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Abstract

Natural sulfur compounds found in various mineral spring waters have attracted consid-
erable interest due to their possible health benefits and healing qualities. Key substances
such as hydrogen sulfide (H,S), sulfate (SO4%7), and thiosulfate (S,0327) are essential to
numerous physiological functions. This overview delves into the biochemical pathways
through which these sulfur compounds exert their influence, emphasizing their roles as
antioxidants, anti-inflammatories, and detoxifying agents. Furthermore, it investigates
the therapeutic promise of mineral waters rich in sulfur for various diseases like arthritis,
skin ailments, and heart diseases. Emerging studies indicate that regular use or topical
application of these waters could enhance health outcomes and aid in the prevention of a
multitude of diseases. Nonetheless, additional research is required to clarify sulfur water’s
mechanisms of action and to develop standardized protocols for their therapeutic appli-
cations. This descriptive review highlights the significance of integrating natural sulfur
compounds into comprehensive health strategies and advocates for ongoing investigation
into their advantages in medical contexts.

Keywords: spa therapy; balneotherapy; thermal medicine; sulfur compounds; mineral
water; spa water

1. Introduction

In recent years, there has been a remarkable and growing interest in the world of
natural sulfur compounds, particularly those found in the therapeutic and rejuvenating
mineral waters that emerge from the earth’s geothermal springs. This heightened interest
has been fueled by the various health benefits and unique therapeutic properties that these
compounds possess, which have attracted considerable attention from both researchers
and health providers alike. Sulfur compounds play crucial roles in numerous biological
processes, primarily due to their significant involvement in metabolic pathways and their
function as vital signaling molecules within the body [1-5]. Water that is rich in these
beneficial sulfur compounds, often sourced from geothermal springs, mineral-rich regions,
or specific salt deposits, offers significant potential for a wide range of therapeutic appli-
cations. These applications include everything from providing anti-inflammatory effects
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to exhibiting antioxidative properties that may improve health conditions and aid in the
treatment of various diseases [6,7]. The purpose of this literature review is to synthesize the
current understanding of natural sulfur compounds in mineral waters, focusing intently
on their implications for human health and disease, all based on robust scientific evidence
gathered through extensive research. Through this exploration, we aim to illuminate the
rich landscape of natural sulfur compounds and their promising role in helping public
health systems to enhance people’s health conditions, essentially by addressing chronicity.

2. Properties of Natural Sulfur Compounds

Sulfur-based compounds can be found in both oxidized and reduced forms. Oxidized
sulfur compounds achieve a higher oxidation state, whereas reduced sulfur compounds are
converted to a lower oxidation state. The distinction between oxidized and reduced forms
of sulfur is critical to understand the metabolic processes and environmental functions to
which they are associated. Natural sulfur compounds can exist in a fascinating variety of
forms, including sulfides, sulfates, and elemental sulfur, each possessing its own unique
and distinct chemical properties that can significantly influence human physiology in
various ways. For example, hydrogen sulfide (H,S), which is a common sulfur compound
found abundantly in mineral-rich waters, has been notably recognized for its profound and
significant anti-inflammatory effects. For example, at the Roman Baths in Bath, a classic
Roman site still in use, water is sulfate-rich (~1015-1080 mg/L SO42~) with substantial
calcium (Ca®*), chlorine (C17), sodium (Na*) and hydrogen carbonate (HCO;™); it is not a
strongly “sulfurous” (H,S-rich) spring. In Italy, several long-standing spas show higher
sulfide concentrations: at Saturnia, H,S is ~14-14.5 mg/L with sulfate ~1500 mg/L, while
Tobiano waters used for inhalation are classified as “strong” (>100 mg/L H,S). These values
provide realistic typical and upper bounds for H,S in natural waters.

Extensive studies have demonstrated that H,S can effectively inhibit inflammatory
responses in the body, particularly by interfering with the nuclear factor-kB (NF-kB) sig-
naling pathway, a crucial mechanism involved in the regulation of immune responses.
This remarkable ability has been illustrated in numerous fibroblast studies, highlighting
the potential therapeutic benefits of H,S in treating conditions associated with chronic
inflammation and promoting overall health [8,9]. Other sulfur-containing minerals, such
as those derived from natural sources like certain types of volcanic rocks and mineral
springs, have similarly been associated with significant reductions in inflammation and
effective pain relief. This growing body of evidence supports their therapeutic use in
various health conditions, including chronic skin diseases like eczema and psoriasis [10], as
well as arthritis, where joint pain and swelling are prevalent. These minerals are believed
to act by enhancing the body’s natural healing processes, promoting cellular repair, and
ultimately providing relief to individuals suffering from these debilitating ailments [6-18].
Of note, in addition to a large literature reporting positive effects in cell lines and animal
models, evidence of efficacy in several clinical trials has been reported [17,19-36].

