
https://doi.org/10.1007/s11356-021-17780-0

REVIEW ARTICLE

Balneotherapy year in review 2021: focus on the mechanisms of action 
of balneotherapy in rheumatic diseases

Sara Cheleschi1  · Sara Tenti1 · Iole Seccafico1 · Isabel Gálvez2,3  · Antonella Fioravanti1 · Eduardo Ortega2,4 

Received: 3 September 2021 / Accepted: 23 November 2021 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract
Balneotherapy (BT) is one of the most commonly used non-pharmacologic complementary therapies for different rheumatic 
diseases. Its beneficial properties probably derived from a combination of mechanical, thermal, and chemical effects, but 
the exact mechanism of action is not elucidated. This review aimed at summarizing the current knowledge about the effects 
of BT, and identifying its possible mechanism of action in different rheumatic diseases. Pubmed and Scopus were used to 
perform a search of the literature to extract articles including terms related to BT and rheumatic diseases published in the 
period from 2010 to 2021. We selected pre-clinical studies, randomized controlled trials, and clinical trials. The results of 
clinical studies confirmed the beneficial properties on different mediators and factors of inflammation, oxidative stress, 
cartilage metabolism, and humoral and cellular immune responses in patients affected by chronic degenerative musculo-
skeletal disorders. The data derived from OA and RA-induced murine models revealed the efficacy of different BT treat-
ments in decreasing pain, inflammation, and improving mobility, as well as in reducing the expression of matrix-degrading 
enzymes and markers of oxidative stress damage. Different in vitro studies analyzed the potential effect of a mineral water, 
as a whole, or of a mineral element, demonstrating their anti-inflammatory, antioxidant, and chondroprotective properties in 
OA cartilage, synoviocytes and chondrocytes, and osteoblast and osteoclast cultures. The presented data are promising and 
confirm BT as an effective complementary approach in the management of several low-grade inflammation, degenerative, 
and stress-related pathologies, as rheumatic diseases.
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Introduction

Balneotherapy (BT) comprises a broad spectrum of thera-
peutic modalities including hydrotherapy, bath in mineral 
water, mud pack therapy, or the use of edaphic remedies 
usually practiced in health resorts (Fioravanti et al. 2017).
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In the recent years, BT has been widely used as non-
pharmacological intervention, in addition to other options 
(i.e., physiotherapy and exercise), for the treatment of dif-
ferent rheumatic diseases for its beneficial effect on pain, 
function, quality of life, and its favorable economic profile 
(Katz et al. 2012; Ciani et al. 2017; Antonelli et al. 2018; 
Maccarone et al. 2021a).

The major rheumatic conditions that are frequently 
treated by BT with a high rate of success are osteoarthri-
tis (OA), fibromyalgia syndrome (FS), low back pain, and 
spondyloarthritis (Fioravanti et al. 2015a, 2018a; Karagülle 
and Karagülle 2015; Forestier et al. 2017, 2021; Király et al 
2020).

The mechanism of action of BT is still not fully under-
stood and it is difficult to distinguish the efficacy of the ther-
mal method from the benefits that could be derived from a 
stay in the spa environment (Fioravanti et al. 2011a). The 
therapeutic activities are probably the results of a combina-
tion of mechanical, thermal, chemical, and microbiological 
factors. A distinction can be made between non-specific and 
specific mechanisms. Non-specific or hydrotherapic mecha-
nisms are ascribable to the physical properties of the water 
and are commonly related to the simple baths in hot tap 
water, while specific or hydromineral effects depending on 
the organic and inorganic compounds as well as on the com-
munity of microorganisms present in mineral water, in mud, 
or in other peloids with therapeutic properties (Morer et al. 
2017; Szabó and Varga 2020; Carretero 2020a, b). Physical 
properties are well known, while specific effects are difficult 
to identify and to assess and, therefore, not completely eluci-
dated. Finally, another partially unsolved question concerns 
the absorption of mineral elements into the skin and subse-
quently their concentration into the circulation (Shani et al. 
1985; Carbajo and Maraver 2017).

The body of evidence substantiating the effectiveness of 
BT has been increasing progressively during the last decade 
with a number of preclinical and clinical studies which can 
allow us to better understand the mechanisms of action of 
BT in rheumatic disorders.

The purpose of this narrative review was to summarize 
the highest scientific evidence investigating the possible 
mechanism of action of BT in rheumatic diseases from 2010 
to 2021.

Methods

A research from the literature about clinical and pre-clinical 
studies investigating the role of BT in rheumatic disease 
conditions has been performed examining the period from 
January 2010 to September 2021. The strategy used to select 
the papers consisted in a search in scientific databases Pub-
med, Scopus, and Google Scholar.

The keywords selected for the research were “balneother-
apy,” “spa therapy,” “mud,” “mud-bath therapy,” “peloido-
therapy” in combination with “rheumatic diseases,” “osteo-
arthritis,” “rheumatoid arthritis,” “fibromyalgia,” “low-back 
pain,” and “clinical trial,” “clinical studies,” “animal mod-
els,” “cell cultures,” and “in vitro studies.”

Studies were considered eligible if were published from 
2010 to the present totally written in English language, and 
classified as original articles whose main objectives were to 
analyze the effects of BT.

On the contrary, we excluded all article published prior 
2010, presented as review, and written in other languages 
than English.

Results

BT and systemic pro‑inflammatory mediators

In the past, different studies have shown the reduction 
induced by a cycle of mud-bath therapy in circulating lev-
els of Prostaglandin E2 (PGE2), Leukotriene B4 (LTB4), 
Interleukin (IL)-1β, Tumor Necrosis Factor (TNF)-α, and 
IL-6, involved in inflammation and chondrolysis occurring 
in different rheumatic diseases (Bellometti et al. 1997; Basili 
et al. 2001; Ardiҫ et al. 2007). Likewise, specific TNF recep-
tor serum values decrease after mud therapy, indicating a 
modulation of the TNF-mediated inflammatory response 
(Bellometti et al. 2002). In the context of BT, TNF and IL-1β 
seem to be the most relevant cytokines responsible for its 
effectiveness (Tenti et al. 2015; Gálvez et al. 2018a).

