, N-acetyl-L-cysteine (NAC) has emerged as a multifaceted neuroprotective agent capable of modulating the PI3K/AKT/mTOR and AMPK/TSC2/mTOR axes [7]. Beyond its established antioxidant properties and ability to cross the BBB, NAC facilitates the replenishment of intracellular glutathione (GSH) pools and modulates glutamatergic signaling [8]. These mechanisms have demonstrated efficacy in mitigating neuronal damage induced by heavy metals [8]. The implementation of human cerebral organoids (hCOs) allows for more physiologically relevant modeling of neurodevelopment, demonstrating that AKT/mTOR dysregulation impairs neuronal differentiation and synaptic homeostasis [9].



Moving beyond the traditional focus on MeHg binding to sulfhydryl groups and subsequent cytoskeletal disruption [4,10], this review proposes a novel ‘signaling rescue’ model. We focus on the role of NAC as a molecular bridge to restore the equilibrium between mTORC1-mediated growth and AMPK-driven autophagic flux [7]. Thus, this work aims to elucidate the role of mTOR signaling in MeHg contamination and explore NAC as a potential pharmacological therapy to enhance the clinical management of MeHg-induced brain impairment.




2. Physiological Significance of mTOR Signaling in Neurodevelopment


The mammalian target of rapamycin (mTOR) constitutes a pivotal signaling hub that integrates extracellular stimuli—including nutrient availability, growth factors, and energy status—to regulate cellular metabolism and proteostasis [11,12]. During neurodevelopment, the canonical PI3K/AKT/mTORC1 axis serves as a critical driver of anabolic processes. Activation of phosphoinositide 3-kinase (PI3K) facilitates the recruitment and phosphorylation of Akt, which subsequently antagonizes the Tuberous Sclerosis Complex (TSC) to promote mTORC1-mediated protein synthesis, lipogenesis, and ribosomal biogenesis [7,13]. This axis is functionally essential for the proliferation of neural stem cell populations and the precise execution of synaptogenesis [9,11].



Complementing this growth-oriented signaling, the AMPK/TSC2/mTORC1 pathway acts as a homeostatic energy sensor [14,15]. Under conditions of metabolic stress or ATP depletion, the adenosine monophosphate-activated protein kinase (AMPK) directly phosphorylates TSC2, thereby repressing mTORC1 and initiating autophagic flux [7,14]. This mechanism is vital for maintaining cellular integrity through the clearance of damaged organelles and protein aggregates during neuronal maturation [15,16]. Concurrently, mTORC2 regulates the actin cytoskeleton and maintains apical–basal polarity, which is a prerequisite for organized neuronal migration within the developing cortical laminae [17,18].



The high metabolic demands and the reliance of these pathways on redox-sensitive thiol groups establish a state of inherent physiological vulnerability. In the context of environmental neurotoxicants, this signaling nexus becomes a primary target for biochemical disruption. Consequently, the hijacking of these specific regulatory nodes by methylmercury leads to a systematic failure of cellular homeostasis, the mechanisms of which are elucidated in the subsequent analysis of MeHg-induced molecular crosstalk.




3. Molecular Crosstalk: MeHg-Induced mTOR Inhibition and NAC-Mediated Rescue


The neurotoxic impact of MeHg is non-uniform across the CNS, as the hippocampus and cerebral cortex exhibit divergent pathological signatures. While prenatal exposure primarily disrupts neuronal migration and proliferation due to the high sensitivity of neural stem cells [2,19], postnatal exposure via breastfeeding tends to impact synaptogenesis and glial maturation [20]. These temporal differences likely stem from the maturation state of the BBB and the ontogeny of organic anion transporters, such as Oat1 [2,21].



In the developing cortex, MeHg disrupts neuronal migration and apical polarity, leading to disorganized laminar structures [18]. Conversely, the hippocampus—specifically the dentate gyrus—demonstrates higher rates of apoptosis and impaired neurogenesis [22]. This regional vulnerability is driven by differential Oat1 expression and baseline PI3K/Akt activity. Specifically, the hippocampus is susceptible to autophagic collapse due to limited antioxidant capacity and high metabolic demands during development [7,23].