3. Role of Hydrogen Sulfide in Human Pathophysiology

Interestingly, the earliest insights into the role of HyS in human biology emerged
not from physiological studies, but from toxicological investigations [37]. Cases of H,S
poisoning revealed that survivors often suffer from cognitive impairments, prompting
researchers to explore the neurotoxic effects of this gas. Experimental studies in animal
models have shown that exposure to H,S leads to significant alterations in neurotransmitter
levels, underscoring the brain’s particular vulnerability to HS toxicity. In a pivotal study,
Warenycia and colleagues measured H,S accumulation in the brains of rats exposed to the
gas and found that detectable levels persisted even in the absence of ongoing exposure [38].
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Although these concentrations may have been overestimated due to methodological limita-
tions, the findings nonetheless confirmed the presence of endogenously produced H,S in
the brain [39].

Building on this discovery, Snyder and his team introduced the concept of S-sulfuration
(commonly refereed as persulfidation or also S-sulthydration)—a post-translational modi-
fication in which H)S modulates the function of specific proteins by modifying cysteine
residues [40]. However, this mechanism has since been refined to emphasize the role of
hydrogen polysulfides (H,Sp) rather than H,S itself, particularly in the context of protein
modification. Notably, H,S has been shown to target oxidized cysteine residues, including
those that are S-nitrosylated or S-sulfenylated, thereby influencing redox signaling path-
ways [41]. At the molecular level, the biosynthesis of H,S in mammals is orchestrated
by a trio of well-characterized enzymes: cystathionine 3-synthase (CBS), cystathionine
v-lyase (CSE), and 3-mercaptopyruvate sulfurtransferase (3-MST) [1,42,43]. CBS and CSE
are pyridoxal phosphate-dependent enzymes predominantly localized in the cytosol, with
CBS being highly expressed in the central nervous system and CSE more abundant in the
cardiovascular system. In contrast, 3-MST operates primarily in the mitochondria and is
involved in a distinct, transamination-based pathway. These enzymes catalyze the conver-
sion of sulfur-containing amino acids such as cysteine and homocysteine into H5S, tightly
regulating its production in a tissue-specific and context-dependent manner. Beyond these
canonical enzymatic pathways, emerging evidence points to alternative sources of H,S,
including lesser-known enzymes like cysteinyl-tRNA synthetase and selenium-binding
protein [1], as well as nonenzymatic mechanisms that involve the reduction of elemental
sulfur or thiosulfate under certain physiological conditions [1,43,44]. Additionally, the gut
microbiota—particularly sulfate-reducing bacteria such as Desulfovibrio species—contribute
significantly to systemic H,S levels, especially in the gastrointestinal tract, where microbial
metabolism plays a critical role in host-microbe interactions. Once synthesized, HS exhibits re-
markable diffusibility, allowing it to traverse cellular membranes and act in both autocrine and
paracrine fashions [1,42—44]. Its signaling capabilities are mediated through a variety of mecha-
nisms, including persulfidation (S-sulthydration) of protein cysteine residues, modulation of
ion channels (e.g., ATP-sensitive potassium channels), and interaction with reactive oxy-
gen and nitrogen species. The dynamic equilibrium between reduced and oxidized sulfur
species is increasingly recognized as a critical determinant of cellular redox homeostasis and
metabolic regulation. Hydrogen sulfide (H,S), a reduced sulfur compound, functions as a
gasotransmitter with roles in vasodilation, neuromodulation, and anti-inflammatory sig-
naling. In contrast, oxidized sulfur species such as 3’-phosphoadenosine-5'-phosphosulfate
(PAPS) act as activated sulfate donors in sulfation reactions essential for detoxification and
molecular signaling. While the physiological roles of H,S have been extensively charac-
terized, the contribution of oxidized sulfur species like PAPS to redox balance remains
underexplored. Recent studies have highlighted the importance of sulfur-based post-
translational modifications, including S-sulfhydration and sulfenylation, in modulating
protein function and signaling pathways, suggesting that reactive sulfur species (RSS) are
not merely passive redox markers but active regulators of cellular processes [45,46]. Emerg-
ing evidence also points to the contextual functionality of sulfur compounds, where their
effects depend on concentration, tissue type, and environmental stressors. For instance, a
2025 study demonstrated that H,S supplementation via GYY4137 restored redox balance
and suppressed SARS-CoV-2 replication by activating the Nrf2 /Keap1l pathway and en-
hancing mitochondrial bioenergetics [47]. In plants, sulfur assimilation enzymes such as
adenosine-5"-phosphosulfate (APS) reductase and APS kinase have been shown to be tightly
regulated under temperature stress, linking sulfur metabolism to adaptive responses [48].
Furthermore, microbial ecosystems exposed to fluctuating redox environments maintain
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gene expression for both oxidative and reductive sulfur pathways, indicating a flexible and
resilient sulfur redox network [49]. Despite these advances, there is no universally defined
optimal ratio of oxidized to reduced sulfur species. Instead, recent research suggests that
sulfur redox balance is highly tissue-specific and condition-dependent. Disruption of this
balance has been implicated in a variety of pathologies, including cardiovascular diseases,
neurodegeneration, and cancer. Therapeutic strategies targeting sulfur metabolism—such
as slow-release H,S donors and microbiota engineering—are being explored to restore
redox homeostasis. Collectively, these findings reinforce the notion that maintaining a
finely tuned sulfur redox environment—rather than achieving a fixed ratio—is essential
for cellular health and stress adaptation [47,50]. These molecular interactions enable H,S
to influence a wide spectrum of physiological processes. Functionally, H,S is now known
to be a pleiotropic regulator involved in the maintenance of cardiovascular homeostasis
(e.g., vasodilation, angiogenesis, and blood pressure regulation), neurotransmission and
neuroprotection, glucose and lipid metabolism, mitochondrial bioenergetics, and immune
modulation. For instance, in the cardiovascular system, H,S promotes endothelial cell func-
tion and inhibits vascular inflammation, while in the nervous system, it enhances synaptic
plasticity and protects neurons from oxidative stress [1,44]. However, the biological actions
of H,S are dose-dependent and context-sensitive, and dysregulation of its production or
signaling has been implicated in a wide array of pathological conditions [1,44]. These
include atherosclerosis, hypertension, ischemia—reperfusion injury, diabetes, inflammatory
diseases, and neurodegenerative disorders such as Alzheimer’s and Parkinson’s disease.
This duality—where H;S can be both protective and deleterious—underscores the complex-
ity of its role in human health and disease. As a result, H,S has emerged as a promising
therapeutic target, with ongoing research exploring the development of H,S-releasing
drugs, enzyme modulators, and dietary interventions aimed at restoring physiological
H,S levels. Figure 1 summarizes the various roles of H,S in mammalian cell pathophysiol-
ogy. The field continues to evolve rapidly, offering exciting opportunities for translational
applications in medicine, pharmacology, and biotechnology.
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Figure 1. Main functions of H,S in mammalian cells.
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4. Mechanisms of Action