In a recent experience, Ortega et al. (Ortega et al. 2017) 
demonstrated the anti-inflammatory and inflammatory/stress 
responses regulatory effects of 10-day course of BT with 
mineral-medicinal water, together with mud applications, in 
patients with OA, showing a significant reduction of serum 
levels of a panel of cytokines, IL-1β, TNF-α, IL-6, IL-8, and 
TGF-β, after the treatment. In the same paper, they evaluated 
some stress biomarkers, such as cortisol and extracellular 
72-kDa heat shock protein (eHsp72) (Table 1). The authors 
reported an increase of cortisol after BT, probably due to the 
thermal stimulus, that can contribute to reduce the release 
of cytokines and pro-inflammatory mediators, together with 
an unexpected reduction in the systemic concentration of 
eHsp72 that, also, can justify the decrease in inflammatory 
cytokines (Ortega et al. 2017). Although thermal stress 
can induce the “heat shock response” and, therefore, the 
potential synthesis and release of Hsp, a possible reason for 
the decrease in the circulating eHsp72 after mud therapy 
could be the physiological adaptation to stress by repeated 
hyperthermia sessions (Gálvez et al. 2018a; Uzunoğlu et al. 
2017; Ortega et al. 2018). This phenomenon can contribute 
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to the beneficial effects of BT through hormetic mechanisms 
(Gálvez et al. 2018a).

Analyzing the effects of mud-bath therapy on the IL-8/
TGF-β ratio as an inflammatory index, it has been found 
that this ratio presents a reduction, revealing a further 
decrease in the concentrations of the potent pro-inflamma-
tory chemokine IL-8 (Gálvez et al. 2018b). Indeed, reduced 
systemic IL-8 and TGF-β concentrations correlated with 
decreased pain and improved knee flexion, respectively, 
suggesting that the cytokine-mediated anti-inflammatory 
effects of BT contributed to clinical improvement in OA 
patients, especially in pain and joint function (Kapoor et al. 
2011; Gálvez et al. 2018b). Changes in the cellular immune 
response have also been observed. At baseline, OA patients 
presented diminished neutrophil phagocytic capacity. This 
capacity increased after BT, reflecting an improvement in 
the innate defensive capacity against pathogens together 
with an optimal bioregulatory effect on the inflammatory 
and innate response (Gálvez et al. 2018b). These results con-
firmed, for the first time, that systemic anti-inflammatory 
effects and neuroimmunoendocrine stabilization underline, 
at least partially, the clinical benefits of BT.

In 2017, Ustyol et al. (2017) studied the potential anti-
inflammatory and analgesics effects of Bolu thermal min-
eral water (Turkey) in 40 patients suffering from OA. The 
patients were fully immersed in warm thermo-mineral water 
for 20 min at a temperature of 38 to 40 °C, for a total of 15 
immersions in 15 days, and the analysis of serum cyclooxy-
genase (COX)-2, metalloproteinase (MMP)-3, Hsp70, and 
sphingosine-1-phosphate (an important mediator of inflam-
mation) was assessed after completion of the BT period. The 
treatment caused a significant reduction in circulating levels 
of sphingosine which also resulted positively associated with 
serum levels of Hsp70, COX-2, and MMP-3, suggesting that 
BT modulated inflammatory parameters and stress markers 
through the regulation of sphingosine.

A recent single-blind randomized controlled trial ana-
lyzed the anti-inflammatory effects of saline thermal mineral 
water of Tuzla Spa resort (Istanbul), rich in sodium chloride, 
magnesium, and calcium, on oxidative status parameters 
in 29 patients with chronic low back pain (Yücesoy et al. 
2021). A total of 10 balneological treatment sessions were 
planned for the patients over a period of 2 weeks, consisting 
in tap water full baths up to shoulder level in the hydrother-
apy pool (20 min at temperature of 38 °C), followed by mud 
packs applied on low back region about 15-mm thickness 
at 42 °C temperature. BT induced a significant increase of 
IL-10 serum levels and a slight reduction of IL-6 compared 
to baseline, suggesting a therapeutic role of the treatment in 
this kind of patients. The authors suggested that balneologi-
cal treatments may contribute to pain reduction by acting on 
cytokines. In fact, it has been demonstrated that IL-10 is able 
to downregulate pro-inflammatory cytokine receptors, and it 

is considered a key regulator of chronic pain (Uçeyler et al. 
2006); thus, the reduction of pro-inflammatory cytokine’s 
levels after BT can be associated with the analgesic effects 
of the treatment, as demonstrated by the decrease in per-
ceived pain (Gálvez et al. 2018a; Ortega et al. 2017).

Growing evidence supports the key role of adipokines 
in the pathophysiology of inflammatory and degenerative 
rheumatic diseases. Adipokines, such as adiponectin, leptin, 
resistin, chemerin, omentin, and visfatin, are released pri-
marily by white adipose tissue and have pleiotropic effects 
modulating immune response and affecting bone and car-
tilage metabolism (Fantuzzi 2005; Neumann et al. 2016; 
Fioravanti et al. 2018b, 2019). Considering their role in 
rheumatic conditions and that BT could regulate their serum 
levels through the influence of temperature (Zeyl et al. 2004; 
Imbeault et al. 2009), the modifications of catecholamines 
(Trayhurn et al. 1998), corticosteroids (Miell et al. 1996), 
and cytokines (Delaigle et al. 2004), various authors evalu-
ated the possible adipokines modifications after BT.

