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Skin Exposure and Asthma
Is There a Connection?
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Numerous occupational and environmental exposures that increase
asthma risk have been identified. Research and prevention have
focused primarily on the respiratory tract. However, recent studies
suggest that the skin mayalso be an important routeof exposureand
site of sensitization that contributes to asthmadevelopment. Factors
that impair skin barrier function, such as filaggrin gene mutations or
skin trauma, may facilitate allergen entry and promote Th2-like
sensitization and subsequent asthma. Animal studies demonstrate
that skin exposure to chemical and protein allergens is highly
effective at inducing sensitization, with subsequent inhalation
challenge eliciting asthmatic responses. A similar role for human
skin exposure to certain sensitizing agents, such as isocyanates, is
likely. Skin exposure methodologies are being developed to in-
corporate skin exposure assessment into epidemiology studies in-
vestigating asthma risk factors.
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Environmental and occupational asthma research and practice
have focused primarily on the respiratory tract as the key route of
exposure and pathogenesis. However, several lines of research
support an important role for skin exposure in initiating and
driving Th2-like immune responses and asthma. Human and
animal studies of atopic dermatitis have identified skin epithelial
barrier dysfunction, which may facilitate allergen entry, as a key
factor in the development of atopic asthma and sensitization. This
article highlights recent findings from a diverse literature that
support the concept that skin may be an important site of ex-
posure for certain occupational and environmental allergens.

ISOCYANATES

Isocyanates, a diverse group of reactive chemicals with the
functional group NCO, remain one of the most common causes
of occupational asthma worldwide. The major commercial iso-
cyanates, methylene diphenyl diisocyanate (MDI), toluene dii-
socyanate (TDI), and hexamethylene diisocyanate (HDI), and
various polymeric forms and prepolymers, are used extensively to
produce a wide array of polyurethane coatings, foams, adhesives,
and other products (1). MDI, which is less volatile than TDI and
HDI, has become the dominant isocyanate produced. End-user
settings, such as spray application of uncured polyurethane foams
and coatings, likely pose the greatest risk (1). Once ‘‘sensitized,’’

workers can develop asthmatic responses after inhalation of very
low levels, below regulatory standards and detectable levels.
Current isocyanate exposures tend to be nonirritating and
give few warning signs, and workers may lack adequate skin-
protective clothing, such as gloves. The continued occurrence of
isocyanate asthma, frequently in settings with minimal airborne
levels and opportunities for skin exposure, has raised concerns
that isocyanate skin exposure may be an effective route of sen-
sitization and lead to subsequent asthma (2).

SKIN AS AN IMPORTANT ROUTE OF EXPOSURE AND
IMMUNE ORGAN

A basic understanding of skin structure and function is needed
to appreciate the role skin may play both as an important route
of exposure and an immunological organ that can contribute to
pulmonary immune diseases. The skin, the largest organ of the
human body, serves as an important protective barrier against
exogenous exposures and also plays a critical role in the de-
velopment of allergic diseases, such as atopic dermatitis. The
skin is composed of the outer epidermis and the dermis. A cor-
nified layer of lipids and proteins, such as keratins and filaggrin
in the epidermis, form the major protective barrier that pre-
vents loss of water and protects against foreign substances. The
epidermis also contains keratinocytes and Langerhans cells, a
major dendritic cell of the skin that can acquire antigen, migrate
to draining lymph notes, and initiate immune responses (3). The
dermis layer of the skin contains the hair follicles, lymphatic and
blood vessels, nerve fibers, and connective tissue.

Various factors can affect the extent of absorption of exogenous
substances, including lipid solubility, size, concentration, coexpo-
sures, skin integrity, hair follicles, and clothing (4). More lipophilic
lower molecular weight chemicals, including various vapors, gases,
liquids, and aerosols, can be absorbed through the skin and lead to
systemic toxicity. Small molecular weight haptens and allergens,
such as nickel and urushiol (in poison ivy), can penetrate through
the stratum corneum and cause allergic contact dermatitis, a pre-
dominantly Th1 T-cell–mediated delayed-type hypersensitivity
reaction. The majority of small molecular weight environmental
haptens that cause allergic contact dermatitis do not also induce
Th2 sensitization and asthma, which typically is triggered by
exposure to larger molecular weight protein allergens and certain
asthmagenic chemicals, such as isocyanates. Whether human skin
exposure to these allergens and chemicals can induce Th2-type
sensitization and contribute to the development of asthma is a key
question that remains largely unanswered in humans.

