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Abstract

Introduction—The etiology of atopic dermatitis (AD) is multifactorial with interaction between
genetics, immune and environmental factors.

Areas covered—We review the role of prenatal exposures, irritants and pruritogens, pathogens,
climate factors, including temperature, humidity, ultraviolet radiation, outdoor and indoor air
pollutants, tobacco smoke exposure, water hardness, urban vs. rural living, diet, breastfeeding,
probiotics and prebiotics on AD.

Expert commentary—The increased global prevalence of AD cannot be attributed to genetics
alone, suggesting that evolving environmental exposures may trigger and/or flare disease in
predisposed individuals. There is a complex interplay between different environmental factors,
including individual use of personal care products and exposure to climate, pollution, food and
other exogenous factors. Understanding these complex risk factors is crucial to developing
targeted interventions to prevent the disease in millions. Moreover, patients require counseling on
optimal regimens for minimization of exposure to irritants and pruritogens and other harmful
exposures.
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1. Introduction

Atopic dermatitis (AD) is one of the most common chronic diseases of childhood associated
with significant morbidity and health-care costs. The etiology of AD is believed to be
multifactorial with interaction between genetics, immune, and environmental factors. Rising
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prevalence of AD over the past six decades has been established [1], with prevalence
estimates of 10-12% in children throughout the United States and as high as 20% in some
US states [2,3] and 7-10% in US adults [3,4]. Importantly, such a rapid rise in prevalence
suggests a major role for environmental factors [5].

2. Pathogenesis of AD

A fundamental debate exists as to whether AD is driven primarily by barrier dysfunction
(outside—inside hypothesis) or primarily by an inflammatory response to irritants and
environmental allergens (inside—outside hypothesis) [5]. Previous studies demonstrated loss-
of-function variants in the filaggrin gene (FLG) with an autosomal semidominant pattern of
inheritance [6]. These FLG variants result in decreased expression of the protein filaggrin,
which is a constituent of natural moisturizing factor and required for normal skin barrier
function. Impaired barrier function increases vulnerability to environmental insults and
increased transepidermal water loss (TEWL) [7]; levels of TEWL correlate with AD severity
[8]. Another pathophysiologic component to barrier deficiency might involve suboptimal
tight junctions immediately below the stratum corneum secondary to reduced claudins
[9,10]. Skin barrier dysfunction can also be acquired secondary to irritants and mechanical
disruption [11]. Skin barrier dysfunction can trigger inflammation through release of thymic
stromal lymphopoietin (TSLP) and other cytokines by damaged keratinocytes [12,13].

On the other hand, AD has been found to be associated with variants of a number of genes
primarily involved in immune pathways, including IL-4R, 1L-18, IL-31, etc. [14-16] The
complex immune dysregulation in AD is increasingly being recognized. T-helper (Th)-2
inflammation, including interleukins (IL)-4 and -13, plays a dominant role in both acute and
chronic AD lesions, whereas Th-1 inflammation, including interferon-gamma, appears to
play a role largely in chronic AD lesions [17]. IL-4 signaling occurs through the JAK1,3-
STAT6 pathway, and mice constitutively expressing STAT6 develop AD-like skin disease
[18-20]. Epidermal Th-2 cellular expansion occurs in AD, and Th-2 cytokines are known to
suppress epidermal differentiation and antimicrobial peptide (AMP) production, thus
contributing to the typical skin phenotype of this condition [10]. Additional immune
aberrancies implicated in subsets of AD include increased I1L-22 in acute AD [12,21],
impaired IL-17 immune responses [22], and increased I1L-31 [23]. IL-22 has been linked to
epidermal hyperplasia and disturbed terminal differentiation in AD [21]. IL-17 regulates
AMP in keratinocytes, and its downregulation may contribute toward increased skin
infections in AD patients [21]. IL-31 is associated with skin-homing T cells [24] and
pruritus [25] in AD. Finally, phosphodiesterases (PDESs) and cyclic adenosine
monophosphate were found to play an important role in AD in the 1980s [26]. Recently,
PDE4 has emerged as a promising therapeutic target in AD [27]. It is likely that both the
outside—inside and inside—outside hypotheses are relevant in different patient subsets.
Regardless of ‘the chicken or the egg’, all patients have a combination of immune
dysregulation and skin barrier dysfunction.