In a first study, Fioravanti et al. (2011b) measured the 
serum levels of leptin and adiponectin in patients with knee 
OA before and after a cycle of mud-bath therapy. At the end 
of the treatment, serum leptin showed a slight but not sig-
nificant increase, while a significant decrease in circulating 
adiponectin was found. In a second prospective randomized, 
single-blind controlled study in patients with gonarthrosis, 
the same authors confirmed the decrease of serum adiponec-
tin and showed a similar trend for resistin (Fioravanti et al. 
2015b). In view of the recent evidence about the involve-
ment of adiponectin and resistin in the pathogenesis and 
progression of OA, the decrease of these adipokines partially 
explains the efficacy of BT in the course of the disease.

However, contrasting data were published by Shimodo-
zono et al. (2012) evaluating the acute effects of a single 
warm-water bath (30 min) on serum leptin and adiponectin 
in a small sample of 7 healthy men. The authors showed a 
significant increase of leptin and a slight, but not significant, 
increase of adiponectin at the end of the treatment.

Recently, Ionescu et al. (2017) demonstrated the increased 
serum adiponectin in 23 patients with knee OA after 10 days 
of cold mud applications and baths combined with physical 
therapy.

The differences observed by these authors might be 
related to the subjects studied and the treatment modalities. 
Furthermore, it remains to be clarified which of the mecha-
nisms of action of BT could modify the changes in serum 
levels of adipokines. One possible hypothesis is that local 
application of heat, causing an increase in the internal tem-
perature of the knee, may determine changing in serum adi-
pokine levels, probably due to localized production thereof 
(Fioravanti et al. 2011b, 2015b; Shimodozono et al. 2012). 
Nevertheless, currently available data do not allow to iden-
tify any specific mechanism of action.
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BT and oxidative stress

In the past decades, the involvement of oxidative stress 
in the pathogenesis of many rheumatic diseases has been 
widely recognized (Smallwood et al. 2018; Wójcik et al. 
2021). The production of endogenous reactive oxygen spe-
cies (ROS) is physiologically balanced by the antioxidant 
defense system, and plays a pivotal role in many cellular 
functions (Wójcik et al. 2021). Conversely, the failure of 
the antioxidant scavenging system, which occurs in patho-
logical conditions, induces a status of oxidative damage 
to DNA, proteins, or lipids and promotes alterations in 
signaling and transcription, contributing to exacerbate 
inflammation, activate immune cells and apoptosis, and 
tissue damage (Smallwood et al. 2018; Wójcik et al. 2021).

Recent studies demonstrated the beneficial effects of BT 
in the regulation of oxidant/antioxidant balance in patients 
suffering from degenerative and autoimmune rheumatic 
diseases (Table 2).

The protective antioxidant effect of BT was investigated 
in a group of patients with symptomatic OA in multiple 
sites treated with a cycle of mud-bath therapy in com-
bination or not with hydropinotherapy in comparison to 
a group of control patients (Benedetti et al. 2010). BT, 
consisting on daily mature thermal mud application fol-
lowed by a thermal bath in sulfurous water, significantly 
reduced serum/plasma levels of malondialdehyde while 
increased total antioxidant capacity, at the end of ther-
apy and 1 month later; this treatment also reduced serum 
TNF-α and cartilage oligomeric matrix protein (COMP). 
The authors attributed the positive biochemical effects 
observed after BT to the high quantity of hydrogen sulfide 
 (H2S), equal to 14.5 mg/L, in their mud-bath composition; 
it protects cells from oxidative damage thanks to its ability 
to counteract ROS production, and diminishes, at the joint 
level, oxidative damage to cartilage components, leading 
to a reduction of inflammatory and catabolic processes.

In 2017, Karagülle et al. (2017), in a single-blind ran-
domized controlled trial, investigated the influence of 
2-week course of saline thermal mineral water of Tuzla 
Spa (Istanbul), rich in sodium chloride, magnesium, and 
calcium, on oxidative status parameters in patients with 
rheumatoid arthritis (RA). They observed a significant 
increase of non-enzymatic superoxide radical scavenger 
activity in patients after 12 BT sessions in a thermal min-
eral water pool in comparison to controls. More recently, 
the serum levels of paraoxonase, a protein with antioxi-
dant function, were measured and found increased in 45 
female patients affected to FS engaged in a cycle of BT 
(Karadağ and Doğan 2020). Similarly, the serum concen-
trations of total oxidant status and the measurement of 
oxidative stress index were detected in 35 females with 
FS and resulted decreased after receiving 15 sessions of 

bath treatment for 5 days a week for 3 weeks (Çetinkaya 
et al. 2020).

These studies suggest that BT has antioxidant activity by 
decreasing oxidant status and changing the balance in the 
direction of reduction in oxidative stress.

Furthermore, Gálvez et al. (2020) examined the effects 
of a cycle of mud-bath therapy on the oxidative burst of 
circulating monocytes isolated from elderly patients with 
knee OA, observing that the production of superoxide anion 
resulted significantly reduced in patients after 10 consecu-
tive days of a daily session of mud-bath therapy. Finally, an 
increase of total antioxidant status was found by Kuciel-
Lewandowska (2020) in patients with OA receiving dif-
ferent spa treatment modalities such as sulfide-radon baths 
including whole body or only upper and/or lower extremities 
(temperature of 37–38 °C for 20 min), partial peloid com-
presses (20 min at 40–42 °C), or cryotherapy (ventilation for 
2–3 min at − 80 °C and − 110 °C). However, the paper con-
tains a lot of bias due to the complexity of the spa therapy 
which make difficult any conclusion.

In the last decade, a group of investigators, through pre-
clinical studies, assessed the potential antioxidant effects of 
a thermal mineral water tested as whole or a specific com-
ponent which constitute a mineral water, such as  H2S (Che-
leschi et al. 2020). Among the inorganic molecules which 
constitute mineral waters, sulfur, especially in the form of 
 H2S, has currently been recognized as a crucial element with 
a wide range of functions, and its exogenous and endog-
enous donors were generally employed in in vitro research 
to reproduce physiological functions of  H2S at cellular level 
(Carbajo and Maraver 2017; Viegas et al. 2019) (Table 3).

