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The medical relevance of therapeutic gases can range Peor "0

from use in burns and StrOke ViCtims to hVPOXia therapy. ARz Therapeutic gases used in balneotherapy and rehabilitation medicine - scientific
° . - relevance in the last ten years (2011 — 2020) - Synthetic literature review

Medical gases such as oxygen, hydrogen, helium and ==

xenon have recently come under increased exploration

for their potential therapeutic use in various brain

disease states, including traumatic brain

hypoxia-ischemia, and cerebral hemorrhages.
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articles and identify within their content the main

possible uses of therapeutic gases and physiological
mechanisms.

Therapeutic gases are not fully understood and used
adequately for sanogenic or medical purposes. More
research is needed to fully understand the mechanisms
and importance of therapeutic gases. The link between
balneotherapy and medical rehabilitation regarding the
usage of therapeutical gases emphasises the unity for
this medical speciality.

increased exploration for their potential therapeutic use on various brain disease
states, including traumatic brain injuries, hypoxia-ischemia and, cerebral
hemorthages

Objective. This synthetic review ams to ngorously select related articles and
identify within their content the main possible uses of therapeutic gas: nd
physiclogical mechanisms. The objective of this article is to present the various
therapeutic mechanisms that have been proposed in the cwrrent literature and the
medical relevance of various therapeutic gases used in balneotherapy or medical
rehabilitation.

Methods. To elaborate our synthesis review, we have searched for rele
open access articles in 6 intemational databases: Cochrane', e
NCBI/PubMed’, NCBI/PMC', PEDro’, and ISI Web of Knowledge/Scier ’
published from January 2011 until Decembe: 20. The contextually quested
keywords combinations/ syntaxes used specified on this page. The eligible
articles were analyzed in detail regarding pathologies addressed by therapeutic
gases. All articles with any design (reviews, randomized controlled trials, non-
randomized controlled trials, case-control studies, cross-sectional studies), if
eligible according to the above-mentioned selection methodology, containing in
the title or abstract the above-mentioned combinations, were included in the
analysis. Articles were excluded in the second phase if they did not reach the
relevance criterion

Results. Our search identified, first, 225 articles. Afler eliminating the
duplicates, remained 180 articles. In the second phase, we applied a relevance
criterion. Although our team - including the authors of this paper — have quite
long and consistent expertise in achieving systematic literature revie the
marked heterogeneity of both the item composing the subject we have
approached and inherently the wase of presentations in the respective quite vast
and diverse domain of medical gases, prevented us to fulfil, at least regarding
this imitial work, a systematic literal review. Instead, we succeeded to make a
hopefully interest able narrative synthetic-related literature review
At the end of the second phase, 63 articles passed the relevance criterion and
were included in this synthetic review.

Conclusions. Therapeutic gases are not fully understood and used adequately
for sanogenic or medical purposes. More research is needed to fully understand
the mechanisms and importance of therapeutic gases. The link between
balneotherapy and medical rehabilitation regarding the usage of therapeutical
gases emphasises the w for this medical special

nt

Keywords: "Therapeutic gas”/ "Oxygen therapy”™/ "Carbon dioxide™/ "CO2
“Carbon monoxide™/ “"Mofette”/ “Hydrogen Sulfide” “H2S"
"Nenon™/ "Ozone therapy”/ "Radon”/ "Hydrogen therapy™/ "Nitric
“Heliox™ AND "Rehabilitation”

Gerontology & Geriatrics (GG), Head
of the P(neural-muscular)RM
Discipline ('Iilu'n.' Divison - the
National R ence Centre  for
NewoRehabilitation - and of its RDI
Nucleus, and RDI (ex) Director, at the
Teaching Emergency Hospital
" Bagdasar-Arseni”

Lecturer dr. Constantin Munteanu,
Fh.D Priority  research  areas
Bioclimatology, Hydrothermotherapy,
and Physiology, President of the
Roman: on of Balneology,
Vice President of the Romar
Society of Physical Medicine,
Rehabilitation and }hlmoclmutulns,n

Assist. prof. dr. Gabricla Dogaru,
PhD, Priority research  areas:
balneoclimatology,  including  the
study of carbonated muneral waters
and mofettes, molecular and u]lu]u
medicine, e-health
neurological .m(! <..1r<ho\.:-«.u]nr
rehabilitation, development of spa,
and rehabilitation tourism

Assoc. prof. dr. \larbna Rntarl\l.
Ph.D. -
Psychomotricity,
education and
Kinesitherapy.

psychomotor

Compleme tur\
Occupational  therapy,

Rehabilitation, and  techniques  of
functional resducation

Reviewers:
Siligteanu Sinziana Cilina, PhD
Stanescu loana, PhD

——_



Hydrogen sulfide, or H,S, has a very particular
scientific history. For a long time, it was regarded
almost exclusively as a toxic gas, associated with
the characteristic smell of rotten eggs, industrial
exposure, and environmental hazard. Today,
this acquired a
completely different meaning in biology and
medicine. Together with nitric oxide and carbon
H.S is
endogenous gasotransmitter, a small gaseous

however, molecule has

monoxide, now recognized as an

signaling molecule involved in vascular
regulation, redox balance, inflammation,
mitochondrial function, cellular protection,

neuromodulation, and tissue adaptation. At the
same time, H,S is also an exogenous therapeutic
factor encountered in sulfurous mineral waters
and therapeutic muds, which are central

elements of traditional and contemporary
balneology. This dual nature is precisely why H,S
is so relevant for our field: it connects molecular

biology with natural therapeutic resources.

Nitric oxide, carbon monoxide, and hydrogen sulfide are all small molecules with high
membrane permeability, short biological half-lives, and broad signaling effects.
However, they differ in enzymatic production, molecular targets, concentration ranges,
and clinical translation. Nitric oxide is already used therapeutically in several contexts
and is indirectly targeted by drugs such as phosphodiesterase inhibitors. Carbon
monoxide has cytoprotective effects but remains clinically difficult because of toxicity.
Hydrogen sulfide is in a similar translational phase: mechanistically promising, clinically
intriguing, but still requiring careful dosing, safety, and evidence-based validation.