LOSS OF SKIN BARRIER FUNCTION AND DEVELOPMENT
OF ATOPIC DERMATITIS AND ASTHMA

Human and animal studies over the past few years have
implicated impaired skin barrier function as a critical event in
the development of atopic dermatitis. One of the best examples
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involves the skin protein filaggrin, which facilitates the terminal
differentiation of keratinocytes and formation of the epidermal
barrier (5, 6). Genetic studies in several populations have shown
that loss-of-function mutations in the filaggrin gene, presumably
leading to impaired barrier function, increase the risk for atopic
dermatitis, allergen sensitization, and the development of
asthma associated with eczema (6, 7). In animal models,
filaggrin-deficient mice are more susceptible to epicutaneous
sensitization with protein allergen and the development of
atopic dermatitis-like skin lesions that exhibited Th-17–domi-
nated skin inflammation (8).

Another epithelial skin protein associated with increased
susceptibility to atopic dermatitis-like lesions and asthma is
thymic stromal lymphopoietin, which is known to activate
dendritic cells and promote Th2-type inflammation (9). In mice
with skin barrier defects caused by the ablation of Notch
signaling, skin keratinocytes overexpress thymic stromal lym-
phopoietin and develop atopic dermatitis-like skin inflamma-
tion and greater susceptibility to developing asthma after airway
allergen challenge (9). The findings suggest that both release of
inflammatory mediators by damaged skin and greater allergen
exposure contributed to asthma.

Together these animal and human studies have identified
key genes involved in epithelial skin barrier function and high-
light the importance of skin barrier function in atopic diseases.
Filaggrin mutations, although explaining a genetic basis and
mechanism for the development of atopic dermatitis and pro-
gression to asthma, alone do not explain the marked increase in
atopic diseases over the past 2 decades, most likely attributable
to a spectrum of interacting environmental factors. The concept
that loss of skin barrier function and allergen sensitization via
the skin may be critical steps in the development of asthma
could provide novel opportunities to prevent asthma. Factors
such as frequent use of soaps and cleaners, other skin irritants,
physical trauma, heat and low humidity, and glove use (oc-
cluded skin) can impair the skin barrier and facilitate allergen
entry, sensitization, and asthma (4, 10). It is possible that inter-
ventions to improve skin barrier function, such as appropriate
skin creams, can reduce asthma risk.

ANIMAL MODELS OF CHEMICAL AND PROTEIN
ALLERGEN SKIN EXPOSURE AND ASTHMA

Animal models that have evaluated skin as a site of initial
chemical or protein allergen exposure that leads to asthma have
focused largely on isocyanates and ovalbumin. Studies in mice,
rats, and rabbits with the three major isocyanates (TDI, MDI,
HDI) have demonstrated that isocyanate skin exposure can
induce systemic Th2-like sensitization and subsequent airway
inflammation when followed by inhalation challenge (11–15).
These studies have demonstrated that dose, route, and timing of
the sensitizing dose are key determinants of sensitization and
subsequent asthma. In general, relatively modest and infrequent
skin-sensitizing exposure doses, such as single or two-time with
1% isocyanate, are highly effective at inducing Th2-like sensi-
tization (11, 14, 16), and can be more effective than sensitization
by inhalation (11, 14, 17). Such exposures are likely comparable
to skin exposures that can occur in the workplace. Of note,
lower skin sensitizing exposure doses can lead to greater lung
inflammation after airway challenge than higher skin doses (11,
16). Transgenic mouse models have also demonstrated that
isocyanates can induce mixed Th1/Th2 responses, and that the
immune response is also dependent on the mouse strain (13,
15). Similar asthma models involving skin sensitization followed
by inhalation challenge have been developed with other chem-
icals, such as trimellitic anhydride (18).

A recent study evaluated potential ‘‘epigenetic-like’’ effects
of maternal skin exposure to TDI (19). The offspring of the
female mice who received topical application of TDI were more
susceptible to asthma and Th2-like lung inflammation after
ovalbumin sensitization and challenge than untreated mice,
indicating that isocyanate skin exposure resulted in transmission
of greater asthma risk to the mice offspring. Although the mech-
anisms involved are unclear, these findings might be relevant to
the increasing prevalence of asthma (19).

Models of atopic asthma have likewise shown that epicuta-
neous allergen exposure with ovalbumin is highly effective at
inducing Th2-like sensitization and subsequent lung asthmatic
responses after ovalbumin airway challenge (20). IL-13 was the
major inducer of Th2 responses, being required independent of
IL-4 (20). More recent studies have demonstrated that epicuta-
neous ovalbumin antigen exposure also induces IL-17, which
drives the airway inflammation, even in the absence of IL-4 and
IL-13 (21). As noted above, mice with impaired skin barrier
function are more susceptible to sensitization, atopic derma-
titis, and Th2-like lung inflammation after ovalbumin exposure
(8, 9).

