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REVIEW

A comprehensive summary of disease variants implicated in metal allergy
Ka Roach and Jr Roberts

Allergy and Clinical Immunology Branch (ACIB), National Institute of Occupational Safety and Health (NIOSH), Morgantown, WV, USA

ABSTRACT
Allergic disease represents one of the most prominent global public health crises of the 21st century. 
Although many different substances are known to produce hypersensitivity responses, metals consti
tute one of the major classes of allergens responsible for a disproportionately large segment of the total 
burden of disease associated with allergy. Some of the most prevalent forms of metal allergy – including 
allergic contact dermatitis – are well-recognized; however, to our knowledge, a comprehensive review 
of the many unique disease variants implicated in human cases of metal allergy is not available within 
the current scientific literature. Consequently, the main goal in composing this review was to (1) 
generate an up-to-date reference document containing this information to assist in the efforts of lab 
researchers, clinicians, regulatory toxicologists, industrial hygienists, and other scientists concerned with 
metal allergy and (2) identify knowledge gaps related to disease. Accordingly, an extensive review of the 
scientific literature was performed – from which, hundreds of publications describing cases of metal- 
specific allergic responses in human patients were identified, collected, and analyzed. The information 
obtained from these articles was then used to compile an exhaustive list of distinctive dermal/ocular, 
respiratory, gastrointestinal, and systemic hypersensitivity responses associated with metal allergy. Each 
of these disease variants is discussed briefly within this review, wherein specific metals implicated in 
each response type are identified, underlying immunological mechanisms are summarized, and major 
clinical presentations of each reaction are described.

Abbreviations: ACD: allergic contact dermatitis, AHR: airway hyperreactivity, ASIA: autoimmune/ 
autoinflammatory syndrome induced by adjuvants, BAL: bronchoalveolar lavage, CBD: chronic 
beryllium disease, CTCL: cutaneous T-cell lymphoma, CTL: cytotoxic T-Lymphocyte, DRESS: drug 
reaction with eosinophilia and systemic symptoms, GERD: gastro-esophageal reflux disease, GI: 
gastrointestinal, GIP: giant cell interstitial pneumonia, GM-CSF: granulocyte macrophage-colony 
stimulating factor, HMLD: hard metal lung disease, HMW: high molecular weight, IBS: irritable bowel 
syndrome, Ig: immunoglobulin, IL: interleukin, LMW: low molecular weight, PAP: pulmonary alveo
lar proteinosis, PPE: personal protective equipment, PRR: pathogen recognition receptor, SLE: 
systemic lupus erythematosus, SNAS: systemic nickel allergy syndrome, Th: helper T-cell, UC: 
ulcerative colitis, UV: ultraviolet.
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Introduction

Allergic disease constitutes an enormous global public 
health burden that has been described by many as the 
“epidemic of the twenty first century” (Pawankar et al. 
2008). Currently, it is estimated that up to 30% of the 
world’s population is afflicted with some form of 
allergic disease – the most prevalent manifestations 
of which include contact allergy, asthma, rhinosinusi
tis, and food hypersensitivities (Sánchez-Borges et al. 
2018). These and other allergic disorders have been 
continually rising in prevalence over the past several 
decades in most countries (Asher et al. 2006; 
Pawankar et al. 2013; Prescott et al. 2013). 
Concurrently, the average age of disease onset is 

declining, sensitized individuals are experiencing 
allergic symptoms with increasing frequency and 
severity, and the pathogenic mechanisms involved in 
prototypical hypersensitivity responses are becoming 
more complex (Heck et al. 2017; Lowe et al. 2017; 
Mahmoudi, Craig, and Ledford 2019; Simpson et al. 
2008; Wu et al. 2011). These trends are believed to be 
reflective of a widespread shift in humans’ suscept
ibility to allergy that is increasing as a result of indus
trialization, modern lifestyle factors, and 
environmental changes – associations which suggest 
that the prevalence of allergic disease might continue 
to increase into the foreseeable future (De Souza, 
Araujo-Souza, and Leme 2022; Ray and Ming 2020).
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Thousands of different substances are capable of 
inducing allergic disease in humans. Over 4,000 
agents have been classified as potential contact aller
gens and approximately 600 agents to date were 
identified as potential respiratory allergens (Kurt 
and Basaran 2020; Martin, Rustemeyer, and 
Thyssen 2018). Among these substances, some of 
the most common classes of allergens include envir
onmental proteins, food antigens, animal venoms, 
drugs, and reactive chemicals. Metals also constitute 
a major group of sensitizers and are widely- 
recognized as some of the most frequent inducers 
of global allergic disease (Lim et al. 2018). It is 
currently estimated that around 20% of the global 
population exhibits allergic sensitivity to at least one 
metal (Schultzel et al. 2020). Accordingly, metal- 
induced hypersensitivity responses are responsible 
for a disproportionately large segment of the global 
burden of allergic disease. Metal allergy also consti
tutes a major source of occupational illness around 
the world (Kurt and Basaran 2020).

Metal allergy is a collective term used to describe 
a subset of allergic conditions that are all similarly 
mediated by metal-specific adaptive immune 
responses. Based upon the information reported 
herein, this allergic conglomerate is comprised of 
more than 50 unique disease variants involving 
distinctive biological mechanisms, causative agents, 
anatomical sites of involvement, and clinical man
ifestations. Although a few of the most common 
presentations of these disorders are widely- 
recognized, the complete spectrum of disease asso
ciated with metal allergy is less so. As the preva
lence of allergic sensitivity to metals continues to 
increase globally, failure to recognize the diversity 
of potential hypersensitivity responses associated 
with this disorder constitutes a major barrier 
impeding advances in the development and imple
mentation of effective strategies to manage the dis
ease (Forte, Petrucci, and Bocca 2008).

A comprehensive and up-to-date reference 
document describing the unique disease variants 
that have been implicated in human cases of metal 
allergy has yet to be published within the scientific 
literature. Consequently, the primary objective in 
composing this review was to generate a reference 
document containing this information. This review 
has potential utility in an extensive number of 
different applications and diverse settings in 

which metal-specific hypersensitivity responses 
present a notable health concern. It has the capacity 
to become a valuable resource for lab researchers, 
clinicians, regulatory toxicologists, industrial hygie
nists, and other scientists in their efforts to under
stand metal allergy and identify areas where more 
investigation is needed. The document provides 
information related to specific allergic hazards 
imposed by individual metals and identification of 
potential immunotoxic outcomes in relation to spe
cific routes of exposure to sensitizing metals.

A general overview of metal allergy

The term ‘metal allergy’ refers to a subset of allergic 
conditions wherein the inciting agent, and thus, 
immunological memory generated by the adaptive 
immune system, may be any number of different 
metal species. According to the Royal Society of 
Chemistry, the periodic table contains 92 elements 
that are classified as metals (Yao et al. 2020). Nearly 
half of these elements have limited or no biological 
involvement in allergic disease. Approximately 45 
total elemental species of metals pose a potential 
risk of inducing allergic responses and most have 
been implicated in allergic disease in some capacity 
(Thyssen and Menné 2010). The Contact 
Dermatitis Institute’s allergen database currently 
lists 35 different metal elements as constituents of 
compounds known to specifically cause contact 
allergy (Contact Dermatitis Institute). In addition, 
the World Allergy Organization maintains an 
updated list of agents capable of inducing respira
tory allergy, among which, 11 different metals are 
listed (World Allergy Organization). The metals 
identified in these compendiums represent specific 
entities that have been repeatedly demonstrated to 
exhibit notable allergenic potential in some or all 
exposed humans, and accordingly, constitute sig
nificant hazards in the context of allergy. Several 
other metal species not included in these lists have 
also been implicated in hypersensitivity responses, 
albeit far less frequently, and similarly, pose a lower 
threat level than other sensitizing metals.

The most fundamental requirement to induce sen
sitization of naïve subjects or elicit allergic responses 
in existing disease states is allergen exposure. In this 
context, metal allergy represents a particularly unique 
subset of allergic disease since metals are routinely 
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encountered by all major exposure routes. Dermal 
contact with metals and metal-containing objects is 
inevitable for most members of today’s society since 
these constitute a class of materials indispensable to 
modern life. The skin is continuously exposed to 
metals as a result of their incorporation into cos
metics, tools, and personal electronics, as well as 
their countless applications in the transportation, bio
medical, housing and construction sectors (Garner 
2004; Hostýnek et al. 1993; Kim et al. 2021). In addi
tion, since metal particulates become suspended in the 
ambient air as a result of both natural and anthropo
morphic processes, inhalation exposure to these sub
stances is also common (Nemery 1990). Ingestion of 
metals also occurs frequently. Many metals are essen
tial elements of the human diet, and as major consti
tuents of the Earth’s crust, they are often present in 
both foods and drinking water (Kavcar, Sofuoglu, and 
Sofuoglu 2009). Finally, in some instances, systemic 
exposure to metals may occur as a result of their 
absorption following exposure and/or use in various 
parenteral biomedical applications (Bijukumar et al. 
2018; De Brouwere et al. 2012). Due to the propensity 
for metals to be encountered by all routes of exposure, 
and subsequently, capable of absorption by all 4 major 
portals of entry into the body, metal-induced hyper
sensitivity responses might develop in many different 
anatomical compartments.

In accordance with the topic of this review, it is 
important to distinguish between hypersensitivity 
reactions and other types of immunological 
responses that may develop following exposure to 
metals. Metals constitute a group of toxicants with 
the capacity to elicit a wide variety of distinctive 
adverse health effects mediated by numerous 
unique biological mechanisms, which may manifest 
in any tissue of the body (Borowska and Brzoska 
2015; Mamtani et al. 2011; Mizutani et al. 2016). 
Similarly, toxic responses implicating the immune 
system as the primary target tissue represent only 
one of many possible adverse outcomes following 
exposure to metals (Di Gioacchino et al. 2007). 
Further, of the many different immunotoxic 
responses that may emerge, allergic reactions repre
sent only a single potential outcome. Localized 
inflammatory reactions often develop following 
exposure to metals, and while these responses may 
appear indiscernible from symptomology of 

allergic reactions, these usually involve nonspecific 
mechanisms of immune responsivity and are 
mediated exclusively by cells of the innate immune 
system. In contrast, true hypersensitivity responses 
involve inflammatory reactions that are antigen- 
specific, driven by previously-generated immuno
logical memory, and are primarily mediated by cells 
of the adaptive immune system (Bircher 2018). In 
accordance with this distinction, this review is 
focused on the latter immune responses.

Like all allergic disorders, metal allergy involves 
two distinctive stages of disease pathogenesis (Nauta 
et al. 2008). The first phase – sensitization – entails 
a subclinical cascade of immunological events 
prompted by an initial exposure, during which, anti
gen-specific immunological memory is generated. 
Following the completion of this process, the elicita
tion phase ensues, wherein subsequent antigen 
encounters trigger activation of the adaptive immune 
system and pre-established effector mechanisms 
intended to neutralize the allergen. These mechanisms 
mediate the emergence of prototypical allergic signs 
and symptoms – often the first discernable indication 
of an individual’s new allergic disposition (Anderson, 
Siegel, and Meade 2011).

Exposure to allergenic metals and subsequent 
sensitization may lead to generation of many 
unique immunological mechanisms responsible 
for effector functions during the elicitation phase 
of metal hypersensitivity. Collectively, these differ
ent reactions might be broadly grouped based upon 
an existing paradigm utilized by immunologists to 
characterize allergic responses. The Gell and 
Coombs classification scheme was originally pro
posed in the 1960s but remains the most com
monly-used approach for describing different 
classes of hypersensitivity responses to date 
(Coombs 1968; Gell 1963). Based upon this para
digm, 4 major types of hypersensitivity responses 
exist – some of which encompass additional 
response variants (Figure 1). Metals constitute 
a class of antigens with the capacity to produce all 
4 types of hypersensitivity responses.

Type I hypersensitivity responses are immedi
ate-type allergic reactions mediated by antigen- 
specific immunoglobulin (Ig)E molecules. In sen
sitized individuals, B-cells produce these antibo
dies, which are then bound by FcεRI (high affinity 
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IgE receptor) molecules expressed on granulocyte 
cell surfaces including mast cells and basophils. 
Antigen exposure facilitates IgE cross-linking, 
and subsequently, cellular degranulation 
(Murphy, Travers, and Walport 2012). 
Preformed molecular mediators, including hista
mine, tryptase, and various cytokines/chemo
kines, are released during this process and are 
responsible for the prototypical physiological 
alterations such as vasodilation or bronchocon
striction observed during this type of allergic 
response (Hausmann, Schnyder, and Pichler 
2010; Moon, Befus, and Kulka 2014). Some exam
ples of type I hypersensitivity responses include 
anaphylaxis, allergic asthma, allergic rhinitis, and 
contact urticaria.

Type II and III hypersensitivity responses are 
also considered immediate-type, antibody- 
mediated immune reactions; however, antigen- 
specific IgG (or IgM) molecules constitute the pri
mary effectors in these reactions (Descotes and 

Choquet-Kastylevsky 2001). The major discerning 
feature of type II and III hypersensitivity reactions 
is the major antigen type, which tends to be cell- or 
matrix-associated proteins in type II responses and 
soluble antigens in type III reactions.

Two distinctive subsets of type II hypersensi
tivity reactions have been characterized. Both 
reaction types involve recognition of cell sur
face- or matrix-associated antigens by specific 
IgG/M molecules and subsequent destruction 
of the target cell or alterations in cellular func
tionality, which may or may not be accompa
nied by significant tissue damage (Murphy, 
Travers, and Walport 2012). Type IIa responses 
are often referred to as “cytotoxic” allergic 
responses. In these reactions, antigen-specific 
IgG/M molecules bind cell-associated proteins 
(antigen), triggering the activation of comple
ment and subsequent destruction of the target 
cells (Uzzaman and Cho 2012). Examples of this 
response type include autoimmune hemolytic 

Figure 1. The different types of hypersensitivity responses based on the Gell and Coombs classification scheme. Type I hypersensitivity 
reactions are mediated by antigen-specific IgE molecules that facilitate degranulation of mast cells following antigen exposure. Type II 
hypersensitivity reactions are mediated by antigen-specific IgG/M molecules that recognize cell-associated antigens, causing destruc
tion of the target cell (type IIa) or alterations in target cell functionality (type IIb). Type III hypersensitivity responses involve soluble 
antigen recognition by IgG/M molecules. This leads to the formation of antigen/immune complexes that can deposit in various tissues 
of the body, activate complement, and cause local tissue damage. Type IV hypersensitivity reactions involve the effector functions of 
various subsets of T-lymphocytes. Type IVa responses are mediated by CD4+ Th1 cells and result in activation of macrophages. Type 
IVb reactions involve the actions of CD4+ Th2 cells, which promote eosinophilic inflammation. Type IVc responses implicate CD8+ CTLs, 
which exert direct cytotoxic effects on target cells. Finally, type IVd reactions are mediated by various subsets of T-cells that facilitate 
the development of neutrophilic inflammation.
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anemia and some drug allergies. Comparatively, 
type IIb responses involve antibody-mediated 
cell-stimulating reactions, wherein IgG/M mole
cules recognize cell surface- or matrix- 
associated antigens expressed by the target cell, 
following which, normal cell signaling processes 
may become augmented. This type of allergic 
response is associated with Grave’s disease and 
chronic idiopathic urticaria.

In type III hypersensitivity reactions (also 
called immune complex-mediated allergic reac
tions), host antibodies recognize and bind solu
ble antigen, forming a complex that may deposit 
within various tissues of the body, including 
blood vessel walls (Dispenza 2019). These com
plexes trigger complement activation, leading to 
local inflammation and tissue injury. Serum 
sickness and Arthus reactions constitute two of 
the most common manifestations of type III 
hypersensitivity reactions.

Finally, type IV hypersensitivity responses 
involve delayed-type allergic reactions mediated 
by antigen-specific T-lymphocytes. Four subtypes 
of type IV allergic responses have been described – 
each of which involves distinctive underlying 
immunological mechanisms orchestrated by differ
ent subsets of effector T-cells. Type IVa reactions 
involve the actions of CD4 + T helper 1 cells (Th1) 
and subsequent activation of macrophages (Phillips 
et al. 2019). Type IVb responses are mediated by 
T helper 2 cells (Th2) and facilitate eosinophilic 
inflammation. Type IVc hypersensitivity responses 
involve CD8+ cytotoxic T-lymphocytes (CTL) with 
direct cell-killing capabilities. The final subtype of 
delayed hypersensitivity reactions, type IVd 
responses, implicate T-cell-induced neutrophilic 
inflammation (Hausmann, Schnyder, and Pichler 
2010). Common examples of type IV hypersensi
tivity responses include allergic contact dermatitis 
(ACD), tuberculin reactions, and Stevens-Johnson 
syndrome.

The earliest descriptions of metal allergy date 
back to the late 1800s (Thyssen et al. 2021). All 
preliminary reports of the disease selectively 
described cases of skin reactions in workers 
exposed to metals in their workplaces. 
Accordingly, allergic sensitivity to metals was initi
ally recognized as a health concern preferentially 
associated with workers involved in activities such 

as electroplating, welding, smelting, and mining. 
This paradigm remained unchallenged for the first 
half of the 20th century; however, by the 1950s, 
cases of contact allergy to metals began emerging 
in the general population (Thyssen and Menné 
2010). Industrialization and increased incorpora
tion of metals into consumer goods led to increases 
in the frequency of cutaneous exposures to metals 
in the general public. For some metals – particu
larly those present in jewelry and stocking suspen
ders – the primary afflicted population shifted from 
male workers to females within the general popula
tion by the 1950s and 1960s. By the 1970s and 
1980s, an elevation in prevalence of dermatitis had 
also become evident within the male segment of the 
general public as jeans began incorporating zippers 
and buttons capable of facilitating cutaneous expo
sures to sensitizing metals. Most countries experi
enced continuous increases in the prevalence of 
metal sensitivity in subsequent years, and by the 
1990s, rates of allergic responsivity to some metals 
exceeded 30% in certain subsets of the global popu
lation (Thyssen and Menné 2010). Consequently, 
metal allergy became widely-recognized as 
a prominent public health concern in most nations 
by the 1990s.

Currently, in the 21st century, metal allergy 
remains a major health concern from both a public 
health standpoint and an occupational safety per
spective. In the general public, dermal hypersensitiv
ity responses constitute the most prevalent form of 
metal allergy (Thyssen and Menné 2010). 
Interestingly, contact sensitivity to metals has been 
identified as one of the most consistently proble
matic disorders around the globe and, unlike many 
diseases and other types of allergy, it is endemic to 
both industrialized and developing nations (Forte, 
Petrucci, and Bocca 2008). Studies originating from 
countries in North and South America, Europe, the 
Middle East, Africa, Asia, and the South Pacific all 
demonstrated that allergenic metals are some of the 
most common inducers of contact sensitivity 
amongst their respective citizen populations 
(Almutairi and Almutawa 2017; Belloni Fortina 
et al. 2015; Duarte et al. 2013; Goon 2018; Goon 
and Goh 2005; Mahler, Geier, and Schnuch 2014; 
Mirembe et al. 2016; Rui et al. 2013; Thyssen et al. 
2010; Tiwari et al. 2018; Warshaw et al. 2013). 
Moreover, in all of these countries, the same 4 
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metals – nickel, cobalt, chromium, and gold – were 
identified to be responsible for nearly all cases of 
metal sensitivity (Cheng et al. 2008; Schuttelaar et al. 
2018). In recent years, a few other general trends 
have been identified regarding the global public 
health burden imposed by metal allergy. For exam
ple, it is widely recognized that women are signifi
cantly more likely to develop metal allergy than men 
within the general population (Wöhrl et al. 2003). In 
addition, the risk of developing skin sensitivity to 
metal allergens has been positively correlated with 
the number of ear and/or body piercings by an 
individual (Ehrlich, Kucenic, and Belsito 2001; 
Markel et al. 2020). Finally, metal allergy is known 
to afflict all age groups within the general popula
tion, inducing disease in newborns and infants, tod
dlers and children, adolescents, adults, and the 
elderly (Cardona et al. 2011; Tuchman et al. 2015).

Sensitizing metals are also responsible for a large 
proportion of allergic responses reported specifically 
in worker populations (Warshaw et al. 2019). The 
profile of disease implicated in cases of metal allergy 
where occupational exposures are responsible for 
symptom emergence bears several unique features 
that differ from trends associated with the disease in 
the general population. For example, while most cases 
of metal allergy in the general public result from 
dermal contact with metals, occupationally-relevant 
cases might involve multiple routes of exposure 
(Bright et al. 1997; Fontenot and Amicosante 2008). 
Common industrial applications for metals not only 
facilitate skin contact, but also respiratory exposures in 
workers (Raulf et al. 2016). Consequently, both dermal 
and respiratory hypersensitivity responses to metals 
are frequently observed in occupational settings 
(Cristaudo et al. 2005; Fernandez-Nieto et al. 2006). 
In addition, while only a small number of metals are 
known to be responsible for most cases of metal 
allergy in the general public, workplace-associated 
cases tend to implicate a far greater number of metal 
allergens since the diversity of metals present in occu
pational settings is more extensive and in higher con
centration than those likely to be encountered by the 
general public (Bircher 2018). Collectively, these dis
crepancies illustrate some of the distinctive hazards 
and challenges uniquely associated with occupation
ally-relevant cases of metal allergy.