H2S
Name Hydrogen sulfide Nitric oxide Hydrogen peroxide Carbon monoxide
Chemical formula H-S-H N=0 HO-OH C=0
Molecular mass
34.08 30.01 34.01 28.01
(g mol ")
Chemical reactivity Very high Very high High Moderate
Toxicity concentration 5-30 uM 0.5-150 uyM 0.5-500 uM 30-50 ppm
Animals Plants Animals Plants Animals Plants Animals Plants
CBS L-/D-DES | eNOS R o PAO
. . S
Enzymatic production CSE CAS iNOS SOD HO-1 HO-1
3-MTS CS NOS? POX
SiR nNOS POX
Concentration in cells nM-uM nM nM-uM nM-uM
Half life in vivo Seconds-minutes seconds Seconds-minutes Minutes
Protein modification Persulfidation s-nitrosation s-sulfenylation ?

CBS: cystathionine B-synthase; CSE:Cystathionine y-lyase; 3-MTS: 3-mercaptopyruvate sulfur transferase; L-/D-DES: cysteine
desulfhydrase; CAS: B-cyano-alanine synthase; CS:cysteine synthase; SiR: Sulfito reductasa; NOS: Nitric oxide synthase; NRs: Nitrate
reductases; PAO: polyamine oxidase; SOD: Superoxide dismutase; POX: peroxidase; HO-1: Heme oxygenase 1.
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The central idea of this presentation is that Romanian sulfurous balneary resources should not be understood
only as historical or empirical spa factors. They can also be interpreted through the lens of contemporary H,S
biology. This does not mean that every effect of sulfurous waters can be reduced to a single molecule.
Balneotherapy is always complex. It includes temperature, hydrostatic pressure, mineral composition, mechanical
unloading, mud properties, microclimate, exercise, and neurovegetative responses. Nevertheless, H,S provides a
particularly strong mechanistic bridge between classical balneology and modern biomedical science.
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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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Abstract

Background. An active molecule in sulfurous mineral - medicinal
waters and also in sapropelic mud is H;S, a hormetic gaseous
molecule that can actively penetrate the skin. While high levels of
H;S are extremely toxic, low levels are tolerated and have potential
cytoprotective  effects, with anti-inflammatory and  antioxidant
applications.

Objective. This systematic review aims to rigorously select related
articles and identify within their content the main possible uses of
hydrogen sullide from balneary sources and to explan its
physiological mechanisms and therapeutic properties.

Methods. To claborate our systematic review, we have searched for
relevant open access articles in 6 international databases: Cochrane!,
Elsevier', NCBI/PubMed', NCBI/PMC', PEDro', and I1SI Web of
Knowle sience’, published from January 2016 unti
The contextually quested keywords combinations! syn!
specified on this page. The eligible articles were analyzed in detail
regarding pathologies addressed by hydrogen sulfide. All articles with
any design (reviews, randomized controlled trials, non-randomized
controlled trials, case-control studies, cross-sectional studies), if
eligible according to the above-mentioned selection methodology,
containing in the title the selected combinations, were included in the
analysis. Articles were excluded in the second phase if they did not
reach the relevance criterion

Results. Our search identified, first, 291 articles. After eliminating
the duplicates and non-ISI articles, remained 121 papers. In the
second phase, we applied a PEDro selection filter, resulting in 108
articles that passed the relevance criterion and were included in this
systematic review,

Conclusions. 11;S biology and medical relevance are not fully
understood and used adequately for sanogenic or medical purposes.
More research is needed to fully understand the mechanisms and
importance of this therapeutic gase. The link between balneotherapy
and medical rehabilitation regarding the usage of hydrogen sulfide
emphasises the unity for this medical speciality
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H2S is, on the one hand, an endogenous gas signal
mecule, which plays a vital role in various systems

and diseases. On the other hand, H2S is an exogenous

therapeutic gas, found in combination with carbon
loxide in sulfurous waters, with medical properties
well known and appreciated in balneotherapy, and also
in therapeutic muds.
Hydrogen sulfide (H2S) naturally occurs in volcanic
gases, natural gas, and some therapeutic waters. Also,
H2S is produced when bacteria break down organic
matter in the absence of oxygen.

What is en Sulfide (H2S)?

dro

Where do you find H2S?
> Properties of H2S




Romania possesses a remarkable diversity of mineral waters, therapeutic lakes, peloids, and spa traditions. Among
these, sulfurous waters occupy a distinct position. In classical balneological classification, sulfurous mineral waters
are defined by the presence of reduced sulfur species such as hydrogen sulfide, hydrosulfide, sulfur, thiosulfate, and
colloidal sulfur, often with a threshold of at least one milligram of titratable sulfur per liter. These waters are
chemically heterogeneous. Some are simple sulfurous waters, but many are mixed waters, combining sulfurous
characteristics with chlorosodic, carbonated, alkaline, calcium, magnesium, iodinated, or brominated profiles.
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Romanian sulfurous resources are described in several classical and contemporary balneological sources. Important examples
include Baile Herculane, Calimanesti-Caciulata-Cozia, Baile Olanesti, Baile Govora, Pucioasa, Mangalia, Sacelu, and Nicolina-
lasi. Other localities, such as Harghita Bai, Baile Boghis, Venus, and related areas, are also mentioned in older balneological
literature. The key point is that these are not interchangeable resources. Each source has its own hydrochemical profile, its
own concentration of sulfur species, its own temperature, pH, mineralization, associated ions, and traditional indications.
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Abstract: Abundant experimental data suggest that hydrogen sulfide (Hz5) is related to the patho-
phwsiology of Diabetes Mellitus (DM). Multiple molecular mechanisms, including receptors, mem-
brane ion channels, signalingmolecules, enzymes, and transcription factors, are known to be respon-
sible for the HaS biological actions; however, HzS is not fully documented as a gaseous signaling
malecule interfering with DM and vascular-linked pathology. In recent decades, multiple approaches
reganding therapeutic exploitation of H;S have been identified, either based on HpS exogenous apport
or on its modulated endogenous biosynthesis. This paper aims to synthesize and systematize, as com-
prehensively as possible, the recent literature-related data regarding the therapeutic/rehabilitative
role of 1125 in DM, This review was conducted following the “Preferred reporting items for system-
atic reviews and meta-analyses” (PRISMA) methodology, interrogating five international medically
renowned databases by specific keyword combinations /“syntaxes” used contextually, over the last
five years (2017-2021). The respective search/filtered and selection methodology we applicd has
identified, in the first step, 212 articles. After deploying the next specific quest steps, 51 unique
published papers qualified for minute analysis resulted. To these bibliographic resources obtained
through the PRISMA methodology, in order to have the best available information coverage, we
added 86 papers that were freely found by a direct internet search. Finally, we selected for a connected
meta-analysis cight relevant reports that included 1237 human subjects elicited from clinical trial
registration platforms. Numerous HaS releasing/stimulating compounds have been produced, some
being used in experimental models. [ lowever, very few of them were further advanced in clinical

studies, indicating that the development of HzS as a therapeutic agent is still at the beginning.