In 2020, the effects of the thermal sulfurous water from 
Spa of Carballo (Spain) were evaluated in an experimen-
tal model of Wistar OA rats subjected to meniscectomy 
(Vaamonde-Garcia et al. 2020). The animals were treated 
with BT using rich-sulfurous water or were bathed in tap 
water or not treated (controls). At day 40 after rats sacri-
fice, the immunohystochemical analysis on cartilage tis-
sue showed a reduced number of cells positive to markers 
of DNA damage and lipid peroxidation, related to ROS 
overproduction, as well as a reduction of MMP-13, in BT 
group compared to controls. The authors suggested a pro-
tective effect of BT on cartilage since sulfur-rich water may 
attenuate oxidative stress-activated signaling upregulating 
MMP-13 expression, in turn protecting cartilage against 
degradation.

Several in vitro studies have been conducted aimed at 
investigating the antioxidant function of a thermal mineral 
water or exogenous sources of  H2S on cartilage or bone-
derived cells.

A study by Fioravanti et al. (2013) tested the potential 
beneficial effects of Vetriolo thermal water (Trentino Alto 
Adige, Italy), a highly mineralized water, strongly acidic 
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sulfate, rich in calcium, magnesium, and iron, evaluating 
different concentrations of the thermal water (100%, 50%, 
25%), directly dissolved in the culture medium of human 
OA chondrocytes in presence of IL-1β (5 ng/mL). A sig-
nificant reduction of nitric oxide (NO) levels and inducible 
nitric oxide synthase (iNOS) expression was observed in 
chondrocytes treated with 50% and 25% concentrations of 
Vetriolo thermal water.

A recent paper analyzed the potential anti-inflammatory 
effects of a group of 14 Portuguese thermal waters, different 
for mineralization, belonging to the Central Region of Por-
tugal, in mouse monocyte macrophage cell lines exposed to 
lipopolysaccharide (LPS) (Silva et al. 2020). The results of 
the study demonstrated the ability of 11 of the studied waters 
to reduce NO production activated by LPS, downregulate 
iNOS expression, and ROS scavenge activity, confirming 
the anti-inflammatory properties of these waters, support-
ing their therapeutic use for inflammation-related diseases, 
including rheumatic diseases.

In 2012, Fox et al. (2012) studied the response of human 
primary chondrocytes to the incubation with exogenous 
slow-releasing  H2S source, GYY4137. The treatment 
of the cells with different concentrations of GYY4137 
(50–500 mol/L for 18 h) significantly reduced cell death and 
oxidant-induced mitochondrial dysfunction, via Akt/PI3K-
dependent signaling. The effect of GYY4137 (0.1–0.5 mM) 
was also assessed in a study of human arthritis synoviocytes 
and articular chondrocytes stimulated with LPS (Li et al. 
2013), demonstrating a decrease in COX-2, PGE2, TNF-
α, IL-6, and nitrite  (NO2

−) production, the catalytic activ-
ity of iNOS, and nuclear factor (NF)-κB activation, after 
GYY4137 treatment.

The potential antioxidant and anti-catabolic role of NaHS 
and GYY4137 (0.05–1 mM, for 24 or 48 h) was also exam-
ined in human OA chondrocytes stimulated with IL-1β 
(5 ng/mL) (Burguera et al. 2014); the results of the study 
demonstrated the ability of both compounds to significantly 
decreased nitric oxide NO, PGE2, and IL-6, NOS2, COX-2, 
PGE synthase, and NF-κB nuclear translocation activated 
by IL-1β. These data were confirmed 1 year later by Ha 
et al. (2015) in a study on human OA chondrocytes treated 
with NaHS (0.06–1.5 mM), in presence of IL-1β (10 ng/
mL) for 24 h.

Lately, the production of mitochondrial ROS, the related 
apoptosis rate, and superoxide dismutase (SOD) activ-
ity were measured in a study on primary rat chondrocytes 
incubated with GYY4137 (100 μM, 24 h) (Wu et al. 2021); 
GYY4137 significantly decreased ROS generation and apop-
tosis, while increased SOD activity, confirming the antioxi-
dant function of  H2S sources.

A study on murine osteoblast-like cell lines stimulated 
with hydrogen peroxide  (H2O2) (400 μM) showed the anti-
oxidant effect of NaHS (100 μM, 4 h), by increasing SOD 

activity and reducing ROS production, nicotinamide adenine 
dinucleotide phosphate (NADPH) oxidase activity, and NO 
release, probably via p38 and extracellular ERK/MAPK 
(Xu et al. 2011). Some years later, analogous experimental 
studies have been performed in MC3T3-E1 osteoblast-like 
cell lines incubated for 4 h with GYY4137 (100 μM) or 
with a new synthetic  H2S-releasing SDSS (25 μM, 60 min) 
in presence of  H2O2 (400 μM) (Lv et al. 2017; Yan et al. 
2017), demonstrating the ability of the studied compounds 
to reduce SOD activity, ROS, and NO production induced 
by  H2O2.

Finally, a study carried out on human differentiated osteo-
clasts incubated with NaHS (50–300 μM), for a period rang-
ing from 72 h to 6 days, showed a dose-dependent reduction 
of intracellular ROS levels and an increase of nuclear factor 
erythroid 2-related factor 2 (NRF2) activity and antioxidant 
genes peroxiredoxin-1 and NADPH dehydrogenase (Gam-
bari et al. 2014).