Beyond oxidative stress, MeHg disrupts cytoskeletal dynamics by altering microtubule stability, subsequently impairing neuronal migration and laminar organization [18]. Additionally, its high affinity for sulfhydryl enzymes inactivates critical metabolic activities [4,24], while its ability to modify cellular DNA further exacerbates neurological impairment [24,25]. Recent epigenetic investigations reveal that MeHg exposure induces site-specific DNA hypermethylation of the mTOR promoter and alters histone acetylation patterns in fetal cortical neurons [7,23].



3.1. Convergence of Signaling Dysregulation


MeHg exposure triggers a sophisticated dual insult to the mTOR axis that effectively dismantles cellular homeostasis [7,17]. Primarily, MeHg inhibits the mTORC1 complex, an event that precipitates pathological autophagy through the dephosphorylation of ULK1 [7,15]. Simultaneously, the toxin disrupts the mTORC2 complex, characterized by impaired Akt phosphorylation at the Ser473 site, which ultimately catalyzes cytoskeletal collapse and the loss of neuronal polarity [7,17].



Beyond this canonical pathway, recent evidence demonstrates that MeHg also induces mTOR-independent autophagy through the activation of the JNK/Vps34 complex, promoting the pathological accumulation of autophagosomes and subsequent lysosomal degradation failure [26]. Concurrently, the accumulation of MeHg-induced ROS and the depletion of intracellular ATP pools activate the AMPK/TSC2 pathway [7,15]. This activation further represses mTORC1, inducing a state of “biochemical starvation” that shifts autophagic flux from a cytoprotective process toward a pathological, cytotoxic phenotype [7,15]. By attacking these regulatory nodes from both ends—suppressing survival signaling while mimicking energy depletion—MeHg creates a metabolic crossroads that favors neuronal death over adaptation.




3.2. The Hierarchical Cascade of Neurotoxicity


The interplay between ROS, epigenetics, and autophagy follows a defined temporal and causal sequence that dictates the progression of MeHg-induced damage [7,27]. This hierarchy begins with a primary biochemical trigger, where ROS generation acts as the immediate initiator [7,28]. MeHg’s high affinity for sulfhydryl groups leads to the rapid depletion of glutathione (GSH) and the inhibition of antioxidant enzymes, creating an oxidative environment that acts as a “molecular brake” on survival signaling [7,28]. This leads to the secondary regulatory layer, the “epigenetic lock,” where ROS and MeHg exposure upregulate DNMT3a, catalyzing the hypermethylation of the mTOR promoter region [27,29]. This hypermethylation establishes a sustained suppression of the pathway, effectively creating a “pro-apoptotic cellular memory” that persists even after the initial chemical exposure has subsided [27]. Finally, the tertiary effector is functional; the combined pressure of oxidative stress and epigenetic silencing forces autophagic flux from a basal, homeostatic state into a pathological, cytotoxic phenotype [7,15]. This autophagic collapse serves as the final executor of neuronal cell death, marking the end stage of the hierarchical collapse [26].




3.3. The Mechanistic Rescue by NAC


In this context, NAC therapy provides neuroprotection through a multifaceted restoration of these specific signaling nodes [7,8]. By neutralizing ROS, NAC effectively eliminates the “molecular brake” on the mTOR pathway, while simultaneously stabilizing PI3K/Akt phosphorylation to antagonize the overactivation of GSK-3β [13,28].



Beyond direct antioxidant action, NAC facilitates the sequestration of mercuric ions into nontoxic complexes, preventing further enzymatic inactivation and limiting the chemical’s ability to trigger the initial biochemical insult [22]. A critical dimension of this metabolic rescue involves the preservation of mitochondrial integrity; as MeHg exposure triggers excessive mitophagy mediated by the AMPK/mTOR axis due to a drop in membrane potential, NAC intervention acts to stabilize these organelles and prevent their premature degradation [30].