The therapeutic benefits of sulfur-rich mineral waters can largely be attributed to
their multifaceted biochemical mechanisms, which work in concert to promote overall
health and well-being. Sulfur compounds found within these unique waters have been
reported to exhibit remarkable antimicrobial properties, effectively inhibiting the growth of
pathogenic bacteria that contribute to various diseases and infections as well as promoting
neutrophil survival and activity [51]. This powerful action can help alleviate symptoms
of numerous ailments, promoting a sense of rejuvenation and vitality. Additionally, the
soothing warmth of the mineral waters, combined with their rich sulfur content, can
enhance circulation and provide relief to aching muscles and joints, making them a popular
choice for those seeking natural therapeutic solutions [52]. For instance, sulfur-containing
compounds, which are naturally occurring substances also found in various foods and
plants, have been shown to play a significant role in acting against biofilm formation in
oral pathogens. This intriguing property highlights their potential as valuable adjunctive
treatments in dental care, especially in the ongoing battle against plaque buildup and
related oral diseases. By incorporating these compounds into dental hygiene practices,
we could potentially enhance the effectiveness of traditional treatments and improve
overall oral health outcomes for patients [1,4,8,53]. Additionally, the presence of sulfur
in various mineral waters can significantly enhance the body’s natural detoxification
pathways, working diligently to support overall health and well-being. This enhancement
occurs through the intricate modulation of phase II enzymes, which play a crucial role in
the conjugation and elimination of harmful xenobiotics—substances that can be detrimental
to our health. By promoting these vital processes, sulfur-rich mineral waters may help the
body efficiently purge toxic materials, leading to improved metabolic functions [1-3,54].
Furthermore, the naturally occurring sulfur compounds found in spring mineral waters
have been shown to significantly contribute to improved skin health and vitality. When
these beneficial compounds are absorbed through the skin during a relaxing soak in the
mineral-rich water, they can help alleviate various dermatological ailments, including
conditions such as eczema and psoriasis, while also supporting the healing of wounds and
effectively reducing skin irritation [55]. These remarkable effects stem from the powerful
anti-inflammatory and desensitizing properties inherent in sulfur, which work to soothe
inflamed skin, promote cellular regeneration, and enhance overall skin texture, leaving one
feeling rejuvenated and revitalized [2,8,13-15]. Extensive research conducted by scientists
and clinical dermatologists has indicated, through various studies and clinical trials, that
sulfurs found in mineral waters possesses remarkable therapeutic properties that can
significantly promote wound healing. Additionally, it has been shown to effectively reduce
both the duration and intensity of flare-ups associated with chronic skin conditions, such
as eczema and psoriasis. These findings illustrate sulfur’s potential in dermatological
applications, making it a promising ingredient in skincare treatments aimed at alleviating
various skin ailments and enhancing overall skin health [1-5,13-15].