The number of evidence about the beneficial effects of BT 
on oxidative stress is growing; however, the mechanism by 
which BT could modulate redox balance is not fully under-
stood. A possible explanation may be related to the high 
temperature of balneotherapeutic local applications which 
induces vasodilatation thus increasing blood flow, contribut-
ing to remove metabolic products, including excessive free 
radical species, and ameliorate tissue oxygenation support-
ing fast cell repair (Jokić et al. 2010). Therefore, it is known 
that BT high temperature is responsible to the increase of 
Hsp production, which partially increased SOD and cata-
lase activities, promoting its antioxidant effects (Jokić et al. 
2010). Finally, water and mud compositions can represent 
important factors for the favorable effect of BT on redox 
balance. Indeed, it has been established that sulfur interacts 
with antioxidant protection enzymes potentiating their activ-
ity and capacity, through the regulation of different signaling 
pathways (Viegas et al. 2019).

BT and cartilage and bone metabolism

The progressive damage of articular cartilage has been 
thought to be one of the primary changes associated to 
arthritic disease, together with moderate inflammatory 
changes in tissues joints, and formation of osteophytes and 
bone cysts (Man et al. 2014). The loss of articular cartilage 
mainly occurs as a consequence of an aberrant chondrocyte 
metabolism in response to changes in the microenvironment. 
The established imbalance between chondrocyte catabolic 
and anabolic activities, in favor of catabolism, induces cell 
death and progressive depletion of extracellular matrix com-
ponents, mainly proteoglycans and type II collagen (Zheng 
et al. 2021).

Accumulating evidence suggests a beneficial impact of 
mineral waters and components in the regulation of cartilage 
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matrix and tissue remodeling during pathological processes 
of degenerative and inflammatory rheumatic diseases.

In 2012, Güngen et  al. (2012), in a prospective ran-
domized controlled study, evaluated the efficacy of 12 
sessions of mud packs on serum levels of YKL-40 and 
high-sensitivity C-reactive protein (hsCRP), two biologi-
cal markers for OA articular damage and inflammation, 
in patients with knee OA. After 3 months of treatment, 
decreased serum levels of YKL-40 were observed, while 
no modifications in circulating hsCRP were found. Consid-
ering that high levels of YKL-40 seem to be related to carti-
lage degradation, fibrillation, and osteophyte formation, the 
maintenance of YKL-40 low levels in mud therapy appears 
to slow down the progression of knee OA (Table 4). Some 
years later, the same authors showed no changes in urine 
levels of C telopeptide fragment of collagen type-II (uCTX-
II), a breakdown product of type II collagen and a marker 
of cartilage destruction, in patients with knee OA treated 
with an analogous mud pack schedule (Güngen et al. 2016).

Serum levels of CTX-II, hsCRP, COMP, and myeloper-
oxidase (MPO) were also assessed in a study comprising 
103 patients with primary symptomatic bilateral knee OA, 
randomly assigned to receive a cycle of mud-bath therapy 
at Chianciano Spa Resort (Siena, Italy) or to continue their 
standard therapy (Pascarelli et al. 2016). After treatment, a 
significant increase of CTX-II levels was reported, whereas 
no changes for COMP, MPO, and hsCRP were observed. 
The authors affirmed that the significant increase of CTX-II, 
found to be predictive of joint degeneration in OA, could be 
due to an increase of cartilage turnover induced by thermal 
stress. One year later, the same group of investigators evalu-
ated the expression profile of microRNA (miR)-155, 223, 
181a, 146a, and let-7e, from whole blood of patients with 
knee OA, demonstrating a significant reduction of their gene 
levels after the same BT schedules (Giannitti et al. 2017). 
The studied miRNA are known to be involved in OA patho-
genesis, mainly acting as mediators of cartilage degrada-
tion, oxidative stress, and inflammation occurring during 
the disease (De Palma et al. 2017). The changes in miRNA 
expression levels observed after BT may be linked to the 
well-known immunosuppressive effect of this treatment, as 
well as to the temperature which could regulate miRNA syn-
thesis, since this process is influenced by the thermodynamic 
stability of the miRNA precursors.

In a recent experience, Cucu et al. (2017) evaluated the 
serum levels of markers related to bone and cartilage metab-
olism, as CTX-I, COMP, receptor activator of NFκB ligand, 
osteoprotegerin, and visfatin, in patients suffering from 
chronic degenerative musculoskeletal disorders, demonstrat-
ing a reduction of serum CTX-I and visfatin after low-dose 
radon therapy. The authors hypothesized a reduction of bone 
degradation induced by radon therapy presumably related to 
an attenuation of inflammation mediated by visfatin.

Lately, a cohort of 66 patients with chronic back pain, 
secondary to axial OA, were enrolled and randomly treated 
with daily mud packs and bicarbonate-alkaline mineral water 
baths, or with a thermal hydrotherapy rehabilitation scheme 
for 2 weeks (Angioni et al. 2019). An increase of serum 
fibroblast growth factors, oxidized low-density lipoprotein 
receptor 1, and MMP-13 were observed after BT in compari-
son to control group, demonstrating that chemical properties 
of mineral waters, together with mechanical and thermal 
effects, may explain, at least in part, the changes in proteins 
involved in differentiation, angiogenesis, and tissue repair.

The anti-inflammatory and analgesic effects of Hévíz 
thermal water and mud (Hungary) were tested in OA and 
RA-induced murine models (Tékus et al. 2018) (Table 5). 
Hévíz medicinal water and mud significantly decreased the 
mechanical hyperalgesia and knee edema in induced-OA 
model, while seemed ineffective in relieving the main symp-
toms of RA mice. The authors supposed that  H2S, present in 
Hévíz water and mud, can lead to the release of the hormone 
somatostatin from the nerve fibers and affect neurotransmis-
sion exerting anti-nociceptive and anti-inflammatory effects, 
acting on its receptor, in the late phase of arthritis.

