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A B S T R A C T

As a mirror image of the Roman god Janus Bifrons, the environment has a hidden face. To highlight this hidden
face of the environment in the field of systemic sclerosis (SSc) will allow to identify responsible agents emerging
in the future. To date, there is, in fact, a growing scientific evidence that environmental factors have a crucial
impact on both alterations and modulation of epigenetic determinants, resulting in SSc onset and progression. It
has been well established that there is a marked correlation between SSc onset and occupational exposure to
crystalline silica and organic solvents. More recently, an association between SSc and exposure to heavy metals
has further been found, including: antimony, cadmium, lead, mercury. These latter findings interestingly un-
derscore that occupational exposure to heavy metals should be systematically checked in all SSc patients at
diagnosis, as the identification of the occupational toxic agent will allow its interruption, which may result in
potential improvement of SSc outcome.

1. Introduction

Systemic sclerosis (SSc) is a complex systemic inflammatory dis-
order affecting the skin and other organs [1–5]. The condition is
characterized by three histopathologic features: (i) both structural and
functional vascular lesions, associated with progressive endothelial
damage, reduction in the number of capillaries, thickening of arterial
walls, and obliterative vasculopathy; (ii) perivascular and tissue in-
filtration of mononuclear inflammatory cells at early stages of SSc.
Histological analyses of skin biopsy specimens have shown prominent
CD4+ cellular infiltration with overexpression of cellular adhesion
molecules in both vessels and interstitium; and (iii) increased synthesis
and excessive deposition of extracellular matrix, resulting in fibrotic
destruction of internal organs during the course of SSc [3,6–11].

The pathogenesis of SSc still remains unclear, although multiple
genetic, epigenetic and environmental risk factors have been in-
criminated. Genome-wide association series have, in fact, identified
increasing number of genes contributing to SSc pathogenesis, although
the low penetrance of genetic risk factors and concordance in twins
have been underscored. Thus, the inheritance of genes alone is un-
sufficient for developing SSc. Non-encoded regulation of gene expres-
sion provided by epigenetic mechanisms plays a crucial role in SSc
susceptibility that is still being studied; these epigenetic modifications
can result from inherited DNA sequences and environmental exposures.
Altogether, it is increasingly thought that interactions between en-
vironmental factors and epigenetic features lead to the onset and

progression of SSc in genetically susceptible patients (Fig. 1) [3,12,13].
Three main epigenetic features are thought to determine the epigenome
in SSc, i.e.:

• DNA methylation, resulting in dysregulation of:
- CD4+ T cells which appear to be hypomethylated. CD4+ T cell in
association with reduced expression of methylation-regulating
genes: DNA methyltransferase-1 (DNMT1), methyl-CpG-binding
domain (MBD) 3 and 4 [6,14]. CD40L gene promoter has also been
found to be hypomethylated and transcriptionally active in CD4+ T
cells [6,15]. In female patients with SSc, the presence of demethy-
lated CD40L regulatory elements on the inactive X chromosome
results in CD40L overexpression [6,15]. Furthermore, the promoter
of CD70 is hypomethylated, leading to the overexpression of CD70
by CD4+ Tcells in SSc patients [6,15];

- endothelial cells. In SSc patients, CpG hypermethylation of the bone
morphogenetic protein receptor factor type 2 (BMPR2) may lead to
higher vulnerability of endothelial cells to apoptosis and oxidation
damage [16];

- fibroblasts. Hypermethylated fibroblasts have been found in dermal
fibroblasts from SSc patients; histological analyses of skin biopsy
specimens have also shown higher levels of methylation regulatory
genes DNMT1, MBD1 and methyl-CpG-binding protein (MECP) 2 in
SSc patients than in controls [3,6].

• Histone alterations, leading to dysfunction in transcription and
modulation of gene expression [3,6]. In experimental models of
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skin/lung fibrosis and in SSc skin biopsy samples and explanted fi-
broblasts, analyses have demonstrated increased lesional tissue
p300 levels, promoting histone H4 hyperacetylation and trans-
forming growth factor β (TGF-β)-induced transcription of fibrotic
genes [17,18]. Additionally, the histone deacetylase sirtuin 1 has
been found to be reduced in human and mouse fibroblasts in culture
as well as in murine model of fibrosis by effects of blocking Smad-
dependent transcription [18].