Malassezia is a species of commensal yeast that is part of the normal skin flora but has been
implicated in the pathogenesis of AD. Patients with AD have higher rates of sensitization to
Malassezia compared to healthy controls [28], and levels of Malassezia-specific
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immunoglobulin E correlate well with AD severity [29]. Malassezia-specific T cells from
the skin and blood of AD patients secreted Th-1, Th-2, Th-17, and Th-22 cytokines [30].
However, it is unclear whether Malassezia are truly pathogenic or increased as an
epiphenomenon in AD. Moreover, it is unknown how strong of an effect Malassezia have in
AD aside from other established mechanisms.

Environmental exposures may play a role in AD through epigenetic alterations, including
microRNA and DNA methylation. Two studies found upregulation of miR-155, miR146a,
miR-17-5p, and other miRNA in AD lesions, but downregulation of miR-122a, miR-326,
miR-133b, and other miRNA [31,32]. miR-155 in Th cells from AD lesions was associated
with enhanced cutaneous T-cell proliferative responses [31]. A study of keratinocytes from
skin lesions of 10 humans with AD and 10 without AD found that promoter
hypomethylation of the TSLP gene was associated with TSLP overexpression in AD lesions
[33]. A case—control study of 28 humans with AD and 29 healthy controls found multiple
differentially methylated CpG sites in the epidermis of AD lesions compared to healthy
controls [34]. The differential methylation may modulate transcript levels of genes involved
in epidermal differentiation and innate immunity [34]. These epigenetic signals raise
intriguing questions about the role of gene—environment interactions in AD.

This review explores the effects of environmental risk factors on inflammation and skin
barrier dysfunction in pediatric AD and relevant strategies for patient management.

3. Environmental risk factors

Much research has been done to better understand environmental risk factors in AD. The
motivation for such research is to identify potentially modifiable risk factors of AD.
Interventions aimed at reducing exposure to or harmful sequelae from environmental
triggers of AD could prevent or mitigate disease. The prevalence of AD appears to be higher
in wealthier, developed regions compared with developing regions [2,35-44]. Moreover, the
prevalence of AD dramatically increased over the past 50 years worldwide and continues to
increase in a number of countries [1,45]. While the reasons for such increases are unknown,
environmental factors have been considered as potential contributors toward these trends [5].
However, there are myriad environmental exposures that might play either harmful or
protective roles in AD. There is likely a complex interplay between genetic factors
predisposing to AD and environmental triggers and/or exacerbants. This review will explore
several major environmental exposures, including maternal exposures during pregnancy,
skin irritants, climate, pollutants, tobacco smoke, water hardness, urban and rural living, and
diet (Table 1).

3.1. Maternal exposures during pregnancy

Some maternal exposures during pregnancy may predispose toward increased risk of AD in
childhood, including stress, smoking, antibiotics, and alcohol consumption. A recent
systematic review identified six observational human studies that examined the relationship
between maternal stress during pregnancy and development of childhood AD [131]. Five of
six studies found significant associations of stress and strain related to employment and
adverse life events with AD at ages 6 and 14 years [46-50]; one of these studies found that

Expert Rev Clin Immunol. Author manuscript; available in PMC 2018 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kantor and Silverberg Page 4

only maternal stress during the second and third trimesters was associated with increased
risk of AD [47]. The sixth study found an association between maternal stress and AD in the
first 2 years of life [51]. While the mechanisms of such association remain unknown,
maternal stress has been proposed to modulate the hypothalamic—pituitary axis and program
the developing immune system in the fetus [131]. However, there may be confounding
exposures during maternal stress that might play a role in AD, such as smoking,
socioeconomic status, changes in diet, etc.

A recent systematic review of 23 observational studies found no association between
maternal exposure to cigarette smoke and risk of childhood AD [52]. Prenatal exposure to
antibiotics might play a harmful role in AD by altering fetal skin and gut microbiome, in line
with the ‘hygiene hypothesis’ (reviewed in Section 3.3). Indeed, prenatal antibiotic exposure
was found to be associated with small but significantly increased risk of AD in early
childhood in two prospective birth cohort studies [53,54]. Finally, two observational studies
found that maternal consumption of alcoholic beverages was associated with increased risk
of AD in infancy [55] and at age 7 years [56]. However, one study found no association
between prenatal exposure to alcohol and childhood AD [57]. More studies are needed to
determine whether these and other prenatal exposures increase risk of childhood AD.