In 2020, Kim et al (2020) demonstrated the beneficial 
effects of Jeju magma-seawater, with high contents of Na, 
Mg, Ca, K, zinc, and manganese, in rats with partial menis-
cectomy-induced OA. Following 8 weeks of bathing in ther-
mal Jeju magma-seawater, an increased joint thickness and 
bone mineral density, as well as an improvement of mobility, 
were observed. The protective effects of this water can be 
related to the activity of its component involved in reducing 
serum inflammatory cytokines, enhancing the proliferating 
and anti-apoptotic activities, thus contributing to preserve 
cartilage tissue.

Fibroblast-like synoviocyte cultures, derived from RA 
and OA patients, and chondrocyte cell line C-28/I2 were 
employed to study the molecular mechanism of action of 
 H2S, by using its exogenous source, NaHS (Kloesch et al. 
2012a, b). The treatment of the cells with different concen-
trations of NaHS (0.030–1 mM, for a maximum of 12 h) 
transiently reduced the expression of IL-6, IL-8, and COX-
2, and the activation of MAPK/ERK and NF-κB signaling, 
induced by IL-1β (5 ng/mL, 1 h); conversely, high concen-
trations of NaHS (above 0.5 mM) demonstrated opposite 
effects on the analyzed parameters. The effect of different 
concentrations of NaHS (0.06–1 mmol/L) was also assessed 
in OA fibroblast-like synoviocytes stimulated with 10 ng/
mL of IL-1β (Sieghart et al. 2015); the results of the study 
showed that 1 h of NaHS treatment reduced IL-1β-induced 
secretion of IL-6, IL-8, and RANTES, the expression of 
MMP-2 and MMP-14, and the phosphorylation of several 
MAPK proteins, suggesting the ability of  H2S to partially 
antagonize IL-1β stimulation via MAPK and the PI3K/Akt 
pathways.
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NaHS and GYY4137 were tested at concentrations of 200 
or 1000 μM, for 21 days, in OA cartilage extracts co-cultured 
with IL-1β (5 ng/mL) (Vela-Anero et al. 2017). The histo-
logical and immunohistochemical analysis of the samples 
demonstrated a decrease of glycosaminoglycan destruction 
and MMP-3 and MMP-13 production induced by IL-1β, and 
an increased synthesis of collagen type II and aggrecans, 
after long-term treatment of chondrocytes with NaHS or 
GYY4137.

Later, the protective effects of different concentrations of 
NaHS (0.01–1 mM) were observed by Wang et al. (2021) in 
a study on human OA chondrocytes stimulated with IL-1β 
(10 ng/mL), showing the ability of  H2S donor to attenuate 
IL‐1β‐induced overproduction of IL-6, IL-8, and TNF-α, 
and to improve the balance between anabolic and catabolic 
chondrocyte capacities. Furthermore, NaHS significantly 
reversed mitochondrial dysfunction‐related apoptosis and 
phosphorylation of MAPK cascades, suggesting that  H2S 
may antagonize IL‐1β‐induced inflammation and mitochon-
drial dysfunction‐related apoptosis via suppression of the 
PI3K/Akt/NF‐κB and MAPK signaling pathways.

Finally, Liu et al. (2017) analyzed the potential benefit 
of NaHS treatment (400 μmol/L, for 30 min) on primary rat 
osteoablasts, followed by 12-h incubation in DMEM, with 
high glucose concentration (HG); the authors revealed that 
NaHS significantly prevented osteoblast injury induced by 
HG, decreasing the rate of cell proliferation, increasing the 
number of apoptotic cells, and blocking the HG-induced 
osteoblast mineralization inhibition, via activating ATP-
sensitive potassium channels.

Balneotherapy and immune system: a model 
of immunoneuroendocrine interaction

Regarding the effects of BT and mud-bath therapy on the 
immune system, the physiological mechanisms underlying 
the beneficial anti-inflammatory, chondroprotective, and 
immunomodulatory effects in rheumatic pathologies are  
not clearly known yet. However, among these physiologi-
cal mechanisms, currently immunoneuroendocrine interac-
tions should be included, particularly taking into account 
well-being aspects linked to the BT interventions, i.e., the 
environmental enrichment that can improve psychological 
parameters of the patients (Gàlvez et al. 2018a; Scanu et al. 
2021).

It has already been mentioned in previous sections of this 
review that the anti-inflammatory action may arise from the 
reduction of pro-inflammatory and chondrolytic activity by 
inhibition of pro-inflammatory cytokines and adipokines, 
inhibition of prostaglandins and leukotrienes, and an 
improvement in the oxidative balance and anabolic metabo-
lism of chondrocytes. This immune response occurs in part 
due to various neuroendocrine and neurovegetative stimuli, 

which are caused, at least partially according to the current 
state of evidence, by heat stress. In general, based on the 
decrease in inflammatory mediators and reduced adaptive 
response, heat stress appears to have an immunosuppressive 
effect. With moderate increases in local skin temperature, a 
stimulatory effect of the immune response seems to prevail, 
whereas higher temperatures (40–41 °C), such as those used 
in BT, apparently have a suppressive effect on immunity 
(Fioravanti et al. 2011a; Tenti et al. 2015). The immunosup-
pressive action of heat in both BT and muds is reflected by 
a significant reduction in T lymphocyte concentrations in 
the peripheral blood. This reduction could result in lower 
production of pro-inflammatory cytokines by this cell type 
(Sukenik et al 1999; Mooventhan et al. 2014).

However, it is known that the influence of stress on the 
adaptive immune response differs from that in the innate 
response, and hyperthermia also plays an important role 
in the function of the innate immune system. Importantly, 
when analyzing the innate response, it is necessary to con-
sider both the inflammatory humoral response and the innate 
cellular response (Ortega 2016). Hyperthermia seems to 
increase the motility, phagocytic and bactericidal properties, 
and enzymatic activity of circulating granulocytes, as sug-
gested in recent reviews (Fioravanti et al. 2011a; Tenti et al. 
2015), although a decrease in the number of neutrophils has 
also been described (Basili et al. 2001).