• MicroRNA profile impairment, resulting in a pro-fibrotic process
[6,12,19]. SSc patients, compared with healthy subjects, have been
found to exhibit:

- ex vivo lower levels of miR-29 (which has a master antifibrotic ac-
tion on collagen I and III and extracellular matrix components via
inhibition of expression of COL1-A1, COL1-A2, and COL1-A)
[9,12,20,21];

- higher values of: 1) miR-92a in dermal fibroblasts and in sera,
leading to decreased levels of metalloprotease 1 [9]; and 2) miR-
143-3p, which were predictive of SSc severity [22];

- reduced levels of miR-129- 5p in dermal fibroblasts, resulting in
elevated expression of collagen I and connective tissue growth factor
(CTGF) [23]

2. Environmental factors and SSc

Many environmental factors have been incriminated to play a role
in SSc pathogenesis, which can be divided into: occupational chemical
agents, physical agents, air pollutants, infections, diet, foods and
dietary contaminants.

2.1. Occupational chemical agents

A marked correlation has been found between SSc onset and occu-
pational exposure to chemical agents, especially crystalline silica and
organic solvents (Fig. 2).

• Crystalline silica: Bramwell [24] was the first to describe SSc in
Scottish stonemasons. In 1957, Erasmus [25] has reported a higher
incidence of SSc in gold miners exposed to crystalline silica, com-
pared with the general population (2/1000 vs. 0.35/1000). Previous
case–control series have found a correlation between crystalline si-
lica and SSc [26–28]. A 2014 case–control study has also demon-
strated a marked association between SSc and crystalline silica ex-
posure (OR 5.32, 95% CI 2.25–13.09); the risk was stronger in SSc
patients with high level of crystalline silica exposure (OR 9.68,
95%CI 2.14–59.43) [29]. Interestingly, occupational exposure to
crystalline silica has further been found to be a predictive parameter
of SSc severity, as SSc exposed patients more often exhibited: 1)
diffuse cutaneous SSc (P= .02); 2) digital ulcers (P= .05) and
lower median value of left ventricular ejection fraction (P= .006);
and 3) interstitial lung disease (ILD) (P= .0004), that was also more
severe in the group of silica-exposed patients with SSc, as shown by
lower median values of forced vital capacity (FVC) (P= .004) and
diffusing capacity of the lungs for carbon monoxide (DLCO)
(P= .01) on pulmonary function tests and more common honey-
combing (P= .045) pattern on high resolution computed tomo-
graphy (HRCT) scan [30].

The pathogenic mechanisms of crystalline silica remain unclear in
the development of SSc. Because silica is a strong T cell adjuvant,
dysregulated immune response triggered by crystalline silica in ge-
netically predisposed subjects could lead to tissue damage and systemic
inflammatory response [31]. Experimental series have shown that si-
lica, administered intratracheally or intravenously, may interact with
alveolar macrophages resulting in immune dysfunction and notably to:

- activation of T and B lymphocytes, responsible for cytokine synth-
esis (Tumor necrosis factor [TNF], interleukin-1b, Tranforming
growth factor [TGF-β]) and autoantibody production. In addition,
chronic exposure to silica has been found to activate both responder

Fig. 1. Interplay between environmental factors, epigenetics and genetics in SSc.

Fig. 2. Occupational influences on the onset of SSc.
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T cells and regulatory T cells [31–33]. These activated responder T
cells enter the peripheral CD4+25+ fraction and activated reg-
ulatory T cells, which may lead to decreased inhibitory function of
regulatory T cells [31–33]. Furthermore, persistently activated re-
sponder T cells may further express Fas-mediated apoptosis in-
hibitory molecules such as soluble Fas and survive longer, con-
tributing to progression of SSc [31–33];

- autoimmunity related to apoptosis with autoantigen alterations
[34]. Indeed, when neutrophils undergo apoptosis, primary granule
constituents translocate to the cell surface, leading to both genera-
tion of self antigens and tolerance breakdown [35];

- and activation of fibroblast proliferation, with increased synthesis of
collagen and other components of extracellular matrix (fibronectin,
glycosaminoglycans) [29,36].