Keywords: hydrogen sulfide (EH3S); Diabetes Mellitus (OM); DM vascular-linked pathology; system-
atic review; oxidative phosphorylation; ROS (Reactive Oxygen Species)

1. Introduction

Diabetes Mellitus (DM) is a non-communicable chronic metabolic disease [1] charac-
terized by prolonged hyperglycemia. Type 1 12M is a chronic condition in which the body’s
pancreatic [} cells, determined by different causes, reduce insulin production. Instead, type

It J. Mol. Sci. 2022, 23, 6720, hitps:/ /doi.org / 103390/ ijms23 126720

https:/ fwww.mdpi.com/journal /fjms

This heterogeneity is scientifically important. It means that “sulfurous water” should
not be treated as a single therapeutic category. From a modern perspective, each
Romanian H,S-related resource should be profiled by its chemical fingerprint: total
sulfide, free H,S, hydrosulfide ions, thiosulfate, sulfate, polysulfides, pH, redox
potential, temperature, dissolved oxygen, total dissolved solids, salinity, hardness,
and associated trace elements. Pucioasa, for example, has been investigated as a
sulfurous balneotherapeutic area, with studies assessing physicochemical
parameters and metal concentrations in spring waters. This type of analytical work is
precisely the direction needed for the modernization of balneology.

Wl

[ Diabetes Mellitus |

Intimate mechanisms as molecular therapeutic/rehabilitative targets of H2S in the case of cells influenced by DM (which impacts glucose
uptake, affecting the relation of insulin signal trans-mission pathway with the cell glucose uptake). Intimate connections are indicated through
black arrows, while increasing influences are marked by green arrows and inhibiting or reducing im-pacts of H2S through blue arrows. Finally,
the biosynthesis pathways are stated, represented by cystathionin-B-synthase (CBS), cystathionin-y-lyase (CSE), and 3-mercaptopyruvate
sulfurtrans-ferase (MST), the latter connected with cysteine aminotransferase (CAT).



Physiological properties of Hydrogen sulfide (H,S)

Pathophysiological properties of H,S

Authors Ref. no. Subject - data
(Cird, 2021) (8) Rolke of H2S in endothelialdysfunction: Pathophysiology and therapeutic approaches
Authors Ref. no. Subject - data (S'nn. 2019) (21)  H:S and Subsequent Liver I‘lj!l‘\: :
(Sun, 2021) (3) | An Updated Insight Into Molecular Mechanism of H:S in Cardiomyopathy e | b7 P M A Lo
(Ciccone, 2021) (12) | Endothelium as a Source and Target of HS to Improve Its Trophism and Function :il:: ;gfz’ (?c?) ::::‘:;k:‘l::ﬂx::::lg:ﬂt:;?:Bbmmﬁh P Yo
(Liu, 2018) (1) | HsS attenuates myocardial fibrosis through the JAK/STAT signaling pathway @heng, 2020) | ©7)  H:S protects apfm dibetes accelerated atherosclerosis by p:?;:nthg the activation of NLRFS
(Kar, 2019) (33) | HaS -mediated regulation of cell death signaling ameliorates adverse cardiac remodeling (L1, 2019) (103)  Exogenous HiS protects against high glucose-induced apoptosis and oxidative stress
(Dominic, 2021) (26) | Decreased availability of nitric oxide and H.S is a hallmark of COVID-19 {152019) {199) B+ Suproves nensl (Brvehs in STZ-Saduces ORbeersts Sy amcit(ng 1R -betn | cxprose
[ (Yang,2019) (30) | Exogenous H:S mitigates myocardial fibrosis through suppression of Wat pathway b e e et s B i A Bt
(Sun, 2019) (38) | Exogenous H.S reduces the acetylation levels of mitochondrial respiratory enzymes
(Zou, 2017) (9) | HaS ameliorates cognitive dysfunction in streptozotocin-induced diabetic rats
(Zhao, 2021) (50) | HaS Plays an Important Role in Diabetic Cardiomyopathy - a
(Luo, 2019) (28) | HyS upregulates renal AQP-2 protein expression and promotes urine concentration H zs —role in DM and associated vascular paﬂ“’loﬂ
(Roa-Coria, 2019) (42) | Possible involvement of peripheral TRP channels in the H:S -induced hyperalgesia
(George, 2018) (7) | Treating inflammation and oxidative stress with H.S during age-related macular degeneratio Authors Rel o Subject - data
(Qiu, 2018) (§5) | Alpha-lipoic acid regulates the autophagy of vascular smooth muscle cells elevating H2S level (Zhang, 2021) | (65) H:S regulates insulin secretion and insulin resistance in diabetes mellitus
(Hu,2017) (24) | Chelerythrine Attenuates Renal Ischemia/ Reperfusion-induced Myocardial Injury LGty e TSR [t iy i v B e s i
(Wu, 2017) (15) | Exogenous H.S facilitating ubiquitin aggregates clearance via autophagy 2019) | (113) | H:S Prevents Elastin Loss and Attenuates Calcification Induced by High Glucose
u, 2020) (75) | Exogenous H:S Induces Hrd1 S-sulfhydration and Prevents CD36 Translocation via VAMP3 | | (Comas.2021) | (109) | The Sl S
(Yang, 2017) (49) | Exogenous H:S regulates endoplasmic reticulum-mitochondria crosstalk to inhibit apoptosis "m—m'z%:) gg ’%ﬁ‘#ﬁg’: pollzn [ Obese Tvpe 2 Dishetie Rats
(Ma, 2017) (89) | Exogenous H,S Ameliorates Diabetes-Associated Cognitive Decline | (Luo, 2017) (108) | The Role of Exogenous H:S in Free Fatty Acids Induced Inflammation in Macrophages |
(Kar, 2019) (34) | H:S Ameliorates Homocysteine-Induced Cardiac Remodeling and Dysfunction
(Jiang, 2020) (37) | H:S Ameliorates Lung Ischemia-Reperfusion Injury Through SIRT1 Signaling Pathway
(Loiselle, 2020) (87) | HoS and hepatic lipid metabolism - a critical pairing for liver health
(Wu, 2019) (36) | HoS Inhibits High Glucose-Induced Neuronal Senescence by Improving Autophagic Flux
(Li, 2017) (68) | H.S reduced renal tissue fibrosis by regulating autophagy in diabetic rats
(Testai, 2021) (11) | Modulation of EndMT by HS in the Prevention of Cardiovascular Fibrosis
(Cheng, 2020) (10) | Potential role of H2S in diabetes-impaired angiogenesis and ischemic tissue repair
(Tabassum, 2020) (18) | Protective effect of HaS on oxidative stress-induced neurodegenerative diseases
(Liu, 2017) (82) | H:S modulating mitochondrial morphology to promote mitophagy in endothelial cells
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Review : low physiological or therapeutic concentrations, it may regulate signaling