A comprehensive list of disease variants 
associated with metal allergy

A comprehensive review of the scientific literature was 
performed and publications describing confirmed 
cases of metal allergy in human subjects were com
piled. These reports were then analyzed and grouped 
according to similarities in the major route of expo
sure and primary anatomical site of allergic response 
manifestation described in each case. This categorical 
approach constitutes the organizational framework 
for the following sections, which describe the various 
dermal, respiratory, gastrointestinal (GI), and sys
temic hypersensitivity responses that have been impli
cated in metal allergy. For each of these categories of 
responses, the general prevalence of metal-induced 
allergic reactivity is noted, relevant sources of metal 
exposure are summarized, and subsets of the popula
tion at increased risk for disease are identified where 
applicable. An exhaustive compilation of distinctive 
metal-induced allergic responses associated with the 
corresponding biological compartment is then pro
vided. Each of these unique disease manifestations is 
discussed briefly, wherein underlying immunological 
mechanisms, prototypical signs and symptoms, and 
specific metal entities implicated in each response type 
are highlighted. A summarized list of these conditions 
is provided in Table 1.

In addition to the many direct manifestations of 
metal allergy, several other inflammatory condi
tions have also been identified within the scientific 
literature as disorders in which the concurrent exis
tence of allergic sensitivity to metals has the capa
city to play an indirect, but significant role in 
disease pathogenesis. These conditions are also 
highlighted and briefly discussed in the following 
sections, where applicable. A summarized list of 
these disease states is provided in Table 2.

Metals and topical hypersensitivity responses

Hypersensitivity responses of the skin constitute 
the most common form of metal allergy worldwide 
(Chen and Thyssen 2018). This is reflective of the 
ubiquitous nature of metal-containing items that 
regularly come into contact with the skin, which 
might facilitate absorption of immunogenic metal 
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ions through the epidermal barrier (Berardesca 
2002; Lansdown 1995). Moreover, many items con
taining metals remain in contact with the skin for 
extended durations of time when used, increasing 
the magnitude of ion release and subsequent 
absorption. In the general population, jewelry, elec
tronics, cosmetics, and clothing components (fas
teners, buttons, snaps, zippers, etc.) constitute some 
of the major sources of dermal exposure to metals 
(Bocca and Forte 2009).

Skin contact with metals also occurs frequently in 
occupational settings, rendering dermal manifesta
tions of metal allergy also a major concern in the 
workplace. Bankers, machine operators, cosmetolo
gists, electroplaters, and healthcare workers are all 
known to be at increased risk for developing contact 
allergy to metals (Kanerva, Estlander, and Jolanki 
1998; Kanerva et al. 1997; Thyssen et al. 2013; 

Warshaw et al. 2019). The risk of skin sensitization 
is also particularly high in workers that are required 
to perform their duties in environments with ele
vated temperatures (Sasseville 2008). In these indi
viduals, elevations in core body temperature can 
result from excess heat that is generated either as 
a direct result of work activities – such welding or 
electroplating – or as a result of external working 
conditions, like those encountered by construction 
workers when working outdoors in the summer 
months. As body temperature rises and greater 
quantities of sweat are produced, many metal- 
containing items or compounds present on the 
skin undergo accelerated dissolution, enhancing 
the potential cumulative dose of the soluble metal 
form capable of penetrating the skin (Stefaniak et al. 
2014). Consequently, these workers are especially 
vulnerable to skin sensitization by metals.

Table 1. Summary of Disease Variants Implicated in Metal Allergy.
Tissue Primary Disease Presentation Disease Variant(s)

Dermal 
Hypersensitivity 
Responses

Allergic Contact Dermatitis (ACD):
Eczematous ACD Nummular Dermatitis, Dyshidrotic Eczema, Recurrent Vesicular Hand Eczema
Non-Eczematous ACD Pruritic Papular, Lymphomatous, Lymphomatoid-Eosinophilic, Depigmented 

Contact Dermatitis, Palmoplantar Pustulosis
Photo-Mediated ACD

Allergic Granulomatous Skin Reactions
IgE-Mediated Allergic Skin Responses:

Atopic Dermatitis/Contact Urticaria
Photo-Mediated Contact Urticaria

Oral Mucosal Allergy Allergic Contact Stomatitis, Oral Lichen Planus, Orofacial Granulomatosis, Burning 
Mouth Syndrome, Geographic Tongue, Peri-Oral ACD, Allergic Contact Cheilitis

Ocular Allergy Allergic Conjunctivitis, Eyelid Contact Dermatitis, Atopic 
Keratoconjunctivitis, Contact Blepharoconjunctivitis

Metal Hypersensitive Alopecia Areata
Bullous Autoimmune Dermatoses:

Pemphigus
Pemphigoid

Respiratory 
Hypersensitivity 
Responses

Allergic Asthma Antibody-Mediated (IgE, IgG), Cell-Mediated; Th2/Eosinophilic, /Th1/17/Neutrophilic
Allergic Rhinitis
Immediate Hypersensitivity Laryngitis
Hypersensitivity Pneumonitis:

Chronic Beryllium Disease
Gold Lung
Hard Metal Lung Disease

Pulmonary Eosinophilia Eosinophilic bronchitis, Eosinophilic Pneumonia
GI Hypersensitivity 
Responses

Contact Allergic Mucositis/Gastritis
Allergic Esophagitis:

Eosinophilic Esophagitis
Lymphocytic Esophagitis

Systemic 
Hypersensitivity 
Responses

Anaphylaxis Type I, Mixed-Type Anaphylaxis
Systemic ACD Baboon Syndrome
Airborne ACD
Chronic Urticaria Syndrome
Systemic Nickel Allergy Syndrome
Drug Reaction with Eosinophilia and Systemic Symptoms Syndrome
Kounis Syndrome
Systemic Sensitization Implant Failure, Metallosis

Table 1: A comprehensive list of unique disease variants implicated in metal allergy. An extensive review of the scientific literature was performed and all reports 
describing metal-induced hypersensitivity responses in human subjects were compiled. All of the unique disease variants implicated in these publications are 
discussed in this manuscript and summarized in the table above. Responses are grouped according to primary tissue of involvement, as either dermal, 
respiratory, gastrointestinal, or systemic hypersensitivity reactions. Distinctive clinical manifestations and disease variants associated with specific conditions 
are listed where applicable.
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Many different types of metal-specific hypersen
sitivity responses might manifest in the skin and 
other topical surfaces of the body such as the eye, 
and will be discussed individually in the following 
sections. Some of the major defining features of 
these responses include the underlying immunolo
gical mechanism include type I, II, III, IV hyper
sensitivity and anatomical site(s) of involvement 
such as inflammation restricted to the site of con
tact or widespread skin eruptions. A summary of 
the most common topical hypersensitivity 
responses and corresponding metals associated 
with each condition is shown in Table 3.

Allergic Contact Dermatitis
Contact dermatitis is an inflammatory skin condi
tion comprised of two major disease subsets that 
are mediated by distinctive immunological 
mechanisms. In cases of irritant contact dermatitis, 
dermal contact with skin irritants triggers the emer
gence of localized, nonspecific skin inflammation 
that becomes evident shortly after exposure (min to 
hr) (Tan, Rasool, and Johnston 2014). Cobalt is the 
metal most commonly implicated in this variant of 
dermatitis (Turčić, Marinović-Kulišić, and 
Lipozenčić 2013). Comparatively, ACD involves 
the elicitation of adaptive immune-mediated, 

antigen-specific skin inflammation at the site of 
exposure and represents the primary dermatitis 
subset of interest in the context of metal allergy.

ACD is a delayed-type hypersensitivity response 
of the skin that is exceptionally common, having 
been estimated to impact approximately 20–25% of 
the world’s population (Peiser et al. 2012). The 
disease is frequently observed in both the general 
public and working populations (Anderson, Long, 
and Dotson 2017). ACD is a disorder primarily 
produced by dermal contact with low molecular 
weight (LWM) sensitizers, which penetrate the 
uppermost layers of the epidermis and induce aller
gic sensitization via the skin (Fluhr et al. 2004). 
A population of antigen-specific T-cell clones is 
generated during ACD development, and upon 
future antigen encounters, these cells become acti
vated, orchestrating inflammatory responses at the 
site of exposure in an attempt to destroy the anti
gen. Within 48–72 hr exposure, signs of the 
response become evident, presenting as eruptions 
of localized dermal inflammation (Bocca and Forte 
2009).

Reactive chemicals represent one of the major 
classes of allergens most commonly implicated in 
ACD (Uter et al. 2018). Hair dyes, fragrances, pre
servatives, adhesives, and surfactants are all classes 
of chemicals with well-documented potential for 
dermal sensitization (Acer et al. 2020; Milam and 
Cohen 2019). Only one class of allergens is consis
tently implicated more frequently than reactive 
chemicals in cases of ACD – the sensitizing metals 
(Boonstra et al. 2015; Chen and Thyssen 2018). It 
has been estimated that approximately 20% of the 
general population exhibits delayed-type skin 
responses to at least one metal (Schuttelaar et al. 
2018). Nickel (Ni), cobalt(Co), gold (Au), and chro
mium (Cr) account for the majority of these cases, 
and rates of sensitivity to these metals tend to be 
conserved between most countries (Ahlstrom et al. 
2019; Davis et al. 2011).

Eczematous ACD: Several different clinical man
ifestations of ACD have been described to account 
for discrepancies in the nature of contact with the 
inciting antigen, pathophysiology of skin lesions, 
and anatomical sites of skin involvement 
(Pongpairoj et al. 2016). The most common clinical 
pattern of ACD reactions involves development of 
rashes described as ‘eczematous lesions,’ which 

Table 2. Inflammatory Conditions in Which Metal Allergy May 
Indirectly Contribute to Disease Pathogenesis.

Tissue Disease

Dermal 
Responses

Rosacea
Psoriasis

Respiratory 
Responses

Pulmonary Alveolar Proteinosis
Goodpasture’s Syndrome

GI 
Responses

Celiac Disease
Gastro-Esophageal Reflux Disease
Irritable Bowel Syndrome
Ulcerative Colitis

Systemic 
Responses

Systemic Lupus Erythematosus
Rheumatoid Arthritis
Chronic Fatigue Syndrome
Sjogren’s Syndrome
Goodpasture’s Syndrome
Fibromyalgia
Panniculitis
Cutaneous T-Cell Lymphomas

Table 2: A list of inflammatory conditions in which metal allergy may 
contribute to disease pathogenesis. In addition to the primary presenta
tions of metal allergy listed in Table 1, allergic responsivity to sensitizing 
metals has also been indirectly associated with several other disease states. 
These conditions are listed in the table above, in accordance with the 
tissue/anatomical compartment of relevance. Although it remains largely 
unclear what role metal allergy plays in the pathogenesis of these dis
orders, ample evidence exists within the scientific literature to suggest 
that, in some cases, metal allergy can promote the development, progres
sion, and severity of symptomology in these disease states.
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present with visible erythema and itching and may 
result in blistering and chapping of the skin in 
exposed areas (Li and Li 2021). The specific metals 
most frequently implicated in prototypical eczema
tous forms of ACD include Ni, Co, and Cr (Turčić, 
Marinović-Kulišić, and Lipozenčić 2013). Similar 
cases of ACD initiated by palladium (Pd) and Au 
have also become increasingly recognized in recent 
years. Although reported far less frequently, this 
type of ACD was also associated with aluminum, 
beryllium, copper, iridium, rhodium, platinum, zir
conium, and titanium in some individuals (Forte, 
Petrucci, and Bocca 2008; Mencia and Cawich 
2021; Tous Romero et al. 2021).

A few specific clinical variants of eczematous 
ACD responses were observed and correlated with 
metal exposure. For example, nummular dermatitis 
describes the emergence of coin-shaped scaly 
patches of skin, primarily on the legs and buttocks, 
that do not itch (Kapur, Watson, and Carr 2018). 
Nickel, Co, and Cr are the three metals most com
monly implicated in this variant of ACD 
(Bonamonte et al. 2012). The same three metals 
were also implicated in cases of dyshidrotic eczema 
(pompholyx) and recurrent vesicular hand 
eczema – chronic, intermittent forms of dermatitis 
that impact fingernails, hands, and feet (Boonstra 
et al. 2015; De Boer, Bruynzeel, and Van Ketel 1988; 
Nishizawa 2016; Stuckert and Nedorost 2008; 
Veien 2009; Veien et al. 1994; Vien and Kaaber 
1979).

Non-Eczematous ACD: The other major clinical 
pattern of ACD involves the emergence of ‘non- 
eczematous’ responses (Pongpairoj et al. 2016). 
These types of reactions can include lichenoid, 
depigmented, bullous, and neutrophilic or eosino
philic ACD reactions (Li and Li 2021). Gold is 
a metal that has been associated with numerous 
different variants of this type of contact dermatitis. 
Similarly, soluble gold compounds and gold jewelry 
were reported to produce pruritic papular derma
titis, lymphomatous reactions, and lymphomatoid- 
eosinophilic responses (Conde-Taboada et al. 2007; 
Iwatsuki et al. 1982; Park et al. 1999; Sperber et al. 
2003). Another clinical variant of non-eczematous 
ACD that selectively affects the palms and soles – 
palmoplantar pustulosis – might occur in subjects 
sensitive to Co, zinc (Zn), as well as other metals 
that have been associated with dentistry (Brunasso 

and Massone 2021; Song, Yin, and Ma 2011; Yanagi 
et al. 2005). Finally, depigmented contact dermati
tis has also been associated with Ni sensitivity (Kim 
et al. 1991).

Photo-Mediated ACD: Another notable variant 
of ACD is known to emerge only under specific 
conditions that constitute its classification as a form 
of photoallergy. In this type of ACD, the formation 
of immunologically-active antigenic determinants 
is dependent upon a chemical transformation 
event. Most often, this involves deposition of low 
molecular weight (LMW) chemicals (referred to as 
prohaptens) onto the skin, where they remain bio
logically inert until exposed to ultraviolet (UV) or 
visible light (Kerr and Ferguson 2010). Subsequent 
chemical modifications result in the generation of 
haptenic entities, which then bind with proteins of 
the skin to form complete antigenic determinants. 
These allergens then trigger prototypical eczema
tous eruptions that are indistinguishable from non- 
photoallergy-mediated ACD responses (Li and Li 
2021).

Only a few metals have been associated with 
photo-mediated forms of ACD and nearly all 
cases have been reported in workers that conduct 
their occupational duties in outdoor spaces. In one 
such report, a bricklayer with chronic and severe 
eczema exhibited a negative patch test result to Co, 
but a strong positive reaction to irradiated cobalt 
(Camarasa and Alomar 1981). In this instance, the 
elicitation of ACD reactions was uniquely specific 
for UV-transformed Co, which is often described as 
‘photosensitization.’ Comparatively, several other 
cases of photoallergy to Co were described in 
which workers exhibit contact sensitivity to cobalt 
both in the presence and absence of sunlight 
(Romaguera et al. 1982). In many of these cases, 
metal exposure results in ACD eruptions, but con
current exposure of the contact areas to sunlight 
might result in more severe reactions. This type of 
reaction is often referred to as ‘photoaggravation’ 
and was also found in workers with photosensitiv
ity to Cr (Manciet et al. 2006).

Allergic granulomatous skin responses
Allergic granulomatous reactions are another form 
of contact allergy associated with metals. These 
responses involve the development of granulomas – 
which are defined as small, localized nodules that 
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contain large cellular infiltrates comprised mostly 
of macrophages – in the dermis/hypodermis fol
lowing contact with allergens (Beretta-Piccoli et al. 
2018). Their development is known to involve 
delayed-type hypersensitivity mechanisms and 
Th1-related immune signaling pathways, similar 
to the mechanisms involved in ACD. Accordingly, 
allergic granuloma formation is sometimes reflec
tive of a unique clinical manifestation of ACD; 
however, in other subjects with no history of 
ACD, granulomatous skin responses may represent 
the existence of a distinctive inflammatory skin 
condition, such as granuloma annulare or granulo
matous dermatitis (Ţăranu et al. 2017; Tronnier 
and Mitteldorf 2015). Zirconium, aluminum (Al), 
titanium (Ti), Au, Co and Pd are all specific metals 
that were implicated in the development of hyper
sensitivity granulomas in the skin of sensitized sub
jects (Armstrong, Walsh, and Dawson 1997; 
Casper, Groth, and Hunzelmann 2004; Epstein 
and Allen 1964; Goossens et al. 2006; High et al. 
2006; Lauren et al. 2016; Lopez et al. 1994; Martin 
et al. 1990; Mehta and Balachandran 2010; 
Montemarano et al. 1997; Skelton et al. 1993).

IgE-mediated allergic responses of the skin
Although the most common presentations of der
mal hypersensitivity are mediated by delayed-type, 
cell-mediated mechanisms, immediate-type allergic 
skin responses involving antigen-specific IgE mole
cules also occur. Similar to ACD responses, these 
immediate-type skin reactions generally emerge 
following topical exposure to the agent and result 
in localized inflammatory reactions at the exposure 
site; however, the onset of clinical presentations 
and underlying mechanisms responsible for these 
reactions differ between the two response types. 
Antigen-specific IgE antibodies constitute the pri
mary mediators of allergic response elicitation in 
these immediate-type allergic skin conditions, and 
accordingly, facilitate the emergence of visible 
eruptions within 30–60 min exposure (Li and Li 
2021). By 24 hr, complete resolution of these reac
tions is generally observed.

Many metal species have been implicated in 
IgE-mediated allergic skin responses; however, 
these reactions were noted using inconsistent 
nomenclature within the scientific literature, com
plicating the interpretation of collective findings 

from these studies. In most of the existing pub
lications, IgE-mediated dermal hypersensitivity 
responses elicited by metals are preferentially 
recognized as a variant of either atopic dermatitis 
or contact urticaria. Although these two allergic 
responses frequently entail similar clinical presen
tations of antigen-specific immunological respon
sivity and are often used interchangeably to 
describe immediate-type allergic skin responses 
orchestrated by IgE molecules, they constitute 
unique allergic entities.

Atopic dermatitis is a common allergic disorder 
associated with a lifetime prevalence of 15–30% 
(Pawankar et al. 2013). The primary clinical pre
sentation implicated in this condition is the erup
tion of localized pruritic inflammatory reactions 
immediately following skin contact with antigen 
(Gaudinski and Milner 2017). The pathophysiolo
gical mechanisms responsible for atopic dermatitis 
are exceptionally complex; however, it is now well- 
accepted that both skin barrier dysfunction and 
immune dysregulation are two of the major con
tributing factors responsible for sustaining chronic 
skin inflammation in this condition (Kapur, 
Watson, and Carr 2018). Structural deficits in the 
epithelial barrier mediate polarization of local 
immune responses toward a Th2-dominant state 
and facilitate penetration of larger, high molecular 
weight (HMW) protein antigens through the skin. 
These effects ultimately promote dermal sensitiza
tion, but this process generally results in the pro
duction of antigen-specific IgE molecules, as 
opposed to antigen-specific T-cells like in ACD 
(Mocanu et al. 2021). Unlike other forms of contact 
allergy, atopic dermatitis as a condition is corre
lated with atopy – the genetic predisposition to 
generate IgE antibodies following exposure to com
mon environmental proteins (e.g., pollens, dust 
mites, and food antigens) (Thomsen 2015). For 
many individuals, atopic dermatitis often constitu
tes one of the first indications of an atopic disposi
tion since it tends to emerge early in life. 
Approximately 45% of cases are diagnosed in 
infants under 6 months of age and 85% of cases 
emerge by the age of 5 (Mocanu et al. 2021). Most 
subjects diagnosed with atopic dermatitis even
tually develop additional allergic comorbidities 
associated with the atopic march such as asthma, 
rhinitis, and food allergy.
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Contact urticaria is another common allergic 
response that is associated with a lifetime preva
lence of over 20% (Pawankar et al. 2013). This 
reaction type also implicates development of 
immediate-type allergic skin inflammation at the 
site of antigen contact. Several different subtypes 
of urticaria were described, but the defining feature 
of these reactions is the emergence of angioedema 
and distinctive skin lesions referred to as ‘wheals 
and flares’ within approximately15 min of expo
sure, which tend to last for a few hr (Gaudinski 
and Milner 2017; Hon et al. 2019). These skin 
reactions result from dermal edema caused by vas
cular dilation and leakage of fluid into the skin 
following degranulation of mast cells, which 
might occur in response to antigen-induced dimer
ization of surface-bound IgE molecules, or via other 
mechanisms (Hennino et al. 2006).