Furthermore, the convergence of metabolic stressors catalyzes a strategic metabolic shift toward GDH upregulation and enhanced fatty acid oxidation, transitions that are supported by NAC to restore mitochondrial bioenergetics and enhance neuronal resilience [30,31]. Ultimately, this signaling rescue provides a comprehensive intervention: it neutralizes the primary ROS trigger, potentially reverses the ‘epigenetic lock’ through promoter demethylation, and restores the homeostatic signaling balance necessary for neuronal survival, a mechanistic integration summarized in Figure 1 [7,29].





4. Therapeutic Potential of N-Acetyl-L-Cysteine in Fetal Methylmercury Exposure


The neuroprotective efficacy of NAC is primarily driven by its role as a thiol donor. By providing a source of sulfhydryl (-SH) groups, NAC facilitates the replenishment of intracellular GSH pools and enhances detoxification through increased glutathione-S-transferase activity [28,32].



Beyond classical ROS scavenging, NAC functions as a critical mediator of metabolic rescue by targeting mitochondrial enzymes. Electrophilic stressors induced by MeHg are known to inactivate glutamate dehydrogenase (GDH) by promoting intermolecular disulfide cross-linking at sensitive cysteine residues [31]. This enzymatic blockade stalls the Tricarboxylic Acid (TCA) cycle and depletes the precursor pools for GSH biosynthesis. NAC restores mitochondrial bioenergetics by reducing these disulfide cross-links, thereby reactivating key TCA cycle intermediates [31]. This transition from simple antioxidant defense to active metabolic restoration is fundamental for neuronal resilience during critical developmental windows.



This intervention is critical because MeHg actively undermines cellular defenses by impairing cystine uptake and depleting GSH content, a process that manifests as elevated malondialdehyde (MDA) levels and significantly reduced glutathione peroxidase (GSH-Px) activity [33,34,35,36]. Beyond its antioxidant capacity, NAC promotes MeHg detoxification by binding the organic–metal to facilitate its systemic expulsion [37]. As illustrated in Figure 2, this therapeutic impact is dual-layered: it provides a robust intracellular defense by restoring GDH activity and survival signaling, while simultaneously promoting the systemic expulsion of MeHg-NAC complexes through the biliary and renal pathways [31,37].



4.1. Clinical Transition and Dosage Optimization in Perinatal Models


Applying NAC as a neuroprotector requires a precise understanding of its therapeutic window in developing organisms. While high bolus doses are standard for adult acetaminophen poisoning, neonatal models suggest that excessive concentrations can be counterproductive. For instance, 200 mg/kg doses in P7 rats have been shown to reduce hippocampal DNA synthesis [22]. Conversely, repeated low-dose administration (10 mg/kg) maintains neuroprotective efficacy without metabolic interference. This suggests that a “low-dose, high-frequency” approach may be superior for perinatal exposure to avoid pathway saturation and the accumulation of prooxidant metabolites, such as S-nitroso-N-acetylcysteine (SNOAC) [38,39].




4.2. Modulation of Autophagy and Systemic Excretion


NAC effectively antagonizes MeHg-induced pathological autophagy by restoring signaling homeostasis within the developing CNS. Recent studies confirm that NAC alleviates MeHg-induced cytotoxicity in astrocytes and inhibits Purkinje cell loss in mice [40,41]. By normalizing the PI3K/Akt and AMPK/TSC2 axes, NAC pretreatment reduces the expression of pro-autophagy proteins that otherwise lead to irreversible neuronal damage [13,42,43,44,45,46]. In vivo evidence demonstrates that NAC prevents hippocampal cell loss and acute neurotoxicity even when brain MeHg levels decrease only marginally. This suggests that NAC-MeHg complexes may sequester mercuric ions in nontoxic forms or attenuate toxicity despite the limited excretion capacity of pre-weaned organisms [21,22,47,48,49,50].



