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ABSTRACT

Heavy metal exposure has been associ-
ated with the development of autoim-
mune rheumatic diseases in suscepti-
ble individuals. We briefly reviewed the
cellular and molecular mechanisms by
which metals can affect auto proteins
and convert them into neoantigens and
analyse the potential integrin-depend-
ent signalling pathways that result in
the production of inflammatory cy-
tokines and autoantibodies. We criti-
cally assess autoimmunity related to
heavy metal exposure. We also discuss
environmental measures to prevent
environmental pollution and conclude
that heavy metal environmental pollu-
tion is an unacceptable, yet prevent-
able, problem.

Introduction

Exposure to heavy metals has been as-
sociated with the development or exac-
erbation of autoimmune rheumatic dis-
eases in immunogenetically susceptible
individuals, because these metals can
induce autoreactive responses through
the activation of integrins and their cor-
responding signalling pathways. This
response results in the expression of in-
flammatory cytokines and autoantibody
production, which constitutes a potential
risk for autoimmunity and related rheu-
matic diseases.

Our specialty celebrates the Journal of
Environmental Rheumatology, which
publishes clinical and experimental find-
ings about how environmental factors
may induce rheumatic diseases (1). A
prominent example is the emblematic
case of toxic oil syndrome that appeared
in 1981 in Spain as a consequence of
contaminated oil ingestion, which af-
fected thousands of subjects and was

called “toxic oil syndrome” (TOS). Clin-
ical and epidemiological observations,
along with molecular investigations by
Spaniards and other colleagues, revealed
that the disease was caused by the con-
sumption of contaminated rapeseed oil
produced by a specific refinery and that
two compounds, 1,2-di-oley ester (DE-
PAP) and oleic aniline, were responsible
for triggering the disease. This case ex-
emplifies the influence of environmental
factors in eliciting a multiorgan rheu-
matic disease (2).

With respect to xenobiotics and rheu-
matology, pioneer studies in the early
eighties drew our attention, especially
the long-term work of Hultman and
Pollard, who published diverse clinical
and experimental findings related to
mercury exposure and autoimmunity.
In this review, we refer to their multiple
contributions.

Human exposure to environmental pol-
lutants is the result of anthropogenic
industrial activities, particularly those
related to heavy metals, which are,
in most cases, a consequence of min-
ing and related processes. In the past,
mining waste contaminated air, soils,
plants, water sources, and food, caus-
ing involuntary or accidental exposure
in humans. With respect to rheumatol-
ogy, there are diverse examples of how
this type of environmental alteration
may elicit autoimmunity, since multi-
ple reports suggest that chronic expo-
sure to heavy metal pollutants might
elicit clinical symptoms with autoanti-
body production.

The specific aim of this review is to
provide rheumatologists selected in-
formation about environmentally toxic
risk factors for autoimmune rheumatic
diseases (ARDs).
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How do cells relate to the extra-
cellular environment?

Integrins are heterodimeric glycopro-
teins that mediate cell adhesion and
provide a molecular link between cells
and the extracellular matrix (ECM).
Integrins serve as bidirectional sensors
that transmit signals from the extracel-
lular environment to the interior of the
cell and vice versa. A large amount of
experimental evidence has demonstrat-
ed that transduction signals are mediat-
ed by one of the extracellular domains
of integrins linked to the extracellular
matrix. This domain is mechanically or
chemically stimulated, which leads to a
signalling event that results in specific
modulation of some physiological ac-
tion (3). Integrins are fundamental for
tissue homeostasis, with functions that
include the assembly of the extracellu-
lar matrix, cell adhesion, and immune
cell trafficking. These molecules ac-
tively participate in inflammation and
are involved in specific responses by
acting at the immunological synapse
level. The intracellular domain of in-
tegrins regulates the transduction cas-
cades stimulating the serine/threonine
kinases Raf-MEK or Raf-ERK; these
molecules, according to their microen-
vironment, develop their own signal-
ling dynamics depending on their spe-
cific interaction with different ligands,
including metals and/or drugs (4).
Integrins are heterodimers formed by
the o and [ subunits; both subunits have
an extracellular domain; the o subunit
has approximately 700 residues; and
the P subunit possesses = 1000 resi-
dues. With the exception of a6f4 in-
tegrin, integrins possess extracellular
domains that have a globular head that
projects a transmembrane leg of alpha
helices that ends in a short cytoplasmic
tail, which activates membrane-bound
kinases. The domain participates in
cell-to-cell interactions, cell-to-matrix
interactions, and matrix-to-matrix in-
teractions, which promote adhesion
during cell migration, morphogenesis,
homeostasis, immunity, inflammation,
and wound healing (5).

The extracellular head of the a-integrin
has a structure of seven blades of
a-helices that resemble a ship propel-
ler. This structure allows intimate con-

tact of the domain with the 3-I domain.
The nine a subunits (a1, a2, al0, all,
aD, aE, oL, aM, and aX) contain an
additional conserved sequence named
a-I, which is located between the two
loops of the upper surface of the helix
and plays an important role in binding.
This invariant sequence or “I”’ domain
is called the metal-ion-dependent bind-
ing site (5-7). The “I” domain func-
tionally displays two conformational
patterns. This domain is also present in
all B subunits (I-like I domain) and
constitutes the principal structure of
the ligand-binding pocket of integrins
lacking a I (Fig. 1).

Metal binding cluster sites of integ-
rins determine their interactions
The metal-ion-dependent adhesion site
(MIDAS) motif is a coordinated motif
composed of three loops of the “I” do-
mains with residues prone to ligation,
such as glutamic or aspartic acids, that
build a transitory octagon surrounding
the metal ion. The ligation ability of
MIDAS depends on its conformational
status, which also bestows affinity and
functionality. If the conformation of
the MIDAS motif is open, the affinity
is high, and the integrin is active, re-
sulting in a specific function. However,
if the conformation is closed, the motif
is inactive, and the integrin returns to
a low-affinity state, stopping the func-
tion. In other words, the quaternary
changes in the “I” domain affect the
capacity of MIDAS for metal binding
(6-8). Additionally, there is a Ca**-de-
pendent cation-binding site adjacent to
the MIDAS named AMIDAS that sta-
bilizes the conformation of the integrin
and is required to maintain the low-
affinity conformation of the integrin
head (9,10). Additionally, the ligand-
associated metal-binding site (LIMBS)
is a complementary region that en-
hances the activity of MIDAS (11).
Metal binding to the cell surface is a
complex event required for any cell re-
sponse, and MIDAS motifs, AMIDAS,
and LIMBS domains directly regu-
late the binding of metals to different
cells. This interaction stereochemically
modifies the shape of self-proteins to
be recognized as “neoantigens” by an-
tigen presenting cells (APCs).

