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& Hydrogen sulfide (H>S) - therapeutic relevance in rehabilitation and balneotherapy
@ Systematic literature review and meta-analysis based on the PRISMA paradigm
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The remarkable evolution of hydrogen sulfide (H,S)
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19th century Late 20th century 2000s - 2010s | - 2010s - present

N () Vasoregulation
) () Anti-inflammation
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() Neuroprotection
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R 3 @ Cytoprotection () Disease modulation
“ HS }ﬂd, ) Redox homeostasis ) Drug development
' () Mitochondrial function ) Precision medicine
() Neurotransmission _
Known as a poisonous Discovered as an endogenous Multiple physiological roles in Emerging focus for therapeutic
gas witha cl.'\aract(-z.n‘snc gasotransmitter in the human vascular, metabolic, mitochondrial, strategies in neurodegenerative
odor and high toxicity. body, similar to NO and CO. and neural regulation. diseases and beyond.
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DISCOVERY UNDERSTANDING FUTURE
Toxic and dangerous A hidden endogenous Complex signaling and Therapeutic potential e e
messenger physiological roles and clinical translation
From a hazardous gas to a vital signal — H,S is a key player in health and disease. ym =l ..
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'« Hydrogen sulfide (H,S) - primarily a toxic gas, recognizable by its characteristic odor — (environmental / occupational hazard).

* H,S - endogenous signaling molecule, comparable to nitric oxide and carbon monoxide.

* H,S - gasotransmitter involved in vascular regulation, redox homeostasis, mitochondrial function, inflammation, cytoprotection, neuromodulation,
and cellular adaptation.
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’ si.g,naling Paradigms of HzS-Induced Vasodilation:
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Common Mechanisms Underlymg Neurodegenerative Dlseases
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Excess reactive oxygen /. ‘QJ’ DYSFUNCTION

and nitrogen species f“- Impaired energy production,
damage proteins, lipids, | . (ROS] / (P increased ROS,

and DNA. " i Rr_dsv' and defective mitophagy
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AN lead to neuronal injury.

@ neuroFLAMMATION

Activated microglia

and chronic inflammation
release cytokines that
promote neuronal damage
and synaptic loss.

S\ @ PROTEIN AGGREGATION

) ‘,‘ Misfolded proteins such as
Hake | AB, tau, a-synuclein,

: -' and TDP-43 aggregate,
disrupting cellular function
and connectivity.

& These interconnected mechanisms converge to cause
neuronal dysfunction and progressive cognitive decline.
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Neurodegenerative diseases share several common mechanisms. Oxidative stress, mitochondrial dysfunction, chronic neuroinflammation,
and protein aggregation progressively damage neurons and synaptic networks. H,S 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.
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H,S is a naturally
produced gasotransmitter
in the brain, essential for
neuroprotection, redox
balance, and cellular
homeostasis.

Hydrogen Sulfide and Oxygen Homeostasis in Atherosclerosis:
A Systematic Review from Molecular Biology to
Therapeutic Perspectives

ENDOGENOUS ..
H,S IN THE BRAIN

H,S is synthesized in the brain
by three major enzymes
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CSE

H\ drogen Sulfide Modulation of Matrix Metalloproteinases and
CD147/EMMPRIN: Mechanistic Pathways and Impact on

CBS - Cystathionine p-Synthase

w0 : In neurons, Atherosclerosis Progression
. '{_— 4 Cf\:\ Location: Neurons, astrocytes, vascular cells astrocytes
! > Reaction: L-homocysteine + L-serine — - and microglia
cystathionine — cysteine — H,S '
® =8 csE- Cystathionine y-Lyase | 3-MST

Location: Neurons, astrocytes, microglia In mitochondria

Reaction: L-cysteine — pyruvate + NH, + H,S of neurons
- (main source
3 %zs  3-MST - 3-Mercaptopyruvate Sulfurtransferase of H,9)
" 2”?’@ Location: Mitochondria (highly expressed)

>  Reaction: 3-mercaptopyruvate + sulfane sulfur
— pyruvate + H,S
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Neuroprotection
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Anti-inflammation

1L-6 production

Vasoregulation ~ Neurotransmission  Mitochondrial function

Endogenous H,S production is essential for optimal brain function
and protection against neurodegenerative processes.
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H,S 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 H,S contributes to neurotransmission, neurovascular regulation,
mitochondrial function, and antioxidant defense. Therefore,

H,S should be viewed as an integral component of normal brain physiology.