ﬁ?;?;;ramixf;ggﬂﬁ:g;fuft?:]g:;:{,?ﬁ?:g’ ee' R pathways that protect tissues from oxidative stress, inflammation, apoptosis,

in Acute Ischemic Stroke and metabolic dysfunction. This is essentially a hormetic model: the biological

effect depends on concentration, exposure route, duration, tissue context, and

the redox state of the organism. For balneology, this is not a theoretical detail. It
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Abstract BACKGROUND: Cercbral circulation delivers the blood flow to the brain through a dedi-
cated network of sanguine vessels. A healthy human brain can regulate cercbral blood flow (CBF)
according to any physiological or pathalogical challenges. The brain is protected by its self-regulatory
mechanisms, which are dependent on neuronal and support cellular populations, including endothe-
lial ones, as well as metabolic, and even myogenic factors. OBJECTIVES: Accumulating data suggest
that “non-pharmacological” approaches might provide new opportunitics for stroke therapy, such
as electro-/acupuncture, hyperbaric oxygen therapy, hypothermia /cooling, photobiomodulation,
therapeutic gases, trarscranial direct current simulations, or transcrarial magnetic simulations. We
revicewed the recent data on the mechanisms and clinical implications of these non-pharmaccutical
treatments. METHODS: To present the state-of-the-art for currently available non-invasive, non-
pharmacological-related interventions in acute ischemic stroke, we accomplished this synthetic and
systematic literature review hased on the Preferred Reporting [tems for Systematic Principles Reviews
and Meta-Analyses (PRISMA). RESULTS: The initial number of obtained articles was 313. After
fulfilling the five steps in the filtering / selection methodology, 54 fully eligible papers were selected
for synthetic review. We enhanced our documentation with other bibliographic resources connected
to our subject, identified in the literature within a non-standardized search, to fill the knowledge gaps.
Fifteen chinical trals were also identified. DISCUSSION: Non-invasive, non-pharmacological thera-
peutic/rehabilitative interventions for acute ischemic stroke are mainly holistic therapies. Therefore,
maost of them are not yet routinely used in clinical pr.ldh:r d.ﬂ-pllr some possible beneficial effects,
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Abstract: In the rapidly evolving field of Alzheimer's Disease (AD) research, the intricate role of
Hydrogen Sulfide (H:5) has garnered critical attention for its diverse involvement in both patholog-
ical substrates and prospective therapeutic paradigms. While conventional pathophysiological
models of AD have primarily emphasized the significance of amyloid-beta (AB) deposition and tau
protein hyperphosphorylation, this targeted systematic review meticulously aggregates and rigor-
ously appraises seminal contributions from the past year elucidating the complex mechanisms of
H:5 in AD pathogenesis, Current scholarly literature accentuates HiS's dual role, delineating its reg-
ulatory functions in critical cellular processes—such as neurotransmission, inflammation, and oxi-
dative stress homeostasis—while concurrently highlighting its disruptive impact on quintessential
AD biomarkers. Moreover, this review illuminates the nuanced mechanistic intimate interactions of
H:5 in cerebrovascular and cardiovascular pathology associated with AD, thereby exploring avant-
garde therapeutic modalities, including sulfurous mineral water inhalations and mud therapy. By
emphasizing the potential for therapeutic modulation of H:S via both donors and inhibitors, this
review accentuates the imperative for future research endeavors to deepen our understanding,
thereby potentially advancing novel diagnostic and therapeutic strategies in AD.

Keywords: Alzheimer's Disease; Hydrogen Sulfide (H:S); Amyloid-beta (A) Aggregation; Tau Hy-
perphosphorylation; Cellular Homeostasis; Neuroinflammation; Neuroprotection
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Alzheimer's Disease (AD), the predominant version of dementia, imposes a substan-

-
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At the molecular level, one of the most important mechanisms of H,S is protein
persulfidation, also called S-sulfhydration. Through this process, H,S-derived sulfur
species modify cysteine residues in proteins, changing their activity, localization,
stability, or interaction with other molecules. This mechanism helps explain why H,S
can influence antioxidant enzymes, inflammatory transcription factors, mitochondrial
proteins, vascular ion channels, and metabolic pathways. In practical terms,
persulfidation provides a biochemical explanation for effects that were once described
empirically as anti-inflammatory, vasodilatory, trophic, sedative, or metabolic.

