


• Hydrogen sulfide (H₂S) - primarily a toxic gas, recognizable by its characteristic odor – (environmental / occupational hazard).
• H₂S - endogenous signaling molecule, comparable to nitric oxide and carbon monoxide. 
• H₂S - gasotransmitter involved in vascular regulation, redox homeostasis, mitochondrial function, inflammation, cytoprotection, neuromodulation, 

and cellular adaptation.



Neurodegenerative diseases share several common mechanisms. Oxidative stress, mitochondrial dysfunction, chronic neuroinflammation,
and protein aggregation progressively damage neurons and synaptic networks. H₂S intersects with all of these pathways. This is why it has
attracted increasing attention as a systems-level regulator rather than as a single-target therapeutic molecule.



H₂S is naturally produced in the central nervous system through the enzymes CBS, CSE, and 3-MST. These enzymatic systems are distributed 
among neurons, astrocytes, microglia, and mitochondria. Endogenous H₂S contributes to neurotransmission, neurovascular regulation, 
mitochondrial function, and antioxidant defense. Therefore, H₂S should be viewed as an integral component of normal brain physiology.



One of the most important functions of H₂S is the regulation of redox homeostasis. H₂S activates Nrf2-dependent signaling and 
promotes the expression of antioxidant enzymes such as HO-1, NQO1, SOD, catalase, and glutathione-related pathways. Through 
these mechanisms, H₂S may help limit oxidative damage and preserve neuronal survival under stressful conditions.



Mitochondria are central targets of H₂S signaling. Physiological concentrations of H₂S may support electron transport, ATP
production, mitophagy, and mitochondrial quality control. Since mitochondrial dysfunction is a hallmark of neurodegeneration,
preserving mitochondrial resilience is one of the most attractive therapeutic aspects of H₂S biology.



Neuroinflammation is increasingly recognized as a driver of neurodegenerative progression. H₂S may influence microglial activation
and cytokine production, including TNF-α, IL-1β, and IL-6. Rather than completely suppressing inflammation, H₂S appears to
modulate inflammatory responses and promote a more balanced neuroimmune environment.



Protein aggregation is a defining feature of many neurodegenerative diseases. Amyloid-β, tau, α-synuclein, and TDP-43 accumulate
when proteostasis mechanisms fail. Current evidence suggests that H₂S may influence protein folding, autophagy, and proteasomal
activity, thereby contributing to the maintenance of protein homeostasis.



H₂S is strongly linked to synaptic plasticity. Experimental studies demonstrate modulation of NMDA receptor activity,
neurotransmitter release, calcium signaling, and long-term potentiation. These mechanisms place H₂S at the intersection between
molecular signaling and higher-order functions such as learning, memory, and cognitive resilience.



In Alzheimer's disease, reduced H₂S bioavailability has been associated with oxidative stress, mitochondrial dysfunction, amyloid
accumulation, and progressive cognitive decline. Although causality remains under investigation, multiple observations suggest that
altered sulfur signaling may contribute to disease progression.



A key message is that H₂S biology follows a homeostatic model. Both deficiency and excess may be harmful. Physiological signaling
appears to support mitochondrial function, synaptic activity, and redox balance, whereas disruption of this equilibrium may
contribute to neurodegeneration. Therefore, the objective is not maximal H₂S exposure but optimal H₂S homeostasis.



Parkinson's disease is characterized by progressive loss of dopaminergic neurons in the substantia nigra. Oxidative stress,
mitochondrial dysfunction, and neuroinflammation all participate in this process. These mechanisms overlap remarkably with the
biological pathways regulated by H₂S.



Rather than viewing H₂S as a cure, it is more accurate to view it as a modulator of neuronal vulnerability. Physiological H₂S signaling
may influence oxidative stress, mitochondrial integrity, inflammatory responses, and apoptosis. Importantly, these effects are
context-dependent and strongly influenced by concentration and disease stage.



The gut microbiota has emerged as a major source of biologically active sulfur metabolites. Microbial H₂S may influence systemic
physiology and brain function through multiple signaling pathways. This gut–brain–H₂S axis represents one of the most rapidly
expanding research areas in neurodegeneration.



H₂S may also influence epigenetic regulation. Current evidence suggests interactions with DNA methylation, histone 
modifications, and non-coding RNAs. These mechanisms provide a potential bridge between environmental exposures, 
microbiota-derived metabolites, and long-term regulation of neuronal gene expression.



Perhaps the most distinctive mechanism of H₂S biology is sulfhydration, also known as persulfidation. This reversible post-
translational modification converts protein thiols into persulfides, altering protein activity, transcription factor behavior, and cellular
signaling. Increasingly, persulfidation is viewed as a fundamental mechanism of H₂S-mediated biological regulation.



Several therapeutic strategies are currently being explored. These include H₂S-releasing compounds, nutritional interventions,
microbiota modulation, and precision medicine approaches guided by biomarkers. While clinical translation remains at an early
stage, the field is rapidly evolving.



System biology perspective: H₂S interacts with redox homeostasis, mitochondrial function, neuroinflammation, proteostasis,
epigenetics, and the gut microbiota. These interactions are bidirectional and highly interconnected. H₂S therefore acts not as a
single target, but as a network regulator.



H₂S is a fundamental signaling molecule with important neuroprotective functions. It contributes to redox balance, mitochondrial
resilience, inflammatory regulation, and cellular homeostasis. Most importantly, H₂S biology teaches us that neuroprotection
depends on maintaining balance rather than maximizing intervention."
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