In contrast, some maternal exposures may actually lower the risk of AD in childhood,
including dietary exposures and probiotics. A systematic review of studies found that intake
of omega-3 (n-3) long-chain polyunsaturated fatty acids during pregnancy may reduce the
risk of AD and other allergic disorders in the first 12 months of life [58]. The effects of
probiotics during pregnancy are reviewed in Section 3.11.

3.2. Irritants and pruritogens

Intrinsic barrier dysfunction can be worsened when environmental factors such as soap and
detergent cause further epidermal barrier breakdown, and irritants and allergens can interact
with the immune system and promote inflammation [132]. A study of patients with AD,
inactive AD, and allergic respiratory disease without dermatitis found that all three groups
showed significantly lower thresholds to irritancy by sodium lauryl sulfate [61]. The
mechanisms for increased irritancy in AD are likely multifactorial. A German case—control
study of patients with occupational irritant contact dermatitis (ICD) and healthy controls
found that patients with either history of AD or common FLG null variants had significantly
higher risk of ICD; however, those with both AD and FLG variants were at highest risk of
ICD [62]. These results suggest that FLG variants may play an important role but are not the
only mechanism. Indeed, another study found that repeated single and tandem exposures to
sodium lauryl sulfate and sodium hydroxide resulted in significantly lower levels of NMF in
patients with AD, regardless of whether they had FLG variants [63]. The lack of difference
between AD patients with or without FLG variants may be related to the fact that
inflammation can downregulate filaggrin levels in the skin. A study of children and adults
with AD found that skin barrier was similarly worse in severe AD patients with or without
FLG variants compared to mild AD and/or healthy controls, particularly increased TEWL,
decreased filaggrin immunostaining, and increased serum levels of TSLP [64].
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Aside from barrier disruption, some common environmental exposures may be pruritogens
in AD, i.e. directly or indirectly worsen itch. For example, AD patients often report
worsened itch secondary to personal care products containing fragrances, even without any
positive reactions to fragrances observed during patch testing (personal observation). Indeed,
a recent study of 24 healthy subjects found that cutaneous application of cinnamaldehyde (a
member of the fragrance family) rapidly induced itch, hyperknesis (prolonged and stronger
itch to punctate mechanical stimulus), and alloknesis (itch evoked by light touch that is not
typically pruritic), as well as a vasomotor response and increased skin temperature [65].
Pruritus secondary to cinnamaldehyde and other fragrances and irritants may be directly
mediated by thermoreceptive transient receptor potential ankyrin 1 channel [66]. It is
possible that AD patients have greater susceptibility to such pruritogens.

Finally, cutaneous exposure to some common contact allergens may specifically affect
expression of critical genes involved in different inflammatory pathways [133]. In particular,
nickel, rubber, and fragrances were associated with decreased expression of genes involved
in Th-1 and Th-2 inflammation and increased Th-17 and IL-23 skewing [133]. While more
research is needed on this topic, these results suggest that common skin contactants in the
environment may specifically upregulate inflammatory responses.

hypothesis

The ‘hygiene hypothesis’ posits that early life exposure to different pathogens can steer the
immature immune system away from allergic inflammation [134]. That is, exposure to dirt
and pathogens in developing countries may actually protect against developing AD and
allergic disease. Such hygienic exposures might account for the increased prevalence of AD
over the past 50 years, as well as regional differences of disease prevalence.

There are several intriguing observations that indirectly support the ‘hygiene hypothesis’. A
previous study found that children born outside the United States had dramatically lower
odds of AD and allergic disease than those born in the United States [135]. One potential
explanation is that less hygienic environmental exposures protect against developing AD and
allergic disease. However, the odds of AD increased after residing in the United States for 10
or more years [135]. This suggests that the protective effects of early life exposures may
eventually wear off. Numerous studies demonstrated lower odds of AD and allergic disease
in farm and rural children, though the inverse associations were more consistent for
respiratory atopy [67,68]. The protective effects may be related to exposure to manure and
microbial exposure in the home [68,69]. Several different pathogens have been suggested to
have a protective role against AD and atopy in general, including bacterial endotoxins,
helminthes, herpesviridae, farm animals, dogs, unpasteurized milk, and the abundant
infectious exposures of early day care [70-74]. Silverberg et al. found that a single episode
of wild-type varicellazoster virus (chickenpox) infection in the first 8—10 years of life was
inversely associated with subsequently developing AD [73], as well as long-term decreased
serum IgE levels, peripheral blood lymphocyte, monocyte, and basophil counts [75].