Collectively, atopic dermatitis represents a well- 
established immunological disorder associated with 
the genetic predisposition for atopy, a distinctive 
timeline of disease emergence, concurrent existence 
of allergic comorbidities, and characteristic clinical 
symptoms that include immediate-type allergic 
responses of the skin following contact with anti
gen. Comparatively, the term ‘contact urticaria’ is 
generally used to refer to a specific clinical presen
tation of dermal hypersensitivity responses in 
which localized angioedema and eruption of 
wheal and flare-type lesions is observed immedi
ately following dermal contact with antigen. 
Despite these subtle but fundamental discrepancies, 
the terms ‘atopic dermatitis’ and ‘contact urticaria’ 
are often used interchangeably to describe hyper
sensitivity responses involving localized, rapidly- 
emerging inflammatory skin reactions following 
allergen contact. Accordingly, case reports describ
ing presentations of metal allergy in the context of 
either of these response types are discussed collec
tively in this review (Pongpairoj et al. 2016).

Many of the same metals associated with ACD 
responses have also been implicated in immediate- 
type allergic reactions of the skin – though far less 
frequently. Similar to ACD, the metal most com
monly-associated with atopic and urticarial skin 
responses is Ni (Turčić, Marinović-Kulišić, and 
Lipozenčić 2013). Cobalt, copper (Cu), Cr, mercury 
(Hg), Al, Pd, and platinum (Pt) are also known to 
initiate immediate-type skin reactions in sensitized 

individuals (Chen and Thyssen 2018; Hostynek and 
Maibach 2004; Kal et al. 2008; Temesvari and 
Daroczy 1989). Interestingly, photo-aggravation of 
Co- and Cr-induced urticarial responses were also 
noted (Manciet et al. 2006).

Oral mucosal allergy
Oral mucosal allergy refers to a subset of contact 
hypersensitivity responses that selectively manifest 
in and around the tissues of the mouth (Bakula 
et al. 2011). Accordingly, these responses occur 
primarily in subjects undergoing various types of 
dental procedures that involve the use of materials 
with potentially-sensitizing constituents. Some che
mical agents used by dentists, such as methacrylate 
and formaldehyde, might induce these hypersensi
tivity responses; however, metals constitute the 
main inciting agents in most of these reactions 
(Hosoki et al. 2009). Allergic responses of the oral 
mucosa were estimated to impact approximately 
2% of the general population, most often occurring 
in middle-aged patients (aged 50–60 years old) and 
more frequently in females than males (Bakula et al. 
2011; Gupta and Jawanda 2015). These reactions 
might involve different underlying immunological 
mechanisms, unique clinical signs, and selective 
anatomical sites of involvement – all of which are 
features that mat be employed in differential diag
nosis of oral mucosal allergy.

Allergic contact stomatitis is a specific type of 
oral mucosal hypersensitivity characterized by the 
presence of allergic inflammation affecting the 
entire oral mucosa (Minciullo et al. 2016). Most 
commonly, metal ions released from implanted 
dental materials are responsible for these reactions, 
as the ions are readily absorbed by the oral mucosa. 
In this condition, delayed/type IV hypersensitivity 
mechanisms mediate development of outbreaks 
within 24–72 hr of antigen exposure, similar to 
responses observed in ACD (Bakula et al. 2011). 
Ulcerations and lesions present inside and around 
the mouth with noticeable erythema and edema. 
Palladium, Pt, and Au are all metals that were 
associated with allergic contact stomatitis; however, 
Hg is the metal most commonly implicated in the 
condition (Garau et al. 2005; Koch and Baum 1996; 
Laeijendecker and Van Joost 1994; Minciullo et al. 
2016; Torgerson et al. 2007). In addition, two cases 
of Ni-induced oral mucosal hyperplasia were also 
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described, wherein the condition was suggested to 
be a rare form of allergic contact stomatitis pro
duced by Ni present in dental materials (Özkaya 
and Babuna 2011). Gold crowns were also impli
cated in cases of allergic contact gingivostomatitis – 
another specific clinical variant of contact stomati
tis (Izumi 1982).

Oral lichen planus is another variant of oral 
mucosal allergy. Similar to allergic contact stoma
titis, lichenoid reactions also emerge as a result of 
delayed-type hypersensitivity responses following 
local contact with antigen; however, this disease is 
associated with a distinctive pattern of clinical pre
sentations. Oral lichen planus involves selective 
inflammation of the buccal mucosa, tongue, and 
gingiva and the corresponding development of pla
que-like, papular, or erosive lesions (Lavanya et al. 
2011). Specific metals associated with oral lichen 
planus include tin, silver, Cu,, manganese (Mn), Cr, 
and Pd; however, Au is the metal most often impli
cated in lichenoid reactions of the oral mucosa 
(Downey 1989; Finne, Göransson, and Winckler 
1982; Gil et al. 2019; Gupta and Jawanda 2015; 
Laeijendecker and Van Joost 1994; Minciullo et al. 
2016; Mizoguchi, Setoyama, and Kanzaki 1998; 
Ortiz-Ruiz, Ramírez-Espinosa, and López-Jornet 
2006; Sockanathan, Setterfield, and Wakelin 2003; 
Vergara et al. 2004).

Orofacial granulomatosis is another unique pre
sentation of oral mucosal allergy. This condition is 
characterized by antigen contact in or around the 
mouth that leads to persistent swelling of the face, 
lips, and oral tissues, concurrent with granuloma 
development in the surrounding areas (Lazarov 
et al. 2003). Similar to allergic granulomatous skin 
responses that occur at other anatomical locations, 
orofacial granuloma formation is also known to 
involve Th1-dominant mechanisms, and often, 
delayed-type/T-cell-mediated hypersensitivity 
reactions. Accordingly, orofacial granulomatosis 
may represent a specific clinical manifestation of 
other delayed-type allergic responses of the oral 
mucosa, or as a unique disease entity. 
Interestingly, Pryce and King (1990) reported an 
increased prevalence of atopy in patients with oro
facial granulomatosis, suggesting that other allergic 
mechanisms – potentially involving IgE-mediated 
responses – may be involved in some cases of the 
disease. Allergenic metal ions released from dental 

materials are the most common inducers of orofa
cial granulomatosis. Accordingly, while case 
reports have implicated Au, Hg, Co, and indium 
as causative agents of the disease, Ni is the metal 
most commonly-associated with development of 
orofacial granulomatosis (Lazarov et al. 2003; 
Matsudate et al. 2019; Minciullo et al. 2016; Pryce 
and King 1990; Tomka et al. 2011).

Burning mouth syndrome is a complex disorder 
that remains poorly understood from 
a pathophysiological standpoint; however, the con
dition is known to emerge as a result of either 
hypersensitivity-mediated or non-allergic mechan
isms (Jimson et al. 2015). Both variants of the dis
order were proposed to involve enhancement in 
central and peripheral neuropathic pathway activa
tion, as symptoms of burning mouth syndrome 
include a persistent warm, prickling, or burning 
sensation in the tip of the tongue, lateral tongue 
borders, lips, hard and soft palates (Minciullo et al. 
2016). Interestingly, no visible signs of these symp
toms are detectable in patients, which further com
plicates clinical assessment of the disease (Jimson 
et al. 2015). Cases of burning mouth syndrome 
involving allergic mechanisms most often occur in 
subjects with dental prostheses that contain contact 
allergens, such as metals. Some of the metals known 
to produce this disease include Zn, Ni, Co and Hg, 
but Au is the metal most commonly implicated in 
burning mouth syndrome (Koike 2005; 
Laeijendecker and Van Joost 1994; Shutty and 
Scheinman 2018). Although delayed-type hyper
sensitivity responses are presumed to be involved 
in most cases, it remains unclear why some subjects 
develop burning mouth syndrome over other forms 
of cell-mediated oral mucosal allergy to dental 
metals.

Geographic tongue is another particularly 
unique variant of oral mucosal allergy. In this con
dition, the tongue constitutes the primary target 
tissue of antigen-induced inflammatory responses. 
Antigen exposure triggers the eruption of depapil
lated and discolored erythematous lesions that 
appear selectively on the dorsal surface of the ton
gue, giving the appearance of a geographical map 
(Minciullo et al. 2016). A characteristic feature of 
this disorder is the spontaneous resolution of these 
lesions, following which, their rapid migration to 
different areas of the tongue occurs (Campana et al. 

292 K. ROACH AND J. ROBERTS



2019). Because of this unique clinical presentation, 
the disease is also frequently referred to as ‘benign 
migratory glossitis.’ Most subjects afflicted with 
geographic tongue experience recurrent cycling 
between periods of remission and active disease, 
but remain asymptomatic under most circum
stances (Ogueta et al. 2019). As with the other 
forms of oral mucosal allergy, dental metals con
stitute the primary source of geographic tongue. 
Specifically, Ni, Co, silver (Ag), and Ti are known 
to induce this condition in sensitized patients with 
metal-containing dental implants (Evrard, 
Waroquier, and Parent 2010; Minciullo et al. 
2016; Samuel, Soumya, and Koshy 2014; 
Waroquier et al. 2009).

Several other clinical manifestations of oral 
mucosal allergy have been associated with aller
genic metals, although many exhibit considerable 
overlap with one or many of the previously- 
described presentations. For example, peri-oral 
ACD is a term commonly assigned in cases where 
allergic skin reactions are observed in the skin 
around the mouth, but no other discernable diag
nostic criteria exist to implicate classification of the 
disease as another manifestation of oral mucosal 
allergy (Goh and Ng 1987). Cobalt, Au, Pd, and 
Ni are all metals that were identified as potential 
inducers of peri-oral ACD (Bakula et al. 2011; 
Khamaysi, Bergman, and Weltfriend 2006). In 
a similar regard, allergic contact cheilitis involves 
a superficial inflammation of the lip that often 
occurs simultaneously with stomatitis or peri-oral 
ACD. Gold, specifically, is commonly implicated in 
cases of contact allergic cheilitis (Bakula et al. 
2011). Notably, both of these conditions have also 
been associated with eruptions in subjects following 
oral contact with musical instruments, topical med
icines, and cosmetics containing metal allergens 
(Collet, Jeudy, and Dalac 2013).

Ocular allergy
Hypersensitivity responses that selectively manifest 
within the structures of the eye and the surround
ing tissues are often referred to as variants of der
mal allergy (and occasionally, as a subtype of 
respiratory/mucosal hypersensitivity responses) 
within the scientific literature. Although most ocu
lar hypersensitivity responses emerge following 
similar exposure conditions as those responsible 

for dermal hypersensitivity reactions (topical anti
gen contact), and many implicate inflammation of 
the skin surrounding the eyes (e.g., palpebrae, eye
lids), it is important to note that allergic responses 
of the eye are distinctive from true dermal hyper
sensitivity responses in many ways (Leonardi, 
Motterle, and Bortolotti 2008). As a sensory 
organ, the eye is comprised of many unique anato
mical structures and cell types; the vascular net
works and lymphatic channels associated with the 
ocular system also differ markedly from those 
found in the skin. Moreover, the eyes and skin are 
both populated with unique resident immune cell 
subsets, and many of the migratory inflammatory 
cells that readily infiltrate the skin in allergic 
responses lack similar access to certain structures 
of the eye (Chigbu 2009). Collectively, these and 
other anatomical and physiological discrepancies 
between the skin and eyes render allergic reactions 
in these tissues unique entities that are jointly 
referred to as “topical hypersensitivity reactions” 
for the purposes of this review.

It has been estimated that 40–60% of allergic 
subjects exhibit ocular symptoms concurrent with 
other clinical manifestations of hypersensitivity 
reactions; however, ocular allergy is also known to 
occur independently of other allergic conditions 
(Bucolo et al. 2015). Most allergic responses impli
cating the eyes involve exposed ocular surfaces like 
the eyelid, conjunctiva, limbus, and cornea (Chigbu 
2009). Similarly, some of the most common hyper
sensitivity responses that remain localized to the 
eye area include allergic conjunctivitis, contact der
matitis of the eyelids, atopic keratoconjunctivitis, 
and contact blepharoconjunctivitis (Bielory 2008). 
These ocular hypersensitivity responses might 
emerge as a result of various underlying mechan
isms that may be either IgE- or non-IgE-mediated. 
Major causative agents of ocular allergy include 
seasonal aeroallergens such as pollens and ragweed, 
animal proteins, reactive chemicals, and drugs 
(Bielory 2008; Soparkar et al. 1997). Occasional 
reports have also cited various metals as potential 
causative agents of ocular allergy. For example, 
occupational exposure to Au was found associated 
with the emergence of delayed-type blepharocon
junctivitis, while Cr and Ni have been implicated in 
cases of allergic conjunctivitis (Estlander et al. 1998; 
Gibb et al. 2000; Mancuso and Berdondini 2002). In 
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addition, eyelid dermatitis is a common manifesta
tion of contact hypersensitivity to Ni, Co, Au, iron 
(Fe), and Cr that merge following application of 
cosmetics and in response to dental metal exposure 
(Goossens 2004; Huang et al. 2021; McDaniel and 
Couch 2017; Oh et al. 2016; Poziomkowska-Gęsicka 
et al. 2018; Saxena, Warshaw, and Ahmed 2001).

Metal hypersensitive alopecia areata
Alopecia areata is an immune-mediated inflamma
tory condition that involves the selective destruc
tion of hair follicles in afflicted subjects. The 
disorder manifests equally amongst male and 
female subjects, and has been associated with 
a lifetime prevalence of approximately 1.7% 
(Conde-Taboada et al. 2007). Several different sub
sets of the disease were identified, and while unique 
clinical characteristics are implicated in each dis
ease variant, all forms of alopecia areata involve 
either autoimmune- or hypersensitivity-mediated 
inflammatory reactions.

Metal hypersensitive alopecia areata is one of the 
newest disease variants to be identified. The aller
gens responsible for this specific condition 
remained unknown until 2005, when the metal 
patch test series became readily available, and sub
sequently used to establish a causal association 
between allergenic metals and presentations of dis
ease. As a result, it became apparent that the inges
tion and systemic absorption of metal ions, 
including those released by dental materials, con
stitutes one of the primary antigenic sources 
responsible for the disease. Translocation of these 
ions to peripheral sites by way of the circulatory 
system facilitates their deposition within host hair 
follicles where the conjugation of haptenic metal 
ions with keratin proteins confers the formation of 
a complete antigen. Allergic sensitization then leads 
to the generation of antigen-specific CD4+ and 
CD8 + T-cell populations, which subsequently 
mediate the major effector functions responsible 
for allergic elicitation responses and development 
of metal hypersensitive alopecia areata.

It has been reported that amongst the collective 
population of patients diagnosed with alopecia 
areata (all clinical variants), 70% of subjects experi
encing severe symptoms of disease are hypersensi
tive to metals (Juárez-Rendón et al. 2017). 
Accordingly, clinical presentations of metal 

hypersensitive alopecia areata are often evident in 
many of these individuals. An extensive number of 
metal species are capable of initiating the condition; 
however, a few specific metals are implicated far 
more frequently than others. A comprehensive 
study was executed in 2018 in order to better char
acterize these trends and generate quantitative 
information regarding the specific metal allergens 
involved in the disease. Accordingly, 104 subjects 
identified as having severe symptoms of metal 
hypersensitive alopecia areata were included in the 
study and patch tested with a panel of 18 different 
metals – some in varying concentrations 
(Nakayama and Chen 2018). It was subsequently 
determined that Hg, Ni, Co, and Cr were respon
sible for the greatest number of allergic responses, 
producing positive reactions in 33.7, 30.8, 26, and 
23.1% of test subjects, respectively. The next most 
frequent metal allergens were Pt, Zn, tin (Sn), and 
Cu, which elicited positive reactions in 13.5, 11.5, 
9.6, and 8.7% of subjects, respectively. Metals asso
ciated with positivity rates below 8% included Pd, 
cadmium (Cd), Au, Fe, indium, iridium, molybde
num, and Mn. Two metals – Ag and antimony – did 
not induce positive reactions in any test subjects.

Bullous autoimmune dermatoses
The term ‘bullous autoimmune dermatoses’ com
prises several disease subtypes with shared but dis
tinctive pathophysiological characteristics – the two 
most common of which are pemphigus and pem
phigoid. In both of these diseases, autoantibodies 
are involved in blistering eruptions of the skin and 
oral mucosa. Pemphigus-type diseases involve the 
development of autoantibodies reactive toward des
mogleins – proteins involved in cell-cell adhesion – 
which results in the loss of keratinocyte structural 
integrity within the epidermis and subsequent 
lesion formation (Hammers and Stanley 2016). 
Comparatively, pemphigoid-type conditions 
emerge in response to autoantibody formation 
wherein reactivity to hemidesmosomes – proteins 
that mediate cell adhesion to the basement mem
brane – results in fixation of complement and sub
sequent inflammation and lesion emergence 
(Hofmann, Juratli, and Eming 2018). Both diseases 
primarily implicate IgG isoforms of effector auto
antibodies, however, IgA-mediated variants of both 
disease types also exist (Kasperkiewicz et al. 2017).
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Although the causes of these disorders remain 
largely unclear, it has become recognized that some 
exposure conditions might promote the develop
ment of autoantibodies to epidermal proteins. For 
example, some drugs have been associated with the 
induction of structural changes in the epidermis 
that lead to sensitization. Although quite uncom
mon, dermal contact with metals was also impli
cated in similar mechanisms and subsequent 
development of pemphigus or pemphigoid in sus
ceptible individuals. Accordingly, two reports 
described the emergence of pemphigus vulgaris in 
subjects with Ni-containing dental prostheses 
(Stransky 1998; Thongprasom et al. 2011). The 
extended duration of contact with the oral mucosa 
was suggested to result in the formation of novel 
antigens and subsequent sensitization, leading to 
pemphigus-like lesions in and around the mouth. 
Gold was also associated with the potential to initi
ate both pemphigus and pemphigoid in subjects 
receiving systemic Au therapy (Iveson et al. 1977; 
Lo Schiavo et al. 2008). Paradoxically, one of the 
indications for gold salt therapy is pemphigus (Faa 
et al. 2018). While some patients achieve relief from 
autoimmune symptoms following treatment, 
others subsequently develop autoreactive antibo
dies. This response was suggested to result from 
similar mechanisms known to occur in cases of 
drug-induced pemphigoid, wherein a drug triggers 
conformational changes in host proteins of the skin 
and subsequent sensitization of the patient to gold/ 
host protein complexes (Van Der Voet 2010).

Other immune responses of the skin with potential 
implications in metal allergy
It is worth noting that several other autoimmune- 
mediated cutaneous responses have been correlated 
with dermal sensitivity to metals. For example, 
many patients with rosacea also exhibit symptoms 
of metal-induced ACD, particularly in response to 
Ni (Çifci 2019). Similarly, several investigators 
demonstrated that the prevalence of metal ACD 
tends to be elevated amongst subjects suffering 
from psoriasis (Heule et al. 1998; Kageyama et al. 
2021; Weryńska-Kalemba et al. 2016). Allergic 
reactivity to Ni, Zn, and other dental metals is 
commonly observed in patients with psoriasis, as 
up to 70% of subjects exhibit skin sensitivity to one 
or more metal allergens (Nielsen and Menné 1997; 

Rasool et al. 2018). It remains unclear if these con
nections reflect the existence of a causative relation
ship between ACD and the two conditions or 
a simple association; however, Çifci (2019) pro
posed, based upon existing information that metal 
hypersensitivity may be a triggering factor for the 
development of rosacea. Comparatively, metal 
ACD was indicated by Krupashankar and 
Manivasagam (2012) to be a secondary effect of 
psoriatic responses. These two conditions are 
known to be mediated by opposing immunological 
mechanisms, though cutaneous eruptions might 
occur simultaneously (Quaranta et al. 2014). 
Overall, more information is needed in order to 
determine if autoimmune-associated skin condi
tions such as rosacea and psoriasis are directly 
associated with metal-specific ACD.

Metals & respiratory hypersensitivity responses

Aerosolized metal particulates become suspended 
in the ambient air as a result of both natural and 
anthropomorphic processes. Forest fires and volca
nic eruptions, as well as traffic emissions and com
bustion reactions at industrial sites all facilitate the 
release of airborne metals into the environment 
where these substances subsequently are inhaled 
by humans; however, under normal circumstances, 
members of the general public are not likely to 
encounter these and other airborne sources of aller
genic metals in concentrations high enough to 
induce sensitization (Aksu 2015). Consequently, 
unlike metal-induced dermal hypersensitivity 
responses, which are exceptionally prevalent within 
the general population, respiratory hypersensitivity 
responses initiated by metals are not commonly 
noted in members of the general public (Mayer 
and Hamzeh 2015). The vast majority of respiratory 
hypersensitivity responses induced by allergenic 
metals tend to occur selectively in working popula
tions (Brooks 1981; Kastury, Smith, and Juhasz 
2017).

The risk of developing metal-specific allergic air
way responses tends to be significantly higher in 
workers than in non-workers since many common 
processes that generate large quantities of aeroso
lized metals are performed almost exclusively in 
occupational settings (Malo, Chan-Yeung, and Di 
2013). Mining, refining, smelting, welding, 
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electroplating, and many other industrial processes 
facilitate the generation of large quantities of air
borne metal particulates, fumes, and vapors that are 
often released directly into the breathing spaces of 
workers. In susceptible workers that fail to utilize 
adequate personal protective equipment (PPE), 
inhalation of these substances can lead to respira
tory sensitization, and subsequently, the develop
ment of metal-specific allergic airway responses 
(Wyman and Hines 2018).