As illustrated in Figure 2, the therapeutic impact of NAC is dual-layered: it provides a robust intracellular defense by restoring survival signaling, while simultaneously promoting the systemic expulsion of MeHg-NAC complexes. In contrast to the neonatal context, NAC in adults facilitates rapid urinary excretion of MeHg by forming stable complexes that are readily processed for elimination [28]. The strategic role of NAC as a molecular bridge for metabolic rescue is further supported by its efficacy in reversing the cytotoxic profiles of potent electrophiles in simpler eukaryotic systems. In S. cerevisiae models, the severe oxidative damage, mitochondrial membrane depolarization, and cell cycle arrest induced by GDH inhibition are fully restored upon NAC supplementation, which replenishes the cellular thiol pool and reactivates essential metabolic nodes [31].




4.3. Translational Gaps and Clinical Safety


Despite promising animal data, several critical translational gaps prevent the immediate clinical implementation of NAC for gestational MeHg exposure. A primary unknown is the exact kinetic behavior of NAC-MeHg complexes during maternal–fetal transfer. While NAC facilitates systemic expulsion in adult models, some evidence suggests it could theoretically act as a molecular transporter of mercury depending on the timing of administration and the maturational state of the placental barrier [51,52]. Furthermore, the lack of controlled clinical trials in pregnant populations creates a significant ethical and pharmacological hurdle for establishing standardized safety protocols.



Most current evidence relies on simpler eukaryotic systems or rodent models, which may not fully replicate the complex physiological responses of the human placenta or the extended gestational window in humans. Consequently, future research utilizing human organoid models is essential to bridge these gaps and functionally validate the “signaling rescue” observed in laboratory settings [22,51,52]. A comprehensive summary of the signaling alterations induced by MeHg across various experimental models, along with the restorative effects of NAC, is consolidated in Table 1.





5. Concluding Remarks and Future Perspectives


Current evidence confirms that therapy with NAC significantly improves clinical outcomes in cases of MeHg contamination by providing strategic neuroprotective benefits during the perinatal period. As MeHg profoundly dysregulates the PI3K/Akt/mTOR and AMPK/TSC2/mTOR signaling axes, targeted pharmacological interventions aimed at these specific nodes appear highly efficacious. However, further in vivo research remains essential to establish standardized protocols and optimal therapeutic concentrations for immature organisms, where the modulation of MeHg toxicity differs significantly from adult models. Future investigations should utilize advanced genetic tools, such as CRISPR-Cas9 or specific kinase inhibitors, to confirm the causal role of the PI3K/Akt/GSK-3β axis in MeHg-induced pathology. Beyond these genetic approaches, the investigation of selective mitophagy via the PINK1/Parkin pathway and the use of mitochondrial-targeted ROS scavengers, such as Mito-TEMPO, emerge as promising strategies to mitigate developmental defects.



Furthermore, emerging research suggests that the persistent suppression of defensive pathways may be governed by an “epigenetic lock” characterized by DNMT3a-mediated hypermethylation. Future therapeutic strategies should investigate the potential of antioxidants and specific bioactive compounds to reverse this epigenetic memory through promoter CpG demethylation of pathways like Nrf2. The integration of these treatments into human organoid models may bridge the gap between mechanistic research and definitive clinical application, functionally validating whether targeted genetic restoration of the GCL-mTOR node is sufficient to drive the adaptive rescue responses and metabolic resilience necessary to abrogate neurotoxicity. Additionally, the development of brain-targeted prodrugs with enhanced lipophilicity is required to overcome the current limitations of CNS penetration. Investigating synergies between NAC and epigenetic modulators may offer a multifaceted approach to reversing the long-term neurodevelopmental consequences of gestational exposure. Given that fish consumption remains a vital source of neuroprotective nutrients, the strategic use of NAC or related pharmacological compounds could significantly mitigate the public health risks associated with mercury-contaminated seafood ingestion.
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Abbreviations