H,S Activates Nrf2 and Strengthens Antioxidant Defenses
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AND A FOUNDATION OF NEUROPROTECTION.

PILLAR 1: REDOX HOMEOSTASIS
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H,S~Nrf2 SIGNALING IS A CENTRAL PATHWAY FOR REDOX HOMEOSTASIS
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Review
The Janus Face of Oxidative Stress and Hydrogen Sulfide:
Insights into Neurodegenerative Disease Pathogenesis

u 2+, Anca Irina Galaction '), Gelu Onose 23, Marius Turnea !+*

" One of the most important functions of H_S is the regulation of redox homeostasis. H,S 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, H,S may help limit oxidative damage and preserve neuronal survival under stressful conditions.
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to Endothelial Dysfunction in Diabetes Mellitus Angiopathy

H,S Supports Mitochondrial Health and Energy Production :
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HOW H,S SUPPORTS MITOCHONDRIA OUTC(_)MES
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By preserving mitochondrial function, H,S ensures the energy
and resilience neurons need to survive and thrive.
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PhotoBioModulation

Mitochondria are central targets of H,S signaling. Physiological concentrations of H,S 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 H.S biology.



Harnessing Gasotransmitters to Combat Age-Related Oxidative

PILLAR 3: NEUROINFLAMMATION CONTROL &%:5:ct%
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H,S SUPPRESSES NEUROINFLAMMATION AND PROTECTS THE BRAIN

\ Vasoconstriction Vasodilatation

' Neuroinflammation is increasingly recognized as a driver of neurodegenerative progression. H.S may influence microglial activation
and cytokine production, including TNF-a, IL-1B, and IL-6. Rather than completely suppressing inflammation, H,S appears to
. modulate inflammatory responses and promote a more balanced neuroimmune environment.
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Recent Advances in Molecular Research on Hydrogen Sulfide
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Protein aggregation is a defining feature of many neurodegenerative diseases. Amyloid-B, tau, a-synuclein, and TDP-43 accumulate
when proteostasis mechanisms fail. Current evidence suggests that H,S may influence protein folding, autophagy, and proteasomal
activity, thereby contributing to the maintenance of protein homeostasis.
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H;Iarogen Sulfide (H,S- or H,S,-Polysulfides) in Synaptic
H->S modulates NMDA receptors and supports

Z O Plasticity: Modulation of NMDA Receptors and
ADVANCING BRAIN HEALTH TOGETHER Neurotransmitter Release in Learning and Memory
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H2S SUPPORTS SYNAPTIC PLASTICITY i
AND MAY IMPROVE COGNITIVE RESILIENCE. | %62

A

Glialcell

'H,S 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 H,S at the intersection between
molecular signaling and higher-order functions such as learning, memory, and cognitive resilience.



' ALZHEIMER’S DISEASE

NEUROLOGY AND Mechanistic Intimate Insights into the Role of Hydrogen
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“In Alzheimer's disease, reduced H,S 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.



H.S AND ALZHEIMER’S DISEASE:
THE IMPORTANCE OF HOMEOSTASIS

The Role of Hydrogen Sulfide (H2S5) in Epigenetic Regulation
of Neurodegenerative Diseases: A Systematic Review

H,S IS BENEFICIAL ONLY WITHIN A PHYSIOLOGICAL RANGE - BOTH DEFICIENCY AND EXCESS CAN BE HARMFUL
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May support synaptic plasticity, learning
and memory - human evidence remains
limited and inconclusive
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relaxing and contractile factors

‘A key message is that H,S 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 H.S exposure but optimal H.S homeostasis.
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PARKINSON’S DISEASE

LOSS OF DOPAMINERGIC NEURONS
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|@’ PARKINSON’S DISEASE IS CHARACTERIZED BY THE PROGRESSIVE LOSS OF
~/ DOPAMINERGIC NEURONS IN THE SUBSTANTIA NIGRA

"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 H,S.



H,S AND DOPAMINERGIC PROTECTION 5

Novelties on Neuroinflammation in Alzheimer’s Disease-Focus

PHYSIOLOGICAL H,S SIGNALING MAY MODULATE KEY PATHWAYS on Gut and Oral Microbiota Involvement
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' Rather than viewing H,S as a cure, it is more accurate to view it as a modulator of neuronal vulnerability. Physiological H,S 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.
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Review
Ll — Role of Microbiota-Derived Hydrogen Sulfide (H,S) in
Modulating the Gut-Brain Axis: Implications for Alzheimer’s

MICROBIOTA-DERIVED H,S LINKS GUT FUNCTION AND BRAIN HEALTH
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3. BRAIN
H,S signaling reaches the brain
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— - - — learning and memory
Gut Microbiota — Brain Axis
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=3 # » and may influence multiple pathways involved in | ; 48 4 Bloodstream
neuroprotection and brain health. . ) ) Connections
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'The gut microbiota has emerged as a major source of biologically active sulfur metabolites. Microbial H,S may influence systemic
physiology and brain function through multiple signaling pathways. This gut—brain—H,S axis represents one of the most rapidly
. expanding research areas in neurodegeneration.