• Organic solvents are compounds that can be dichotomized into
aliphatic-chain compounds (n-hexane), aromatic compounds (ben-
zene, xylene), and chlorinated compounds. Common uses for or-
ganic solvents are: dry cleaning (tetrachloroethylene), paint thin-
ners (toluene), nail polish removers and glue solvents (acetone,
methyl acetate, ethyl acetate) and spot removers (hexane) [29]. To
date, the applications of organic solvents are increasingly diversified
in both developed and developing countries. The association be-
tween SSc and organic solvent exposure was first described by Reinl
[37]. Such an association between organic solvent exposure and
increased risk of SSc has further been found [27,38–40]. A large
case-control study also showed the marked association between SSc
and organic solvents for white spirit (OR 7.69, 95% CI 4.11–14.7),
aromatic solvents (OR 8.17, 95%CI 2.29–36.5), chlorinated solvents
(OR 2.46, 95% CI 1.12–5.32), trichloroethylene (OR 2.26, 95% CI
0.95–5.26), and ketones (OR 3.37, 95% CI 1.51–7.53) [29]. Ad-
ditionally, occupational exposure to organic solvents seems to be a
predictive parameter of SSc severity [30]. Thus, SSc patients who
were exposed to organic solvents, compared to non-exposed pa-
tients, more often exhibited: 1) diffuse cutaneous SSc (P= .001); 2)
severe microangiopathy as shown by higher prevalence of digital
ulcers (P= .01) and lower median value of left ventricular ejection
fraction (P= .04); 3) ILD (P= .02), which was more severe in ex-
posed patients with lower median values of FVC (P= .005) and
DLCO (P= .02) on pulmonary function tests; 4) cancer (P= .003);
and 5) positivity of anti-Scl70 antibody (P= .04) [30]. Interest-
ingly, in this latter series, the authors have found that patients who
were exposed to chlorinated solvents, compared to those exposed to
white spirit, aromatic solvents, or ketones, exhibited the more se-
vere pattern of SSc, including higher median values of Rodnan score
(P= .037) and lower median values of left ventricular ejection
fraction (P= .04), VC (P= .04), FVC (P= .03), and DLCO
(P= .009) [30].

The pathogenic mechanisms of organic solvents remain unclear in
the onset of SSc. Previous authors have speculated that organic solvents
may link with nucleic acids and proteins, leading to immune disruptors
and increased risk of SSc [36]. MRL+/+ mice, when exposed to tri-
chloroethylene, developed higher levels of overall serum IgG and in-
creased prevalence of antinuclear antibodies [41]. Other experimental
models have shown that exposure to trichloroethylene resulted in:

- protein modifications [42–46];
- increased synthesis of IL-17 and IL-21 by splenocytes in tri-
chloroethylene-treated mice [47];

- production of reactive oxygen species and increased nitric oxide by
nitric oxide synthase in cultured human epidermal keratinocytes
[48];

- Th1 T cell activation and inhibition of cellular apoptosis of naïve
CD4+ and CD8+ T cells in MRL+/+ mice [49,50];

- and DNA hypermethylation on rat cardiac myoblasts [51].

In addition, other experimental studies have demonstrated that
exposure to benzene led to: 1) decreased number of CD4+/CD8+ T
cells and B cells in exposed workers [52]; 2) higher reactive oxygen
species and induction of DNA fragmentation in pump workers [53]; and
3) changes in gene transcription involved in apoptosis, oxidative stress,
cellular cycle, and cytokine production in benzene-treated mice [54].

• Welding fumes: One case-control series has found higher OR in SSc
for welding fumes (OR 3.74, 95% CI 1.06–13.18) [27]. Another
larger case-report study (100 SSc patients, 300 controls) showed a
significant association between SSc and occupational exposure to
welding fumes (OR 2.60, 95% CI 1.15 to 5.81) [29]. This latter study
has demonstrated that the risk of SSc was increased in patients with
a higher level exposure (OR 4.70, 95% CI 1.09–23.14) for welding
fumes [29].