The following abbreviations are used in this manuscript:



	AKT
	Protein kinase B



	AMP
	Adenosine monophosphate



	AMPK
	AMP-activated protein kinase



	ATG1
	Autophagy-related protein 1



	ATG13
	Autophagy-related protein 13



	ATP
	Adenosine triphosphate



	BAX
	Bcl-2-associated X protein



	BBB
	Blood–brain barrier



	CAT
	Catalase



	DMPS
	2,3-dimercapto-1-propanesulfonate



	DMSA
	Meso-2,3-dimercaptosuccinic acid



	DNA
	Deoxyribonucleic acid



	GCL
	Glutamate–cysteine ligase



	GDH
	Glutamate dehydrogenase



	GSH
	Glutathione



	GSH-Px
	Glutathione peroxidase



	GSK-3β
	Glycogen synthase kinase-3 beta



	LC3
	Microtubule-associated protein 1 light chain 3



	MDA
	Malondialdehyde



	MeHg
	Methylmercury



	Mrp2/Abcc2
	Multidrug resistance-associated protein 2



	mTOR
	Mammalian target of rapamycin



	mTORC1
	mTOR complex 1



	mTORC2
	mTOR complex 2



	NAC
	N-acetyl-L-cysteine



	NRF2
	Nuclear factor erythroid 2-related factor 2



	Oat1
	Organic anion transporter 1



	PI3K
	Phosphoinositide 3-kinase



	Prx/Trx
	Peroxiredoxin/thioredoxin system



	ROS
	Reactive oxygen species



	SOD
	Superoxide dismutase



	SNOAC
	S-nitroso-N-acetylcysteine



	TSC2
	Tuberous sclerosis complex 2



	ULK1
	Unc-51-like autophagy-activating kinase 1
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Figure 1. Mechanistic integration of methylmercury (MeHg)-induced neurotoxicity and therapeutic rescue mediated by N-acetyl-L-cysteine (NAC). Consumption of seafood contaminated with MeHg during pregnancy allows the formation of the MeHg-L-cysteine complex, which mimics methionine and crosses the placental barrier through the LAT1 transporter, promoting fetal neurological impairment. In the nervous system, MeHg induces oxidative stress and inhibits the mTORC1 pathway, resulting in cellular damage and neurotoxicity. As a therapeutic strategy, NAC acts as a precursor of cysteine and glutathione (GSH), restoring redox balance and favoring the reactivation of mTORC1 signaling. Furthermore, the formation of MeHg-GSH/NAC complexes facilitates the biliary and renal clearance of the metal, reducing its toxicity and contributing to fetal neuronal protection. Created with BioRender.com. 
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Figure 2. N-acetyl-L-cysteine (NAC) effects in MeHg neurotoxicity. Therapy with NAC acts through multiple protective pathways beyond direct ROS scavenging. In the intracellular compartment, NAC restores redox homeostasis and provides neuroprotection by preventing the hypermethylation of defensive gene promoters, such as Nrf2, thereby facilitating their epigenetic reactivation. Crucially, NAC acts as a biochemical switch to restore metabolic flux by reversing the electrophilic inactivation of glutamate dehydrogenase (GDH), desulfurizing inactive cross-linked protein complexes. These actions diminish neurologic damage by reinstating mitochondrial bioenergetics and survival signaling [29,31]. Created with BioRender.com. 
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Table 1. Summary of MeHg-induced signaling alterations and NAC intervention.
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	Pathway/Target
	Model
	Effect of MeHg
	Effect of NAC
	Reference





	PI3K/Akt/mTOR
	Rat Cortex
	↓ Phosphorylation
	↑ Restoration
	[7]



	AMPK/TSC2
	Human Stem Cells
	↑ Activation
	↓ Suppression
	[46]



	Autophagy (LC3-II)
	Primary Astrocytes
	↑ Flux
	↓ Normalization
	[40]



	GSH Levels
	Fetal Brain
	↓ Depletion
	↑ Repletion
	[22]
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