Although direct sensitization of the airways fol
lowing inhalation exposure to allergenic metals 
constitutes the most common and straightforward 
mechanism by which respiratory hypersensitivity 
responses develop, it is important to note that in 
some cases, other mechanisms may be involved 
(Jones 2008). As discussed in greater detail within 
the sections below, some metal-induced allergic 
lung responses emerge independently of inhalation 
exposures. A few allergenic metals (e.g., beryllium) 
are able to induce allergic lung responses following 
dermal sensitization and skin exposures (Tinkle 
et al. 2003). Similarly, some sensitizing metals 
(e.g., gold) may trigger the development of respira
tory hypersensitivity reactions following systemic 
sensitization (Evans et al. 1987).

Metals have been associated with the develop
ment of many different forms of respiratory 
allergy – all of which are discussed in the sections 
below. Some of the major discriminating features of 
these responses include underlying immunological 
mechanisms (e.g., cell-mediated or IgE-mediated) 
and primary anatomical site of involvement within 
the respiratory tract (e.g., upper or lower airways). 
A summary of the most common respiratory 
hypersensitivity responses and corresponding 
metals associated with each condition is presented 
in Table 4.

Allergic asthma
Similar to ACD, asthma is an inflammatory condi
tion than may be mediated by one of two major 
overarching mechanisms. Non-immunologic, or 
irritant-induced asthma is a subset of the disease 
that describes non-specific, innate immune- 
orchestrated inflammation of the respiratory tract 
following inhalation exposure to respiratory irri
tants (e.g., reactive chemicals) (Maestrelli et al. 
2009). Comparatively, allergic asthma constitutes 

the other disease subset, wherein true hypersensi
tivity reactions are responsible for development of 
airway inflammation following pulmonary expo
sure to antigen by a pre-sensitized individual. 
Although both conditions evoke similar clinical 
presentations and constitute major health concerns 
in the general public and the workplace, only aller
gic asthma is within the scope of this review.

Allergic asthma is one of the most common 
manifestations of respiratory allergy, afflicting an 
estimated 300 million individuals globally 
(Pawankar 2014). Asthma is a disease of the con
ducting airways characterized by increased respon
sivity to direct and indirect bronchoconstricting 
agents, as well as tightness in the chest, mucus 
hypersecretion, wheeze, and shortness of breath 
following allergen inhalation (Holgate et al. 2015). 
In cases of persistent asthma, chronic cycling 
between pathologic states of active allergic inflam
mation and inducible mechanisms of tissue repair 
in the resolution phase leads to airway remodeling – 
a collection of anatomical changes in the respira
tory epithelium, airway smooth muscle layer, 
epithelial basement membrane, and pulmonary 
vasculature become evident over time, often lead
ing to declines in lung function (Fehrenbach, 
Wagner, and Wegmann 2017; Warner and Knight 
2008).

Most cases of asthma in the general population 
are induced by high molecular weight (HMW) 
environmental proteins, such as pollens and 
molds. While some HMW allergens, such as animal 
dander, are also responsible for cases of asthma in 
the workplace, LMW respiratory allergens are often 
selectively implicated in cases of occupational 
asthma (Bardana 2008). In addition to the various 
classes of reactive chemicals capable of inducing 
occupational asthma, metals constitute another 
group of potential asthmagens that are particularly 
concerning in the workplace.

Traditionally, the term ‘asthma’ has been used to 
describe a singular disease entity; however, it has 
recently become recognized that a notable degree of 
heterogeneity exists among asthmatic conditions 
(Erle and Sheppard 2014). As a result, a novel classi
fication scheme was developed wherein multiple dif
ferent subsets of the disorder identified. All of the 
asthma subtypes represented in this paradigm are 
derived from one of two general types of disease 
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variants. Endotypic subtypes are distinguished 
according to differences in the underlying mechan
isms responsible for presentations of disease. Specific 
endotypes implicated in allergic asthma include Th2, 
non-Th2, Th17, and neutrophilic subtypes (Guibas 
et al. 2017). Comparatively, phenotypic variants of 
disease are differentiated according to discrepancies 
in major clinical characteristics among disease sub
types. Common asthma phenotypes include adult- 
onset, obesity-related, smoking-associated, and virus- 
induced variants (Corren 2013).

Antibody-Mediated Asthma: The classic disease 
paradigm of allergic asthma involves immediate- 
type hypersensitivity responses mediated by 

antigen-specific IgE molecules (Nauta et al. 2008). 
After sensitization, antigen exposure triggers the 
degranulation of mast cells and subsequent release 
of preformed mediators that are responsible for the 
rapid onset of asthmatic symptoms (within 15 min 
of antigen exposure). Eosinophils and other Th2- 
associated immune effectors also play critical roles 
in the pathogenesis of this disease (Esteban- 
Gorgojo et al. 2018). Consistent with this asthmatic 
subtype, several metals are implicated in the devel
opment of IgE-mediated occupational asthma. 
Immediate onset of respiratory symptoms was 
observed in asthmatic workers following exposure 
to Cr, Mn, Hg, rhodium, tungsten, vanadium, Zn, 

Table 4. Specific Metals Associated with Different Presentations of Respiratory Hypersensitivity.

Metal

Hypersensitivity Mechanism

Type I Type IV

IgE-Mediated 
Asthma

IgG- 
Mediated 
Asthma

Allergic 
Rhinitis

Immediate 
Hypersensitivity 

Laryngitis
T-Cell-Mediated 

Asthma
Hypersensitivity 

Pneumonitis

Aluminum (Park, Uh, and Park 1996; 
Vandenplas et al. 1998)

(Lastovkova et al. 2015)

Beryllium (Haley 1991; Rossman et al. 
1988)

Chromium (Wittczak et al. 2012; De 
Raeve et al. 1998)

(Fregert 1982; 
Hassmanová, 
Vanĕcková, and 
Bousová 2000)

(Olaguibel and Basomba 
1989)

Cobalt (Wittczak et al. 2012) (Cirla 
1994)

(Walters et al. 2012) (Kusaka et al. 1989; De 
Hauteclocque et al. 2002)

(Baik, Yoon, and Park 1995; 
Van Cutsem et al. 1987)

Gold (Kilpikari 1997) (Tomioka and King 1997; 
Agarwal, Sharma, and 
Malaviya 1989)

Iron (Munoz et al. 2009) (Yamamoto et al. 2020)
Manganese (Wittczak et al. 2012) (Hedmer et al. 2014)
Mercury (Drouet et al. 1990; Kal 

et al. 2008)
Nickel (Wittczak et al. 2012; 

Spinelli et al. 2005)
(Estlander et al. 1993; 

Niordson 1981)
(Buyukozturk 

et al. 2013)
(Kusaka et al. 1991; De 

Hauteclocque et al. 2002; 
Malo et al. 1985)

(Franzen et al. 2017)

Palladium (Pesonen et al. 2014)
Platinum (Merget et al. 1994; 

Marshall 1952)
(Pepys 

et al. 
1979)

(Malo 2005) (Kazantzis 1978)

Rhodium (Merget et al. 2010) (Merget et al. 2010)
Tungsten (Bruckner 1967; 

Miyamoto, Inoue, and 
Watanabe 2005)

Vanadium (Musk and Tees 1982; 
Irsigler, Visser, and 
Spangenberg 1999)

Zinc (Malo and Cartier 1987; 
Malo, Cartier, and 
Dolovich 1993)

(Ameille et al. 1992; 
Costabel et al. 2020)

Zirconium (Liippo et al. 1993)
Stainless 

Steel*
(Keskinen, Kalliomaki, and 

Alanko 1980)
(Castano and Suarthana 

2014)
(Hannu, Piipari, 

and Toskala 
2006)

Table 4: Metals implicated in different forms of respiratory allergy. Common presentations of metal allergy that selectively manifest in the respiratory tract are 
listed in the table above. Responses are grouped by primary mechanism of hypersensitivity and specific metals implicated in each disease variant are denoted 
by the parenthesized numbers within the assoicated column, which correspond to relevant citations. *Stainless steel is an alloy comprised of many metals 
(e.g., iron, nickel, chromium, titanium, etc.), and while the compound has been implicated in some cases of allergy, it is unclear which of the constituent 
metal(s) is responsible for the observed effects in many cases.
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Co, Ni, Fe, Pt, Pd, and Al (Daenen et al. 1999; De 
Raeve et al. 1998; Merget et al. 1994, 2010, 1988; 
Munoz et al. 2009; Thanasias et al. 2013; 
Vandenplas et al. 1998; Wittczak et al. 2008, 2012).

A few case reports also described cases of occu
pational asthma produced by metals wherein simi
lar immunological mediators and clinical 
presentations of disease are observed, but specific 
IgG molecules, rather than IgE molecules, appear 
responsible for effector roles in the disease. Cobalt 
and Pt were both associated with inducing occupa
tional asthma in workers were metal-specific IgG 
molecules were identified (Cirla 1994; Pepys et al. 
1979).

Another common endotypic variant of asthma 
involves similar mechanisms as those associated 
with prototypical IgE-mediated, Th2-dominant 
reactions, as described above. The primary discri
minating feature of the two asthmatic endotypes is 
the propensity for selective recruitment of different 
inflammatory cell subsets to the airways following 
antigen exposure. In the previously-described 
endotype of asthma, eosinophils represent the pri
mary inflammatory cell type recruited to the lungs, 
while a characteristic influx of neutrophils is 
uniquely observed in this asthmatic endotype 
(Esteban-Gorgojo et al. 2018). Neutrophilic asthma 
represents a variation of the condition associated 
with more severe clinical symptoms including air
way hyperreactivity (AHR), increased involvement 
of interleukin (IL)-17/Th17 signaling, and resis
tance to corticosteroid therapy (Gao, Ying, and 
Dai 2017; Ray and Kolls 2017). A few metals, 
including Fe, were found to initiate neutrophilic- 
dominant forms of occupational asthma (Munoz 
et al. 2009). Interestingly, both eosinophilic- and 
neutrophilic-dominant endotypes of asthma were 
observed in cases of Al -induced potroom asthma 
(Sjåheim et al. 2004). Moreover, both disease var
iants have been reported in workers employed by 
the same plant. The existence of similar exposure 
conditions between these two sets of workers sug
gests that other contributing factors are influential 
in determining the nature of allergic inflammation 
attributed to occupational metal exposures.

Cell-Mediated Asthma: In addition to eosinophi
lic and neutrophilic endotypes of IgE-mediated 
asthma, metals were also implicated in a form of 

occupational asthma associated with delayed-type, 
cell-mediated hypersensitivity mechanisms. In 
most of these cases, asthmatic responses are 
observed in workers with no detectable levels of 
circulating metal-specific antibodies. In the afflicted 
subjects, positive reactions are detected following 
specific inhalation challenge with the relevant 
metals, however, the onset of respiratory symptoms 
exhibits a characteristic temporal delay, consistent 
with cell-mediated responses. Chromium, Ni, and 
Co were all identified as metals implicated in these 
reactions (De Hauteclocque et al. 2002; Kusaka 
et al. 1991, 1989; Malo et al. 1985; Olaguibel and 
Basomba 1989). Interestingly, a few cases were 
described wherein metal-reactive subjects exhibit 
dual bronchial reactions in response to specific 
inhalation challenge, suggesting that both anti
body- and cell-mediated mechanisms may be 
involved in some cases of metal-induced asthma. 
Both immediate and late asthmatic reactions were 
noted in sensitized subjects following inhalation of 
Pt, Cr, and Ni (Kazantzis 1978; Olaguibel and 
Basomba 1989; Sastre et al. 2001).

Allergic rhinitis
Allergic rhinitis is an allergic response of the nasal 
mucosa that occurs in 10–30% of the general popu
lation (Pawankar et al. 2013). The disease is char
acterized by the presence of immediate onset nasal 
congestion and itching, sneezing, and rhinorrhea 
following exposure to aeroallergens present in the 
air (Bousquet et al. 2020). Allergen-specific IgE 
molecules are responsible for the clinical manifes
tations of the disease, and similarly, allergic rhinitis 
often presents concurrently with asthma in many 
individuals; however, many individuals afflicted 
with rhinitis do not exhibit concomitant asthmatic 
responses. Other co-morbidities commonly impli
cated in cases of allergic rhinitis include allergic 
conjunctivitis, rhinosinusitis, and atopic dermatitis 
(Pawankar et al. 2013).

Although pollens, molds, and animal proteins 
tend to be the most common inducers of allergic 
rhinitis, several metals were also associated with the 
disorder. The majority of metal-induced rhinitis 
cases were reported to occur in workers with poten
tial for exposure to airborne metals in their work
places. Accordingly, Pd, Pt, rhodium, Ni, and 
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mixed-metal alloys were all implicated in cases of 
occupational rhinitis (Estlander et al. 1993; Malo 
2005; Merget et al. 2010; Niordson 1981; Pesonen 
et al. 2014).

Immediate hypersensitivity laryngitis
Immediate hypersensitivity laryngitis is an allergic 
response that manifests in the upper airways and 
selectively affects the larynx (Campagnolo and 
Benninger 2019). Although the larynx may be one 
of the tissues involved in other allergic responses of 
the respiratory tract (e.g., asthma and rhinitis), 
immediate hypersensitivity laryngitis is character
ized by an isolated site of involvement following 
antigen challenge. The immediate onset of symp
toms in this condition suggests involvement from 
antigen-specific IgE molecules, although the under
lying mechanisms of immediate hypersensitivity 
laryngitis have yet to be specifically determined. 
Although similar immunological mechanisms may 
be involved in this condition and other immediate- 
type allergic responses of the respiratory tract, 
immediate hypersensitivity laryngitis tends to 
emerge independently of other allergic diseases 
and is rarely identified in conjunction with asthma.

A few metal species were reported to produce 
immediate hypersensitivity laryngitis in human 
subjects. Interestingly, existing accounts also 
described the manifestation of this allergic response 
following exposure to metals by different exposure 
routes. In Hannu, Piipari, and Toskala (2006) 
found development of immediate hypersensitivity 
laryngitis in a welder after lung exposure to stain
less steel fumes. A specific challenge test was admi
nistered to the subject, and within 30 min, 
increased erythema and edema was detected selec
tively in the larynx. No indications of any other 
immediate-type respiratory hypersensitivity 
responses were evident. Lung function parameters 
typically altered during asthmatic responses 
remained unchanged and no symptoms of rhinitis 
were detected, indicating that the observed 
response was not associated with any other allergic 
condition. Buyukozturk et al. (2013) reported that 
Ni induced a similar set of symptoms in a different 
subject, although a different route of exposure was 
implicated in the response. In this case, a Ni- 
allergic individual began experiencing frequent lar
yngeal edema attacks requiring immediate 

treatment with epinephrine and corticosteroids 
(Buyukozturk et al. 2013). It was determined that 
a dental implant containing Ni was responsible for 
triggering laryngeal edema attacks in the patient. 
The local contact between the oral mucosa and the 
dental material was abrogated following removal of 
the device, and as a result, symptoms of hypersen
sitivity laryngitis disappeared in the patient.

Hypersensitivity pneumonitis
While the pathogenic effects of allergic asthma and 
rhinitis preferentially manifest in the upper airways 
and nasal region, hypersensitivity pneumonitis is 
an allergic response of the lungs that develops in the 
lower airways and lung interstitium (Moldoveanu 
et al. 2009). Hypersensitivity pneumonitis is less 
common than asthma and rhinitis, with an annual 
incidence of 1.28–1.94 cases per 100,000 indivi
duals in the United States (Costabel et al. 2020; 
Fernández Pérez et al. 2018). In this disease, sensi
tization results in the development of antigen- 
specific CD4+ and CD8 + T-cells and Th1- 
polarized immune responsivity (Bogaert et al. 
2009). Subsequent antigen exposures lead to an 
influx of effector T-cells to the lungs, alveolar 
macrophage activation, and lymphocytic inflam
mation of the alveoli and terminal bronchioles. 
Persistent alveolitis and granuloma formation 
might eventually lead to fibrosis and respiratory 
failure in subjects with hypersensitivity 
pneumonitis.

The most common antigens associated with 
hypersensitivity pneumonitis include various fun
gal species and proteins present in bird feces and 
feathers, which are associated with specific variants 
of the disease termed ‘Farmer’s lung’ and ‘Bird 
fancier’s lung,’ respectively (Woda 2008). A few 
metals were also implicated in cases of hypersensi
tivity pneumonitis. Two of these – beryllium (Be) 
and Au – are implicated in distinctive variants of 
the disease and are discussed separately below. 
Other metals known to initiate hypersensitivity 
pneumonitis include Zn, Co, Al, and zirconium, 
and tend to specifically afflict workers (Ameille 
et al. 1992; Chen, R.J. Monnat, and Mottet 1978; 
Liippo et al. 1993; Van Cutsem et al. 1987).

Chronic Beryllium Disease: Chronic Beryllium 
Disease (CBD) is a distinctive allergic condition of 
the lungs attributed to exposure to Be, which most 
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frequently occurs in occupational settings. In 2009, 
it was estimated that over 800,000 workers are 
exposed to Be in the United States alone, and 2– 
5% of beryllium-exposed workers subsequently 
develop disease (Sood 2009). CBD is most common 
in workers employed in the aeronautics and trans
portation industry, Be manufacturing sector, and 
electronics and communications markets (Day 
et al. 2006; Forte, Petrucci, and Bocca 2008). CBD 
has been described as a form of granulomatous 
hypersensitivity pneumonitis that emerges follow
ing sensitization of susceptible individuals to Be. 
One of the unique aspects of this disease is that 
sensitization to the metal might occur following 
both inhalation exposure and dermal contact with 
Be (Tinkle et al. 2003). Irrespective of the exposure 
route involved, sensitization to Be involves the gen
eration of metal-specific Th1-polarized CD4+ effec
tor T-cells (McKee et al. 2015; Wade et al. 2018). 
Beryllium-specific T-cells are subsequently 
recruited to the airways, where their activity leads 
to inflammation of the alveolar spaces and forma
tion of granulomas (Samuel and Maier 2008). Over 
time, CBD patients often develop decreases in lung 
volume and diffusing capacity, pulmonary fibrosis, 
and respiratory failure as a result of the disease 
(Sood 2009).

Gold Lung: Gold is another metal that has been 
associated with a distinctive variant of hypersensi
tivity pneumonitis. This condition is referred to as 
‘gold lung’ and exclusively observed in chrysother
apy patients receiving monovalent gold salts for the 
treatment of autoimmune conditions such as rheu
matoid arthritis (Evans et al. 1987). Notably, the 
disease appears to develop completely indepen
dently of respiratory exposures to the metal. 
Instead, gold lung was suggested to originate from 
a dose of intramuscularly- or intravenously- 
administrated gold salts that triggers systemic sen
sitization in a susceptible individual. A pool of 
gold-reactive T-cell clones is then generated by 
the subject’s immune system. As subsequent doses 
of gold salts are administered, the metal deposits 
and accumulates in various tissues of the body, 
including the lungs (Tomioka and King 1997). In 
some subjects, this leads to recruitment of gold- 
reactive T-cells to the lungs. Interestingly, CD8 
+ gold-reactive T-cells have been identified as the 
primary effector cell type responsible for the 

delayed-type allergic inflammation that results in 
the development of gold lung symptoms (Scherak 
et al. 1993; Slingerland et al. 1987). In accordance 
with these mechanisms, cases of gold lung are often 
diagnosed by confirming reactivity of circulating 
and the bronchoalveolar lavage (BAL)-associated 
lymphocytes to gold. The cellular profile of the 
BAL is also used in clinical evaluations, as gold 
lung patients tend to exhibit an overall lymphocytic 
predominance within the BAL and a decrease in the 
CD4:CD8 BAL T-cell ratio. Early clinical manifes
tations of the disease include dyspnea, fever, skin 
rash, and cough. Over time, a restrictive pattern of 
lung disease is often observed, consistent with the 
propensity for pulmonary fibrosis to develop in 
many gold lung patients. Failure to effectively 
treat and manage the condition might also lead to 
pleural effusion, hypoxia, and respiratory failure.

Hard Metal Lung Disease: Hard metal is 
a substance that is formed by compacting powdered 
tungsten carbide and Co into a polycrystalline 
material (Mizutani et al. 2016). The end result is 
a material that is comprised of approximately 90% 
tungsten carbide and approximately 10% Co, along 
with trace amounts of Ti, Ni, and chrome (Sergio 
et al. 2017). Hard metal is significantly stronger 
than hardened steel and exhibits strength almost 
equivalent to that of diamonds (Nemery and 
Abraham 2007). As a result, the material is fre
quently used to fabricate tools, machines, and dril
ling devices – objects whose use lead to liberation of 
airborne hard metal particulates that may be sub
sequently inhaled.