Regarding the phagocytic process of circulating mono-
cytes, it has been observed that the chemotactic capacity 
of these cells increases after BT. As for the phagocytic 
capacity (percentage of monocytes with phagocytic capac-
ity, and their phagocytic activity), it was not modified, 
while the production of superoxide anion decreased after 
treatment. This could potentially reflect a shift towards an 
anti-inflammatory profile of monocytes (patrolling mono-
cytes) with a greater capacity for infiltration and repair of 
tissue damage (Gálvez et al. 2020). Moreover, the percent-
age of CD4 + CD25 + FOXP3 + regulatory T lymphocytes 
decreased and that of CD8 + CD28 − regulatory T lympho-
cytes increased after the BT intervention, possibly being 
also involved in the anti-inflammatory effects of this strategy 
(Gálvez et al. 2018b). The induction of increased CD8 + reg-
ulatory T lymphocytes in rheumatic pathologies has been 
shown to have beneficial anti-inflammatory effects, as these 
cells contribute to decrease excessive inflammatory activ-
ity (Konya et al. 2009), while the decrease in CD4 + found 
after mud-bath therapy could be a reflection of the reduced 
need to counteract the excessive immune response, as it has 
been observed in other OA treatments (Guo et al. 2015). The 
novelty of these results lies particularly in the focus on the 
influence of BT on the systemic cellular immune response.

Since the inflammatory response is part of the innate 
immune response to pathogens, it could be speculated that 
a reduction in the inflammatory response could further 
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compromise the cellular immune response in patients with 
rheumatic pathologies. However, when analyzing all aspects 
of the innate/inflammatory response together, results have 
shown that BT interventions can stimulate granulocyte 
innate activity against pathogens, helping to improve the 
impaired defensive capacity of granulocytes in OA patients. 
This anti-inflammatory effect accompanied by an optimal 
immune response against pathogens is defined (in the con-
text of other non-pharmacological anti-inflammatory strate-
gies such as physical exercise) as the “bioregulatory effect” 
of the inflammatory/innate immune response (Ortega 2016), 
and has been proposed in the field of BT as the “bioregula-
tory effect of balneotherapy” (Gálvez et al. 2018b).

In any case, it is plausible to think that the mechanism of 
effectiveness of these therapies probably results from a com-
plex synergistic combination of several factors (Morer et al. 
2017). Whatever the mechanism involved, to a greater or 
lesser extent, the physiological responses derived from bal-
neotherapy consist mainly of neuroendocrine and immune 
effects, which are particularly important in rheumatic pathol-
ogies (Gálvez et al. 2018a). These findings corroborate the 
clinical efficacy of balneotherapy and represent yet another 
relevant step forward in the field of Medical Hydrology by 
providing with objective immunophysiological mechanisms 
of effectiveness to the scientific evidence of the clinical ben-
efits of these therapies.

Discussion

The objective of this narrative review was to summarize the 
latest available information about the beneficial effects of 
BT on different mediators and factors of inflammation, oxi-
dative stress, cartilage and bone metabolism, and humoral 
and cellular immune response (including immunoneuroen-
docrine interactions), and to identify its possible mechanism 
of action in different rheumatic diseases.

In the last decade, the growing body of evidence derived 
both from clinical and pre-clinical studies corroborated 
the anti-inflammatory, antioxidant, chondroprotective, and 
immunomodulatory role of different mineral waters or mud 
applications (Gálvez et al. 2018a; Cheleschi et al. 2020; 
Maccarone et al. 2021b).

The results of clinical studies, using various BT modali-
ties, confirmed the beneficial properties and the positive 
effects of BT in limiting the production of the main pro-
inflammatory cytokines, prostaglandins, heat shock proteins, 
and adipokines in patients with OA (Fioravanti et al. 2011a; 
Shimodozono et al. 2012; Gálvez et al. 2017; Ionescu et al. 
2017; Ortega et al. 2017). The ability of BT in regulating 
oxidant/antioxidant balance and reducing oxidative status 
parameters was observed in patients suffering from RA, 
fibromyalgia, and OA (Karagülle et al. 2017; Karadağ and 

Doğan 2020; Kruciel-Lewandowska et al. 2020). Further-
more, the main markers of bone and cartilage damage and 
metabolism, and a pattern of miRNA were positively modu-
lated by BT in patients with OA and affected by chronic 
degenerative musculoskeletal disorders (Güngen et al. 2012, 
2016; Pascarelli et al. 2016; Cucu et al. 2017; Giannitti et al. 
2017; Angioni et al. 2019).

The data derived from OA and RA-induced murine mod-
els revealed the efficacy of different balneological treatments 
in decreasing pain, inflammation, and improving mobility, 
as well as in reducing the expression of matrix-degrading 
enzymes and markers of oxidative stress damage (Tékus 
et al. 2018; Vaamonde-García et al. 2020; Kim et al. 2020).

Different in vitro studies analyzed the potential effect of 
mineral elements of mineral waters, especially  H2S, demon-
strating their anti-inflammatory, antioxidant, and chondro-
protective properties in arthritic fibroblast-like synoviocytes 
and chondrocytes, and in OA chondrocytes and cartilage 
(Fox et al. 2012; Kloesch et al. 2012a, b; Li et al. 2013; 
Burguera et al. 2014; Ha et al. 2015; Wu et al. 2021; Sieghart 
et al. 2015; Vela-Anero et al. 2017; Maccarone et al. 2021b). 
The ability of  H2S donors to reduce oxidative stress damage 
was confirmed in human and rat primary or transformed cell 
lines of osteoblasts and osteoclasts (Xu et al. 2011; Gambari 
et al. 2014; Lv et al. 2017; Yan et al. 2017).