Autoimmunity

The main role of the immune system is
to protect the host from pathogens to
maintain body homeostasis through the
recognition of foreign antigens. This
evolving ability of the vertebrate im-
mune system is specific and is based on
the complementary binding of “strange
peptides” to their cognate T-cell recep-
tors (TCRs); thus, by this mechanism,
we can discriminate self-proteins from
nonself proteins. T and B-cell receptor
production is generated randomly by
somatic rearrangements or by hyper-
mutation; therefore, the possibility of
self-reactive receptor production may
arise. When this occurs, immunologic
tolerance emerges as a mechanism to
prevent tissue damage and self-harm-
ful responses. This physiologic state of
tolerance is maintained throughout life.
For example, during ontogeny, self-
reactive cells are avoided by deletion
or receptor editing. CD4* T cells with
autoreactive receptors are subjected
to negative selection into the thymus
to delete them. This action prevents
the expansion of autoimmune clones.
Additionally, the immune system uses
another process that decreases signal-
ling via a process of “anergy”, which
involves diverse costimulatory mol-
ecules, including CD28, CTLA-4 and
their corresponding CD80 and CD86
ligands; additionally, an extra preven-
tive mechanism exists at the medulla
of the thymus, which is mediated by
CD4*CD25*Foxp3* regulatory cells
(tTregs) that can recognize autoanti-
gens. These autoantigens are ectopi-
cally expressed by the transcriptional
activity of the autoimmune regulator
AIRE in thymic epithelial cells so that
tTregs can attenuate the “self-reactive”
immune response centrally. There is
also a repertoire of peripheral tolerance
mechanisms that include apoptosis, an-
ergy, and peripheral CD4*Foxp3* Tregs
to prevent the activation or prolifera-
tion of autoreactive clones (12-17).
Autoimmune conditions are driven
by abnormal T- and B-cell reactivity
against normal or modified self-pro-
teins or specific tissues. The patho-
physiology of autoimmune conditions
is complex and, in subjects exposed
to metals, is linked to the major histo-
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Fig. 1. Environmental pollutants, including metallic ions, may trigger an autoimmune response. One example in this figure is mercury chloride, which may
reach the extracellular space and interact with integrins or TLRs and can be induced via Raf-MEK or Raf-ERK to promote the NF k3 pathway, resulting
in IL-6 production, which in turn elicits autoantibody production. Additionally, metals may change the stereochemical conformation of normal peptides,
transforming them into “neoantigens” through the protonation of histidine (His) residues and causing reorientation of peptides such that they are recognized
by the MHC of APCs as autoantigens. In this way, autoimmunity is elicited via CD4+ T-cells, which in turn stimulate B-cells, which together cause inflam-
mation and tissue damage, such as to the glomerulus. Eventually, some patients may display symptoms such as sclerodactyly or other clinical manifestations.

compatibility complex (MHC), and the
repertoire of self-reactive responses
includes the production of proinflam-
matory cytokines as well as cytotoxic
mechanisms mediated by CD8* T-cells.
In addition, autoimmune T-cells are, in
most cases, responsible for autoreactive
B-cell activation, which is reflected by
autoantibody production. Autoantibod-
ies are fundamental biomarkers for the
clinical diagnosis and/or classification
of autoimmune diseases.

From a clinical point of view, the au-
toimmune phenomenon is typically ir-
relevant; however, human autoimmune
diseases (AIDs) are characterised by
aberrant activation of autoreactive cells
that produce diverse grades of tissue
inflammation via diverse mechanisms
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that may result in transitory or perma-
nent damage and organ dysfunction.
Autoimmune diseases are classified as
follows: 1) organ-specific diseases that
affect one organ, such as thyroiditis
and pemphigus; 2) systemic diseases
that evolve with diffuse or generalised
manifestations, such as systemic lu-
pus erythematosus (SLE) and related
diseases, and 3) another ‘“autoinflam-
matory” group of diseases that do not
strictly fulfil the autoimmune criteria;
however, these diseases, such as pso-
riasis and Crohn’s disease, produce
an inflammatory response and are in-
cluded as part of this broad spectrum
(18-22).

Many environmental factors have been
linked to the development of autoim-

mune diseases, some of which may
suggest possible pathogenic involve-
ment, but in other cases, the link is
uncertain. In this review, we focus on
metals (22).

Autoimmune association with

metal exposure

Clinical and experimental evidence
suggests that chronic exposure to heavy
metals results in autoimmune mecha-
nisms that are not fully understood.
It has been proposed that the interac-
tion between metallic ions and cells is
mediated via integrins, which chemi-
cally modify some self-proteins prone
to being recognized as “autoantigens”
by the class I or II molecules of APCs.
In this context, metallic ions may af-
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fect the behaviour of class I molecules
that interact with self-peptides in an
allele-specific mode as a consequence
of this realignment. For example, the
Cu?* ions modify the conformation and
orientation of self-peptides bound to
class T molecules, creating “neo-anti-
gens” with histidine (His) residues that
are responsible for such reorientation.
It seems that this modification also
applies to certain class II molecules
where changes in the protonation of
the His residues of DR molecules may
affect their interaction with specific li-
gands (self-proteins). Therefore, pH is
a critical factor for this conformational
transition that allows ligand exchange.
In summary, normal proteins may be
directly modified by their interaction
with metallic ions or indirectly via pro-
tonation at His residues at MHC mol-
ecules (23-27).

Additionally, xenobiotics such as mer-
curic chloride and platinum salts may
disturb proteolysis at the nuclear pro-
teasomal level, which is followed by
the recruitment of nuclear neoantigens,
which seems to be important in sclero-
derma, as is the case for fibrillarin and
DNA-topoisomerase I (28, 29).
Another possibility is that the inter-
action between metals and integrins
triggers abnormal signalling that may
stimulate the transcription factor NF-
kP pathway in immune cells, resulting
in the production of autoantibodies.
As previously mentioned, integrins
regulate transduction signals via Raf-
MEK or Raf-ERK cascades and serve
as a link between excess Cu** and au-
toimmunity because copper chaper-
ones (CCSs) increase Cu** binding to
MEK1/2, which promotes the activa-
tion and proliferation of immune cells.
Alternatively, the interaction between
metals and integrins may trigger the
type I IFN pathway via Toll-like recep-
tors (TLRs), which induce NF-xf3 sig-
nalling that promotes IL-6 synthesis,
which in turn stimulates B-cells for au-
toantibody production (30, 31) (Fig. 1).