The term hard metal lung disease (HMLD) was 
first introduced in 1941 to describe an emerging 
inflammatory lung condition observed exclusively 
in workers exposed to hard metal dusts in the work
place (Nemery, Verbeken, and Demedts 2001). 
HMLD was initially characterized as a novel variant 
of pneumoconiosis – a group of occupational lung 
diseases caused by the deposition of various organic 
dusts within the respiratory tract; however, in the 
ensuing years it became evident that inhalation of 
hard metal dust lead to development of several 
unique disease variants with distinctive pathologies 
(Nemery and Abraham 2007). It also became 
apparent that different components of hard metal 
may be responsible for the major clinical presenta
tions of HMLD in afflicted individuals. In 
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accordance with this knowledge, the terminology 
used to describe hard metal-induced lung patholo
gies has expanded greatly but remains inconsis
tently reported within the scientific literature at 
present. Discrepancies in nomenclature used to 
describe HMLD include hard metal disease, hard 
metal pneumoconiosis, tungsten carbide pneumo
coniosis, hard metal lung, giant cell interstitial 
pneumonia (GIP), and cobalt lung (Enriquez et al. 
2007; Lison et al. 1996).

For the purposes of this review, the many var
iants of HMLD may be broadly categorized into 
one of two groups based upon the extent of immu
nological involvement in disease pathogenesis 
(Zheng, Marron, and Sehgal 2020). The most com
mon presentations of HMLD bear many similari
ties to prototypical cases of pneumoconiosis and 
other conditions associated with a restrictive pat
tern of lung disease (Nemery, Verbeken, and 
Demedts 2001). In subjects experiencing this dis
ease type, inhalation of hard metals induces inflam
mation of the lung parenchyma, a response that is 
primarily mediated by oxidant injury mechanisms 
and is orchestrated exclusively by cells of the innate 
immune system (Adams et al. 2017). The lung 
interstitium and alveolar walls become heavily infil
trated with mononuclear cells in these variants of 
HMLD, often resulting in noncaseating granuloma 
formation and development of fibrosis (Sergio et al. 
2017). Prominent symptoms include cough, dys
pnea, and weight loss (Kelleher, Pacheco, and 
Newman 2000).

The second group of disease variants associated 
with hard metal inhalation implicates involvement 
of the adaptive immune system, and thus, is repre
sentative of true allergic conditions. Two major 
disease states have been described in this context. 
The first is hard metal asthma (Chiba et al. 2019). 
Most cases of hard metal asthma implicate allergic 
sensitivity to Co as previously discussed. Tungsten 
is only associated with modest allergenic potential, 
as the metal has only been implicated in a few cases 
of immediate-type asthma in the literature 
(Bruckner 1967; Miyamoto, Inoue, and Watanabe 
2005). The second variant of HMLD involving 
hypersensitivity-mediated mechanisms resembles 
a form of hypersensitivity pneumonitis and is 
most commonly referred to as GIP (Nemery, 
Verbeken, and Demedts 2001). GIP, like other 

forms of hypersensitivity pneumonitis, is mediated 
by antigen-specific lymphocytic inflammation 
within the alveolar region of the respiratory tract 
(Seaman, Meyer, and Kanne 2015). One of the 
distinctive characteristics of this HMLD variant is 
the presence of multinucleated giant cells in the 
airway lumen and lung interstitium of affected 
individuals (Mayer and Hamzeh 2015). These cells 
develop from macrophage precursors under speci
fic physiological conditions, and often emerge as 
a result of fusion of multiple macrophages 
(McNally and Anderson 2011). The cells, which 
are often observed engulfing other immune cells 
in the lungs, are a hallmark of GIP, but their role 
in the pathogenesis of the condition remains largely 
unknown (Lison et al. 1996). Similar to non-allergic 
forms of HMLD, GIP might also result in granu
loma formation within the lungs; however, this 
disease variant is not associated with development 
of fibrosis (Fontenot and Amicosante 2008).

A correlation between tungsten-specific allergic 
responses and GIP development following hard 
metal exposure has yet to be established in any 
published reports (Okuno et al. 2010). 
Correspondingly, nearly all cases of GIP associated 
with hard metal exposure were attributed to aller
genic effects of Co (Lison et al. 1996; Sakai et al. 
2010; Sakamoto, Kosai, and Kohrogi 2008). In sub
jects afflicted with the condition, cobalt-specific 
CD8 + T-cells are readily identified within the 
inflamed lung tissue and circulating lymphocytes 
exhibit reactivity to Co in vitro (Fontenot and 
Amicosante 2008). In some cases, inhalation of 
hard metal dust appears to be responsible for the 
initial sensitizing event that leads to generation of 
cobalt-specific lymphocytes and subsequent devel
opment of GIP (Davison et al. 1983). For other 
individuals, preexisting allergic responsivity to Co 
seemingly primes the respiratory tract for GIP 
development in response to hard metal exposure 
(Nemery, Verbeken, and Demedts 2001). In most 
of these cases, subjects that develop GIP report 
a history of contact sensitivity to the metal, suggest
ing that the existence of a previously-established 
pool of cobalt-reactive T-cells can predispose for 
development of hard metal-induced GIP 
(Nakamura et al. 2014). Interestingly, a few pub
lished reports also described cases of cobalt- 
associated GIP wherein the afflicted workers 
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reported a history of Co-induced asthma of the 
immediate type (Davison et al. 1983; Satoh- 
Kamachi et al. 1998).

Pulmonary eosinophilia
Another inflammatory response of the airways that 
has been associated with inhalation of allergenic 
metals is pulmonary eosinophilia. Pulmonary eosi
nophilia encompasses several distinctive disorders, 
wherein the primary presentation of disease is 
increased influx of eosinophils to the respiratory 
tract and subsequent development of localized 
inflammation that can result from both hypersen
sitivity-mediated mechanisms, as well as non- 
allergic processes (Scott and Wardlaw 2006). 
Although eosinophilic inflammation is a cardinal 
sign of allergic asthma, rhinitis, and other chronic 
lung conditions, pulmonary eosinophilia generally 
refers to eosinophil-driven airway inflammation 
that occurs independently of these diseases. 
Accordingly, the diagnostic criteria used to identify 
cases of pulmonary eosinophilia generally include 
a BAL/sputum eosinophil count of > 2.5% of total 
cells, in addition to the absence of prototypical 
symptoms associated with other lung conditions 
like asthma (e.g., AHR, bronchoconstriction, 
mucus hypersecretion) (Gibson, Fujimura, and 
Niimi 2002). Two of the most common forms of 
pulmonary eosinophilia are eosinophilic bronchitis 
and eosinophilic pneumonia, which produce symp
toms ranging from cough, dyspnea, fever, and 
blood eosinophilia (Akuthota and Weller 2012; 
Brightling 2006; Pala, Pignatti, and Moscato 2012; 
Yıldız and Dülger 2018).

At present, the only metals that have been con
sistently identified as potential causative agents of 
pulmonary eosinophilia are Al and Pt. Several 
reports have been published describing workers 
exposed to aerosolized forms of Al that subse
quently develop elevated sputum eosinophil levels 
in the absence of other prototypical asthma symp
toms (Schwarz et al. 1994; Sorgdrager et al. 1995). 
There exist fewer reports pertaining to Pt-induced 
pulmonary eosinophilia; however, Merget et al. 
(2015) in particular elucidates an interesting corre
lation between the disorder and metal allergy that is 
worth highlighting. In this case report, a precious 
metals refinery worker who had been employed in 
her position for 12 years began to develop a runny 

nose and cough when working with aerosolized 
forms of Pt (Merget et al. 2015). The subject also 
reported a history of recurrent skin outbreaks fol
lowing dermal contact with the metal. 
Consequently, a specific inhalation challenge, 
prick tests, and patch tests were performed on the 
worker using different test formulations of Pt. The 
inhalation challenge yielded results inconsistent 
with an asthmatic response, though increased lung 
eosinophil burden was observed in the days follow
ing the test. The worker was prick test negative, but 
patch test positive for the metal. Collectively, these 
results indicate that while the subject had pre
viously developed delayed-type, cell-mediated 
allergic responsivity to Pt (consistent with ACD), 
the subsequent emergence of pulmonary eosino
philia occurred independently of platinum-specific 
IgE-mediated mechanisms. This observation con
stitutes an interesting finding since eosinophilic 
lung responses are traditionally associated with 
Th2-dominated immune reactivity and Pt is one 
of the metals most commonly implicated in IgE- 
mediated asthmatic responses (Scott and Wardlaw 
2006).

While only two individual metal species have 
been acknowledged as potential causative agents 
of pulmonary eosinophilia to date, there are 
numerous other reports describing development 
of this condition following exposure to mixed 
metal particulates. For example, lung eosinophilia 
was found in workers exposed to airborne sources 
of stainless steel, hard metal, metalworking fluids, 
and fly ash (Ghio et al. 2002; Schwarz et al. 1994; 
Wiggans and Barber 2017; Yacoub et al. 2005). 
These substances are often comprised of multiple 
metal elements. Stainless steel is an alloy comprised 
of Fe, Cr, Ni, and many other metals in varying 
concentrations, while hard metal is a term used to 
describe a metallic carbide comprised of tungsten, 
vanadium, and/or titanium that is mixed with Ni or 
Co (Antonini et al. 2004). Metalworking fluids are 
water- or oil-based lubricants used to reduce heat 
and friction during industrial machining opera
tions, and although these substances are inherently 
metal-free when produced, they often become 
a vehicle for metal particulates generated during 
their use and might be subsequently inhaled 
(Wiggans and Barber 2017). ‘Fly ash’ refers to the 
inorganic residue that is generated following the 
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combustion of carbonaceous materials such as coal, 
and is generally comprised of metals including Ni, 
Fe, and vanadium (Ghio et al. 2002). Existing pub
lications describing the development of pulmonary 
eosinophilia following exposure to these substances 
often fail to elucidate the specific constituent metals 
responsible for the observed reactions, and thus, 
several additional metals capable of inducing lung 
eosinophilia likely exist but have yet to be 
identified.

Other immune responses of the respiratory tract with 
potential implications in metal allergy
Several other inflammatory conditions of the air
ways have been correlated with allergic responsivity 
to metals. Although metal-specific hypersensitivity 
reactions do not constitute the primary mechanism 
of pathogenesis in these disorders, evidence sug
gests that metal allergy may play a critical role in 
disease development, progression, and symptom 
severity.

Pulmonary alveolar proteinosis (PAP) is 
a relatively uncommon lung disease characterized 
by the accumulation of surfactant lipids and pro
teins within the alveolar space (Wang et al. 2012). 
Impaired clearance mechanisms are responsible for 
the buildup of these acellular components, which 
impair gas exchange, and eventually produce 
respiratory failure and death. Several different 
sources of PAP have been identified, and three 
corresponding variants of the disease were 
described to reflect these different origins of dis
ease. Congenital PAP results from genetic muta
tions in innate immune cell receptors, autoimmune 
PAP involves adaptive immune-mediated interfer
ence with normal pulmonary clearance mechan
isms, and secondary PAP emerges as 
a complication of infections, malignancies, or 
toxic exposures (Ben-Dov and Segel 2014; Santos 
et al. 2020). Accordingly, PAP is known to occur in 
both worker populations and the general public. 
The cytokine granulocyte macrophage-colony sti
mulating factor (GM-CSF) plays a central role in 
the pathogenesis of all three variants of PAP, as it 
mediates the terminal differentiation of alveolar 
macrophages, which are responsible for cataboliz
ing the offending molecules and clearing them from 
the lower airways (Trapnell et al. 2019). 

Accordingly, disease onset corresponds with the 
introduction of disruptions in GM-CSF signaling 
and alveolar macrophage functionality.

Several metals have been implicated in PAP. 
Occupational exposures to indium, silica, Sn, Ti 
and Al have all been shown to produce disruptions 
in normal alveolar macrophage clearance mechan
isms leading to development of secondary PAP 
(Bomhard 2017; Huaux et al. 2018a, 2018b; 
Igbokwe, Igwenagu, and Igbokwe 2019; Keller 
et al. 1995; Miller et al. 1984; Sauni et al. 2007; 
Yorozuya et al. 2019). Although these responses 
do not constitute a form of metal hypersensitivity, 
several studies have correlated the induction of 
secondary PAP and metal inhalation exposures to 
the subsequent development of autoimmune PAP 
(Chew, Nigam, and Sivakumaran 2016; Inoue et al. 
2008). The mechanisms by which inhalation of 
metal particulates may facilitate the generation of 
autoantibodies remain largely unclear; however, 
Costabel and Nakata (2010) suggested that metal- 
induced structural alterations in proteins associated 
with GM-CSF signaling and alveolar macrophage 
functionality may be involved. Accordingly, if 
novel antigenic determinants that implicate metal/ 
host protein complexes are formed following expo
sure, the subsequent development of autoimmune 
PAP may be regarded as a form of metal-specific 
hypersensitivity occurring in the lower airways.

In addition to PAP, inhalation exposure to aller
genic metals was also proposed to play a role in 
some cases of Goodpasture’s syndrome. 
Goodpasture’s syndrome is an autoimmune condi
tion that develops in subjects who produce auto
antibodies specific for type IV collagen (Borza, 
Neilson, and Hudson 2003). In afflicted individuals, 
these circulating IgG autoantibodies recognize and 
bind antigens present in the basement membrane 
of the lungs and kidneys, producing localized 
inflammation. In some cases, these reactions trigger 
widespread immune activation and vasculitis, 
which lead to respiratory and/or renal failure and 
death (Greco et al. 2015).

Several case reports have been published describ
ing development of Goodpasture’s syndrome in 
workers following inhalation exposures to hard 
metal dust, welding fumes, and silica (Bal et al. 
2014; Dahlgren, Wardenburg, and Peckham 2010; 
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Pedchenko, Vanacore, and Hudson 2011). 
Lechleitner et al. (1993) suggested that these types 
of exposures mediate the development of autoanti
bodies by inducing significant tissue damage within 
the lungs, and thus, exposing alveolar basement 
membrane proteins for recognition by the immune 
system. Moreover, localized inflammatory reac
tions initiated by the metals likely act as an adju
vant, further promoting the recruitment of the 
adaptive immune system. Although the existence 
of metal allergy was proposed as a potential 
mechanism that may prime for the development 
of Goodpasture’s syndrome in the lungs, this con
nection has yet to be definitively established.

Metals & gastrointestinal hypersensitivity responses

In addition to the skin and lungs, the GI tract is 
another organ system involved in a diverse assort
ment of hypersensitivity reactions. GI allergy 
emerges following exposure to antigen via the oral 
route and subsequent ingestion (Biermé, Nowak- 
Wegrzyn, and Caubet 2017). The ensuing hyper
sensitivity reactions can manifest as local responses 
that remain isolated within the intestinal mucosa 
and surrounding tissues; contrarily, antigen inges
tion can also facilitate its systemic absorption and 
the emergence of allergic symptoms in other ana
tomical compartments of the body. The various 
manifestations of GI allergy are often broadly 
grouped according to similar underlying immuno
logical mechanisms. The three general mechanisms 
responsible for these reactions include IgE- 
mediated, non-IgE-mediated, and mixed IgE/non- 
IgE type responses (Azouz and Rothenberg 2019). 
Irrespective of these discrepancies, nearly all forms 
of GI allergy implicate a conserved set of risk fac
tors and key immunological alterations known to 
promote the development of disease. Increased sus
ceptibility to GI allergy was associated with diet, 
previous infections, microbiome composition and 
diversity, prior ingestion exposures (e.g., antibiotics 
and chemicals), as well as various genetic and epi
genetic factors (Wang et al. 2021). Concurrently, 
the inherent resistance to allergic responsivity 
observed in the gut under normal circumstances 
is frequently disrupted prior to allergy development 
by a consistent pattern of alterations including 
compromised GI mucosal barrier efficacy, 

a breakdown in immunological tolerance, and 
polarization of local immune networks toward 
Th2 directionality (Meyer et al. 2019).

Collectively, Pawankar et al. (2013) estimated 
that allergic responses of the digestive tract affect 
over 550 million individuals worldwide. Children 
tend to be disproportionately impacted by GI 
allergy since many conditions involve atopic 
mechanisms that emerge early in life (Scurlock 
et al. 2010). Allergic responses of the GI tract are 
often collectively referred to as ‘food allergy.’ 
Although this terminology adequately conveys the 
selective association of the disorders with the inges
tion of antigen, this nomenclature can also be mis
leading, given that oral exposure to many 
substances other than foods might also result in 
exposure to allergens capable of inducing GI 
allergy. Protein allergens derived from various 
food sources – such as milk, eggs, soy, nuts, and 
fish – are undoubtedly the most frequent inducers 
of GI allergy globally; however, metals are another 
class of allergens that are commonly ingested and 
subsequently mediate hypersensitivity responses of 
the GI tract (Tomar and Hogan 2020).

Many metals are essential trace elements 
required by the body for execution of various rou
tine physiological functions. Since many of these 
metal elements are naturally found in the Earth’s 
crust such as Ni, Al or Fe, they are often present in 
considerable concentrations in fruits, vegetables, 
legumes, and other foods that facilitate their inges
tion (Zirwas and Molenda 2009). Drinking water 
might also be a major source of metal ingestion, 
particular for metals including Ni, Cu, and Zn 
(Organization” 2011). Notably, food and water 
may also serve as vehicles for the ingestion of non- 
essential, toxic metals – including lead (Pb), Cd, Hg 
and arsenic (As) – present as contaminants in these 
sources (Donald, Wissel, and Anas 2015; Khan et al. 
2010; Onakpa, Njan, and Kalu 2018). Ingestion 
exposures to metals might also result from their 
accidental transfer into food items during various 
handling processes. For example, the use of metal 
cookware and utensils may facilitate the transfer of 
metals like Ni, Cr and Fe into consumables while 
preparing food (Kuligowski and Halperin 1992). 
An assortment of different metals might also be 
accidentally or unintentionally ingested indepen
dently of their association with food, water, and 
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other consumables. For example, metal particulates 
are often unwittingly transferred from the hands to 
the mouth during daily activities and subsequently 
ingested.

In spite of the numerous unique presentations of 
GI allergy and the high frequency of metal inges
tion, a limited number of metal-associated hyper
sensitivity responses were reported to occur in the 
GI tract; however, it should be noted that metal 
allergens were only recently identified as potential 
causative agents of the few GI hypersensitivity reac
tions described below. Correspondingly, it is likely 
that additional presentations of metal-induced GI 
allergy might be identified in the near future as 
advances in our understanding of the digestive 
tract’s unique immunological functions are 
established.

Contact allergic gastritis/mucositis
Contact allergic gastritis (sometimes referred to as 
contact allergic mucositis in the context of the GI 
tract) is one of the more recently-identified variants 
of GI allergy. This condition is characterized by 
eruptions of localized inflammation within the 
epithelial lining of the digestive tract following 
antigen ingestion (Mahdi, Israel, and Hassall 1996; 
Pföhler, Vogt, and Müller 2016). Interestingly, con
tact allergic gastritis has been almost exclusively 
associated with metal antigens. Accordingly, metals 
capable of triggering contact allergic gastritis are 
most often ingested as a result of their natural 
occurrence in various food items or following the 
release of ions from dental materials and subse
quent transport to the GI tract by saliva. Clinical 
symptoms of contact allergic gastritis tend to 
remain isolated to the GI tract and include stomach 
upset, cramping, and bloating. Cell-mediated 
hypersensitivity reactions orchestrated within the 
intestinal mucosa are responsible for these symp
toms, and often reflect a secondary manifestation of 
an established allergic condition (Nakajima 1977). 
For example, patients experiencing symptoms of 
contact allergic gastritis often report a history of 
metal-induced ACD or allergic contact stomatitis 
(Pföhler et al. 2012). It has been suggested that the 
same metal-reactive T-cell populations involved in 
these allergic disorders are responsible for develop
ment and pathogenesis of contact allergic gastritis, 
explaining the apparent correlation between the 

two conditions; however, more research is needed 
to confirm the validity of this suspected causal 
relationship.

Contact allergic gastritis is commonly associated 
with Ni sensitivity and was examined in this con
text by several investigators (Borghini et al. 2016). 
Notably, Di Gioacchino et al. (2000) showed that 
ingestion of Ni by sensitized individuals led to an 
influx of immune cells to the lamina propria and 
epithelium of the GI tract. Memory T-cells, speci
fically, were found to accumulate in the intestinal 
mucosa, consistent with the cell-mediated hyper
sensitivity mechanisms responsible for the disease. 
Collectively, these observations support the exis
tence of a causal link between ACD and subsequent 
emergence of allergic contact gastritis. Pföhler, 
Vogt, and Müller (2016) noted a case of contact 
allergic gastritis in a patient experiencing concur
rent GI pain and mucosal lesions shortly after the 
implantation of a dental bridge and crown com
prised of Au, Pd, and zirconium. Subsequent patch 
tests revealed the prior existence of delayed-type 
allergic reactivity to Au, Mn, Ni, Pd, vanadium, 
and zirconium in the individual, and the dental 
implants were subsequently removed. The subject 
experienced immediate resolution of both dermal 
and GI symptoms upon removal of the devices.