2.2. Physical agents

Physical agents include ionizing radiation, ultraviolet radiation,
electric and magnetic fields. To date, there is growing evidence for: 1)
an association between ionizing radiation and risk of autoimmune
thyroiditis and Graves' disease; and 2) an inverse relationship between
ultraviolet exposure and risk of multiple sclerosis [3]. However, no
investigators have yet assessed the risk of SSc in patients exposed to
ionizing radiation, ultraviolet radiation, as well as electric and mag-
netic fields.

2.3. Air pollutants

In 2016, among 14,000 male rescue/recovery workers enrolled in
the Fire Department of the City of World Trade Center (WTC), acute and
high level exposure to dusts has been linked to increased risk of sys-
temic autoimmune disorders; the higher WTC exposure group had, in
fact, 7.7 excess cases of systemic autoimmune diseases [55]. Among the
97 patients who developed autoimmune diseases, two had SSc [55]. In
the patients exposed to dust, in whom interstitial lung inflammation
and disease developed, histological analyses of lung biopsy specimens
revealed the presence of aluminum and magnesium silicates, chrysotile
asbestos, calcium phosphate and calcium sulfate, small shards of glass
and carbon nanotubes of various sizes and lengths [56]. In experimental
models, such dust exposure was also found to be related to changes in
markers of pulmonary inflammation, oxidative stress and epigenetic
changes [56,57].

Furthermore, particulate air pollution has been speculated to be
associated with onset of autoimmune diseases, including SSc, although
the extent to which such exposure increases susceptibility to SSc re-
quires further assessment [58,59]. In addition, particulate emission
from diesel exhaust engines has also been associated with fibrosis
[60,61]. Diesel exhaust nanoparticles have been shown to be inter-
nalized by monocyte-derived macrophages and keratinocytes from
healthy subjects, resulting in oxidative, pro-fibrotic, and pro-in-
flammatory processes in normal human skin [60,61]. In fact, diesel
exhaust nanoparticles have been found, in vitro, to result in:

- increased mRNA gene expression of: metalloproteases 2, 7, 9, and
12; collagen I and III;

- higher levels of vascular endothelial growth factor (VEGF) in SSc
fibroblasts than in controls [3];

- and activation of keratinocytes in patients with diffuse cutaneous
SSc with elevated levels of pro-fibrotic cytokines: IL-1α, IL-8, and IL-
6 mRNA levels [62]. Interestingly, IL-1α has been reported to be
stronglly elevated in SSc epidermis, which may be responsible for
keratinocyte–fibroblast interactions, contributing to fibroblast acti-
vation [63].
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2.4. Infections

Infections have been speculated to play a role in SSc onset.
Numerous mechanisms of infections have been proposed, such as en-
dothelial cell damage, molecular mimicry and self-reactive antibodies
[64]. The following pathogen micro-organisms have been incriminated
in SSc genesis:

- Parvovirus B19. The presence of the parvovirus B19 has further been
observed in bone marrow biopsy specimens of 57% of SSc patients
[65], suggesting that the bone marrow may represent a reservoir
from which the parvovirus B19 virus spreads to SSc tissues [66].
Endothelial injury in patients with parvovirus B19 has been specu-
lated to reflect a combination of direct viral cytotoxicity and hu-
moral immunity [67]. It has also been reported that parvovirus B19
exerts a cytotoxic effect on infected cells through a non-structural
protein NS-1 [68]. The ability of parvovirus B19 to persistently in-
fect SSc fibroblasts might result in marked cell alterations [69].

- Cytomegalovirus: Cytomegalovirus may play a role in SSc onset due
to its ability to infect both endothelial cells and monocytes/macro-
phages and through the upregulation of fibrogenic cytokines and
induction of immune dysregulation [70]. Infection of endothelial
cells by cytomegalovirus may alter the expression of different in-
tegrins and be responsible for the expression of fibrogenic cytokines
and dysregulation of different antibodies, especially anti-Scl70 an-
tibody [70,71]; anti-Scl70 antibody could cross-react with a peptide
sequence of the UL-70 protein of cytomegalovirus [70,71].

- Helicobacter pylori (H. pylori). Previous authors have found higher
prevalence of H. pylori in SSc patients, compared with healthy
subjects [72,73]. It has been suggested that H. pylori may shed ex-
tracellular products, principally heat shock protein 60 (HSP 60)
eliciting local and systemic immune responses, leading subsequently
to tissue damage [74].