Amyloid-3
plagque

Inflammatory
mediators

- N M icrogl ial ‘ f Clearance of AR along
”~ Ce” - 4% .. 70 perivascular pathways
. ¥ Inflammation
Neurofibrillary
tangle



&

International Journal of mm

Molecular Sciences \.::J

Review

The Role of Hydrogen Sulfide (H25) in Epigenetic Regulation

of Neurodegenerative Diseases: A Systematic Review

Bombonica Gabriela Dogaru ** and Constantin Munteanu ***

Faculty of Medicine, “Tuliu Hatieganu” University of Medicine and Pharmacy,

400012 Cluj-Napoca, Romania

? Clinjcal Rehabilitation Hospital, 400437 Cluj-Napoca, Romania; dogarugabrielaumf@gmail com

' Teaching Emergency Hospital "Bagdasar-Arsend” (TEHBA), 041915 Bucharest, Romania

Faculty of Medical Bioengineering, University of Medicine and Pharmacy “Grigore T. Popa” lasi, 700454,
Iasi, Romania

* Correspondence: constantin.munteanu.biolog@umfiasiro

-

Abstract: This review explores the emerging role of hydrogen sulfide (H:5) in modulating epigenetic
mechanisms involved in neurodegenerative diseases, Accumulating evidence has begun to elud-
date the multifaceted ways in which H:5 influences the epigenetic landscape and, subsequently, the
progression of various neurodegenerative disorders, including Alzheimer’s, Parkinson’s, and Hun-
tington's disease. H5 can modulate key components of the epigenetic machinery, such as DNA
methylation, histone modifications, and non-coding RNAs, impacting gene expression and cellular
functions relevant to neuronal survival, inflammation, and synaptic plasticity. We synthesize recent
research that positions H>S as an essential player within this infricate network, with the potential to
open new therapeutic avenues for these currently incurable conditions. Despite significant progress,
there remains a considerable gap in our understanding of the precise molecular mechanisms and
the potential therapeutic implications of modulating H:S levels or its downstream targets. We con-
dlude by identifying future directions for research aimed at exploiting the therapeutic potential of
H:S in neurodegenerative diseases.

Keywords: hydrogen sulfide; epigenetic regulation; neurodegenerative diseases; DNA methylation;
Histone modifications; non-coding RNAs; Alzheimer's disease; Parkinson's disease;
Huntington’s disease
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1. Introduction

Neurodegenerative diseases, induding Alzheimer's, Parkinson's, and Huntington's,
pose a formidable challenge in modern medicine [1,2]. These conditions are characterized
by the relentless and irreversible loss of neurons, leading to a gradual decline in cognitive

Acadernic Editr(s: Name and motor functions [3]. They have become a significant subset of non-communicable dis-
Received: date eases, exacerbated by our longer human lifespan [4], impacting the lives of millions of
Revised: date individuals worldwide. Not only do these diseases cause emotional distress, but they also

Accepted: date impose substantial economic burdens on sodety [5].

The nervous system is another area of major interest. H,S is produced in the brain,
participates in neuromodulation, and may influence synaptic plasticityy, NMDA
receptor signaling, calcium homeostasis, mitochondrial function, neuroinflammation,
and antioxidant defense. The presentation includes slides on Alzheimer’s disease,
neurodegeneration, synaptic plasticity, and the microbiota-gut-brain axis. These are
not yet direct indications for sulfurous spa therapy in a strong evidence-based sense.
Rather, they show that H,S biology belongs to the same mechanistic universe as
modern neurorehabilitation: neuroplasticity, inflammation resolution, mitochondrial
health, vascular regulation, and systemic homeostasis.
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Abstract: Diabetes mellitus {DM) is a frequent medical problem, affecting more than 4% of the
population in most countries. In the context of diabetes, the vascular endothelium can play a
crucial pathophysiclogical role. If a healthy endothelium—which is a dynamic endocrine organ
with autocrine and paracrine activity—regulates vascular tone and permeability and assures a
proper balance between coagulation and fibrinolysis, and vasodilation and vasoconstriction, then, in
contrast, a dysfunctional endothelium has received increasing attention as a potential contributor
to the pathogenesis of vascular disease in diabetes. Hyperglycemia is indicated to be the major
causative factor in the development of endothelial dysfunction, Furthermore, many shreds of
evidence suggest that the progression of insulin resistance in type 2 diabetes is parallel to the
advancement of endothelial dysfunction in atherosclerosis. To present the state-of-the-art data
regarding endothelial dysfunction in diabetic micro- and macroangiopathy, we constructed this
literature review based on the referred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA). We interrogated five medical databases: Elsevier, PubMed, PMC, PEDro, and ISI Web
of Science,

Keywords: diabetes mellitus; endothelial dysfunction; microangiopathy; macroangiopathy

Diabetes mellitus is associated with oxidative stress, chronic low-grade inflammation,
endothelial dysfunction, impaired nitric oxide signaling, mitochondrial stress, altered
glucose uptake, and vascular remodeling. H,S has been studied in relation to insulin
signaling, GLUT4 translocation, mitochondrial function, inflammatory cytokines,
angiogenesis, and endothelial barrier function. For Romanian balneology, this is clinically
relevant because many spa patients are elderly, metabolically complex, and affected by
multimorbidity. Sulfurous resources may therefore be integrated into rehabilitation
models addressing not only the joint or the skin, but also systemic vascular and
metabolic vulnerability.
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The skin is another essential interface. In
sulfurous baths, H,S and related sulfur
species interact first with the epidermis,
dermis, cutaneous vessels, nerve endings,
glands, cells,
connective tissue. The slide on skin structure

sebaceous immune and

illustrates the importance of this local

exposure. The classical use of sulfurous
waters in dermatology, including selected
chronic inflammatory or keratinization
disorders, may be linked to
vasodilation, modulation of inflammation,
antimicrobial effects, keratolytic actions, and
changes in Older
balneological describes
absorption routes through the skin, digestive
tract, respiratory mucosa, and other mucosal
surfaces, which is relevant for baths, drinking

cures, inhalations, and local applications.

local

redox signaling.

literature also

In water and in biological systems, sulfur does not exist in only one
form. H,S, HS", persulfides, polysulfides, thiosulfate, sulfite, sulfate, and
protein-bound sulfane sulfur form a dynamic redox network. The
therapeutic identity of a sulfurous spring therefore depends not only on
the nominal presence of H,S, but on the entire sulfur speciation profile.
This has implications for storage, transport, bottling, bath preparation,
inhalation procedures, and mud maturation. Sulfurous waters are
chemically alive systems, and they change with oxygen exposure,
temperature, microbial activity, and time.
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Abstract Hydrogen sulfide (H35), a gas traditionally considered toxic, is now recognized as a vital
endogenous signaling molecule with a complex physiology. This comprehensive study encompasses
a systematic literature review thatexplores the intricate mechanisms underlying HyS-induced vasodi-
lation, The vasodilatory effects of H,S are primarily mediated by activating ATP-sensitive potassium
(K_ATP) channels, leading to membrane hyperpolarization and subsequent relaxation of vascular
smooth muscle cells (VSMCs). Additionally, H,S inhibits L-type calcium channels, reducing calcium
influx and diminishing VSMC contraction. Beyond ion channel modulation, HaS profoundly impacts
cyelic nucleotide signaling pathways. It stimulates soluble guanyly| cyclase (sGC), increasing the pro-
duction of cyclic guanosine monophosphate (cGMP). Elevated cGMP levels activate protein kinase G
(PKG), which phosphorylates downstream targets like vasodilator-stimulated phosphoprotein (VASP)
and promotes smooth muscle relaxation. The synergy between H,S and nitric oxide (NO) signaling
further amplifies vasodilation. H,S enhances NO bioavailability by inhibiting its degradation and
stimulating endothelial nitric oxide synthase (eNOS) activity, increasing cGMP levels and potent
vasodilatory responses. Protein sulfhydration, a post-translational modification, plays a crucial role in