Allergic esophagitis
Allergic esophagitis is one of the most common 
presentations of GI hypersensitivity that manifests 
within the upper segments of the digestive tract 
(Gómez-Aldana et al. 2019). The condition devel
ops in sensitized individuals who, following antigen 
ingestion, develop localized allergic inflammation 
of the esophagus (Kuźmiński et al. 2020). This pre
sentation of GI allergy may be either acute or 
chronic in nature. Although different immunologi
cal mechanisms might lead to emergence of allergic 
esophagitis, prototypical signs and symptoms are 
largely conserved between disease endotypes, and 
include difficulty swallowing, reflux-like sensations, 
localized pain, and esophageal lesions (Hill and 
Spergel 2016).

Eosinophilic Esophagitis: The most common 
variant of allergic esophagitis is eosinophilic eso
phagitis, which is characterized by significant influx 
and accumulation of eosinophils within the esopha
geal mucosa following antigen ingestion 
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(D’alessandro et al. 2015). In patients with sus
pected disease, histological analysis might be per
formed, wherein the diagnostic criteria for the 
condition is the existence of ≥ 15 eosinophils at 
400x magnification on a 0.3 mm2 surface of tissue 
(Kuźmiński et al. 2020). Prototypical Th2 immune 
responses are responsible for the pathogenesis of 
eosinophilic esophagitis, and similarly, the disease 
tends to be more common in atopic individuals 
(Vinit et al. 2019). The major allergens associated 
with this disease include protein epitopes of milk, 
wheat, soy, eggs, peanuts/tree nuts, and fish/sea
food; however, eosinophilic esophagitis may also 
emerge following the ingestion of metal allergens 
in some subjects. Nickel was implicated in the 
majority of these cases and shown to initiate eosi
nophilic esophagitis alone or in combination with 
other clinical manifestations of GI allergy (Nucera 
et al. 2019).

Lymphocytic Esophagitis: Lymphocytic esopha
gitis is another subtype of esophagitis mediated by 
allergic mechanisms (Rubio, Sjödahl, and 
Lagergren 2006). This disease variant is far less 
common than eosinophilic esophagitis and charac
terized by intraepithelial lymphocytosis (no estab
lished numbers for diagnostic criteria) and minimal 
granulocyte presence within the esophagus (Avila 
et al. 2021; Purdy et al. 2008). In most patients 
suffering from lymphocytic esophagitis, 
CD8 + T-cells constitute the predominant lympho
cytic subtype detected in tissue biopsies (Moiseff 
et al. 2021; Muller et al. 2021). Biopsies also fre
quently reveal the existence of spongiosis – lesions 
that closely resemble those seen in cases of ACD 
(Purdy et al. 2008). Consistent with these clinical 
patterns, some of the same antigens known to cause 
ACD were also implicated in lymphocytic esopha
gitis. Only a few studies correlated metal allergens 
to this condition at present. In one such report, 
a woman presenting with lymphocytic esophagitis 
and concurrent presentations of allergic reactivity 
to various antigens was examined (Wojas et al. 
2021). Although the subject was found to exhibit 
immediate-type allergic responsivity to many com
mon food and aeroallergens (e.g., birch pollen, 
hazelnuts, grasses, rye), it was also determined 
that she had developed delayed-type hypersensitiv
ity responses to Ni, which were responsible for 
a history of chronic ACD outbreaks. 

Consequently, ingestion of Ni by this patient was 
identified as a potential cause of lymphocytic 
esophagitis.

Other immune responses of the gi tract with potential 
implications in metal allergy
By some estimates, GI allergy has become the most 
prevalent form of allergic disease worldwide 
(Tomar and Hogan 2020). Despite the frequency 
of these disorders, only a small fraction of GI 
hypersensitivity responses was reported to involve 
metal allergens. Accordingly, the digestive tract 
represents one of the tissues least commonly impli
cated in metal allergy. Although ingestion of metals 
is common, this route of exposure more frequently 
results in the systemic absorption of metals (or 
their excretion), as opposed to their local retention 
within tissues of the digestive tract (Mamtani et al. 
2011). As a result, the general lack of causative 
associations observed between ingested metal aller
gens and local GI hypersensitivity reactions is likely 
to be at least partially explained by the physico
chemical properties of metal ions, which facilitate 
their rapid absorption through the intestinal 
mucosa and into the circulation.

Although sensitization to food allergens is 
known to occur following their ingestion, it 
remains unclear if sensitization to metals might 
occur by similar mechanisms. Borghini et al. 
(2020) suggested that metal sensitivity may emerge, 
specifically, in susceptible individuals with Celiac 
disease following Ni ingestion. This association 
reflects the propensity for celiac patients to con
sume greater amounts of dietary Ni (e.g., from 
corn) than healthy individuals due to their avoid
ance of gluten-containing foods. As a result, it 
seems that these subjects may be at increased risk 
for the development of Ni hypersensitivity via the 
GI tract, although no definitive evidence for such 
effects in humans has been published. Similarly, few 
studies examined the potential for metal sensitiza
tion following ingestion in animal models. In one of 
the few existing reports pertaining to this concept, 
Al was shown to effectively induce colorectal hyper
sensitivity in rats and mice following ingestion 
(Esquerre et al. 2019).

Several chronic inflammatory conditions of the 
digestive tract have been specifically correlated with 
metal hypersensitivity in human subjects. These 

306 K. ROACH AND J. ROBERTS



findings suggest that allergic inflammation induced 
by metal allergens may be directly or indirectly 
involved in the pathogenesis of these disorders. 
For example, the prevalence of Ni-induced ACD 
is known to be significantly elevated amongst 
patients with non-celiac wheat sensitivity 
(D’alcamo et al. 2017).

Gastro-esophageal reflux disease (GERD) is one 
of the most frequently-diagnosed diseases of the 
digestive tract in Western countries and estimated 
to affect up to 28% of the general population in 
North America (Clarrett and Hachem 2018). 
Ineffective control of GERD was associated with 
profound physical discomfort, decreased quality 
of life, and significant morbidity (Castell et al. 
2004). Although some cases of GERD emerge as 
a result of non-immunological mechanisms, aller
gic-type mechanisms are known to be involved in 
many instances. Hypersensitivity-associated forms 
of GERD may be related to food allergens derived 
from shrimp, milk, and barley, among others 
(Pomiecinski et al. 2010). Metal allergens have not 
been implicated in GERD, although several inves
tigators demonstrated a significant correlation 
between the disease and allergic sensitivity to Ni 
(Aslan, Sezikli, and Erdal 2017; Stanghellini et al. 
2016). Moreover, the adoption of a low-nickel diet 
was found in many instances to significantly 
improve GERD symptoms (Yousaf et al. 2020). 
Although these observations suggest that Ni sensi
tivity may be involved in some cases of GERD, 
a definitive causal relationship has yet to be 
established.

Several studies also established a connection 
between metal allergy and irritable bowel syndrome 
(IBS). When compared to healthy controls, patients 
with IBS are significantly more likely to exhibit 
allergic reactivity to metals including Ni and Zn 
(Kageyama et al. 2019). In one study, 56.5% of the 
147 subjects experiencing symptoms of IBS were 
noted to be hypersensitive to at least one metal. It 
has been proposed that dental metals, specifically, 
induce delayed-type hypersensitivity responses 
within the digestive tract of sensitized individuals, 
which contributes to disease pathogenesis in 
a subset of IBS patients. The potential involvement 
of metal hypersensitivity reactions in IBS is further 

supported by observations that adoption of a low 
Ni diet markedly improves symptoms of the disease 
(Rizzi et al. 2017).

A similar association between dental metals and 
ulcerative colitis (UC) was demonstrated in a recent 
study. As described in a 2020 report, 65 patients 
with UC and 22 healthy controls – all with metallic 
dental implants or prosthetics – were included in 
the study and tested for allergic reactivity to various 
metal allergens (Kageyama et al. 2020). It was deter
mined that 60% of the UC patients in the study 
were allergic to at least one metal species, whereas 
only 32% of the healthy controls exhibited metal 
reactivity. Nickel and Pd were identified as the two 
metals most commonly implicated in these 
responses. Further, a greater degree of lymphocyte 
responsivity was seen in UC patients compared to 
healthy controls upon metal allergen exposure. 
Similar to the apparent involvement of metal 
allergy in IBS, the pathogenic mechanisms of UC 
have now also been suggested to involve metal- 
induced hypersensitivity responses in some subsets 
of the disease.

Metals and systemic hypersensitivity responses

Dermal contact, inhalation, and ingestion are all 
common means of exposure to metals in the gen
eral population that might lead to allergic 
responses. Although metals are absorbed, metabo
lized, and distributed following these exposures, 
which result in systemic responses, direct systemic 
exposures to metals might also induce hypersensi
tivity responses, although this type of exposure is 
only relevant in a small subset of the population. 
Most of the scenarios in which systemic exposures 
to immunogenic metals occur originate from 
within the biomedical sector (Chen and Thyssen 
2018). The use of metal-containing objects and 
metal-based reagents in various medical and dental 
applications are often implcaited, and similarly, 
healthcare patients constitue the majority of indi
viduals at risk for systemic exposure to metals. 
Specifically, surgical implantation of orthopedic 
and intracoronary devices, placement of orthodon
tic appliances and utilization of other dental mate
rials, and administration of therapeutic substances 
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containing metals constitute the most common 
sources of systemic metal exposures (Hallab and 
Jacobs 2009; Pigatto et al. 2014).

From 2000 to 2010, approximately 5.2 million total 
knee replacements were performed in the United 
State alone (Teo and Schalock 2016). In 2008 and 
2010, respectively, an estimated 27,000 total shoulder 
arthroplasties and 311,000 total hip replacement sur
geries were also performed. In these and other similar 
orthopedic procedures, the joints are reconstructed 
using artificial structures that frequently contain sev
eral different metal constituents. The metal elements 
most commonly found in these devices include Ni, 
Co, Cr, molybdenum, zirconium, and Ti alloys, along 
with stainless steel (Teo and Schalock 2016). Over 
time, ions of these metal species are released from 
the implant and absorbed into the circulation, which 
facilitate development of various immunologial reac
tions within the body.

Cardiovascular and endovascular implants also 
frequently contain metal constituents and might 
mediate systemic exposures to the respective ions. 
Coronary stents tend to be associated with the 
release of Ni, Au, Co, and Ti ions directly into the 
circulation (Honari et al. 2008; Honari, Taylor, and 
Ellis 2005). Comparatively, the implantation of 
pacemakers has been selectively implicated in the 
release of Ti ions (Honari et al. 2008; Peters et al. 
1984). Intrauterine contraceptive devices represent 
another potential source of systemic metal ion 
exposure; however, since these implants are com
prised solely of Cu, their use is associated with 
selective exposure to Cu ions, which may be con
tinually released following implantation (Hostynek 
and Maibach 2004). As a result, patients implanted 
with these devices represent another subset of indi
viduals at risk for systemic metal exposures and 
potential immune responses that may ensue.

Systemic exposures to metals might also result 
from the use of metal-based dental materials 
(Přikrylová, Procházková, and Podzimek 2019). 
Orthodontic appliances, fillings, bridges, and 
restorations are all likely to contain various metal 
constituents capable of releasing ions over time. As 
previously discussed, dental materials are 
a potential source of contact exposure to metals, 
which lead to localized allergic responses in the oral 
mucosa; however, several anatomical and 

physiological characteristics of the oral mucosa 
might interfere with the elicitation of local dermal 
hypersensitivity responses to metals in the oral 
mucosa (Hosoki et al. 2009; Kim et al. 2015). For 
example, the protein content within the oral 
mucosa is significantly lower than that of kerati
nized skin, and thus, may present a greater chal
lenge for haptenization of small molecules (Lesueur 
and Yiannias 2003). In addition, the effective dose 
of irritants and allergens that come into contact 
with the oral mucosa may become significantly 
reduced as a result of their dilution with saliva 
(Minciullo et al. 2016). Saliva might also mediate 
the solubilization and degradation of many aller
gens, compromising their biological activity in the 
skin around the mouth. Comparatively, the high 
level of vascularization in the oral mucosa pro
motes the systemic absorption of antigens, such as 
metal ions, released from dental materials. Saliva 
might also mediate ingestion of these antigens, 
which then are absorbed into the circulation via 
the GI tract (Chen and Thyssen 2018). 
Accordingly, the potential for systemic responses 
to metal allergens released from dental materials is 
often a greater concern than dermal exposures. 
Some of the major metals of concern in this context 
include Hg, Ag, Ni, Co, Cr, Au, Al, Pd, and Cu 
(Hosoki et al. 2009; Lee et al. 2001).

Finally, pharmaceutical agents constitute 
another potential source of systemic exposure to 
metals that may result in allergic reactions. 
Gadolinium-based contrast agents, Fe supple
ments, Pt anticancer agents, and Au salts (used in 
chrysotherapy) are all administered intravenously 
or intramuscularly to patients in certain biomedical 
settings (Faa et al. 2018; Fok and Smith 2017; M.f.h 
and Barbosa 2016; Makrilia et al. 2010). As one of 
the most common immunological adjuvants used 
in commercial vaccine formulations, systemic 
exposure to Al salts following intramuscular injec
tions also occurs frequently (Mbow, De Gregorio, 
and Ulmer 2011). The parenteral administration of 
these substances results in exposure to 
a significantly higher dose of metals compared to 
the other previously-mentioned sources of systemic 
exposure. As a result, these patients may represent 
a population that may be more susceptible to sub
sequent metal-induced immune reactions.
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Although systemic exposures constitute the 
least common mechanism by which humans are 
likely to encounter allergenic metals, an extensive 
number of unique metal-induced systemic hyper
sensitivity reactions have been described in the 
literature. Some of the major discriminating fea
tures of these responses include underlying immu
nological mechanisms (e.g., delayed-type, 
immediate) and primary site of elicitation signs/ 
symptoms (e.g., widespread, concentrated within 
the skin). Distinctive features of the elicitation 
response might also be employed to categorize, 
compare, and differentiate between the various 
systemic allergic responses initiated by metals. 
Unlike the majority of dermal and respiratory 
allergic responses that were described in previous 
sections, many of the systemic hypersensitivity 
reactions associated with metals manifest pro
foundly unique symptom profiles. For example, 
some of the unique clinical manifestations of 
metal-induced systemic hypersenstivity responses 
include the formation of foreign body granulomas 
and tissue necrosis, neurological impairments and 
chronic fatigue, and myocardial infarction with 
coronary spasm (Fernandes et al. 2019; Teo and 
Schalock 2016).

All of the different presentations of metal- 
induced systemic hypersensitivity that were 
reported in the literature are discussed in the sec
tions below. The defining features of each allergic 
response are higlighted, and specific metals that 
have been associated with the reactions are listed. 
A summary of the most common systemic hyper
sensitivity responses and corresponding metals 
associated with each condition is presented in 
Table 5.

Anaphylaxis
Anaphylaxis is an acute, potentially life- 
threatening, systemic response that develops imme
diately following the sudden release of molecular 
mediators by mast cells and basophils (Loverde 
et al. 2018). Activation of these cells and their sub
sequent degranulation might result from both aller
gic and non-allergic mechanisms. Similarly, while 
all presentations of anaphylaxis are immunologi
cally-mediated, only some of these reactions impli
cate true allergic processes.

Anaphylaxis has become increasingly recognized 
as a heterogeneous group of immune responses in 
recent years (Tomar and Hogan 2020). Several 
phenotypic and endotypic variants of the syndrome 
were identified and characterized within the scien
tific literature. Phenotypes of anaphylaxis include 
type I, cytokine-release, complement, and mixed 
reactions (Jimenez-Rodriguez et al. 2018). 
Corresponding endotypes associated with anaphy
lactic responses include IgE- and non-IgE- 
mediated mechanisms, cytokine-mediated 
responses, mixed processes, and complement/bra
dykinin-induced direct activation reactions. 
Further, several distinctive anaphylaxis response 
patterns were also recently identified and based 
upon parameters including the absence/recurrence 
of symptom cycling, as well as symptom onset, peak 
response, and reaction resolution times (Loverde 
et al. 2018). Accordingly, anaphylaxis can occur in 
a uniphasic, biphasic, or protracted response 
pattern.

The most common form of anaphylaxis is 
mediated by type I hypersensitivity mechanisms. 
In sensitized individuals, systemic antigen exposure 
triggers IgE-dependent activation of mast cells and 
basophils, leading to the release of many unique 
preformed mediators such as tryptase, histamine, 
and chemokines with various physiological func
tions (Loverde et al. 2018). The actions of these 
molecules are responsible for the subsequent emer
gence prototypical anaphylactic symptoms, which 
range from eruption of widespread urticarial 
lesions and angioedema in the skin, to profound 
bronchoconstriction with potential for respiratory 
insufficiency, and severe hypotension that lead to 
dizziness and syncope (Pawankar et al. 2013). In 
some cases, symptoms may be mild and readily 
managed with minimal intervention; compara
tively, catastrophic reactions may also ensue, 
requiring immediate medical attention to monitor 
and treat life-threatening symptoms of anaphylaxis 
(Tomar and Hogan 2020). Pawankar et al. (2013) 
estimated that the lifetime occurrence of anaphy
laxis ranges from 0.05–2% in the general popula
tion. Some of the major causative agents of 
anaphylaxis include pharmaceutical agents, insect 
venom, and food allergens (Muñoz-Cano et al. 
2016). A small number of case reports also 
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described the induction of anaphylactic responses 
in metal-sensitive subjects following various expo
sure conditions.

One of the major mechanisms by which metal 
antigens induce anaphylactic responses involves 
systemic administration of various metal- 
containing pharmaceutical agents. Accordingly, 
gadolinium-based contrast agents were associated 
with potential to induce anaphylactic responses in 
some subjects (Rodriguez-Nava et al. 2019) 
Systemic administration of platinum-containing 
antineoplastic agents were also found to produce 
similar responses in susceptible individuals 
(Makrilia et al. 2010). Anaphylactic responses 
were also reported following the administration of 

magnesium sulfate during preterm labor, barium 
enemas for diagnostic imaging, and intravenous 
iron supplements in anemic patients (Janower 
1986; Rampton et al. 2014; Thorp et al. 1989).

Anaphylactic responses to metals might also 
occur following exposure by other routes. For 
example, ingestion of Ni was found to induce ana
phylactic responses in some sensitized individuals 
(Antico and Soana 1999). Several instances of der
mal metal exposure leading to anaphylaxis were 
also reported. Dermal exposure to Co was shown 
by Krecisz et al. (2009) to be sufficiently capable of 
triggering anaphylactic responses in a worker with 
established dermal reactivity to the metal. In addi
tion, in one worker with existing symptoms of 

Table 5. Specific Metals Associated with Different Presentations of Systemic Hypersensitivity.

Metal

Hypersensitivity Mechanism

Type I Type IV

Chronic 
Urticaria Syndrome Anaphylaxis

Systemic Sensitization/ 
Metallosis

Systemic 
ACD

Airborne 
ACD

Aluminum (Exley et al. 2009)
Barium (Janower 1986)
Beryllium (Dooms-Goossens 

et al. 1986)
Chromium (Moller et al. 1986) (Moller et al. 1986) (Borowska and Brzoska 

2015)
(Pigatto et al. 2014;  

Yoshihisa and Shimizu 2012)
(Dooms-Goossens 

et al. 1986)
Cobalt (Mikhailova et al. 2017) (Krecisz et al. 2009) (Summer et al. 2007) (Kimyon and Warshaw 2019) (Kimyon and 

Warshaw 2019)
Copper (Mikhailova et al. 2017)
Gadolinium (Jung et al. 2012) (Jung et al. 2012;  

Rodriguez-Nava et al. 2019)
(Jung et al. 2012; 

Lattanzio and Imbesi 
2020)

Gold (Mikhailova et al. 2017) (Evans et al. 1987) (Pigatto et al. 2014;  
Watsky 2007)

(Kimyon and 
Warshaw 2019)

Iridium (Bergman, Svedberg, and 
Nilsson 1995)

Iron (Rampton et al. 2014)
Magnesium (Thorp et al. 1989)
Manganese (Watchmaker, Collins, 

and Chaney 2015)
Mercury (Barranco Sanz et al. 

1989)
(Barranco Sanz et al. 1989; 

Pelaez Hernandez et al. 
1994)

(Veien et al. 1994) (Dooms-Goossens 
et al. 1986)

Molybdenum (Summer et al. 2007)
Nickel (Antico and Soana 

1999; Abeck et al. 
1993)

(Antico and Soana 1999;  
Antico and Soana 2015)

(Summer et al. 2007) (Yoshihisa and Shimizu 2012) (Kimyon and 
Warshaw 2019)

Palladium (Pesonen et al. 2014) (Hanafusa et al. 2012)
Platinum (Makrilia et al. 2010) (Makrilia et al. 2010) (Makrilia et al. 2010)
Silver (Dooms-Goossens 

et al. 1986)
Tin (Quenan et al. 