Experimental data of autoimmunity
elicited by metallic ions

Metallic ions exist in nature in elemen-
tal, organic and inorganic forms and
frequently form complexes because

some of them are highly charged and
susceptible to developing supramo-
lecular clusters. These complexes re-
sult from bonding interactions between
the metal ion and its neighbouring
residues: the bond angle and torsion as
well as the columbic and van der Waals
(vdW) forces are involved in this pro-
cess. Additionally, the noncovalent
interactions are due to the attraction
forces induced by the interchange of
metallic ions established by the colum-
bic and vdW forces. Thus, considering
the aforementioned physicochemical
properties, pollutants containing heavy
metal ions are prone to interact with
and modify soil or water compounds,
so they present a potential risk to all
living beings by interfering with their
physiology (32).

There is extensive literature concerning
the effects of heavy metals on the im-
mune system. Among the best evidence
of toxicity caused by mercury (Hg>*)
and its association with autoimmunity
is the work of the Swedish investiga-
tors Hultman and Enestrom, who in-
jected BALB/c mice with HgC1%/kg for
12 weeks; a significant number of ani-
mals developed antinuclear antibodies
(ANAs) with nucleolar patterns and the
autoantibodies were eluted from kid-
neys in a similar pattern to those found
in sera (33). Later, the same investiga-
tors, in collaboration with Michel Pol-
lard and Eng Tan from La Joya CA,
clarified that the nucleolar pattern was
fibrillarin autoantigen (34), which was
important since fibrillarin is complexed
with U3 small nucleolar RNAs, and
such complexes are targets of autoan-
tibodies of scleroderma patients. Fur-
thermore, autoantibodies from experi-
mental animals and patients recognize
the same epitope encompassing resi-
dues 1-312 (35-44). Similarly, Arnett
reported a causal association between
anti-U3 fibrillarin autoantibodies and
elevated Hg?* levels measured in urine
by atomic absorption, suggesting an as-
sociation between mercury pollutants
and scleroderma. Notably, the patho-
physiology of this disease is enigmatic,
multifactorial, and complex, and such
an association does not necessarily
indicate that this disease is caused by
metal exposure (40, 41, 45). Hg>-

induced nephrotoxicity was discov-
ered in early 1978 by Roman-Franco
et al., who reported the induction of
anti-basement membrane antibodies
and antigen-antibody complexes in an
experimental model in rabbits injected
with mercuric chloride (46). These
observations were confirmed by other
investigators, who demonstrated the
role of T-cells in the induction of auto-
immune glomerulonephritis in Brown-
Norway rats. This susceptibility was
also restricted to a strain, indicating a
possible immunogenic role linked to
the MHC genes for induced autoim-
munity (46-49). Furthermore, inducers
of autoimmunity extend to other metal-
lic ions, some of which are capable of
eliciting glomerulonephritis with the
production of diverse antinuclear an-
tibodies. We confirmed the previously
mentioned findings and demonstrated
that anti-DNA-elicited autoantibod-
ies affect the glomerular filtration rate,
which induces proteinuria because po-
docytes are sensitive to metallic ions
that cause effacement and associated
proteinuria (50) (Fig. 2).

From hypothesis in an animal to the
clinical reality at the hospital
Clinical evidence of the impact of
mine pollutant exposure and human
health effects has been widely studied.
In particular, the Lancet Commission
identified the greatest number of envi-
ronmental triggers and related diseases
(51). Human exposure to the environ-
ment is a complex issue that includes
geochemical, geographical, socioeco-
nomic, and labour-related factors as-
sociated with a predisposition to en-
vironmental exposure. We understand
this because our research institute is
located near metallic ores from active
mining activities. Incidentally, we note
that most scleroderma patients record-
ed in our archives are residents of cities
or small villages near active mines, and
in many cases, the exploitation of these
mines started 450 years ago and cre-
ated almost permanent environmental
pollutants that can now be traced in the
human population (52).

Other conditions that must be consid-
ered in this matter are as follows: was
the exposure to metallic ions occupa-
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Fig. 2. Model autoimmunity induced by metals. The remaining strains were NZ (New Zealand rabbit).
B10. S SJL is an inbred strain of mice with a specific MHC. F1 is a hybrid NZBxNZW prone to devel-
oping lupus. BN is a brown Norway rat. High susceptibility to mercury-induced glomerulonephritis.
LEW is a Lewis rat that is highly sensitive to the induction of autoimmunity. LE is a Long Evans rat.
The middle panel shows the main effect induced by the metal, and the right panel shows the possible
meaning of this effect. (ANA(no) antinuclear antibodies with a nucleolar pattern.

tional? Accidental? Involuntary? Was
it individual or collective exposure?
Was it acute or chronic? All of these
issues must be clarified (51, 53); we
should consider that the progression
from obtaining experimental data from
animals or cell cultures to interpret-
ing clinical data from humans is “a
long and winding road* because many
clinical records are limited, incom-
plete or lack epidemiologic studies,
S0 most reports are not systematic and
cannot be considered controlled clini-
cal or epidemiological trials; thus, the
analysis of clinical data often leads to
more questions than answers (54). The
aforementioned World Health Organi-
zation (WHO) task group analysed the
relationship between environmental
factors and autoimmunity. The product
of this pioneering concern was drafted
in 2002, and during various meetings
at Bilthoven in the Netherlands. The
task group finished a draft in Novem-
ber 2005 and published a formal docu-
ment with the environmental health
criteria in 2006. This remarkable effort
contains a useful guide to identify au-
toimmune diseases linked to environ-
mental factors (55). The proposal was
revisited in 2012 by another group of
studies led by Miller from the NIH and
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Pollard from La Joya, CA; in general,
they were in agreement with the origi-
nal hypothesis and noted “that by the
identification of data to define the en-
vironmental risks for autoimmune dis-
ease, the epidemiological tools must be
of help, and suggested that such asso-
ciations would be followed by testing
mechanisms using refined methods of
confirmation before being considered
criteria.” In the same paper, Miller et
al. indicated a critical issue: “the iden-
tification of the environmental agents
capable of inducing autoimmune dis-
ease in individuals”; consequently, the
reading and conceptualisation of the
aforementioned documents are of cru-
cial importance as a framework in en-
vironmental rheumatology (56).