2.5. Diet, foods and dietary contaminants

Regarding dietary factors in autoimmune diseases, the gold stan-
dard is the causation of celiac disease by gluten ingestion [36]. Nutri-
tional sources may also provide the methyl donors and cofactors (folic
acid, vitamin B12, and pyridoxal phosphate) crucial for DNA and his-
tone methylation. There are reports of diet-induced epigenetic changes
in adults [3]. However, the association between dietary factors and Sc
has not yet been evaluated.

3. Heavy metals and SSc

In 1988, Pedersen et al. [75] have first mentioned that four great
masters suffered from rheumatoid arthritis (Duffy, Renoir, Rubens) and
SSc (Klee). Because these painters used significantly more bright and
clear colors based on toxic heavy metals and fewer earth colors, it has
been suggested that they may have been markedly exposed to the fol-
lowing heavy metals: antimony, arsenic, cadmium, chromium, cobalt,
lead, manganese, mercury and tin [75].

In 2017, the role of heavy metals has been, to our knowledge, un-
derscored for the first time in SSc pathogenesis (Fig. 3) [76]. The in-
vestigators have conducted a prospective case-control study, in order to
assess the risk of SSc related to occupational exposure to heavy metals,
in 100 patients with a definite diagnosis of SSc and 300 controls; 3 age
(± 5 years), gender, and smoking habit matched controls were selected
for each patient [76]. All SSc patients and controls underwent detection
and quantification of heavy metal traces in hair samples, using multi-
element inductively coupled plasma mass spectrometry (ICP-MS): alu-
minum, antimony, arsenic, barium, beryllium, bismuth, boron, cad-
mium, chromium, cobalt, copper, germanium, lead, lithium, manga-
nese, mercury, molybdenum, nickel, palladium, platinum, rubidium,
selenium, silver, strontium, tellurium, thallium, tin, tungsten, uranium,

vanadium, and zinc [76]. Interestingly, this study has demonstrated
that SSc patients exhibited higher median levels of the following metals
in hair samples: antimony (p= .001), cadmium (p= .0003), lead
(p= .02), mercury (p= .02), molybdenum (p= .04), palladium
(p < .0001) and zinc (p= .0003). The authors have therefore pointed
out that occupational exposure should be systematically checked at
initial evaluation of patients with SSc [76]. They have also suggested
that exposure to such heavy metals may play a role in development of
SSc [76].

3.1. Antimony

Studies in the US general population have found a correlation be-
tween higher levels of antimony and peripheral arterial diseases, as well
as cardiovascular and cerebral diseases and diabetes [77,78]. Further-
more, another study showed that antimony was associated with cardi-
ovascular endpoints in smelter workers [79,80]. The 2017 case-control
study adds SSc to the health outcomes, which may be associated with
antimony exposure. In this latter case-control study, a significant as-
sociation between SSc and antimony exposure was observed in both
male and female patients; most cases exposed to antimony were
workers in manufactures of semi-conductors, infrared detectors and
diodes, lead storage batteries, fire-retardant formulations for plastics,
rubbers and paints, and electronics [76]. In fact, antimony is released
in: 1) producing of semi-conductors, infrared detectors and diodes, lead
storage batteries, solder, sheet and pipe metal bearings, castings,
pewter, metal alloys, fire-retardant formulations for plastics, rubbers,
textiles, paper and paints, and explosives; and 2) manufacturing of
electronics [81,82].

The pathogenic mechanisms of antimony remain unclear in the
onset of SSc. Antimony has been reported to induce enhanced autop-
hagy, leading to radical oxygen species generation and cell death [83].
Basic science series have suggested that antimony may alter the epi-
genome [80,81,84,85], leading to (Fig. 4): 1) chromosomal aberration
tests in cultured mammalian cells; and 2) excess production of active
oxygen species and interference with DNA repair system [84]. In an-
other series, oxidative DNA damage were more often observed in mall
workers, who handled materials containing antimony, than in controls
[86]. Furthermore, antimony may deplete glutathione and protein-
bound sulfhydryl groups, leading to the production of reactive oxygen
species (superoxide anion, hydrogen peroxide, hydroxyl radicals) [87].