cell signaling, H;5 S-sulfurates oxidized cysteine residues, while polysulfides (H25n) are responsible
for S-sulfurating reduced cysteine residues. Sulfhydration of key proteins like K_ATP channels
and sGC enhances their activity, contributing to the overall vasodilatory effect. Furthermore, H,S
interaction with endothelium-derived hyperpolarizing factor (EDHF) pathways adds another layer to
its vasodilatory mechanism. By enhancing EDHF activity, H,5 facilitates the hyperpolarization and
relaxation of VSMCs through gap junctions between endothelial cells and VSMCs. Recent findings
suggest that H25 can also modulate transient receptor potential (TRP) channels, particularly TRPV4
channels, in endothelial cells. Activating these channels by H,5 promotes calcium entry, stimulating
the production of vasodilatory agents like NO and prostacyclin, thereby regulating vascular tone. The
comprehensive understanding of H,5-induced vasodilation mechanisms highlights its therapeutic
potential. The multifaceted approach of H,S in medulating vascular tone presents a promising
strategy for developing novel treatments for hypertension, ischemic conditions, and other vascular
disorders. The interaction of H25 with ion channels, cyclic nucleotide signaling, NO pathways
(Reactive Oxygen Species) scavenging, protein sulfhydration, and EDHF underscores its complexity
and therapeutic relevance. In conclusion, the intricate signaling paradigms of HyS-induced vasodila-
tion offer valuable insights into its physiological role and therapeutic potential, promising innovative
approaches for managing various vascular diseases through the modulation of vascular tone.

Keywords: hydrogen sulfide (H,S5); vasedilation; protein sulfhydration; ROS scavenging; endothelial
function
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Abstract: Atherosclerosis is a complex pathological condition marked by the accumulation of lipids
in the arterial wall, leading to the development of plaques that can eventually rupture and cause
thrombotic events. Tn recent years, hydrogen sulfide (H:5) has emerged as a key mediator of cardi-
ovascular homenstasis, with potential therapeutic applications in atherosclerosis. This systematic
review highlights the importance of understanding the complex interplay between HaS, exygen ho-
meostasis, and atherosclerosis and suggests that targeting HeS signaling pathways may effer new
avenues for treating and preventing this condition. Oxygen hemeostasis is a critical aspect of cardi-
ovascular health, and disruption of this balance can contribute to the development and progression
of atherosclerosis. Recent studies have demonstrated that H25 plays an important role in maintain-
ing oxygen homeostasis by regulating the function of oxygen-sensing enzymes and transcription
factors in vascular cells. HaS has been shown to modulate endothelial nitric oxide synthase (eNOS)
activity, which plays a key role in regulating vascular tone and oxygen delivery to tissues, The com-
prehensive analysis of the current understanding of HsS in atherosclerosis can pave the way for
future research and the development of new therapeutic strategies for this debilitating condition.
PROSPERO [1: 417150

Keywords: hydrogen sulfide; tissue oxygenation; hypoxia; atherosclerosis; homeostatic imbalances

1 Introduction

Atherosclerosis is a multifactorial discase involving various cellular and molecular
processes, including lipid metabolism, inflammation [1], mitochondrial dysfunction, au-
tophagy, apoptosis, and epigenetics [2]. These processes can induce oxidative stress,
which is characterized by an imbalance between oxidants and antioxidants in the body
[3], leading to the generation of reactive oxygen species (ROS), reactive nitrogen species
(RNS), and other free radicals that can cause damage to cellular components, including
proteins, lipids, and DNA [4]. Mitochondrial dysfunction plays a crucial role in athero-
sclerosis as mitochondria are the primary source of ROS production [5]. These mecha-
nisms contribute to the development and progression of atheroscleresis, characterized by

The interaction between H,S and nitric oxide is one of the strongest mechanistic
arguments for cardiovascular relevance. H,S can support endothelial function, influence
eNOS activity, preserve nitric oxide bioavailability, activate potassium channels, and
promote vascular smooth muscle relaxation. In conditions of oxidative stress,
endothelial nitric oxide synthase may become uncoupled, reducing NO production and
increasing reactive oxygen species. H,S appears to participate in the preservation of
redox balance and may help maintain physiological vasodilatory signaling. This is highly
relevant for cardiovascular rehabilitation, peripheral vascular dysfunction, metabolic
syndrome, and aging-related endothelial impairment.
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.lbi()medicines Atherosclerosis is not merely lipid deposition. It is an inflammatory, oxidative, endothelial,
immune, and metabolic process. H,S signaling intersects with all these levels. It may influence
macrophage activity, leukocyte adhesion, oxidative stress, smooth muscle cell behavior, matrix