Among the most toxic heavy metals for
humans are mercury, lead, chromium,
cadmium, and arsenic, as well as silver,
gold and other possible triggers of auto-
immunity (57-60). At the end of the last
century, dental amalgams were identi-
fied as potential sources of mercury
exposure in the general population, and
many articles were published, arguing
either for or against this hypothesis.
As a result of this controversy, dental
amalgams began to be substituted by
other materials such as resins or porce-

lain, and amalgams and/or other metal-
lic ions were speculated to be potential
inducers of stomatitis, glomerulone-
phritis, thyroiditis, fibromyalgia, scle-
roderma, various types of nephropathy
and other autoimmune clinical data not
strictly related to rheumatology. How-
ever, the Achilles’ heel of some reports
was the lack of methods for identify-
ing pollutants and specific biomarkers
or molecular tissue changes induced by
these pollutants (61-69). Interestingly,
in a study of a large cohort of 5848 cas-
es of dental amalgam filling in primary
Sjogren’s syndrome patients with their
respective controls, there were no sig-
nificant differences in the possible risk
of developing Sjogren’s syndrome; the
aforementioned autoimmune risk can
be explained by heterogeneous ethnic
susceptibility (70).

Additionally, in Nordic countries, fish
consumption during pregnancy has
been reported to be associated with
an increased risk of developing juve-
nile idiopathic arthritis, which is likely
linked to contamination with heavy
metals in the fish and therefore sig-
nificantly increased concentrations of
Al, Cd and Li in cord blood (71). Ad-
ditionally, a mimicking case of SLE
associated with mercury exposure was
reported (72). Interestingly, delayed-
type hypersensitivity to nickel and
mercury was found in a cohort of 38
patients with connective tissue disease
(73); in the same sense, patients with
different autoimmune diseases have an
increased risk of cutaneous metal hy-
persensitivity, especially nickel hyper-
sensitivity, which improved after amal-
gam replacement (74, 75).

Currently, basic science and its rela-
tionship with clinical rheumatology
has changed, and there are many bet-
ter clinical, epidemiological and mo-
lecular tools, including transcriptom-
ics, proteomics and other “multiomic”
tools, that may reveal the toxic effects
of metal contamination in biological
samples or fluids, including those at
the subcellular level, such as exosomes
(76-82). The exposome reflects the in-
fluences of the environment at the cel-
lular level and thus provides a better
understanding of the effects of external
pollutants. The exposome uses a mix-
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ture of data that measure epigenetic
modifications induced by pollutants
and correlates this with data that meas-
ure environmental chemicals via con-
vectional or refined methods to obtain
a holistic understanding of the relation-
ship between rheumatic autoimmunity
and pollutants (83-85). Thus, our cur-
rent tools, such as “the ANA patterns
induced by xenobiotics”, will be used
in the near future as a conceptual arm
of the reactome (86-89).

A final reflection on the mitigation of
environmental impacts from mining
We must recognise that mining prod-
ucts contributed and are still contrib-
uting to the progress of humanity and
have transformed the daily life of our
society; however, mining activities
have not been friendly to the environ-
ment, creating mineral waste or miner-
al deposits even after the closure of the
mines. Many cities or small villages are
located near mines, and in many cases,
waste has been discharged into rivers or
near water sources; however, accord-
ing to international legislation, buffer
zones have been designed to protect
the environment (90-93). Additionally,
there are many regulations designed to
minimize the impact of mining, includ-
ing the reclamation or regeneration of
viable soils; biomining by microorgan-
isms that oxidize some metals, allow-
ing them to dissolve in water; soil treat-
ment; water treatment; the prevention
of acid rock drainage; and the control
of gas emissions (94). Therefore, the
current concept of environmental sus-
tainability is a critical issue in modern
mining. We must remember that this
industrial activity uses non-renewable
natural sources and that the healing of
the planet is crucial (93, 94).

Concluding remarks

Finally, we must note that environmen-
tal pollution is a difficult issue tied to
the economy and politics; however,
overall, protecting the environment is
critical for the survival of our planet,
and actions to modify some paradigms.
For example, the planned obsolescence
of consumer goods towards a circular
economy may be needed (95). As rheu-
matologists, our major interest is to

identify and solve autoimmunity cases
linked to environmental pollutants, but
as common citizens, we must intensify
efforts to clean the environment.

Acknowledgement
As tribute to Manuel Macias-Patifio, an
environmentalist.

References

1. BOMBARDIERI S, CUTOLO M: The birth
of environmental rheumatology. Clin Exp
Rheumatol 2024; 42(5): 945-946 https://
doi.org/10.55563/clinexprheumatol/inxgof

2. PATTERSON R, GERMOLEC D: Review article
toxic oil syndrome: review of immune as-
pects of the disease. J Immunotoxicol 2005;
2(1): 51-8.
https://doi.org/10.1080/15476910590960143

3. KECHAGIA JZ, IVASKA J, ROCA-CUSACHS
P: Integrins as biomechanical sensors of the
microenvironment. Nat Rev Mol Cell Biol
2019; 20(8): 457-473.
https://doi.org/10.1038/s41580-019-0134-2

4. TVAROSKA I, KOZMON S, KONA J: Molecu-
lar Modeling Insights into the Structure and
Behavior of Integrins: A Review. Cells 2023;
12(2): 324.
https://doi.org/10.3390/cells 12020324

5. LEE JO, RIEU P, ARNAOUT MA, LIDDINGTON
R: Crystal structure of the A domain from
the alpha subunit of integrin CR3 (CD11b/
CD18). Cell 1995; 80(4): 631-8. https://
doi.org/10.1016/0092-8674(95)90517-0

6. LIDDINGTON RC: Structural aspects of inte-
grins. Adv Exp Med Biol 2014; 819: 111-26.
https://
doi.org/10.1007/978-94-017-9153-3_8

7. DANEN EHI: Integrins: An Overview of
structural and functional aspects. In: Mad-
ame Curie Bioscience Database [Internet].
Austin (TX): Landes Bioscience; 2000-2013.
https:/
www.ncbi.nlm.nih.gov/books/NBK 6259/