EI I G E N E I I c R E G U LA I I 0 N The Role of Hydrogen Sulfide (H25) in Epigenetic Regulation

of Neurodegenerative Diseases: A Systematic Review
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H.S 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.



SULFHYDRATION

(PERSULFIDATION)

A redox-based post-translational modification
that converts protein thiols into persulfides,
modulating protein function and cell signaling.

PERSULFIDATION )

e Addition of one or more
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thiol (Protein-SH)

o Reversible modification
sensitive to the cellular
redox environment
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Harnessing Gasotransmitters to Combat Age-Related Oxidative
Stress in Smooth Muscle and Endothelial Cells

[MpP1|

Constantin Munteanu '**7, Anca Irina Gal lu Onose

1. Introduction

Perhaps the most distinctive mechanism of H,S 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 H,S-mediated biological regulation.



THERAPEUTIC OPPORTUNITIES

THE FUTURE H,S THERAPEUTIC ROADMAP
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Small molecules (e.g., NaHS, GYY4137)
Slow-release & mitochondria-targeted
Prodrugs & smart nanocarriers

Controlled H,S delivery

"4
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Sulfur-rich foods
Boost endogenous H,S production
Synergy with polyphenols

Personalized dietary strategies

® Support H,S-producing bacteria
® Prebiotics, probiotics, synbiotics
® Restore gut—brain—-immune axis
® Improve barrier and metabolism

4 4. PRECISION MEDICINE

® Biomarkers for H,S pathways

® Genetic, epigenetic & metabolomic
profiling

® Patient stratification

-

microbiota modulation, and precision medicine approaches guided by biomarkers. While clinical translation remains at an early

REDUCE OXIDATIVE STRESS
AND INFLAMMATION

FUNCTION

_stage, the field is rapidly evolving.

ENHANCE MITOCHONDRIAL

AN

FROM MOLECULAR INSIGHTS

TO PERSONALIZED HEALTH

*

SUPPORT NEUROPROTECTION

( SAFETY = EFFICACY + PRECISION = LONGEVITY
BETTER OUTCOMES FOR CHRONIC DISEASES AND HEALTHSPAN

AND GUT-BRAIN AXIS

\o Tailored H,S—based therapies

g/

PERSONALIZED THERAPIES
MAXIMIZE BENEFIT

= N _ = o 3 I
Several therapeutic strategies are currently being explored. These include H,S-releasing compounds, nutritional interventions,

J



H,S-CENTERED MODEL OF NEURODEGENERATION

A SYSTEMS BIOLOGY NETWORK IN NEURODEGENERATION

REDOX HOMEOSTASIS o
p R Antioxidant Anti-inflammatory P 2 B i d
MITOCHONDRIAL HOMEOSTASIS t GSH RNS +ROS NEUROINFLAMMATION
- © Enhance ATP production ; T Tx | NS = Inhibit microglial activation W, v
= Preserve mitochondrial £ t SoD ~ = 4 Oxidative ) p£-
membrane potential Mgt';f,ﬂﬂ?;m 1 Catalase . Stress * Reduce pro-inflammatory \, (e
= ; ial ROS ~— Redox sitraling & cytokines (TNF-a, IL-1B, IL-6) 3(’
RESULTS Reduce mitochondrial R! edox signaling i IR
= Promote mitophagy cellular protection — = Promote M2 (anti-inflammatory) <7 /* ) "
o and biogenesis phenotype ’ '
o — —_ ® Prevent cytochrome ¢ = Maintain BBB integrity
Neuronal /'E,,g\ /@ O\ Telease
survival N> bl & ) =4 - o N 4
\_Fission / \_ Fusion /? e g
e S i o » :
= - ] - M2 Microglia
(Anti-inflammatory)
Syneptic PROTEOSTASIS GUT MICROBIOTA AXIS
lasticit : - i i iti
plasticity & Broffiote proteir folding Q Modulate microbiota composition
€ : = Increase beneficial SCFAs
/Ah——' = Enhance chaperone function : \ Gut-Brain producers
S i) SIGNALING PATHWAYS Spmunicaty = Enhance gut barrier function
?09"'?““3 = Reduce protein aggregation = T = —— — - ® Reduce LPS and systemic
L (AB, Tau, a-synuclein) | Nrf2/ARE | [ Pisk/akt | [ AmPK | [ sIRT1 | »\’ fieanatin
0 = Activate autophagy | NF-kB | | MAPK/ERK | [Wnt/B-catenin| [ HIF-1a « Increase endogenous H,S
= and proteasome 3 - s s o i _—— production
roteasome < - e Z
Healthy - ~ . _Gene{regulztl?rl' Vil H" T J’ . ( <+ Bidirectional interaction
: & _‘_‘( ™ | - -
aging PEIEUC INCCLESLOR r — Activation / Enhancement
— Inhibition / Suppression
® H,S-mediated effect