3.2. Cadmium

Cadmium is a widespread metal [88]. Cadmium excretion is slow,
resulting in a gradual accumulation in the whole body with a half life
being as long as 45 years [76]. The association between cadmium

Fig. 3. Association between heavy metal exposure and development of SSc.
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exposure and elevated risk of cardiovascular diseases, including is-
chemic heart disease, heart failure, stroke, peripheral arterial disease,
diabetes and lung cancer has been described [89–95]. In a case-control
series, a correlation was found between cadmium and rheumatoid ar-
thritis; indeed, patients with rheumatoid arthritis exhibited higher le-
vels of cadmium within hair samples [96]. In the 2017 case-control
study, the investigators have observed a marked association between
SSc and cadmium exposure [76]. They further found that the associa-
tion between SSc and cadmium exposure was stronger in females than
in males. This finding was explained, in part, by the occupational dif-
ferences between male and female SSc patients [76]. In fact, exposure
to cadmium was observed in patients producing batteries, pigments,
coatings and platings, stabilizers for plastics and nonferrous alloys, and
photovoltaic devices, as described previously [76].

The pathogenic mechanisms of cadmium remain unknown in the
development of SSc. Murine series have indicated that cadmium may
result in immune dysfunction, and notably in:

- increased neutrophil recruitment, resulting in synthesis of radical
oxygen species [97];

- macrophage immune dysfunction, with altered phagocytic activity
and migration, through: 1) inhibition of NF-κB pathway, specifically
through inhibition of IKKβ; and 2) alteration of macrophage pro-
gramming with predominant M2 macrophages that elicit a cytokine
profile designed to promote humoral-mediated Th2 immune re-
sponse, leading to release of matrix metalloproteases and damage-
associated molecular patterns recruiting more macropahges [98].

- activation and proliferation of T and B lymphocytes, leading to up-
regulation of: 1) pro-inflammatory cytokines (e.g.: TNFα, IL-1, IL-6
and IL-8), activating inflammatory cells to release reactive oxygen
species; and 2) adhesion cell molecules (such as ICAM-1, VCAM-1,
PECAM-1 and VE cadherines), prostaglandin E2 and cyclooxygenase
2 with impairment of the metalloproteinase 9/TIMP-1 balance and
elevated endothelial cell permeability and death [99,100];

- synthesis of antinuclear antibodies and non-specific antibodies, as
well as impairment of immunoglobulin profile with decreased cir-
culating IgG and IgA [101–103] (Fig. 5);

- impairment of natural killer cell activity [104].
- vascular damages, especially by oxidative stress [105,106]. In fact,
cadmium can induce: 1) disruption of: normal calcium-channel
function and endothelial barrier functions; 2) apoptosis of en-
dothelial cells, inhibition of vasodilator substances such as NO
[102]; 3) elevation of lipid peroxidation by competition with zinc
for binding to metallothioneins and glutathione, ROS-generating
Fenton reactions, antioxidant depletion and enzyme detoxification

[102,105]; and 4) platelet activation and vascular remodelling
[107]. Interestingly, cadmium has also been reported to be asso-
ciated with higher serum levels of galetin-3 which is a biomarker of
myocardial fibrosis [107] (Fig. 6).

Furthermore, cadmium has also been found to exert effects on the
epigenome, resulting in: 1) DNA strand breaks, sister chromatid ex-
change and chromosomal aberrations; and 2) increased expression of
death receptor marker TNFα (marker of cellular apoptotic activity),
executor caspase-8 and pro-apoptotic Bax gene 2 [108–112] (Fig. 5).

3.3. Lead

The association between autoimmune diseases and lead exposure
has been described. A case-control study found a correlation between
rheumatoid arthritis and lead exposure; indeed, the authors have re-
ported that lead levels were higher in hair samples of patients with
rheumatoid arthritis than in controls [113]. In the 2017 case-control
study, an association between SSc and lead exposure was found [76].
Among the SSc patients exposed to lead, most cases were workers in
manufactures of production/recycling of storage batteries; the differ-
ences between the occupational exposure to lead may explain, in part,
the fact that the relationship between SSc and lead exposure was
stronger in female patients SSc.