8. WANGJ, SU Y,IACOB RE,ENGEN JR, SPRING-
ER TA: General structural features that regu-
late integrin affinity revealed by atypical
aVP8. Nat Commun 2019; 10(1): 5481.
https://doi.org/10.1038/s41467-019-13248-5

9. MOULD AP, BARTON SJ, ASKARI JA, CRAIG
SE, HUMPHRIES MIJ: Role of ADMIDAS
cation-binding site in ligand recognition by
integrin alpha 5 beta 1. J Biol Chem 2003;
278(51): 51622-9.
https://doi.org/10.1074/jbc. M306655200

10. RABORN J,FU T, WU X, XIU Z, LI G, LUO BH:
Variation in one residue associated with the
metal ion-dependent adhesion site regulates
olIbf3 integrin ligand binding affinity. PLoS
One 2013; 8(10): €76793.
https://doi.org/10.1371/journal.pone.0076793

11. VALDRAMIDOU D, HUMPHRIES MJ, MOULD
AP: Distinct roles of betal metal ion-de-
pendent adhesion site (MIDAS), adjacent to
MIDAS (ADMIDAS), and ligand-associated
metal-binding site (LIMBS) cation-binding
sites in ligand recognition by integrin alpha-
2betal. J Biol Chem 2008; 283(47): 32704-
14. https://doi.org/10.1074/jbc.M802066200

12. PAUCAR IZA YA, BROWN CC: Early life
imprinting of intestinal immune tolerance
and tissue homeostasis. Immunol Rev 2024,
323(1): 303-315.
https://doi.org/10.1111/imr.13321

13. SCHWARTZ RH: Historical overview of im-
munological tolerance. Cold Spring Harb
Perspect Biol 2012; 4(4): a006908.
https://doi.org/10.1101/cshperspect.a006908

14. MATSUMOTO M, YOSHIDA H, TSUNEYAMA
K, OYA T, MATSUMOTO M: Revisiting Aire
and tissue-restricted antigens at single-
cell resolution. Front Immunol 2023; 14:
1176450. https://
doi.org/10.3389/fimmu.2023.1176450

15. BROWN CC, RUDENSKY AY: Spatiotemporal
regulation of peripheral T cell tolerance. Sci-
ence 2023; 380(6644): 472-478.
https://doi.org/10.1126/science.adg6425

16. FOTH S, VOLKEL S, BAUERSACHS D, ZEM-
LIN M, SKEVAKI C: T Cell Repertoire During
Ontogeny and Characteristics in Inflammato-
ry Disorders in Adults and Childhood. Front
Immunol 2021; 11: 611573.
https://doi.org/10.3389/fimmu.2020.611573

17. SONG Y, L1J, WU Y: Evolving understanding
of autoimmune mechanisms and new thera-
peutic strategies of autoimmune disorders.
Signal Transduct Target Ther 2024; 9(1):
263.
https://doi.org/10.1038/541392-024-01952-8

18. ROSE NR, BONA C: Defining criteria for au-
toimmune diseases (Witebsky’s postulates
revisited). Immunol Today 1993; 14(9): 426-
30. https:/
doi.org/10.1016/0167-5699(93)90244-f

19. MCGONAGLE D, MCDERMOTT MF: A pro-
posed classification of the immunological
diseases. PLoS Med 2006; 3(8): €297. https://
doi.org/10.1371/journal.pmed.0030297

20. PISETSKY DS: Pathogenesis of autoimmune
disease. Nat Rev Nephrol 2023; 19(8): 509-
524.
https://doi.org/10.1038/s41581-023-00720- 1

21. GILES JR, NEVES AT, MARSHAK-ROTHSTEIN
A, SHLOMCHIK MJ: Autoreactive helper
T cells alleviate the need for intrinsic TLR
signaling in autoreactive B cell activation.
JCI Insight 2017; 2(4): €90870.
https://doi.org/10.1172/jci.insight. 90870

22. TCHITCHEK N, BINVIGNAT M,ROUX A et al.:
Deep immunophenotyping reveals that auto-
immune and autoinflammatory disorders are
spread along two immunological axes cap-
turing disease inflammation levels and types.
Ann Rheum Dis 2024; 83(5): 638-650.
https://doi.org/10.1136/ard-2023-225179

23. TURSKI ML, THIELE DJ: Drosophila CtrlA
functions as a copper transporter essential for
development. J Biol Chem 2007; 282(33):
24017-26.
https://doi.org/10.1074/jbc.M703792200

24. LEUNG CH, LIN S, ZHONG HJ, MA DL: Metal
complexes as potential modulators of inflam-
matory and autoimmune responses. Chem
Sci 2015; 6(2): 871-884.
https://doi.org/10.1039/c4sc03094;]

25. HARDING MM: The geometry of metal-li-
gand interactions relevant to proteins. Acta
Crystallogr D Biol Crystallogr 1999; 55(Pt
8): 1432-43.
https://doi.org/10.1107/s0907444999007374

Journal of Environmental Rheumatology 2025



Metals and autoimmunity / R. Herrera-Esparza et al.

26. DRILLER R, BALLASCHK M, SCHMIEDER P,
UCHANSKA-ZIEGLER B, ZIEGLER A, LOLL
B: Metal-triggered conformational reorien-
tation of a self-peptide bound to a disease-
associated HLA-B*27 subtype. J Biol Chem
2019; 294(36): 13269-13279.
https://doi.org/10.1074/jbc. RA119.008937

27. ROTZSCHKE O, LAU JM, HOFSTATTER M,
FALK K, STROMINGER JL: A pH-sensitive
histidine residue as control element for li-
gand release from HLA-DR molecules. Proc
Natl Acad Sci USA 2002; 99(26): 16946-50.
https://doi.org/10.1073/pnas.212643999

28. CHEN M, VON MIKECZ A: Xenobiotic-in-
duced recruitment of autoantigens to nuclear
proteasomes suggests a role for altered anti-
gen processing in scleroderma. Ann NY Acad
Sci 2005; 1051: 382-9.
https://doi.org/10.1196/annals.1361.080

29. CHEN M, DITTMANN A, KUHN A,RUZICKAT,
VON MIKECZ A: Recruitment of topoisomer-
ase I (Scl-70) to nucleoplasmic proteasomes
in response to xenobiotics suggests a role for
altered antigen processing in scleroderma.
Arthritis Rheum 2005; 52(3): 877-84.
https://doi.org/10.1002/art.20962