COMMON OUTCOMES

;- ------ > @ '
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\. /f R p /ﬁ“ﬂ":-'. 2 L "ij Y
) Reduced Oxidative Mitochondrial Lower Protein Quality Synaptic Neuronal Survival Cognitive Health ‘ HEALTHY AGING
& Nitrosative Stress Protection Neuroinflammation Control Preservation & Function & Longevity 2 & BETTER OUTCOMES

N

~
System biology perspective: H,S interacts with redox homeostasis, mitochondrial function, neuroinflammation, proteostasis,
epigenetics, and the gut microbiota. These interactions are bidirectional and highly interconnected. H,S therefore acts not as a

single target, but as a network regulator. v




KEY TAKE- HOME MESSAGES

[©

H,S IS A FUNDAMENTAL

Endogenous signaling molecule :
Essential for cellular homeostasis

Protects neurons against
multiple stresses

Supports brain health and

NEUROPROTECTWE MOLECULE.

H,S REGULATES

3
' REDOX HOMEOSTASIS.

ANTIOXIDANTS

= Scavenges reactive species

= Maintains redox balance

= Reduces oxidative and
nitrosative stress

= Enhances antioxidant defenses

function
% >
& ™
@- H,S PRESERVES 4) H:S MODULATES
| MITOCHONDRIAL FUNCTION. 7 ‘. */ NEUROINFLAMMATION.
e Supports ATP production = [} M. # Inhibits microglial overactivation
- . . - = Reduces pro-inflammatory
= Maintains mitochondrial dynamics cytokines
= Prevents mitochondrial damage L - : : - = Promotes M2 (anti-inflammatory)
» Reduces apoptosis H,S IS A PROMISING THERAPEUTIC TARGET. "~ w1 M2 RHiGnatyps
1 Pro-inflammatory Anti-inflammatory = Protects the blood—brain barrier
= Multi-target actions ~ g® s
Broad neuroprotection A« o '
Potential for many . e ol e
neurodegenerative diseases (:f B / @ .
Basis for novel H,S-based - BT -
theraples S © ¥
r ™
‘ @) PROTECT @. RESTORE & & BALANCE CALM ¢ IMPROVE H,S: SMALL MOLECULE,
A\ NEURONS ENERGY REDOX INFLAMMATION OUTCOMES BIG IMPACT ON BRAIN HEALTH

./

i st is a fundamental S|gnallng molecule W|th |mportant neuroprotectlve functlons It contrlbutes to redox balance, mltochondrlal \
resilience, inflammatory regulation, and cellular homeostasis. Most importantly, H,S biology teaches us that neuroprotection ‘
_ depends on maintaining balance rather than maximizing intervention."
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HYDROGEN SULFIDE:

FROM MOLECULE TO NEUROPROTECTION

REDOX BALANCE ¢ MITOCHONDRIAL HEALTH ¢ NEUROINFLAMMATION
PROTEOSTASIS « MICROBIOTA '

@ Constantin Munteanu, PhD
Associate Professor, Biologist
@ E-mail: office@bioclima.ro
constantin.munteanu.biolog@umfiasi.ro
Website: www.bioclima.ro
@ Mobile: +4 0723 138 339 '--1-'-[_
2 S

—
Sonall Molscule. Big Ipact AT
% REDOX MITOCHONDRIAL  NEUROINFLAMMATION  PROTEOSTASIS MICROBIOTA

BETTER BRA'N HEALTH BETTER LU:E d 5 3 ‘( : __.4- l BALANCE : HE.IllLTH | CONTROL - SUI:"PDRT '. . BALANCE .
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