The pathogenic mechanisms of lead are not established in the onset
of SSc. Animal and basic science series in autoimmune diseases in-
dicated that lead may interact with different cells, leading to: 1) acti-
vation of T and B lymphocytes, responsible for cytokine synthesis
[114]; 2) NF-κB activation via increased oxidative stess, resulting in
oxidation of low-density lipoprotein, increased expression of adhesive
molecules on monocytes and increased foam cell formation [115]. Lead
also promotes vascular damages, including: 1) oxidative stress, en-
dothelial dysfunction and proliferation of vascular smooth muscle cells
and fibroblasts [105,116,117]; 2) downregulation of NO and soluble
gualylate cyclase, resulting subsequently in sodium retention, vaso-
constriction and increased adrenergic tone [105]; 3) stimulation of the
renin-angiotensin system and the sympathetic nervous system [105]
(Fig. 7). Furthermore, in lead-exposed rodents, aortic media thickness
and tissue collagen deposits were increased compared with untreated
controls [118]. Finally, in US studies, lead has been reported to alter the
epigenome, resulting in: 1) DNA hypomethylation; 2) decreased me-
thylation of cpG site in the promoter of the COL1A2 gene; and 3) in-
creased expression of microRNAs that are involved in oxidative stress
and inflammation [118–121].

Fig. 4. Putative pathogenic mechanisms of antimony in the onset of SSc.
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Fig. 5. Putative pathogenic mechanisms of cadmium in the onset of SSc.

Fig. 6. Putative pathogenic mechanisms of cadmium in the onset of vascular damage in SSc.
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3.4. Mercury

The relationship between exposure to metallic mercury and auto-
immunity is well established. Mercury-exposed gold miners have been
found to exhibit higher prevalence of detectable antinuclear antibodies
(OR: 8.6 [95% CI: 4.1–18.0]) and antinucleolar antibodies (OR: 30.6
[95% CI: 7.1–131.9]) as compared to diamond/emerald miners [122].
In the 2017 case-control study, an association between SSc and metallic
mercury exposure has been found [76]. SSc patients exposed to mer-
cury were principally workers in electronic devices, batteries and
fluorescent lights; the differences between the occupational exposure to
mercury of male and female SSc patients likely explained the fact that
the relationship between mercury exposure and SSc was stronger in
females.

The pathogenic mechanisms of mercury remain unclear in the de-
velopment of SSc. Experimental models have demonstrated that ex-
posure to mercury led to:

- autoimmunity [122–125]. In susceptible murine models, mercury
exposure has been shown to result in immune complex mediated
glomerulonephritis and autoantibody synthesis [126]; such auto-
antigens might be laminin-1 and fibrillarin [127]. Mercury may
alter self proteins, especially fibrillarin through mercuric-thiol in-
teractions leading to auto-antigenicity [128];

- polyclonal activation of T and B lymphocytes [122,129–131].
Mercury-exposed gold miners, as compared to diamond/emerald
miners have also been found to exhibit higher levels of pro-in-
flammatory cytokines (IL-1β, IL-17, TNF-α, IFN-γ) and lower levels
of anti-inflammatory cytokines (IL-1Ra and IL-10) in serum
[122,132];

- alterations in mitochondrial function and glutathione depletion in
human T lymphocytes, leading to reactive oxygen species' genera-
tion and activation of apoptotic signalling pathways [133,134].
Another recent series has also demonstrated that mercury-exposed

gold miners had higher serum titers of anti-glutathione S-transferase
alpha (OR: 89.6; 95% CI: 27.2–294.6) compared to emerald miners
[131]. These latter data suggest that glutathione S-transferases may
play a role in immune dysfunction, resulting in oxidative stress and
synthesis of pro-inflammatory cytokines (Fig. 8) [135,136].

- increased radical oxygen species production related to the increase
in both nicotinamide adenine dinucleotide phosphate oxidase: NOX-
1 and NOX-4 subunits, resulting in alterations in the structure and
function of vascular endothelium and less endothelium-dependent
relaxation [137].

Finally, mercury exposure may also interact with the epigenome. In
fact, mercury may induce overexpression of the detoxification protein
peroxisome proliferation-activated receptor gamma, co-activator-re-
lated 1LPPR01, resulting in activation of Nrf1 and Nrf2 (which reg-
ulates glutathione genes) [132].