30. POLLARD KM, ESCALANTE GM, HUANG H
et al.: Induction of Systemic Autoimmunity
by a Xenobiotic Requires Endosomal TLR
Trafficking and Signaling from the Late En-
dosome and Endolysosome but Not Type I
IEN. J. Immunol 2017; 199(11): 3739-47.
https://doi.org/10.4049/jimmunol.1700332

31. CAUVI DM, CAUVI G, TOOMEY CB, JACQUI-
NET E, POLLARD KM: From the Cover: In-
terplay Between IFN-y and IL-6 Impacts the
Inflammatory Response and Expression of
Interferon-Regulated Genes in Environmen-
tal-Induced Autoimmunity. Toxicol Sci 2017;
158(1): 227-239.
https://doi.org/10.1093/toxsci/kfx083

32. LI P, SONG LF, MERZ KM JR: Parameteriza-
tion of highly charged metal ions using the
12-6-4 LJ-type nonbonded model in explicit
water. J Phys Chem B 2015; 119(3): 883-95.
https://doi.org/10.1021/jp505875v

33. HULTMAN P,ENESTROM S: Mercury induced
antinuclear antibodies in mice: characteri-
zation and correlation with renal immune
complex deposits. Clin Exp Immunol 1988;
71(2): 269-74.

34. HULTMAN P, ENESTROM S, POLLARD KM,
TAN EM: Anti-fibrillarin autoantibodies in
mercury-treated mice. Clin Exp Immunol
1989; 78(3): 470-7.

35. ROTHFIELD NF, RODNAN GP: Serum antinu-
clear antibodies in progressive systemic scle-
rosis (scleroderma). Arthritis Rheum 1968;
11(5): 607-17.
https://doi.org/10.1002/art.1780110502

36. OCHS RL, LISCHWE MA, SPOHN WH, BUSCH
H: Fibrillarin: a new protein of the nucleo-
lus identified by autoimmune sera. Biol Cell
1985; 54(2): 123-33. https://
doi.org/10.1111/j.1768-322x.1985.tb00387 x

37. LISCHWE MA, OCHS RL, REDDY R et al.:
Purification and partial characterization of a
nucleolar scleroderma antigen (Mr = 34,000;
pl, 8.5) rich in NG ,NG-dimethylarginine. J
Biol Chem 1985; 260(26): 14304-10.

38. REIMER G, POLLARD KM, PENNING CA et
al.: Monoclonal autoantibody from a (New

Journal of Environmental Rheumatology 2025

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Zealand black x New Zealand white) F1
mouse and some human scleroderma sera
target an Mr 34,000 nucleolar protein of
the U3 RNP particle. Arthritis Rheum 1987,
30(7): 793-800.
https://doi.org/10.1002/art.1780300709
REUTER R, TESSARS G, VOHR HW, GLEICH-
MANN E, LUHRMANN R: Mercuric chloride
induces autoantibodies against U3 small nu-
clear ribonucleoprotein in susceptible mice.
Proc Natl Acad Sci USA 1989; 86(1): 237-
41. https://doi.org/10.1073/pnas.86.1.237
ARNETT FC, REVEILLE JD, GOLDSTEIN R et
al.: Autoantibodies to fibrillarin in systemic
sclerosis (scleroderma). An immunogenetic,
serologic, and clinical analysis. Arthritis
Rheum 1996; 39(7): 1151-60.
https://doi.org/10.1002/art.1780390712
ARNETT FC, FRITZLER MJ, AHN C, HOLIAN
A: Urinary mercury levels in patients with
autoantibodies to U3-RNP (fibrillarin). J
Rheumatol 2000; 27(2): 405-10.
HERRERA-ESPARZA R, KRUSE L, VON ES-
SEN M et al.: U3 snoRNP associates with
fibrillarin a component of the scleroderma
clumpy nucleolar domain. Arch Dermatol
Res 2002; 294(7): 310-7.
https://doi.org/10.1007/s00403-002-0338-7
YANG JM, HILDEBRANDT B, LUDER-
SCHMIDT C, POLLARD KM: Human sclero-
derma sera contain autoantibodies to protein
components specific to the U3 small nucleo-
lar RNP complex. Arthritis Rheum 2003;
48(1): 210-7.
https://doi.org/10.1002/art.10729

TAKEUCHI K, TURLEY SJ, TAN EM, POL-
LARD KM: Analysis of the autoantibody
response to fibrillarin in human disease and
murine models of autoimmunity. J Immunol
1995; 154(2): 961-71.

OVERZET K, GENSLER TJ, KIM SJ et al.
Small nucleolar RNP scleroderma autoanti-
gens associate with phosphorylated serine/
arginine splicing factors during apoptosis.
Arthritis Rheum 2000; 43(6): 1327-36.
https://
doi.org/10.1002/1529 -
0131(200006)43:6<1327::AID-
ANR15>3.0.CO;2-S

ROMAN-FRANCO AA, TURIELLO M, ALBINI
B, OSSI E, MILGROM F, ANDRES GA: Anti-
basement membrane antibodies and antigen-
-antibody complexes in rabbits injected with
mercuric chloride. Clin Immunol Immuno-
pathol 1978; 9(4): 464-81. https://
doi.org/10.1016/0090-1229(78)90143-5
HIRSCH F, COUDERC J, SAPIN C, FOURNIE G,
DRUET P: Polyclonal effect of HgCI2 in the
rat, its possible role in an experimental auto-
immune disease. Eur J Immunol 1982; 12(7):
620-5.
https://doi.org/10.1002/eji.1830120716
PELLETIER L, PASQUIER R, VIAL MC et al.:
Mercury-induced autoimmune glomerulone-
phritis: requirement for T-cells. Nephrol Dial
Transplant 1987; 1(4): 211-8.