The therapeutic benefits of sulfur-rich mineral waters are increasingly recognized in
both traditional and modern medical practices, owing to their multifaceted biochemical and
physiological mechanisms that collectively promote health and well-being. These waters, often
sourced from geothermal springs, contain various forms of sulfur, including hydrogen sulfide
(H»S), thiosulfates, and sulfates, which contribute to their unique therapeutic profile [1].

4.1. Antimicrobial and Immunomodulatory Effects

Sulfur compounds in mineral waters have demonstrated potent antimicrobial proper-
ties, effectively inhibiting the growth of pathogenic microorganisms such as Staphylococcus
aureus, Candida albicans, and Cutibacterium acnes [2]. These effects are particularly valu-
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able in dermatological applications, where microbial imbalance contributes to conditions
like acne, eczema, and psoriasis. Moreover, sulfurous waters have been shown to enhance
neutrophil survival and activity, supporting the innate immune response and contributing
to the resolution of inflammation [3,12]. Sulfur-containing compounds in mineral waters
exhibit significant antimicrobial activity, attributed primarily to their ability to disrupt
microbial cell membranes and interfere with enzymatic functions. These compounds,
including thiosulfinates, thioethers, and sulfonamides, have demonstrated efficacy against
a range of pathogenic microorganisms such as Staphylococcus aureus, Candida albicans,
and Cutibacterium acnes. For instance, organosulfur compounds like allicin, diallyl disul-
fide (DADS), and diallyl trisulfide (DATS), commonly found in sulfur-rich extracts from
Allium species, have shown potent bactericidal and fungicidal properties through mecha-
nisms involving thiol group inactivation and disruption of quorum sensing pathways [56].
These antimicrobial effects are particularly relevant in dermatological contexts, where
microbial dysbiosis contributes to inflammatory skin conditions such as acne vulgaris,
eczema, and psoriasis. Sulfurous waters, often used in balneotherapy, have been shown to
modulate the skin microbiome and reduce colonization by pathogenic bacteria, thereby
alleviating symptoms associated with these disorders [57,58]. Moreover, sulfur compounds
have immunomodulatory effects. Studies indicate that sulfur-rich environments can en-
hance neutrophil survival and function, thereby supporting the innate immune response.
This is critical in the resolution of inflammation, as neutrophils play a central role in
pathogen clearance and tissue repair. For example, sulfur-containing thiodioxopiperazines
such as gliotoxin have been shown to modulate inflammatory pathways and inhibit pro-
inflammatory cytokines like tumor necrosis factor alpha (TNF-«) by suppressing NF-«B
activity [57,58]. The pharmaceutical relevance of sulfur compounds is underscored by their
prevalence in FDA-approved drugs. Sulfonamides, thioethers, and thiazoles are common
motifs in antibiotics, antifungals, and anti-inflammatory agents. Their structural diversity
allows for targeted activity against microbial enzymes and cell wall synthesis, making them
indispensable in both topical and systemic therapies.

4.2. Musculoskeletal and Circulatory Benefits

The thermal properties of sulfur-rich waters—typically ranging from 30 °C to
37 °C—combined with their mineral content, promote vasodilation, improve circulation,
and provide analgesic effects for individuals suffering from musculoskeletal disorders such
as arthritis, fibromyalgia, and myalgia [1,42]. The warmth of the water relaxes muscles and
joints, while sulfur compounds may reduce oxidative stress and inflammation in affected
tissues. Sulfur-rich thermal waters, typically emerging at temperatures between 30 °C
and 37 °C, possess a unique combination of physicochemical properties that contribute to
their therapeutic efficacy in musculoskeletal disorders. The temperature of these waters
induces vasodilation, which enhances peripheral blood flow and tissue oxygenation. This
physiological response not only facilitates the removal of metabolic waste products but
also promotes nutrient delivery to affected tissues, thereby supporting cellular repair and
regeneration [59]. In addition to thermal effects, the mineral composition—particularly
the presence of hydrogen sulfide (HpS)—plays a crucial role in modulating inflamma-
tory and oxidative pathways. H,S is a biologically active gasotransmitter known to exert
anti-inflammatory, antioxidant, and analgesic effects. It modulates the activity of NF-«B,
reduces the expression of pro-inflammatory cytokines such as TNF-« and interleukin-6
(IL-6), and enhances the production of endogenous antioxidants like glutathione [59,60].
Such mechanisms are particularly beneficial in the management of rheumatic and pain-
related conditions such as osteoarthritis, rheumatoid arthritis, fibromyalgia, and myalgia.
Clinical studies and balneotherapy protocols have demonstrated that regular immersion
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in sulfurous waters leads to significant improvements in pain scores, joint mobility, and
quality of life in patients with chronic musculoskeletal disorders [59]. Moreover, sulfurous
thermal waters contribute to muscle relaxation and joint decompression, which are essential
in reducing mechanical stress and alleviating muscle spasms. The buoyancy effect in water
further supports joint unloading, making it an ideal medium for gentle physical rehabil-
itation and exercise [59]. The therapeutic benefits of sulfurous waters are multifactorial,
encompassing not only their chemical composition and temperature but also the holistic
environment of health resorts, which includes medical supervision, physical therapy, and
psychological support. This integrative approach enhances the overall efficacy of treatment
and supports long-term management of musculoskeletal conditions [59].