remodeling, and vasodilation. In balneology, this provides a plausible mechanistic background
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Abstract: Atherosclerosis is a chronic inﬂan\mnlury condition marked by endothelial dysfu nction,
lipid accumulation, inflammatory cell infiltration, and extracellular matrix (ECM) remodeling within
arterial walls, leading to plaque formation and potential cardiovascular events. Key players in ECM
remodeling and inflammation are matrix metalloproteinases (MMPs) and CD147/EMMPRIN, a cell
surface glycoprotein expressed on endothelial cells, vascular smooth muscle cells (VSMCs), and
immune cells, that regulates MMP activity. Hydrogen sulfide (H5), a gaseous signaling molecule,
has emerged as a significant modulator of these processes including oxidative stress mitigation,
inflammation reduction, and vascular remodeling, This systemaltic review investigates the mech-
anistic pathways through which H,S influences MMPs and CD147/EMMPRIN and assesses its
impact on atherosclerosis progression. A comprehensive literature search was conducted across
PubMed, Scopus, and Web of Science databases, focusing on studies examining H,S modulation of
MMPs and CD147 /EMMPRIN in atherosclerosis contexts. Findings indicate that H,S modulates.
MMP expression and activity through transcriptional regulation and post-translational modifications,
including S-sulfhydration. By mitigating oxidative stress, HS reduces MMP activation, contributing
to plaque stability and vascular remodeling. HaS also downregulates CD147/EMMPRIN expression
via transcriptional pathways, diminishing inflammatory responses and vascular cellular proliferation
within plaques. The dual regulatory role of H,S in inhibiting MMP activity and downregulating
CD147 suggests its potential as a therapeutic agent in stabilizing atherosclerotic plaques and mitigat-
ing inflammation. Further research is warranted to elucidate the precise molecular mechanisms and
toexplore H;S-based therapies for clinical application in atherosclerosis.

Keywords: hydrogen sulfide (H25); matrix metalloproteinases (MMPs); CD147/EMMPRIN;
atherosclerosis; inflammation; vascular remodeling

1. Introduction

Atherosclerosis is a chronic inflammatory disease that primarily affects large and
medium-sized arteries. It is characterized by the accumulation of lipids, inflammatory cells,
and fibrous elements within the arterial wall, leading to the formation of atherosclerotic
plaques [1-5]. The disease progresses through a series of stages, beginning with endothelial

dysfunction, then plaque formation, and culminating in vascular remodeling, Understand-

ing these stages is crucial for developing targeted therapies to mitigate the progression and
consequences of atherosclerosis [6,7].
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for the traditional use of sulfurous therapies in vascular, rheumatic, and chronic inflammatory
conditions. However, we must be careful: plausible mechanisms are not the same as definitive
clinical proof. They are hypotheses that must guide rigorous clinical research.
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Role of Microbiota-Derived Hydrogen Sulfide (H;S) in * Supportintestinal epithelial barrier function
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Abstract: Microbiota-derived hydrogen sulfide (H,5) plays a crucial role in modulating the gut-brain
axis, with significant implications for neurodegenerative diseases such as Alzheimer’s and Parkin- B I oo d st re a m
son’s. H3S is produced by sulfate-reducing bacteria in the gut and acts as a eritical signaling molecule
influencing brain health via various pathways, including regulating inflammation, oxidative stress, -
and immune responses. H;5 maintains gut barrier integrity at physiological levels and prevents cO n n ect I o n s
systemic inflammation, which could impact neurcinflammation. However, as H;S has a dual role
or a Janus face, excessive HyS production, often resulting from gut dysbiosis, can compromise the
intestinal barrier and exacerbate neurodegencralive processes b_\f pmmoting neuroinflimmation
and glial cell dysfunction. This imbalance is linked to the early pathogenesis of Alzheimer's and
check for Parkinson's diseases, where the overproduction of H:5 exacerbates beta-amyloid deposition, tau
updates hyperphosphorylation, and alpha-synuclein aggregation, driving neuminﬂammator}' responses and
Citation: Munteanu, C.; Onose, G.; neuronal damage. Targeting gut microbiota to restore H,S homeostasis through dietary interventions,
Rotariu, M.; Postaru, M.; Turnea, M.; probiotics, prebiotics, and fecal microbiota transplantation presents a promising therapeutic approach. Microglia
Galaction, A L Role of Microbiota- By rebalancing the microbiota-derived H;5, these strategies may mitigate neurodegeneration and %
Derived Hydrogen Sulfide (H,S) in offer novel treatments for Alzheimer’s and Parkinson’s diseases, underscoring the critical role of the Astrocyte
Medulating the Gut-Brain Axis gut-brain axis in maintaining central nervous system health. @ Ty
Implications for A Lheimer ‘s and Neuronal death —p Cognitive
]':"I‘i“’_"_‘-’ Disease Pathogenesis. Keywords: microbiota; dysbiosis; H2S; gut-brain axis; Alzheimer’s disease; Parkinson’s disease; glial TP 2 ._W
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the gut microbiota [1]. These microorganisms are crucial for maintaining homeostasis and

performing essential functions such as digestion, nutrient absorption, immune system reg-
ulation, and the maintenance of the intestinal barrier [2]. In recent years, a growing body of
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. . Some clinical balneological literature distinguishes low-concentration sulfurous
antioxidants ﬁ\fn\:{ty . ) . .

waters used internally from higher-concentration waters used externally, while
also noting that crenotherapy protocols are not globally standardized.
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Review
The Janus Face of Oxidative Stress and Hydrogen Sulfide:
Insights into Neurodegenerative Disease Pathogenesis
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Tissue degeneration
Abstract: Oxidative stress plays an essential role in neurodegenerative pathophysiology, Energy deficits

acting as both a critical signaling mediator and a driver of neuronal damage. Hydrogen
sulfide (H2S), a versatile gasotransmitter, exhibits a similarly “Janus-faced” nature, act-
ing as a potent antioxidant and cytoprotective molecule at physiological concentrations,
but becoming detrimental when dysregulated. This review explores the dual roles of ox-
idative stress and H3S in normal cellular physiology and pathophysiology, focusing on
neurodegenerative disease progression. We highlight potential therapeutic opportunities
for targeting redox and sulfur-based signaling systems in neurodegenerative diseases by
elucidating the intricate balance between these opposing forces.