BALAZS T: Immunogenetically controlled
autoimmune reactions induced by mercury,
gold and D-penicillamine in laboratory ani-
mals: a review from the vantage point of pre-
marketing safety studies. Toxicol Ind Health
1987; 3(3):331-6. https://

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

doi.org/10.1177/074823378700300305
RAMIREZ-SANDOVAL R, LUEVANO-RODRI-
GUEZ N, RODRIGUEZ-RODRIGUEZ M et al.:
An Animal Model Using Metallic Ions to
Produce Autoimmune Nephritis. J Immunol
Res 2015; 2015: 269610.
https://doi.org/10.1155/2015/269610
LANDRIGAN PJ, FULLER R, ACOSTA NJR
et al.: The Lancet Commission on pollu-
tion and health. Lancer 2018; 391(10119):
462-512. https://doi.org/10.1016/S0140-
6736(17)32345-0. Erratum in: Lancet 2018;
391(10119): 430. https://
doi.org/10.1016/s0140-6736(17)32817-9
PACHECO-TOVAR D, PACHECO-TOVAR MG,
AVALOS-DIAZ E et al.: Associated autoim-
munity and lead exposure in chilhood. Int J
Immunol 2021; 9(1): 16-21.

https://doi.org /10.11648/j.iji.20210901.14
ENTWISTLE JA, HURSTOUSE AS, MARINHO
REIS PA, STEWART AG: Metalliferous mine
dust: Human health impacts and the potential
determinants of disease in mining communi-
ties. Current Pollution Reports 2019; 5(3):
67-83.
https://doi.org/10.1007/s40726-019-00108-5
POLLARD KM, HULTMAN P, KONO DH: Toxi-
cology of autoimmune diseases. Chem Res
Toxicol 2010; 23(3): 455-66.
https://doi.org/10.1021/tx9003787

WHO TASK GROUP ON ENVIRONMENTAL
HEALTH CRITERIA: Principles and Methods
for Assessing Autoimmunity Associated with
Exposure to Chemicals. Ed. WHO Press,
Environmental Health Criteria 2006; 236:
Xi-324.

MILLER FW, POLLARD KM, PARKS CG et al.:
Criteria for environmentally associated auto-
immune diseases. J Autoimmun 2012; 39(4):
253-8.
https://doi.org/10.1016/j.jaut.2012.05.001
POLLARD KM, CAUVI DM, TOOMEY CB,
HULTMAN P,KONO DH: Mercury-induced in-
flammation and autoimmunity. Biochim Bio-
phys Acta Gen Subj 2019; 1863(12): 129299.
https://
doi.org/10.1016/j.bbagen.2019.02.001
BALALI-MOOD M, NASERI K, TAHERGORA-
BI Z, KHAZDAIR MR, SADEGHI M: Toxic
Mechanisms of Five Heavy Metals: Mercu-
ry, Lead, Chromium, Cadmium, and Arsenic.
Front Pharmacol 2021; 12: 643972.
https://doi.org/10.3389/fphar.2021.643972
JAN AT, AZAM M, SIDDIQUI K, ALI A, CHOI I,
HAQ QM: Heavy Metals and Human Health:
Mechanistic Insight into Toxicity and Coun-
ter Defense System of Antioxidants. Int J
Mol Sci 2015; 16(12): 29592-630.
https://doi.org/10.3390/ijms 161226183
POLLARD KM, CAUVI DM, MAYEUX M, et
al.: Mechanisms of Environment-Induced
Autoimmunity. Annu Rev Pharmacol Toxicol
2021; 61: 135-157. https://
doi.org/10.1146/annurev-pharm-
tox-031320-111453

FRANZONI G, CICCOTELLI V, MASIELLO L
et al.: Cadmium and wild boar: Environmen-
tal exposure and immunological impact on
macrophages. Toxicol Rep 2022; 9: 171-180.
https://doi.org/10.1016/j.toxrep.2022.01.009
ENESTROM S, HULTMAN P: Does amalgam
affect the immune system? A controversial is-



Metals and autoimmunity / R. Herrera-Esparza et al.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

sue. Int Arch Allergy Immunol 1995; 106(3):
180-203. https://doi.org/10.1159/000236843
HERRSTROM P, HOGSTEDT B, ARONSON
S, HOLMEN A, RASTAM L: Acute glomeru-
lonephritis,  Henoch-Schonlein  purpura
and dental amalgam in Swedish children: a
case-control study. Sci Total Environ 1996;
191(3): 277-82. https://
doi.org/10.1016/s0048-9697(96)05270-9
BARTOVA J, PROCHAZKOVA J, KRATKA Z,
BENETKOVA K, VENCLIKOVA Z, STERZL I:
Dental amalgam as one of the risk factors in
autoimmune diseases. Neuro Endocrinol Lett
2003; 24(1-2): 65-7

STEJSKAL V: Metals as a common trigger of
inflammation resulting in non-specific symp-
toms: diagnosis and treatment. Isr Med Assoc
J2014; 16(12): 753-8

SILVER RM: Was Paul Klee’s scleroderma an
occupational disease? A series of historical
and clinical vignettes, part I11. J Scleroderma
Relat Disord 2020; 5(2): 85-89.
https://doi.org/10.1177/2397198320908210
FORTE G, FADDA C,BOCCA B, ERRE GL, PAS-
SIU G, MADEDDU R: Association Between
Exposure to Heavy Metals and Systemic
Sclerosis: the Levels of Al, Cd, Hg, and Pb in
Blood and Urine of Patients. Biol Trace Elem
Res 2019; 190(1): 1-10.
https://doi.org/10.1007/s12011-018-1509-5
MARIE I, GEHANNO JF, BUBENHEIM M et
al.: Systemic sclerosis and exposure to heavy
metals: A case control study of 100 patients
and 300 controls. Autoimmun Rev 2017;
16(3): 223-230.
https://doi.org/10.1016/j.autrev.2017.01.004
ZHONG JY, MO YQ, TENG MIJ et al.: The Re-
lationship Between Mercury Exposure and
Membranous Nephropathy: Case Reports
and Meta-Analysis. J Appl Toxicol 2025;
45(3): 472-481.
https://doi.org/10.1002/jat.4721

CHEN KH, YU HC, CHANG YC: Analysis of
dental amalgam fillings on primary Sjogren’s
syndrome: A population-based case-control
study in Taiwan. Medicine (Baltimore) 2021;
100(47): €28031. https://
doi.org/10.1097/MD.000000000002803 1
KINDGREN E, GUERRERO-BOSAGNA C,
LUDVIGSSON J: Heavy metals in fish and
its association with autoimmunity in the de-
velopment of juvenile idiopathic arthritis: a
prospective birth cohort study. Pediatr Rheu-
matol Online J 2019; 17(1): 33.
https://doi.org/10.24953/turkjped.2022.249
KISAOGLU H, BABA O, KALYONCU M: Mer-
cury exposure mimicking systemic lupus er-
ythematosus in a thirteen-year-old girl. Turk
J Pediatr 2023; 65(1): 170-175.
https://doi.org/10.24953/turkjped.2022.249
STEJSKAL V, REYNOLDS T, BJORKLUND G:

74.