4.3. Oral Health and Biofilm Inhibition

Interestingly, sulfur-containing compounds also exhibit anti-biofilm activity, partic-
ularly against oral pathogens. Studies have shown that sulfur-rich mineral waters can
disrupt biofilm formation by bacteria such as Streptococcus mutans and Staphylococ-
cus aureus, which are implicated in plaque buildup and periodontal disease [2,38]. This
property suggests a promising role for sulfur compounds as adjunctive agents in dental
hygiene, potentially enhancing the efficacy of conventional treatments like mouth rinses
and scaling. Sulfur-containing compounds have garnered increasing attention for their
anti-biofilm properties, particularly in the context of oral health. Biofilms—structured
microbial communities embedded in a self-produced extracellular matrix—are central to
the pathogenesis of oral diseases such as dental caries, periodontitis, and peri-implantitis.
These biofilms are notoriously resistant to conventional antimicrobial agents and host
immune responses, making them difficult to eradicate. Recent studies have demonstrated
that sulfur-rich mineral waters and sulfur-based compounds can disrupt biofilm forma-
tion by key oral pathogens, including Streptococcus mutans and Staphylococcus aureus.
These bacteria are implicated in plaque accumulation, gingival inflammation, and tooth
decay. The mechanism of action involves interference with quorum sensing pathways,
inhibition of extracellular polysaccharide synthesis, and modulation of virulence gene
expression [61]. For example, cyclic dipeptides such as cyclo (leu-pro) and hydrocinnamic
acid, derived from probiotic strains like Lactiplantibacillus plantarum, have shown potent
biofilm-inhibitory effects against S. mutans and Candida albicans. These compounds down-
regulate biofilm-associated genes such as ALS3 and HWP1, leading to reduced biofilm
mass and structural integrity [62]. Additionally, their ability to penetrate biofilm matrices
and alter microbial adhesion makes them promising candidates for adjunctive dental thera-
pies, especially when integrated with conventional treatments like scaling, root planing,
and antiseptic mouth rinses [63]. The potential of sulfur compounds in dental hygiene
is further supported by studies on herbal and spicy extracts rich in sulfur-like molecules
(e.g., eugenol, macrocarpals, carnosic acid), which exhibit synergistic biofilm eradication ef-
fects when combined. These findings suggest that sulfur-based agents could be formulated
into mouthwashes, toothpaste, or coatings for dental materials to enhance antimicrobial
efficacy and prevent biofilm recurrence [64].

4.4. Detoxification and Metabolic Support

Sulfur plays a critical role in the body’s detoxification pathways, particularly through
the activation of phase II enzymes such as sulfotransferases (SULTs). These enzymes cat-
alyze the conjugation of xenobiotics—harmful foreign substances—making them more
water-soluble and easier to excrete [1,2,41]. Regular exposure to sulfur-rich mineral wa-
ters may support liver function and systemic detoxification, thereby improve metabolic
resilience and reduce the burden of environmental toxins. Sulfur plays a pivotal role
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in the body’s detoxification systems, particularly through its involvement in Phase II
biotransformation pathways, which are essential for the neutralization and excretion of
xenobiotics—foreign chemical substances that may be harmful to human health. Among
the key enzymes in this phase are sulfotransferases (SULTs), which catalyze the transfer of
a sulfonate group (SO3) from the universal donor PAPS to hydroxyl, amine, or thiol groups
on target molecules [65-67].