Finally, only two studies on cell cultures attested the ben-
eficial effect of different thermal mineral waters, tested as 
a whole, in reducing oxidative stress and degrading pro-
cesses of articular cartilage (Fioravanti et al. 2013; Silva 
et al. 2020).

Taken together, the presented data are promising and 
stimulating and confirm BT as an effective complementary 
approach in the management of several low-grade inflam-
mation, degenerative, and stress-related pathologies, in 
particular rheumatic diseases. However, although the docu-
mented clinical and pre-clinical benefits of BT, the exact 
role of this therapy in modern medicine and its consensus 
for scientific community remains still controversial. Indeed, 
some aspects of these studies are questionable and could 
represent a source of bias. The presented clinical data only 
refer to the short-term effects of balneotherapic treatments 
on modifications of the studied mediators and factors, until 
the end of the treatment cycle, while no information about 
the possible long-term effects are available. Comparisons 
between studies are difficult since the variety and heteroge-
neity of different compositions of mineral waters and peloids 
used and treatment schedule; this makes difficult to deter-
mine the exact intervention for obtaining optimal biological 
and clinical outcomes for each pathology. It also remains 
to be clarified which waters are the most suitable for each 
pathological condition, which elements are fundamental, and 
what is their appropriate concentrations for the best response 
to treatment. Furthermore, there is no enough evidence 

8068 Environ Sci Pollut Res  (2022) 29:8054–8073

1 3



concerning the absorption of mineral elements composing 
mineral waters into the systemic circulation through the skin 
(Fioravanti et al. 2011a).

In vitro testing allows to partially overcome this aspect 
since they represent an essential approach to understand 
the specific effect of a mineral water or a particular ele-
ment, in terms of mechanisms of action, toxicity, and bio-
logical response, as well as to identify the best concentra-
tions necessary for obtaining optimal biological benefits. 
However, the validity of in vitro studies is conditioned by 
several factors, including the isolation procedures of the 
cells from different donors, the identification of the most 
suitable cell model for such pathological condition, and the 
standardization of the experimental procedures (Cheleschi 
et al. 2020). Additionally, the maintenance of the optimal 
culture conditions, such as the physiological temperature 
preserved at 37 °C, and the sterilizations of mineral waters 
or single components, to avoid interference with cell via-
bility and metabolism, could alter water composition and 
maybe remove chemical or organic components, including 
the natural spring water microbiome, recently considered 
to be responsible for some positive effects of BT in differ-
ent diseases (Carretero 2020b; Pedron et al. 2019; Varga 
2019). Indeed, the organic compounds, organic matter 
content, and microbial communities present in thermal 
mineral waters or mud are specifics for each one and, in 
some cases, very heterogeneous one to each other. A num-
ber of studies have been performed aimed at investigating 
mud and spring water microbiome biodiversity, identifying 
different native non-pathogenic microflora communities 
with specific characteristics (Tett et al. 2017; Pedron et al. 
2019; Doulgeraki et al. 2020; Gris et al. 2020). Recent 
evidence has shown anti-inflammatory, immunomodula-
tory, and regenerative properties of some spring waters 
and muds associated with active metabolites produced by 
the spring microbiome (Pedron et al. 2019; Varga 2019; 
De Natale et al. 2020; Fernández-González et al. 2021). 
One of the first report analyzed the microbial composi-
tion of the spring water of La Roche-Posay (France), a 
selenium-rich water known for its anti-inflammatory prop-
erties, and principally used for the treatment of chronic 
inflammatory diseases as atopic dermatitis and psoriasis; 
the lysate of Vitreoscilla filiformis, a bacterium within 
the Neisseriaceae family, was isolated from this spring 
water and has been recognized to induced enhancement of 
skin defense mechanisms through activation of cutaneous 
regulatory T cells (Martin et al. 2015). Besides, lysates of 
Proteobacteria and Actinobacteria were found in Comano 
spring water (Trento, Italy), a hypotonic, bicarbonate cal-
cium–magnesium mineral water specifically employed for 
treating various inflammatory-based cutaneous disorders, 
and cultured with human skin fibroblasts; the study dem-
onstrated a regenerative effects of Comano spring water 

microbiome by inducing cell proliferation (Nicoletti et al. 
2019). A recent study of Eliasse et al. (2020) showed the 
anti-inflammatory effects of Avéne spring water (France), 
a water rich in bicarbonate, calcium, and magnesium, 
extensively used to treat atopic dermatitis and psoriasis; 
this property was mainly attributed to a biological extract 
from Aquaphilus dolomiae, a bacterium belonging to 
Neisseriaceae family, revealing the ability to regulate the 
innate cutaneous immune response by activation of Toll-
like receptors and modulation of mast cell and dendritic 
cells function (Aries et al. 2014; Eliasse et al. 2020).

Despite the growing body of evidence, the microbiome 
biodiversity of thermal waters and muds is, however, com-
plex and not fully characterized so far.

In conclusion, the latest and available evidence confirm 
the role of BT as complementary therapy for the treatment 
of different rheumatic diseases. However, more researches 
should be conducted to further evaluate the long-term effi-
cacy of BT, as well as to implement the methodological 
quality of clinical trials standardizing treatment modali-
ties, intervention periods and frequencies, water tempera-
ture, and composition. Nowadays, a general improvement 
of pre-clinical studies is imperative, both to limit the 
high heterogeneity existing among the available scientific 
sources and to allow a standardization of the experimen-
tal procedures. Furthermore, the analysis of the effects of 
the only inorganic composition of thermal waters is not 
enough, but it is necessary to perform a complex chemical 
analysis which should also consider their organic fraction 
and microbial communities that may play a role in the 
therapeutic efficacy or in other biological mechanisms. 
All these adjustments could contribute to increase the 
knowledge about the biological mechanisms underlying 
the beneficial effects of BT.
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