3.5. Molybdenum

The 2017 case-control study has shown an association between SSc
and molybdenum exposure [76]. The pathogenic effects of mo-
lybdenum are unclear in SSc development. Although, previous authors
have described that exposure to molybdenum resulted in: 1) auto-
immunity triggering with synthesis of antinuclear antibodies [138]; and
2) activation of T cells, increased production of IL1-β and induction of
Th17 response characterized by high levels of IL-17-triggered or
mediated by other cytokines [139,140]. Interestingly, Th17 responses
have been implicated in the pathogenesis of SSc [76]. Furthermore,
molybdenum has been reported to induce oxidative stress with gen-
eration of free radical processes and reactive species, resulting in al-
teration of malondialdehyde [141]. Finally, molybdenum has also been
shown to lead to alterations of the epigenome with overexpression of
the pro-apoptotic protein Bak-1 gene and caspase-3 (that plays a role in
mediating apoptosis in mitochondrial pathways [141].

Fig. 7. Putative pathogenic mechanisms of lead in the development of SSc.
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3.6. Palladium

In the 2017 case-control study, a significant association has been
found between SSc and palladium exposure in female patients [76]. SSc
patients exposed to palladium were mainly workers in chemical in-
dustries [76]. The effects of palladium are unknown in SSc onset.
Nevertheless, palladium is known to lead to immune dysfunction
[142–144]. In fact, in vitro series have demonstrated that exposure to
palladium resulted in: 1) maturation of antigen presenting cells,
synthesis of pro-inflammatory cytokines (IL-8) via binding to the en-
dotoxin receptor TLR4 [145,146]; and 2) inactivation of C5a in human
neutrophils [147].

3.7. Zinc

The 2017 case-control study showed an association between SSc and
zinc exposure in female patients [76]. Interestingly, in vitro studies and
experimental models, exposure to zinc has been described to lead to: 1)
formation of neutrophilic and activated lymphocyte infiltrates with
synthesis of pro-inflammatory cytokines and release of free radicals
[148]; 2) high expression on monocytes of the IL-6 receptor [149]; 3)
dysfunction of endothelial cells, with upregulation of cellular mole-
cules, that are ICAM-1 and VCAM-1 [148]; and 4) elevated cell oxidant
concentrations and alteration of transcription factors [116,150]. Fur-
thermore, zinc exposure has also been found, in vitro, to result in
downregulation of cardiovascular associated genes, including AGTR1
which may be responsible for impairment of endothelium-dependent
and independent vascular release [151].

3.8. Germanium

In the 2017 case-control study, SSc patients have been found to
exhibit lower levels of germanium within hair samples [76]. The role of
this decreased level of germanium levels is still unknown in SSc.

However, previous investigators have mentioned that germanium plays
a role in the inhibition of tumor growth [152]; this activity seems to be
linked with stimulating production of gamma interferon and activation
of macrophages and NK lymphocytes [153,154]. These findings are
relevant, as SSc patients have a 1.5- to 5-fold risk of malignancies
[155,156]. In patients with SSc, many mechanisms have been specu-
lated as contributing to cancer onset, including impaired clearance of
carcinogens and DNA damage induced by reactive oxygen species [76].
The data of the 2017 case-control also suggest that lower median levels
of germanium may be a contributing parameter of cancer in SSc.
Nevertheless, further investigations are warranted to confirm these
data.

4. Conclusion

As a mirror image of the Roman god Janus Bifrons, the environment
has a hidden face. To highlight this hidden face of the environment in
the field of SSc will allow to identify responsible agents emerging in the
future. To date, there is, in fact, a growing scientific evidence that en-
vironmental factors have a crucial impact on both alterations and
modulation of epigenetic determinants, resulting in SSc onset and
progression. Interestingly, a marked correlation has been found be-
tween SSc onset and occupational exposure to crystalline silica, organic
solvents and more recently to heavy metals that are: antimony, cad-
mium, lead, mercury. Altogether, occupational exposure should be
systematically checked in all SSc patients at diagnosis, as the identifi-
cation of the occupational toxic agent will allow its interruption, which
may result in potential improvement of SSc outcome.
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