This conjugation reaction significantly increases the water solubility of lipophilic com-
pounds, facilitating their renal or biliary excretion. SULTs are widely expressed in the
cytosol of liver cells, where they metabolize a broad spectrum of substrates, including
drugs, environmental toxins, steroid hormones, neurotransmitters, and bile acids. Their
activity is crucial not only for detoxification but also for regulating the biological activity
of endogenous molecules, such as estrogens and catecholamines [65-67]. Importantly, in-
terindividual variability in SULT expression and function—due to genetic polymorphisms
or environmental influences—can affect susceptibility to toxins and drug efficacy. This
underscores the importance of maintaining optimal SULT activity for metabolic resilience
and toxicological defense [67]. Regular exposure to sulfur-rich mineral waters may sup-
port these detoxification processes by providing bioavailable sulfur species that serve as
precursors for PAPS synthesis and other sulfur-dependent metabolic reactions. HjS, a
key component in many sulfurous waters, has been shown to modulate redox balance, in-
flammatory signaling, and cellular stress responses, which are intimately linked to hepatic
detoxification capacity [65-67].

4.5. Dermatological Actions

One of the most well-documented benefits of sulfur-rich mineral waters is their impact
on skin health. When absorbed through the skin during balneotherapy, sulfur compounds
exert anti-inflammatory, keratolytic, and antioxidant effects that help alleviate chronic skin
conditions such as eczema, psoriasis, seborrheic dermatitis, and acne. Clinical studies,
including a pilot trial at Lake Héviz in Hungary, have shown that sulfur thermal water can
improve Psoriasis Area and Severity Index (PASI) scores and modulate the skin microbiome,
suggesting both symptomatic and microbiological benefits [4,5,14,15]. Sulfur-rich mineral
waters have long been recognized for their therapeutic potential in dermatology, partic-
ularly when administered through balneotherapy. The absorption of sulfur compounds
through the skin during immersion in thermal waters facilitates a multifaceted biological
response, including anti-inflammatory, keratolytic, and antioxidant effects. These mecha-
nisms are especially beneficial in the management of chronic inflammatory skin conditions
such as eczema, psoriasis, seborrheic dermatitis, and acne [13,32]. The anti-inflammatory
action of sulfur compounds is mediated by the modulation of cytokine production and
inhibition of NF-kB signaling, which reduces the infiltration of immune cells and the release
of pro-inflammatory mediators. The keratolytic effect, attributed to H,S and other sulfur
derivatives, promotes desquamation and normalization of epidermal turnover, which is
particularly useful in hyperkeratotic conditions like psoriasis and seborrheic dermatitis.
Additionally, sulfur compounds act as antioxidants, scavenging reactive oxygen species
(ROS) and enhancing the activity of endogenous antioxidant enzymes such as glutathione
peroxidase, thereby protecting skin cells from oxidative damage [32,68,69]. Clinical evi-
dence supports these therapeutic claims. A pilot study conducted at Lake Héviz in Hungary,
a natural sulfur thermal lake, demonstrated significant improvements in Psoriasis Area
and Severity Index (PASI) scores following a 3-week balneotherapy regimen. Participants
underwent 30 min sessions five times per week, and results showed not only symptomatic
relief but also modulation of the skin microbiome, with shifts in bacterial genera such as
Leptolyngbya and Flavobacterium. These microbiological changes suggest that sulfurous
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waters may help restore microbial balance, which is increasingly recognized as a key factor
in skin health and disease [70]. Further support comes from the PSOTHERMES randomized
clinical trial, which evaluated spa therapy in five French resorts. The study found that
patients with plaque psoriasis who received immediate spa therapy showed significant
improvements in quality of life, pruritus, and PASI scores compared to controls. These
benefits persisted at 12-month follow-up, underscoring the long-term efficacy of sulfur-
based balneotherapy [71]. Taken together, the therapeutic effects of sulfur-rich mineral
waters are multidimensional, encompassing antimicrobial defense, immune modulation,
detoxification, circulatory enhancement, and dermatological healing. These waters offer a
natural, non-invasive adjunct to conventional therapies, with growing evidence supporting
their use in clinical balneotherapy, dermocosmetics, and preventive medicine.

5. Therapeutic Applications

Sulfur-enriched mineral waters are supported by clinical and mechanistic evidence
as complementary therapies for rheumatic and musculoskeletal disorders, including os-
teoarthritis, rheumatoid arthritis, and fibromyalgia. Reported benefits consistently include
reductions in pain, inflammation, and stiffness, alongside gains in mobility and quality of
life, reflecting the combined influence of thermal exposure and immersion mechanics, as
well as the biochemical activity of dissolved sulfur species (H,S/HS™/ $%7) on inflamma-
tory and redox pathways [59,72-75]. This therapeutic effect has been linked to the dual
action of both the thermal and sulfur components present in the mineral waters, where the
warm thermal water applications enhance blood flow, stimulate circulation, and effectively
reduce muscle tension [4,5]. Meanwhile, the sulfur itself actively modulates inflamma-
tory mediators, contributing to a decrease in the severity of symptoms associated with
chronic conditions [2,4,52,53,76,77]. Together, these elements create a holistic approach
to pain management and rehabilitation, offering hope to those seeking relief from the
relentless grip of rheumatic ailments. In more specialized scenarios, particularly within
the realm of medical rehabilitation, mineral waters that are rich in sulfur compounds have
been effectively utilized as a therapeutic tool to significantly boost recovery processes
in post-operative patients who are seeking to regain their health and functionality. The
potential absorption of sulfur through the skin [55,78-83] during these mineral baths may
facilitate the promotion of systemic circulation, which in turn leads to an enhanced supply
of essential nutrients to the healing areas of the body, ultimately promoting a more efficient
and accelerated recovery [1,8].