Metabolic processes
Cell signaling

Immunity - host defense
Homeostasis

Keywords: oxidative stress; hydrogen sulfide (H,5); neurodegenerative diseases; redox
signaling; Janus face; neuroinflammation
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1. Introduction
Received: 27 February 2025 . L L . )
o * ! Neurodegenerative disorders, such as Alzheimer’s disease, Parkinson's disease, and
Revised: 9 March 2025 ) ) K K N
Acceprect 17 March 2025 amyotrophic lateral sclerosis (ALS), are a growing medical challenge worldwide [1-3].
Published: 19 March 2025 These conditions are typically characterized by progressive neuronal loss, accumulation
Citatiore Minteants, C.: of misfolded or aggregated proteins, peroxisomal dysfunction [4,5], and persistent neu-
Galaction, A L; Onose, G Tumea, M;  Toinflammation [6-10]. While each disorder has distinct clinical features—ranging from

Rotariu, M. The Janus Face of cognitive decline to motor dysfunction, there is an overarching theme that oxidative stress fl )

Onidative Stress and Hydrogen contributes significantly to the pathological cascades involved [11-13]. Excessive ROS in the Inflammation hvsi . toxic
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Sulfide: Insights e central nervous system (CNS) can damage neuronal membranes through lipid peroxidation, Cell death phy & — ;f:::ﬂ:laatt:l::: ;;l:‘ea"l:::; cascades
Neurodegenerative Disesse alter synaptic function, and potentially accelerate protein misfolding [14-17]. Tissue degeneration \
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Concurrently, the inflammatory microenvironment within the brain can exacerbate Energy deficits
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Abstract: Age-related oxidative stress is a critical factor in vascular dysfunction, contribut-

ing to hypertension and atherosclerosis. Smooth muscle cells and endothelial cells are

particularly susceptible to oxidative damage, which exacerbates vascular aging through cel-

lular senescence, chronic inflammation, and arterial stiffness. Gasotransmitters—hydrogen
sulfide (H,5), nitric oxide (NO), and carbon monoxide (CO)—are emerging as promising
therapeutic agents for counteracting these processes. This review synthesizes findings from
recent studies focusing on the mechanisms by which H,5, NO, and CO influence vascular
smooth muscle and endothelial cell function. Therapeutic strategies involving exogenous
gasotransmitter delivery systems and combination therapies were analyzed. HsS enhances
mitochondrial bioenergetics, scavenges ROS, and activates antioxidant pathways. NO

improves endothelial function, promotes vasodilation, and inhibits platelet aggregation.

CO exhibits cytoprotective and anti-inflammatory effects by modulating heme oxygenase
activity and ROS Pmdmtun_ In pn«luuul studies, gasotransmitter-releasing molecules

(e.., NaHS, SNAP, CORMSs) and targeted delivery systems show significant promise.

Synergistic effects with lifestyle modifications and antioxidant therapies further enhance

check for their therapeutic potential. In conclusion, gasotransmitters hold significant promise as
updates

Acadimic Edior Charles B Ni 1
Meademic Bdttor Chasla ENotkm. i oted mechanisms and innovative delivery approaches make them potential candidates

Recveved: 25 Jamsary 2005 for treating vascular dysfunction and promoting healthy vascular aging. Further research
Revieed: 4 February 05 is needed to translate these findings into dlinical applications.
Accwpted: 26 February HES
Published 27 February 305
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Citatiwe: Muntowes, € Galatins el cells; hydrogen sulfide; nitric oxide; carbon monoxide
AL; Onime, (; Terrwa, M.; Ritara, M

Harmemeyg Casotranesten o

Combat Ape-Re lited Uhuclatner Stnes

i Semocth Muace and Endotreial v
Colls. Pharwarrataal 209 15,04 l" ["tmductlon

therapeutic agents to combat age-related oxidative stress in vascular cells. Their multi-

This brings us to safety. H,S is biologically active because it is chemically reactive. The
same property that gives it signaling capacity also explains its toxicity at high
concentrations. Therefore, the clinical use of sulfurous waters requires precise
knowledge of concentration, route of administration, ventilation, exposure duration,
contraindications, and patient vulnerability. Balneary H,S resources should be treated
with the same seriousness as any active therapeutic factor. Their natural origin does not
eliminate the need for rigorous medical control. On the contrary, it increases the need
for standardization because natural resources are variable.
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Hydrogen Sulfide (H;S- or H,S,,-Polysulfides) in Synaptic
Plasticity: Modulation of NMDA Receptors and
Neurotransmitter Release in Learning and Memory
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Abstract: Hydrogen sulfide (H25) has emerged as a pivotal gaseous transmitter in the
central nervous system, influencing synaptic plasticity, learning, and memory by mod-
ulating various molecular pathways. This review examines recent evidence regarding
how H;S regulates NMDA receptor function and neurotransmitter release in neuronal
circuits. By synthesizing findings from animal and cellular models, we investigate the
impacts of enzymatic HyS production and exogenous Hj5 on excitatory synaptic currents,
long-term potentiation, and intracellular calcium signaling. Data suggest that H;S inter-
acts directly with NMDA receptor subunits, altering receptor function and modulating
neuronal excitability. Simultaneously, H2S promotes the release of neurotransmitters such
as glutamate and GABA, shaping synaptic dynamics and plasticity. Furthermore, reports
indicate that disruptions in H,S metabolism contribute to cognitive impairments and

:*;;:‘?; neurodegenerative disorders, underscoring the potential therapeutic value of targeting
Academic Editors: Volkmar Lessmann  HpS-mediated pathways. Although the precise mechanisms of HyS-induced changes in
and Manuela Dicarlo synaptic strength remain elusive, a growing body of evidence positions H,S as a significant
Received: 9 February 2005 regulator of memory formation processes. This review calls for more rigorous exploration
Revised: 21 March 2025 into the molecular underpinnings of HzS in synaptic plnsticit); paving the way for novel

Accepted: 26 March 2025

pharmacological interventions in cognitive dysfunction.
Published: 28 March 2025
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Hydrogen sulfide is a small molecule with a large biomedical meaning. In the
organism, it acts as a gasotransmitter involved in vascular tone, redox homeostasis,
mitochondrial regulation, inflammation, metabolism, and neurobiology. In
balneology, it appears as an exogenous natural therapeutic factor in sulfurous waters
and therapeutic muds. Romania has diverse sulfurous resources that deserve
renewed scientific attention, not only as elements of tradition, but as resources for
modern, mechanism-based, evidence-oriented rehabilitation medicine.

We must preserve the natural therapeutic factors, characterize them precisely, study
them rigorously, and integrate them responsibly into contemporary medicine. In this
way, Romanian balneology can contribute not only to health tourism, but also to
preventive medicine, chronic disease management, rehabilitation, and translational
biomedical research.



“If we have no passmn we have nothing to start with in life” (Lm Yutang)

Hydrogen Sulfide and Synaptic
Plasticity in Memory and
Learning

Conf. univ. dr. biol. Constantin Munteanu
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