2014)
Titanium (Peters et al. 1984)
Vanadium (Engelhart and Segal 

2017)
Zinc (Sakai, Hatano, and Fujiwara 2013; 

Yoshihisa and Shimizu 2012)
Zirconium (Teo and Schalock 2016)

Table 5: Metals implicated in different forms of systemic allergy. Common systemic presentations of metal allergy are listed in the table above. Responses are 
grouped by primary mechanism of hypersensitivity and specific metals implicated in each disease variant are denoted by the parenthesized numbers within 
the assoicated column, which correspond to relevant citations.
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respiratory allergy triggered by occupational expo
sures to iridium salts, routine clinical evaluations 
were performed to elucidate the involvement of 
different immunological mechanisms associated 
with his responses (Bergman, Svedberg, and 
Nilsson 1995). Subsequent scratch testing with iri
dium salts led to the immediate onset of anaphy
lactic symptoms – a type I allergic response 
determined to be consistent with the mechanisms 
responsible for the worker’s respiratory symptoms.

Although the underlying immunological 
mechanisms responsible for allergic anaphylaxis 
have been largely attributed to effector molecules 
including IgE, IgG, and immune complexes, there 
have also been occasional reports of metal- 
associated anaphylaxis that appear to be at least 
partially mediated by T-lymphocytes. In one such 
case, a specific inhalation challenge was used to 
evaluate the time course of allergic reactivity in 
a Cr-sensitized welder (Moller et al. 1986). 
Although prototypical indices of anaphylaxis were 
subsequently observed in the subject, the response 
did not become evident until several hr post- 
exposure, leading to the conclusion that cell- 
mediated mechanisms may be involved in some 
cases of anaphylaxis, wherein a delayed onset of 
symptoms may be observed.

Systemic allergic contact dermatitis
As previously described, ACD responses typically 
emerge as a result of skin contact with allergens; 
however, in some cases, allergens capable of enter
ing the circulation might accumulate in the skin, 
leading to ACD-like eruptions. This response is 
termed ‘systemic ACD’ and has been associated 
with various metals including Ni, Co, Au, Zn, Al, 
and Cr (Wicks et al. 1988; Yoshihisa and Shimizu 
2012). Systemic ACD is known to emerge following 
the release of ions from cardiovascular implants, 
orthopedic devices, and other surgical implanta
tions containing Ni, Co and Cr directly into the 
bloodstream (Giménez-Arnau et al. 2000; 
Nosbaum et al. 2008; Zhubrak and Bar-David 
2014). Aluminum-based vaccine adjuvants also 
facilitate development of systemic ACD reactions 
following intramuscular administration (Mistry 
and Dekoven 2021). In addition, dental materials 
also release metal ions that may be absorbed into 
the systemic circulation and subsequently trigger 

widespread ACD eruptions (Aquino and Rosner 
2019). Zinc, Hg, Ni, Co, and Cr are all metals 
used in dental materials known to induce systemic 
ACD (Nedorost 2009; Pigatto et al. 2014). Gold- 
induced systemic ACD responses also occur and 
most commonly reported in patients undergoing 
chrysotherapy following intravenous or intramus
cular injection of Au salts for treatment of various 
immune disorders (Wicks et al. 1988). Oral formu
lations of Au salts were also shown to produce 
systemic ACD eruptions, along with the ingestion 
of Ni present in food items (Malinauskiene, 
Isaksson, and Bruze 2013; Zirwas and Molenda 
2009).

One of the distinctive clinical presentations of 
systemic ACD is referred to as ‘baboon syndrome,’ 
which reflects the characteristic distribution pattern 
of dermal eruptions following antigen exposure 
(Andersen, Hjorth, and Menné 1984). In these 
cases, symmetric diffuse erythema becomes present 
on the buttocks, upper inner surfaces of the thighs, 
and the armpits. Cases of baboon syndrome were 
detected following inhalation of Hg vapors, expo
sures to broken thermometers, and topical applica
tion of Hg-containing disinfectants (Fernandez 
et al. 1995; Le Coz et al. 1996; Tschanz and Prins 
2000). Nickel was also associated with initiating 
baboon syndrome in some sensitized individuals 
following ingestion and systemic exposures 
(Antico and Soana 1999; Bibas et al. 2013; 
Kolodziej et al. 2003; Sánchez-Morillas and Ar 
2004).

Airborne allergic contact dermatitis
Systemic immune responses are known to mediate 
another variant of ACD in which exposure to the 
inciting antigen occurs by inhalation. This condi
tion is called airborne ACD and often involves the 
emergence of symmetrical rashes on the face, neck, 
and eyelids approximately 24 hr post antigen expo
sure (Pongpairoj et al. 2016). Airborne ACD 
involves similar delayed-type hypersensitivity 
mechanisms as those involved in other variants of 
ACD, and also implicates many of the same metal 
allergens. Most cases of airborne ACD produced by 
metals were noted to occur in workers (Kanerva 
et al. 1999). This is reflective of the greater propen
sity for metal aerosolization and subsequent inhala
tion to occur in certain occupational settings. 
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Accordingly, specific metals that have been consis
tently implicated in cases of airborne ACD include 
Ni, Be, Cr, Co, and Au (Kimyon and Warshaw 
2019; Watsky 2007). Less commonly, Hg, Sn, and 
Ag were also attributed to outbreaks of airborne 
ACD (Dooms-Goossens et al. 1986; Quenan et al. 
2014).

Chronic urticaria syndrome
Chronic urticaria is a systemic allergic response 
with an estimated lifetime prevalence of approxi
mately 1% in the general population (Hon et al. 
2019). The disease might involve both acute aller
gic responses following antigen exposure, as well 
as episodic responses spanning over extended 
durations of time in the absence of any detectable 
encounters with antigen (Sachdeva et al. 2011). 
Acute inducible responses involved in the condi
tion most often result from ingestion or systemic 
absorption of antigen, following which, wide
spread eruptions of skin rashes become evident 
within min or hr. In some individuals, clinical 
presentations might mirror many of the prototy
pical signs and symptoms of anaphylaxis, and may 
include the development of angioedema and 
bronchoconstriction (Gomułka and Panaszek 
2014). Both IgE and IgG molecules were impli
cated in the immediate-type hypersensitivity 
mechanisms ultimately responsible for mast cell 
degranulation and subsequent physiological 
responses involved in acute presentations of the 
disease (Hon et al. 2019). By comparison, 
mechanisms responsible for the sporadic, recur
rent manifestations of chronic urticaria in the 
absence of antigen exposure remain largely 
unclear. Asero et al. (2017) suggested that physical 
stimuli, autoimmune mechanisms, pseudoallergic 
reactions, or vasculitic triggers may be involved. 
Causative agents of chronic urticaria include food 
allergens, drugs, and metals. Nickel ingestion as 
part of the normal diet may trigger development 
of chronic urticaria in some sensitized subjects 
(Abeck et al. 1993; Antico and Soana 1999; 
Buyukozturk et al. 2015). Dental metals are also 
known to initiate chronic urticaria following sys
temic absorption or ingestion of Cu, Au, Hg, Cr, 
and Co ions (Barranco Sanz et al. 1989; 
Mikhailova et al. 2017; Moller et al. 1986).

Systemic nickel allergy syndrome
Systemic nickel allergy syndrome (SNAS) is 
a unique allergic condition that was reported to 
occur in approximately 20% of individuals afflicted 
with contact sensitivity to the metal (Nucera et al. 
2019). Patients affected by this disease often experi
ence symptoms following ingestion and subsequent 
systemic absorption of nickel. Local GI effects such 
as cramping, nausea, and vomiting, along with sys
temic manifestations including headache and fati
gue and chronic dermatological symptoms are 
among the most common clinical presentations 
associated with SNAS elicitation responses (Di 
Gioacchino et al. 2014). In some cases, respiratory 
symptoms may also emerge.

These symptoms and the immunological 
mechanisms responsible for SNAS are believed to 
involve both cell-mediated effects, as well as proto
typical Th2-type responses. The existence of nickel- 
reactive T-cell populations is a common feature of 
the disease, and subjects with SNAS often exhibit 
a significant increase in number of CD45RO+ 
memory cells present in the GI mucosa (Falagiani 
et al. 2008). Similarly, while established populations 
of nickel-specific regulatory T-cells may be detected 
in healthy individuals, this tolerogenic cell type is 
non-existent in SNAS patients. Although T-cells 
play a prominent role in the pathogenesis of 
SNAS, the simultaneous involvement of several 
critical Th2-associated effector functions led to the 
classification of this disease as a mixed-type hyper
sensitivity response initiated by Ni (Di Gioacchino 
et al. 2018). Accordingly, one of the major cyto
kines responsible for SNAS responses is IL-5. 
Consistent with this molecule’s role in immediate- 
type allergic responses, the enhanced production of 
IL-5 detected in SNAS patients leads to eosinophi
lic-dominant inflammation (Falagiani et al. 2008). 
As a result, many patients develop eosinophilic 
esophagitis and other eosinophil-mediated reac
tions in the GI tract.

Treatment of SNAS often requires elimination of 
foods that contain high levels of Ni from the diet. 
This modification leads to symptom improvement 
in many subjects and was also shown to attenuate 
dermal responsivity to Ni in some individuals 
(Antico and Soana 2015). Oral hyposensitization 
regiments were also employed to treat subjects 
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suffering from SNAS, although relapses following 
treatment are commonly reported (Bonamonte 
et al. 2011).

Drug reaction with eosinophilia and systemic 
symptoms syndrome
Drug Reaction with Eosinophilia and Systemic 
Symptoms (DRESS) syndrome is a severe inflam
matory response traditionally associated with the 
administration of certain pharmaceutical agents 
(Choudhary et al. 2013). The condition is charac
terized by the existence of a long latency period (2– 
8 weeks), followed by the emergence of a variety of 
clinical symptoms ranging from fever and rash to 
systemic eosinophilia and liver enzyme abnormal
ities. In severe cases, respiratory symptoms may 
emerge, which include development of acute 
respiratory distress syndrome and hypoxic respira
tory failure (Taweesedt et al. 2019).

Some metals are also known to induce DRESS in 
certain individuals. Most of these cases implicate 
the emergence of symptoms as a result of hyper
sensitivity-mediated immune mechanisms, and 
most subjects exhibit allergic sensitivity to the incit
ing metal prior to DRESS symptom development. 
Cases of DRESS were reported to occur following 
implantation of a titanium-based bioprosthesis, 
oral administration of strontium ranelate, and topi
cal application of a mercury-based disinfectant 
(Cacoub et al. 2013; Di Meo et al. 2016; Nawaz 
and Wall 2007; Tschanz and Prins 2000).

Kounis syndrome
One of the most distinctive systemic hypersensitiv
ity responses associated with metal exposure is 
Kounis coronary hypersensitivity syndrome. This 
condition is characterized by the emergence of con
current acute coronary syndromes including cor
onary spasm, myocardial infarction, and stent 
thrombosis and physiological responses mediated 
by the degranulation of intracardiac and intracor
onary mast cells (Almpanis et al. 2010). Subsequent 
clinical presentations of this response include EKG 
alterations, acute chest pain, dyspnea, and head
ache (Biteker 2010). Although several variants of 
the disease were described according to variations 
in underlying mechanisms, one type of Kounis 
syndrome is particularly relevant in the context of 
metal allergy.

In this disorder, individuals with existing metal 
sensitivity namely Ni allergy prior to the implanta
tion of metal-containing endovascular devices, or 
subjects that become subsequently sensitized after 
device implantation, are likely to experience 
chronic allergic irritation to the coronary intima 
(Koniari, Kounis, and Hahalis 2016; Kounis 2016). 
As a result, stented areas tend to become populated 
by increasing numbers of mast cells and other 
inflammatory cells. Subsequent release of metal 
ions from the stent lead to activation of localized 
mast cells and the corresponding release of media
tors including histamine, chemokines, arachidonic 
acid metabolites, platelet-activating factor, and 
neural proteases – many of which exert potent 
effects on the cardiovascular system that might 
trigger activation of the coronary component 
involved in Kounis syndrome (Kounis 2013).

Aside from Ni, the only other metal that impli
cated in Kounis syndrome is gadolinium. While 
metal endovascular devices constitute the primary 
source of Ni exposure in Kounis syndrome cases, 
gadolinium-associated reactions most commonly 
occur following the parenteral administration of 
biomedical contrast agents containing the metal 
(Abusnina et al. 2019; Kounis et al. 2020).

Systemic sensitization and implant failure
For some individuals, the first indication of metal- 
specific allergic sensitivity emerges following the 
implantation of metal-based devices within the 
body cavity. The release of metal ions from joint 
prostheses, intracoronary stents, surgical screws, 
electrical devices, and other various biomedical 
implants can trigger systemic sensitization, follow
ing which, an assortment of different biological 
responses may be experienced by the patient. In 
this context, one of the outcomes of greatest con
cern to clinicians is implant rejection.

Total joint arthroplasty is a common surgical 
procedure that involves the replacement of 
a patient’s arthritic or damaged joint with 
a prosthetic device, often containing metal subu
nits, in order to restore normal function and relieve 
chronic pain. Although these procedures tend to be 
exceptionally successful for most patients, implant 
failure does occur in approximately 10–20% of 
cases (Samelko et al. 2019). The most frequently- 
encountered complication responsible for total 
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joint arthroplasty failure (approximately 75% of 
cases) is implant loosening due to aseptic osteoly
sis – a process that is often attributed to develop
ment of metal hypersensitivity in patient’s post- 
surgery (Hallab and Jacobs 2009). Cobalt- 
chromium-molybdenum alloys are one of the 
most common metal compounds used to construct 
metal-on-metal implants (Teo and Schalock 2016). 
Normal wear processes lead to the release of both 
ionic and particulate debris from the prosthetic 
device over time, which in some individuals, 
might result in immune activation (Van Der 
Merwe 2021). This heightened state of innate 
immune responsivity might trigger the transition 
from immunological tolerance to allergic sensitivity 
in some patients (Samelko et al. 2016). Several 
investigators demonstrated that this process is asso
ciated with the preferential polarization of immune 
reactivity toward a Th1/Th17-dominant state, 
which often occurs as a result of debris-induced 
inflammasome activation and pattern recognition 
receptor (PRR) ligation by metal ions (Hallab et al. 
2008; Samelko et al. 2016). Subsequently, metal- 
specific T-lymphocytes are generated and recruited 
to the implant location, where chronic peri-implant 
inflammation lead to implant failure (Thomas et al. 
2009). Zirconium, Pd, and Ti are other metals that 
are associated with similar sensitizing effects fol
lowing debris release from orthopedic implants 
(Dawson-Amoah et al. 2020; Kręcisz, Kieć- 
Świerczyńska, and Chomiczewska-Skóra 2012; 
Teo and Schalock 2016; Towers and Kurtom 2020).

Similarly, development of allergic reactivity to 
metals was demonstrated in numerous studies to 
be correlated with increased potential for restenosis 
(reoccurrence of arterial narrowing following sur
gical intervention) following implantation of intra
coronary stents. Many case reports have been 
published describing patients who, following gold 
stent placement, subsequently develop delayed- 
type allergic sensitivity to the metal, and then later 
experienced restenosis (Ekqvist et al. 2007; 
Svedman et al. 2009, 2005). Similar observations 
were noted in subjects implanted with stents com
prised of Ni, Co, Cr, and molybdenum (Aliağaoğlu 
et al. 2012; Bui et al. 2022; Fujii et al. 2021; Köster 
et al. 2000; Nagura et al. 2022). Accordingly, rest
enosis constitutes another presentation of implant 

failure associated with development of allergic 
responsivity to biomaterials comprised of metal 
constituents.

In some cases, systemic sensitization following 
the implantation of metal-containing devices 
results in unique complications aside from implant 
rejection (Eliaz 2019). Several cases of impaired 
fracture healing were reported following osteo
synthesis (surgical repair of a fractured bone), 
wherein the compromised capacity for bone repair 
was attributed to patients’ development of allergic 
sensitivity to metals such as Ni or Ti used in the 
repair process (Thomas et al. 2006a, 2006b). 
Nonspecific, widespread symptoms including 
chronic fever and abdominal pain were also 
reported to occur in patients following the implan
tation of metal-based devices (Luvsannyam et al. 
2021; Wang et al. 2016). Stejskal et al. (2006) sug
gested that allergic sensitization initiated by biome
dical implants results in cytokine-mediated 
systemic inflammation that might impact the 
hypothalamus-pituitary-adrenal axis, resulting in 
vague systemic symptoms that fundamentally 
emerge due to metal-induced hypersensitivity 
reactions.

Metallosis: Metallosis is another potential cause 
of implant failure. It is a condition characterized by 
deposition and accumulation of metal debris in the 
soft tissues associated with metal-on-metal implants 
(Vaz et al. 2019). The subsequent inflammatory 
reactions initiated by this process may lead to pain 
and swelling, pseudotumor formation, aseptic fibro
sis, and osteolysis – symptoms that remain localized 
at the implant site (Oliveira et al. 2015). In some 
cases, however, metallosis might produce systemic 
effects. Systemic symptoms associated with metal
losis generally involve nonspecific complaints 
including neurological impairments, memory loss, 
and chronic fatigue (Sahan and Anagnostakos 
2020). It has been estimated that metallosis develops 
in approximately 5% of patients following implan
tation of metal-containing prosthetic devices. 
Vanadium, Co, Cr and Ti have all been associated 
with the development of metallosis (Breen and 
Stoker 1993; Czekaj et al. 2016; Pesce et al. 2013).

Metallosis is a condition that has only recently 
been identified as a unique syndrome involving 
distinctive characteristics that differentiate it from 
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other metal-induced systemic inflammatory 
responses. Accordingly, the underlying mechan
isms of pathogenesis responsible for metallosis 
have not yet been fully elucidated (Sahan and 
Anagnostakos 2020). Some investigators asserted 
that metal hypersensitivity plays a key role in the 
disease; comparatively, other accounts described 
the condition as a form of autoimmunity induced 
by metal implant debris (Oliveira et al. 2015). 
Notably, several publications classified metallosis 
as a form of autoimmune/autoinflammatory syn
drome induced by adjuvants (ASIA) (Vaz et al. 
2019). This collection of diseases encompasses 
many diverse autoimmune-mediated conditions 
that are known to emerge following adjuvant trig
gers (Schiff et al. 2021). In accordance with this 
classification scheme, it was proposed that metal 
implant debris facilitates the development of auto
inflammatory responses in cases of metallosis; how
ever, it remains unclear if these autoimmune 
reactions develop as a result of metal-induced 
novel antigen formation or in response to existing 
host proteins (Loyo et al. 2012). This proposed 
paradigm is consistent with the frequent occur
rence of prototypical autoimmune responses, such 
as hemolytic anemia, observed in subjects with 
metallosis (Nakamura et al. 1997; Oliveira et al. 
2015).

The predominant subset of immune cells popu
lating peri-implant tissues was shown to vary 
amongst patients with metallosis. In some cases, 
a predominance of macrophages and T-cells is 
observed, consistent with the existence of granulo
mas at the implant site, and occasionally, the for
mation of granulomas in distal tissues like the lungs 
(Balbouzis, Georgiadis, and Grigoris 2016; 
Mahendra et al. 2009). Interestingly, multi- 
nucleated giant cells were also observed in a few 
of these patients (Sokół et al. 2020). By comparison, 
other analyses demonstrated a selective infiltration 
of B-cells in implant-associated pseudotumors and 
surrounding tissues (Hasegawa et al. 2012). 
Occasionally, eosinophilic-dominant inflammation 
was also described in patients with metallosis (Levy 
et al. 2016). These discrepancies suggest that the 
primary pathophysiological mechanisms impli
cated in metallosis may be patient-specific and 
reflective of differential involvement from the adap
tive immune system (Sagoo et al. 2021). Several 

investigators suggested that T-cell-dominant influx 
to the implant site may indicate that hypersensitiv
ity-based mechanisms of inflammation are respon
sible for cases of metallosis in subjects with existing 
metal sensitivity; however, it was noted by others 
that the frequency of lymphocyte reactivity to Ni, 
Co and Cr did not differ between groups of patients 
with and without implant-associated psuedotu
mors (Hasegawa, Iino, and Sudo 2016; Kwon et al. 
2010).

Other systemic immune responses with potential 
implications in metal allergy
In addition to metallosis, other potential forms of 
systemic ASIA have been associated with allergenic 
metals (Kagan et al. 2020). In one patient, implan
tation of metal plates led to development of 
delayed-type hypersensitivity to molybdenum. In 
subsequent months, symptoms of systemic lupus 
erythematosus (SLE) began to emerge, suggesting 
that sensitization to the metal may have been 
a trigger for the development of autoimmunity in 
this patient (Federmann et al. 1994). This observa
tion is consistent with knowledge that the occur
rence of type IV hypersensitivity to metals is 
elevated in patients with SLE. A similar trend is 
also evident amongst patients afflicted with similar 
autoimmune conditions, such as rheumatoid 
arthritis, chronic fatigue syndrome, and Sjogren’s 
syndrome (Bjørklund, Dadar, and Aaseth 2018; 
Geier and Geier 2021; Stejskal, Reynolds, and 
Bjørklund 2015; Sterzl et al. 1999). Allergic reactiv
ity to Ni, Au, and Hg are often implicated in these 
cases (Bjørklund, Dadar, and Aaseth 2018; Loyo 
et al. 2012).