Mechanistically, HyS has been described to modulate cytokine profiles (e.g., promoting
anti-inflammatory signaling), engage antioxidant defenses (e.g., Keap1-Nrf2 axis), and
support microvascular function and tissue repair—mechanisms that plausibly contribute
to symptom relief after spa cycles. Health-resort medicine literature also discusses percu-
taneous uptake of sulfur species during balneotherapy, which may add local and limited
systemic effects, depending on water chemistry and exposure parameters [59,75].

Clinically, controlled studies in osteoarthritis suggest that courses of balneotherapy with
mineral waters can improve pain and function beyond standard care or tap-water comparators,
with some durability beyond the treatment window. Broader reviews in rheumatology concur
that hydro/balneotherapy alleviates pain, improves joint mobility, and enhances overall well-
being when integrated as an adjunct to conventional management [72-74].

In specialized rehabilitation settings, adjunctive electrotherapies using sulfurous waters
have shown promise. A prospective clinical study in knee osteoarthritis comparing iontophore-
sis with IlidZa (Sarajevo) thermomineral sulfur water versus classic galvanization reported
larger reductions in pain and better gains in mobility in the sulfur-water arm, supporting the
practical value of transdermal sulfur delivery in routine rehabilitation programs [72].
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Finally, comprehensive overviews emphasize that benefits extend beyond physico-
chemical factors: structured spa environments and warm-water immersion can enhance
psychological relaxation and stress resilience, contributing to overall quality of life improve-
ments. Accordingly, sulfur-enriched mineral water therapy can be reasonably integrated
into multidisciplinary care plans for degenerative and inflammatory musculoskeletal con-
ditions as a safe, supportive adjunct when appropriately indicated [59,73-75].

6. Health Implications

Given that sulfur compounds play crucial and multifaceted roles in maintaining
essential cellular functions and supporting various biochemical pathways within the body,
their remarkable therapeutic properties found in mineral waters underscore their significant
importance in the realm of public health. Enhanced access to sulfur-rich mineral water
sources has the potential to deliver a myriad of beneficial health impacts to communities,
particularly in regions that are predisposed to chronic inflammatory diseases, such as
arthritis, respiratory and cardiometabolic conditions and even neurologic and cognitive
conditions linked to aging [83-95]. Furthermore, comprehensive educational outreach
initiatives that focus on the many advantages of sulfur mineral baths could serve to bolster
preventive health strategies, while also encouraging lifestyle modifications that aim to
reduce inflammation and combat oxidative stress, which is often linked to a range of health
issues. Moreover, regulatory bodies could greatly benefit from considering these sulfide-
rich waters in therapeutic contexts, especially when developing guidelines that pertain to
their safe and effective use in both clinical and wellness settings. This is particularly relevant
in an era where holistic and natural treatments are increasingly sought after. Ongoing and
rigorous research into the specific health impacts, as well as the optimal dosages of sulfur
baths and mineral waters, can further refine public health recommendations, ensuring that
individuals can make informed choices about their health and well-being while harnessing
the remarkable benefits that these naturally occurring compounds offer. Ultimately, a
stronger understanding of sulfur’s role and its applications in therapeutic practices could
pave the way for innovative public health initiatives aimed at improving community health
outcomes across diverse populations.