HUMAN STUDIES LINKING ISOCYANATE SKIN
EXPOSURE AND ASTHMA

Clinical and epidemiological studies evaluating the impact of
skin exposure to isocyanates (or other allergens) on Th2-type
sensitization and subsequent asthma are very limited, despite
the observations that isocyanate skin exposure can occur
commonly in certain work settings, and may precede the onset
of asthmatic symptoms (22–24). Cases of isocyanate asthma
and/or sensitization in settings with low airborne isocyanate
levels and reported or suspected skin exposure have been
reported (22–24). In a study of 214 newly employed MDI-resin
workers, new-onset asthmalike respiratory symptoms were
associated with liquid MDI skin exposure, determined by
questionnaire (24). In an investigation of about 500 coal miners
who injected MDI for rock consolidation, about half reported
MDI skin exposure (25). The authors concluded that isocyanate
skin exposure likely contributed to MDI-IgE and isocyanate
asthma in the few workers with findings (25). Studies among
other groups of workers are also very limited. A cross-sectional
study of 641 tannery workers found that asthma was associated
with not wearing gloves (26).

Numerous obstacles make it difficult for epidemiologic
studies to more rigorously assess whether skin exposure con-
tributes to asthma risk. Most importantly, methods to sample
and quantitate skin exposures generally are not well developed
or widely available, unlike airborne exposure methods. Skin
exposure assessment is further complicated by factors such as
the frequently sporadic nature of skin exposure, uncertain skin
uptake, and unknown effectiveness of protective clothing. Thus
it is difficult to incorporate skin exposure data into epidemiologic
studies to assess whether such exposures contribute to asthma
risk (2, 27). Other obstacles include access to exposed workers
and the challenge of separating the risks of skin versus in-
halational exposures.

For isocyanates, skin exposure has been particularly chal-
lenging to document and measure. Isocyanate products, typi-
cally complex mixtures of isocyanates with other chemicals,
such as solvents, can have highly variable volatility, lipid
solubility, and isocyanate content. Exposures can occur as
vapors, aerosols, or liquids (2, 28). Use has shifted to less-
volatile forms, such as MDI, which reduce risk of respiratory
exposure but not necessarily skin exposure (2). Timing of
isocyanate sampling is particularly critical as all isocyanate
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quantitative methodologies depend on the presence of free
unreacted NCO, which also react with water and skin proteins.
Uptake and absorption of isocyanate across the epidermal
barrier further complicates exposure assessment of isocyanate
chemicals that get deposited on a worker’s skin.

Despite these challenges, several investigators have recently
quantified isocyanate skin exposures in auto body shop workers,
spray painters, and foundry workers using several novel sam-
pling and analytical approaches, including skin surface wipe
sampling, skin tape tripping, and sampling of inner gloves (29–
32). Analysis of consecutive skin tape strips has documented
dermal penetration of MDI, and correlations between skin
exposure and urinary metabolites support skin uptake (30,
31). These studies have demonstrated frequent skin exposure
in several different settings despite the use of standard personal
protective equipment, such as gloves (29–32), and that in some
work settings skin and respiratory exposures can be indepen-
dently modeled, potentially enabling the differentiation of skin
and respiratory health effects (33). A recent study of auto body
shop workers that used this skin exposure model has demon-
strated that HDI-specific IgG antibodies were independently
associated with both inhalation and skin exposure, suggesting
that skin exposure can contribute to isocyanate-specific IgG
formation (34). The skin exposure methodologies being de-
veloped should greatly facilitate future clinical and epidemio-
logical studies that evaluate the risks of skin exposure, and also
the effectiveness of industrial hygiene controls, including pro-
tective clothing, in reducing exposures.

CONCLUSIONS

Recent animal and human data collectively support a central
role for skin barrier function and skin exposure in the de-
velopment of Th2-like sensitization and the subsequent de-
velopment of asthma. The contribution of skin exposure to
asthma risk likely varies greatly with different exposures and
settings. Improved skin exposure methodologies should facili-
tate the incorporation of skin exposure assessment into epide-
miology studies of asthma to better define exposure risk factors.
Further research is needed to define the risks of skin exposure
and mechanistic pathways, and to develop more effective
strategies for prevention.
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