Although many of the underlying mechanisms 
responsible for fibromyalgia remain unknown, it is 
well-accepted that inflammatory responses play 
a critical role in disease pathogenesis (Bellato et al. 
2012). Interestingly, these inflammatory mechan
isms appear closely associated with metal-induced 
allergic inflammation in many individuals (Patten, 
Schultz, and Berlau 2018; Sluka and Clauw 2016). 
In one study of 15 female patients, all subjects 
diagnosed with fibromyalgia also exhibited contact 
sensitization to one or more metals (Stejskal, 
Ockert, and Bjørklund 2013). Sensitivity to Ni was 
most common in these subjects, followed by reac
tivity to inorganic Hg, Cd, and Pb, respectively. 
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Subsequent avoidance of these metals was asso
ciated with notable improvement of symptoms, 
suggesting that allergic inflammation caused by 
metals is closely intertwined with disease presenta
tions in fibromyalgia. Although the onset of disease 
was not able to be discerned in this study, it has 
been proposed that metal-induced ACD may pre
cede development of fibromyalgia, thus, represent
ing another variant of ASIA with specific relevance 
to metal allergy. Metal-induced inflammation 
involving non-allergic mechanisms was also 
demonstrated to be a potential trigger of ASIA. 
Gadolinium, Al, Ni and silicon exposures were 
associated with subsequent development of fibro
myalgia and chronic fatigue syndrome in 
a sensitization-independent manner 
(Colafrancesco et al. 2014; Exley et al. 2009; 
Kötter et al. 1995; Lattanzio 2019; Lattanzio and 
Imbesi 2020; Stejskal 2014).

Panniculitis is another type of ASIA that has 
been correlated with metal allergy. This condition 
is characterized by the development of lesions 
within the host’s adipose tissue – most frequently 
presenting as erythematous nodules within the sub
cutaneous fat layer (Wick 2017). A number of dif
ferent immune cell subsets may be detected within 
these lesions, including lymphocytes, neutrophils, 
eosinophils, and macrophages, and their develop
ment is often accompanied by general symptoms of 
malaise including fever and fatigue (Requena and 
Yus 2001). Although panniculitis might develop 
following exposure to many different types of anti
gens, allergenic metals were cited as causative 
agents of the disorder in many instances. As 
described in one report, implantation of a metal- 
based orthopedic device was responsible for the 
development of panniculitis in one subject. 
Following surgery, the patient’s incision site failed 
to heal (no microbial infection), lesions of the adi
pose tissue were detected at the site of implantation, 
and general symptoms of ASIA were present (myal
gia, low-grade fever, and arthralgia) (Radenska- 
Lopovok et al. 2021). Although it was concluded 
that the metal-containing implant was responsible 
for ASIA/panniculitis development, specific metals 
responsible for the condition were not identified. In 
another report, an accidental molten aluminum 
burn was identified as the cause of panniculitis 
that subsequently developed in an exposed worker 

(Chao, Lee, and Lee 2010). Directly following the 
accident, the individual developed localized panni
culitis and eosinophilic cellulitis that resolved fol
lowing a month of systemic corticosteroid therapy. 
Several months later, the patient had a relapse and 
reemergence of symptoms. It was determined that 
the subject had become sensitized to Al following 
the initial accident, and subsequent exposures to 
the metal caused similar outbreaks.

In addition to the many variants of ASIA that 
were correlated with metal hypersensitivity, allergic 
reactivity to sensitizing metals was also suggested to 
play a role in the promotion of a certain type of 
cancer – cutaneous T-cell lymphoma (CTCL). 
Many subtypes of CTCL were identified, but all 
variants of the disease are classified as extranodal 
non-Hodgkin’s lymphomas, wherein malignant 
monoclonal T-lymphocytes selectively infiltrate 
the skin (Bagherani and Smoller 2016). In the 
early stages of disease development, CTCL is often 
misdiagnosed as one of many common inflamma
tory skin conditions including ACD, psoriasis, 
lichen planus, folliculitis, or vitiligo (Hristov, 
Tejasvi, and R 2021). Interestingly, many subjects 
that develop CTCL have a history of these and 
other similar skin disorders. It is believed that 
these conditions often represent a precursor to 
cancerous transformation due to recurrent anti
genic stimulation associated with chronic disease 
states. Accordingly, several cases of CTCL were 
correlated with chronic ACD induced by Cr, Ni, 
and Co (Khamaysi et al. 2011; Tilakaratne and 
Sidhu 2015).

Complex disease states and clinical 
presentations of metal allergy

The vast majority of subjects afflicted with metal 
allergy experience a single, primary presentation of 
the condition, consistent with one of the character
istic disease variants described in the previous sec
tions; however, exposure to allergenic metals might 
trigger development of an increasingly complex 
state of immunological responsivity in some indi
viduals, who subsequently experience unique aller
gic implications as a result. Several case reports 
describing such responses have been published 
over the past few decades. From these reports, at 
least three unique variants of complex allergic 
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responses have been identified and associated with 
metal allergy and are discussed in the following 
sections. Overall, these types of responses are rela
tively uncommon (though likely underdiagnosed 
and underreported). As a result, they remain largely 
overlooked in clinical settings, the workplace, and 
research endeavors at present, and minimal infor
mation is currently available regarding the under
lying mechanisms, susceptible populations, and 
general prevalence of these complex allergic 
responses to metals.

Concurrent allergic reactivity to multiple metals

One of the most common complex clinical presen
tations of metal allergy involves development of 
allergic sensitivity to more than one metal by an 
individual (Lidén et al. 2016). Polysensitization 
may emerge following simultaneous sensitization 
to multiple metals or sequential development of 
allergic reactivity to multiple individual metals. 
Sequential development of metal-specific reactivity 
appears to occur more frequently, as existing con
tact sensitivity to a single metal was shown to pre
dispose for development of subsequent allergic 
reactivity to other metals (Carlsen et al. 2008; 
Kränke and Aberer 1996; Lammintausta et al. 
1985).

Although concurrent allergic reactivity to multi
ple different metals is known to occur in the general 
population, the prevalence of co-sensitization is 
higher amongst workers (Hegewald et al. 2005; 
Rastogi et al. 2018; Zigante et al. 2020). As illu
strated in one study, 25% of hard metal workers 
with existing contact sensitivity to Ni subsequently 
became sensitized to Co during the study, whereas 
a similar trend was only observed in 5% of the 
general population (Rystedt and Fischer 1983). 
Several unique exposure conditions associated 
with the workplace may be responsible for 
enhanced susceptibility of workers to metal poly
sensitization. For example, occupational settings 
often facilitate exposures to more hazardous for
mulations of metals, larger quantities of allergenic 
metals, and mixtures of substances such as irritants 
and adjuvants via multiple exposure routes and for 
extended durations of time (Anderson and Meade 
2014; Dickel et al. 2001).

Nickel, Co, and Cr are the three metals most 
commonly investigated in the context of co- 
sensitization and occupational metal allergy (Rui 
et al. 2010). Concurrent sensitization to different 
combinations of these metals was associated with 
numerous different occupations. In construction 
workers, professional cleaners, and metal industry 
workers, common patterns of polysensitization to 
these metals include Ni+ Co and Co + Cr sensitivity 
(Román-Razo et al. 2019). Co-sensitization to all 
three metals was also noted in textile and leather 
workers, as well as bartenders (Rui et al. 2012).

Concurrent allergic sensitivity to multiple transi
tion metals including Ni, Co, and Cr is more com
mon than co-sensitization to other combinations of 
metals in the workplace; however, dental profes
sionals are a subset of workers that are known to 
exhibit co-sensitivity to many different combina
tions of metals – some of which belong to the 
transition series of metals, and some of which do 
not (Santucci et al. 1996). Lyapina et al. (2018) 
demonstrated that the metal most commonly 
implicated in co-sensitization within a group of 
128 dental professionals was Cr. Several pairs of 
metals associated with a significant elevation in 
the incidence of co-sensitization were also identi
fied. Although some combinations of metals exhib
ited differing degrees of association within specific 
subsets of study participants, most of the correla
tions between metals were similarly evident 
amongst dental students, technicians, and dental 
professionals. Accordingly, Ni+ Co, Ni+ Pd, Cr+ 
Co, Cr +Cu, Cr +Au, and Cr+ Al were some of the 
most common metal co-sensitization patterns 
reported.

Mixed-type allergic responses with single metal 
specificity

A less commonly-reported presentation of metal 
allergy in which a heightened state of immunologi
cal complexity is implicated involves mixed-type 
allergic responsivity. Several case reports were pub
lished in which both populations of effector T-cells 
and IgE antibodies specific for the same metal anti
gen were identified in a single individual (Abeck 
et al. 1993; Spinelli et al. 2005; Walsh, Smith, and 
King 2010). Accordingly, these subjects often 
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experience concurrent type I and type IV hypersen
sitivity responses following exposure to the offend
ing metal. Nickel is one of the metals most 
frequently implicated in mixed-type hypersensitiv
ity responses, but Co and Hg are also known to 
induce similar states of immunological reactivity in 
susceptible individuals (Barranco Sanz et al. 1989; 
Krecisz et al. 2009).

The immunological mechanisms responsible for 
development of mixed-type responses in metal 
allergy remain unclear; however, several general 
trends may be elucidated from the existing collec
tion of published case reports. For example, most 
cases of mixed-type hypersensitivity to metals were 
noted to develop in workers, suggesting that unique 
exposure conditions in the workplace may selec
tively promote these complex responses (Redlich 
and Herrick 2008). Further the existence of both 
immediate- and delayed-type allergic responsivity 
to metals were correlated with an elevated risk of 
developing both systemic hypersensitivity 
responses and chronic disease states (Buyukozturk 
et al. 2015). Finally, in some of the published 
reports, a temporal association between the exis
tence and emergence of different symptom profiles 
might be discerned. The majority of these cases 
depict a subject with established type IV responsiv
ity and a history of prototypical metal-induced 
ACD symptoms who subsequently develops type 
I reactivity to the same metal over the course of 
ensuing months and years (Estlander et al. 1993; 
Krecisz et al. 2009; Kusaka 1983).

The development of concurrent delayed- and 
immediate-type allergic responsivity to metals 
most frequently results in the emergence of immu
nological responsivity within multiple biological 
compartments, and thus, allergic symptoms invol
ving multiple tissues – a scenario that will be 
explored in additional detail in the following sec
tion (Mann et al. 2010; Tsui et al. 2020; Xue et al. 
2019). Although reported far less commonly, 
mixed-type hypersensitivity to metals might also 
result in development of simultaneous, but 
mechanistically distinctive presentations of allergy 
within the same tissue. This type of response is 
most commonly observed in the skin. 
Accordingly, dermal contact with allergenic metals 
in previously-sensitized subjects might lead to the 
simultaneous elicitation of immediate-type 

urticarial reactions and delayed-type ACD 
responses. Nickel, Co and Hg have all been impli
cated in this variant of tissue-restricted, mixed-type 
metal hypersensitivity (Estlander et al. 1993; 
Krecisz et al. 2009; Temesvari and Daroczy 1989). 
Interestingly, concomitant presentations of 
delayed- and immediate-type photo-induced ACD 
responses were also observed occurring in sensi
tized workers exposed to both Cr and Co in the 
presence of UV radiation (Manciet et al. 2006). 
Only one report describing concurrent metal- 
specific mixed-type hypersensitivity responses iso
lated within the respiratory tract was published to 
date. In this case, a diamond polisher with a history 
of exposure to aerosolized Co in his place of 
employment developed concurrent symptoms of 
both Co-induced asthma and hypersensitivity 
pneumonitis (Van Cutsem et al. 1987).

Presentations of allergic sensitivity involving 
multiple anatomical compartments

Most individuals afflicted with metal allergy exhibit 
one primary presentation of disease that tends to 
remain isolated within a single anatomical com
partment or immunologically-responsive tissue; 
however, some subjects have the capacity to 
develop metal-specific allergic responses that 
simultaneously manifest in multiple tissues of the 
body.

Mixed-type allergic responsivity is frequently 
responsible for the emergence of metal-specific 
allergic symptoms in multiple biological compart
ments. In accordance with this mechanism, elicita
tion of metal allergy might trigger immunological 
activation in multiple anatomical locations, 
wherein subsequent biological responses are 
mediated by different hypersensitivity mechanisms. 
ACD is the disease most commonly-implicated in 
this type of mixed-type, multi-tissue metal allergy 
presentation. ACD responses induced by Hg, Pt, 
and Cr have been associated with concurrent elici
tation of anaphylaxis, eosinophilic airway reactions, 
and asthmatic responses, respectively (Hernández 
et al. 1994; Merget et al. 2015).

The underlying mechanisms responsible for 
development of compound disease presentations 
in metal allergy remain largely unclear. It does 
appear, however, based upon observations reported 
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in existing publications describing these responses, 
that the emergence of allergic responsivity in multi
ple tissues tends to occur sequentially, and not 
simultaneously. Several investigators described 
temporal patterns implicated in development of 
primary symptoms in workers with metal allergy 
and subsequent emergence of secondary disease 
presentations. In this context, one of the most 
commonly observed disease patterns entails the 
concurrent existence of ACD and asthma. In most 
of these subjects, an established state of metal- 
specific ACD precedes the emergence of asthmatic 
responses, often by many years. Nickel, Cr, Co, and 
Pt were all implicated in this response type and 
corresponding pattern of temporal disease progres
sion (De Raeve et al. 1998; Estlander et al. 1993; 
Krecisz et al. 2009; Marshall 1952; Onizuka et al. 
2006). This example represents a logical scenario in 
which the first presentation of metal sensitivity 
involves delayed-type skin responses (consistent 
with the prevalence of ACD). Subsequent respira
tory exposures to metals are then responsible for 
development of immediate-type asthmatic 
responses (consistent with the infrequent occur
rence of metal inhalation and ACD-mediated 
increase in airway responsivity to allergen 
exposure).

There have also been reports, though far less 
common, wherein immediate-type allergic respon
sivity to metals is shown to precede the develop
ment of delayed-type ACD responses. For example, 
in one worker employed by the smoldering indus
try, rhinitis was the subject’s primary indication of 
metal allergy, following which, Ni-induced ACD 
responses developed after a year (Niordson 1981). 
In a similar report, a lab worker exposed to Hg via 
inhalation and dermal contact first developed asth
matic responses to the metal, then subsequently 
developed ACD reactions (Marshall 1952).

In other instances, manifestation of allergic 
responses in multiple different anatomical locations 
may involve a single, conserved metal-specific 
mechanism of hypersensitivity. Delayed-type 
hypersensitivity mechanisms are more commonly 
implicated in this type of complex metal allergy 
presentation. Several reports have been published 
detailing cases involving workers with established 
metal-specific ACD symptoms who subsequently 
develop delayed-type, cell-mediated asthmatic 

responses to the same metal. The major metals 
implicated in these responses include Ni, Cr and 
Co (De Hauteclocque et al. 2002; Kusaka et al. 1991; 
Olaguibel and Basomba 1989). Although the 
mechanisms responsible for these responses have 
yet to be directly investigated, it is generally 
accepted that the same populations of metal- 
reactive T-cells responsible for ACD responses are 
recruited to the lungs following respiratory expo
sures to the metal and subsequently mediate 
delayed-type asthmatic symptoms (Kusaka et al. 
1989). In accordance with this mechanism, similar 
responses were observed in subjects with ACD 
initiated by Co, Cr, and Pd who subsequently devel
oped HMLD, cell-mediated asthma, and contact 
allergic gastritis, respectively (Nakamura et al. 
2014; Pföhler, Vogt, and Müller 2016).

Immediate-type hypersensitivity mechanisms 
were also implicated in a few cases of metal allergy 
involving multi-tissue responses. Concurrent emer
gence of contact urticaria and immediate-type sys
temic responses (anaphylaxis) were found in 
response to Ni and iridium exposure (Antico and 
Soana 1999; Bergman, Svedberg, and Nilsson 1995; 
Olaguibel and Basomba 1989). Similarly, simulta
neous elicitation of asthmatic responses and ana
phylactic reactions was observed in a worker 
sensitized to Co (Baik, Yoon, and Park 1995). 
Finally, immediate-type contact urticaria and asth
matic responses was shown to occur concurrently 
in Pt-sensitized workers (Santucci et al. 2000).

Conclusions

The primary objective of this review was to gener
ate a comprehensive and up-to-date compendium 
of unique disease variants, clinical presentations, 
and related mechanisms implicated in metal 
allergy. Accordingly, the scientific literature was 
extensively reviewed and hundreds of publications 
describing metal-specific hypersensitivity responses 
in human subjects were compiled. From the infor
mation provided in these reports, over 50 unique 
clinical manifestations of metal allergy were identi
fied and categorically grouped as either dermal, 
respiratory, GI, or systemic hypersensitivity 
responses. Each of these allergic conditions is dis
cussed individually within this manuscript in 
accordance with this organizational framework. In 
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addition to the direct manifestations of metal 
allergy, our review of the scientific literature also 
identified several inflammatory conditions in which 
metal hypersensitivity appears to play an indirect 
role in disease pathogenesis. These conditions are 
also discussed briefly within relevant sections of 
this document. Finally, a small assemblage of pub
lished articles describing increasingly complex and 
multifaceted allergic responses to metal allergens is 
discussed and collective findings are presented.

In addition to establishing a comprehensive 
reference document, another major goal of this 
review paper was to highlight knowledge gaps asso
ciated with metal allergy and identify specific areas 
where further investigations are needed. Overall, 
dermal hypersensitivity responses to allergenic 
metals constitute the most well-characterized and 
best-understood manifestations of the disease since 
ACD and other presentations of metal allergy 
involving the skin constitute the most prevalent 
form of disease within the general population. The 
various systemic hypersensitivity responses asso
ciated with metal allergy are also well- 
characterized due to their clinical significance and 
increased potential for profound morbidity. 
Although several metal-induced allergic responses 
of the airways have been identified, many of the 
underlying mechanisms responsible for these reac
tions remain unclear. This lack of information is at 
least partially reflective of the fact that metal- 
specific respiratory hypersensitivity responses are 
relatively uncommon and tend to emerge selec
tively in working populations. Accordingly, future 
scientific endeavors intended to improve our cur
rent understanding of metal allergy in the lungs are 
likely to facilitate considerable advancements in 
minimizing the burden of disease imposed by occu
pational metal allergy.

Collectively, the GI tract constitutes the anato
mical compartment within which the effects of 
metal allergy are most poorly-characterized. To 
date, only a handful of hypersensitivity-mediated 
responses were identified as potential presentations 
of metal allergy within the digestive tract despite 
the frequent ingestion of metals by humans. Most 
of these responses were only recently identified, 
suggesting that the scientific niche concerned with 
metal-specific immune responses in the gut is in its 

infancy. Moreover, although several tissues com
prising the GI tract (e.g., the intestinal mucosa 
and esophagus) were identified as potential sites 
of immunological responsivity and metal allergy 
symptomology, most of the associated mechanisms 
remain unclear. Future investigations need to be 
directed toward identifying unique presentations 
of metal allergy in the digestive tract and clarifying 
the underlying biological processes responsible for 
metal-induced GI allergy.

Despite the existence of numerous publications 
describing complex and mixed-type allergic reac
tions to metals, little information is currently avail
able regarding these types of hypersensitivity 
responses. It remains entirely unclear why some 
individuals – specifically, workers – have the capa
city to develop presentations of metal allergy that 
implicate concurrent, but distinctive immunologi
cal mechanisms, as well as responses that manifest 
in multiple anatomical compartments. Future 
research endeavors also need to be executed in 
order to identify the cellular mechanisms under
lying these types of responses, as well as predispos
ing factors, individual metals of concern, and 
specific routes of exposure that may promote the 
development of complex and mixed-type allergic 
responses to metals.

Finally, although many reports have been pub
lished correlating the existence of metal hypersen
sitivity with other diverse inflammatory disorders 
including psoriasis, SLE, rheumatoid arthritis, and 
fibromyalgia, more information needs to be col
lected in order to better understand the nature of 
these relationships. It remains unknown exactly 
what role metal-induced adaptive immune 
responses play in the pathogenesis of these dis
eases, but it is believed that chronic inflammatory 
processes associated with metal allergy may pro
mote the development of such disorders, accelerate 
disease progression, exacerbate symptom fre
quency and severity, and complicate disease man
agement and treatment strategies (Bjørklund, 
Dadar, and Aaseth 2018; Drenovska, Shahid, and 
Vassileva 2020; Stejskal 2014; Stejskal et al. 2006). 
Accordingly, attempts to better understand the 
specific biological processes involved in disease 
overlap will be particularly beneficial for 
managing the growing number of individuals 
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afflicted with metal allergy and various other 
comorbidities.
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