75.

76.

77.

78.

79.

80.

81.

82

83.

84

Increased frequency of delayed type hyper-
sensitivity to metals in patients with connec-
tive tissue disease. J Trace Elem Med Biol
2015; 31: 230-6.
https://doi.org/10.1016/j.jtemb.2015.01.001
PROCHAZKOVA J, STERZL I, KUCEROVA H,
BARTOVAJ, STEISKAL VD: The beneficial ef-
fect of amalgam replacement on health in pa-
tients with autoimmunity. Neuro Endocrinol
Lett 2004; 25(3): 211-8.

HYBENOVA M, HRDA P, PROCHAZKOVA 1,
STEJSKAL V, STERZL I: The role of environ-
mental factors in autoimmune thyroiditis.
Neuro Endocrinol Lett 2010; 31(3): 283-9.
LIU S,ZHANG L,LUO N et al.: Metal mixture
exposure and the risk for immunoglobulin A
nephropathy: Evidence from weighted quan-
tile sum regression. Environ Sci Pollut Res
Int 2023; 30(37): 87783-92.
https://doi.org/10.1007/s11356-023-28706-3
VINEIS P, ROBINSON O, CHADEAU-HYAM M,
DEHGHAN A, MUDWAY I, DAGNINO S: What
is new in the exposome? Environ Int 2020;
143:105887.
https://doi.org/10.1016/j.envint.2020.105887
BOLON B, HASCHEK WM: The Exposome in
Toxicologic Pathology. Toxicol Pathol 2020;
48(6): 718-720.
https://doi.org/10.1177/0192623320912403
PETIT P, VUILLERME N: Global research
trends on the human exposome: a bibliomet-
ric analysis (2005-2024). Environ Sci Pollut
Res Int 2025; 32(13): 7808-33.
https://doi.org/10.1007/s11356-025-36197-7
LI Y, WANG WX: Integrated transcriptomics
and proteomics revealed the distinct toxi-
cological effects of multi-metal contamina-
tion on oysters. Environ Pollut 2021; 284:
117533, https://
doi.org/10.1016/j.envpol.2021.117533
KARTHIKEYAN BS, HYOTYLAINEN T, GHAF-
FARZADEGAN T, TRIPLETT E, ORESIC M,
LUDVIGSSON J: Prenatal exposure to en-
vironmental contaminants and cord serum
metabolite profiles in future immune-medi-
ated diseases. J Expo Sci Environ Epidemiol
2024; 34(4): 647-658.
https://doi.org/10.1038/s41370-024-00680-z

. DANIELI MG, CASCIARO M, PALADINI A

et al.: Exposome: Epigenetics and autoim-
mune diseases. Autoimmun Rev 2024; 23(6):
103584.
https://doi.org/10.1016/j.autrev.2024.103584
GOLDMANN U, WIEDMER T, GAROFOLI A et
al.: Data- and knowledge-derived functional
landscape of human solute carriers. Mol Syst
Biol 2025;21: 599-631.
https://doi.org/10.1038/s44320-025-00108-2

. ZHU X, BENNETT TJD, ZOUBOULIS KC et

al.: Measurements of molecular size and
shape on a chip. Science 2025; 388(6747):

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

eadt5827.
https://doi.org/10.1126/science.adt5827
JANSSEN LM, LEMAIRE F, SANCHEZ-CALE-
RO CL, HUAUX F, RONSMANS S, HOET PH,
GHOSH M: External and internal exposome
as triggers of biological signalling in system-
ic sclerosis. A narrative synthesis. J Autoim-
mun 2025; 150: 103342.
https://doi.org/10.1016/j.jaut.2024.103342
SAMANIPOUR S, BARRON LP, VAN HER-
WERDEN D, PRAETORIUS A, THOMAS KV,
O’BRIEN JW: Exploring the Chemical Space
of the Exposome: How Far Have We Gone?
JACS AU 2024; 4(7): 2412-25.
https://doi.org/10.1021/jacsau.4c00220
DINSE GE, CO CA,PARKS CG et al.: Expanded
assessment of xenobiotic associations with
antinuclear antibodies in the United States,
1988-2012. Environ Int 2022; 166: 107376.
https://doi.org/10.1016/j.envint.2022.107376
JAYCOX JR, DAI Y, RING AM: Decoding
the autoantibody reactome. Science 2024;
383(6684): 705-7.
https://doi.org/10.1126/science.abn1034
MILACIC M, BEAVERS D, CONLEY P et al.:
The Reactome Pathway Knowledgebase
2024. Nucleic Acids Res 2024; 52(D1):
D672-D678.
https://doi.org/10.1093/nar/gkad 1025
ELBAKIDZE M, HAHN T, MAUERHOFER V,
ANGELSTAM P, AXELSSON R: Legal frame-
work for biosphere reserves as learning sites
for sustainable development: a comparative
analysis of Ukraine and Sweden. Ambio
2013; 42(2): 174-87.
https://doi.org/10.1007/s13280-012-0373-3
KHOLODOV A, GOLOKHVAST K: Air Pollu-
tion of Nature Reserves near Cities in Russia.
Scientifica (Cairo) 2020; 2020: 9148416.
https://doi.org/10.1155/2020/9148416

AGI: Can we mitigate environmental impacts
from mining? Material adapted from: HUD-
SON TL, FOX FD, PLUMLEE, GS: Metal
Mining and the Environment. American Ge-
ological Institute 1999; 3(6): 41-46.
CARVALHO FP: Mining industry and sustain-
able development: time for change. Food
and Energy Security 2017; 6(2): 61-77.
https://doi.org/10.1002/fes3.109

KAUPPILA T: Mining non-renewable mineral
resources in a sustainable way. European Ge-
ologist 2018; 45: 12-14.

LEDERER FL, BOELENS P: Peptide-based
recycling of critical raw materials from
electronic waste: The transition towards a
circular economy requires novel and envi-
ronmentally-friendly solutions to increase
the recycling rate from discarded electronic
devices. EMBO Rep 2025; 26(9): 2221-2226.
https://doi.org/10.1038/s44319-025-00449-x

Journal of Environmental Rheumatology 2025