7. Future Directions

The ongoing, multidisciplinary research into sulfur compounds present in various
mineral waters represents a promising frontier in both health sciences and environmen-
tal ecology. These naturally occurring compounds, particularly hydrogen sulfide, have
garnered increasing attention due to their potential therapeutic effects, especially in the
context of chronic diseases that are closely associated with oxidative stress and systemic
inflammation. Given the rising global burden of conditions such as cardiovascular dis-
ease, autoimmune disorders, and metabolic syndromes, the biological activity of sulfur
compounds warrants rigorous and targeted investigation. Preliminary studies suggest
that hydrogen sulfide exhibits generally inhibitory effects on platelet function and others
in vivo processes [96,97], indicating a possible role in modulating vascular health and
thrombosis risk. However, the underlying mechanisms remain insufficiently understood.
Future research should aim to elucidate how sulfur compounds interact with human
cells, particularly in regulating inflammatory pathways, oxidative stress responses, and
immune system modulation. Key areas of focus include the absorption kinetics of these
compounds—whether through dermal exposure or gastrointestinal uptake—and their
subsequent metabolic transformations within the body. To fully harness the therapeutic
potential of sulfur-rich mineral waters, it is essential to identify the optimal concentrations,
exposure durations, and water compositions that yield the most beneficial outcomes. Com-
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parative studies are needed to determine which types of sulfur waters offer superior efficacy
for specific health conditions. High-quality randomized controlled trials will be critical
in validating their use for ailments such as arthritis, psoriasis, eczema, and respiratory
disorders. Moreover, long-term safety assessments are necessary to evaluate potential
side effects, contraindications, and cumulative impacts of regular exposure. Innovative re-
search methodologies [98], including advanced analytical techniques such as metabolomics,
microbiome profiling, and high-resolution spectroscopy, are strongly encouraged. These
multidisciplinary approaches offer valuable insights into the intricate interactions between
sulfur compounds and diverse microbial communities, illuminating their influence on
both localized physiological processes and broader systemic health outcomes. Under-
standing these dynamics is crucial for advancing therapeutic strategies and public health
interventions. Simultaneously, public health initiatives should prioritize raising awareness
about the potential benefits of natural mineral waters, particularly those rich in sulfur.
By fostering community engagement and encouraging responsible consumption, such
efforts can contribute to healthier lifestyle choices and improved population well-being.
Educational campaigns, wellness programs, and collaborations with healthcare providers
can empower individuals to make informed decisions, bridging the gap between scientific
knowledge and everyday practice. Integrating sulfur-based therapies into conventional
medical frameworks is a key step toward holistic healthcare. Researchers and clinicians
could explore adjunctive and synergistic treatment models that combine sulfur-rich mineral
water therapies with established interventions such as antibiotics, anti-inflammatory agents,
or dermatological treatments. These integrative approaches may enhance therapeutic effi-
cacy, reduce side effects, and support long-term health outcomes. Similarly, pairing these
waters with other natural modalities—such as mud therapy or herbal medicine—could
yield synergistic effects that amplify health benefits. Ultimately, a holistic and evidence-
based approach to sulfur compound research will pave the way for novel interventions in
areas of unmet medical need, contributing to a more integrative and sustainable healthcare
paradigm [35,98,99].

8. Conclusions

The evidence supporting the health-promoting properties of natural sulfur compounds
found in mineral waters is both compelling and increasingly substantiated by a growing
body of interdisciplinary research. These compounds, long revered in traditional medicine
and now validated through modern scientific inquiry, exhibit a multifaceted therapeutic
profile that includes anti-inflammatory, antioxidant, antimicrobial, and immunomodulatory
actions. Such properties position sulfur-rich mineral waters as promising adjuncts in the
management of a wide spectrum of health conditions, ranging from chronic inflamma-
tory diseases like arthritis and psoriasis to respiratory ailments, metabolic dysfunctions,
and microbial infections. One of the most striking aspects of sulfur compounds is their
ability to modulate biological pathways at both the cellular and systemic levels. By at-
tenuating oxidative stress and inflammatory cascades, enhancing detoxification via phase
II enzymes, and supporting immune cell function, these compounds contribute to the
restoration of physiological balance and resilience. Moreover, their topical and systemic
effects—particularly in dermatological and musculoskeletal applications—underscore their
versatility and potential for integration into both preventive and therapeutic health strate-
gies. The incorporation of sulfur-rich mineral water therapies into mainstream wellness
and medical practices offers a holistic, non-invasive, and nature-based approach to health
promotion. This is especially relevant in an era where integrative medicine and sustainable
healthcare solutions are gaining traction. Balneotherapy, spa medicine, and mineral water-
based treatments could serve as valuable complements to pharmacological interventions,
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particularly for individuals seeking alternatives with fewer side effects or those managing
chronic conditions. However, despite the promising clinical and anecdotal outcomes, the
scientific validation and optimization of these therapies require further attention. Rigorous,
large-scale, and well-controlled studies are essential to elucidate the precise mechanisms of
action, determine optimal dosing and exposure parameters, and assess long-term safety
and efficacy across diverse populations. Additionally, fostering interdisciplinary collabo-
ration among clinicians, biochemists, public health experts, and environmental scientists
will be essential for advancing this emerging field. Such partnerships can drive innovation,
ensure scientific rigor, and facilitate the translation of research findings into practical health
solutions. In conclusion, sulfur-rich mineral waters represent a promising natural reservoir
of therapeutic potential. With sustained scientific inquiry and thoughtful integration into
healthcare systems, these resources may offer meaningful benefits for both individual
well-being and broader public health outcomes. Realizing their full potential will require
not only robust research and clinical validation but also a renewed appreciation for the
healing capacities found in nature. By bridging traditional knowledge with modern science,
we can unlock new pathways toward holistic and sustainable health practices.
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