On the other hand, not all microbial exposures protect against AD. While herpesvirus
infections early in life may help prevent AD, infections with herpes simplex and Coxsackie
virus in patients with established AD can lead to eczema herpeticum and Coxsakium,
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respectively [136,137]. Moreover, some studies found that infections with respiratory
syncytial virus may actually increase the risk of disease [73,75-78]. Finally, it is well
established that patients with AD have increased colonization of both lesional and
nonlesional skin with Staphylococcal aureus and decreased microbial diversity [79-82].
Further work needs to be done to determine which types of infections are harmful or
protective against AD [70,71].

Climate factors have anecdotally been regarded by many clinicians as playing an important
role in AD. Yet, until recently, there was little evidence to support this notion. One study
found that relocating children with AD from the home subarctic/temperate climate of
Norway to a subtropical climate in Gran Canary for 4 weeks improved skin symptoms and
quality of life [3,83-88]. The climate in a given geographic location is determined by a
combination of multiple factors, including temperature, humidity, and precipitation, as well
as related factors, such as ultraviolet (UV) exposure. Association of AD with climate factors
is important to understand, as long-term climate change may have epidemiological
repercussions [89].

3.4.1. Temperature—Data regarding an association between temperature and AD
prevalence are conflicting. A 2004 epidemiological study demonstrated reduced childhood
AD with higher mean annual outdoor temperature in Europe [84]. Moreover, a study of the
ISAAC Phase |11 survey in Spain found a negative association between outdoor temperature
and AD prevalence [85]. Likewise, Silverberg et al. found a lower prevalence of AD in US
states with higher quartile temperature [90]. One study that looked at multiple
meteorological variables and symptom severity in eczema found that rising air temperature
was actually associated with decreased pruritus, but it must be noted that the temperature
change was from very cold (-17° C) to moderate (+18°C) [86]. The mechanisms for how
higher temperatures might be protective in AD are unclear. It is possible that ambient
temperature directly affects keratinocytes [138]. People living in warmer climates use less
indoor heating, which may trigger or aggravate AD [90]. Moreover, people living in warmer
climates may spend more time outdoors and consequently have more UV exposure, which
may protect against AD [90].

However, studies from cohorts in Brazil and the United States found that higher
temperatures are associated with poorly controlled AD [87,88]. Heat may play a harmful
role in some AD patients by provoking perspiration, which is one of the most commonly
reported aggravants in children with AD [139-143]. Perspiration may have an irritant effect
on the skin mediated by the acidic pH of sweat, possibly promoting Th-2 inflammation [88],
increased cutaneous blood flow due to vasodilation in hot environments [142], and possibly
a neuroanatomic mechanism mediated by C nerve fibers [144]. The worsening of AD
symptoms by increased temperature likely explains patient preference toward lighter
clothing, thereby allowing for better skin ventilation and facilitating heat dissipation [86].
The disparate results between the protective effects of temperature in the population and
harmful effects in AD patients require consideration. It may be that higher temperature
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directly or indirectly protects unaffected individuals from developing AD, whereas higher
temperatures are not tolerated well by patients with established AD.

3.4.2. Humidity—Humidity may have multiple effects on atopic skin. Higher humidity
may offset increased TEWL in AD skin. However, higher humidity may also provoke
perspiration, which can be irritating and aggravate pruritus. A study in murine models
showed that low humidity induces epidermal DNA synthesis, causes mast cell degranulation,
and leads to epidermal hyperplasia in response to barrier disruption [91]. Another study
demonstrated that transferring mice from a humid to dry environment resulted in increased
acute TEWL, which may be explained by altered distribution of epidermal lamellar bodies
encountered on electron microscopy [92]. Low humidity may also reduce production of
filaggrin and deplete its reserves [93].

Associations with both indoor and outdoor humidity have been explored. Indoor relative
humidity is inversely associated with eczema prevalence, i.e. higher indoor humidity is
associated with lower rates of AD [84,90]. However, conflicting results have been found
about whether outdoor humidity is positively or inversely associated with AD prevalence
[85,87,88,90]. Further epidemiological research on humidity and AD is warranted,
particularly because humidifiers are commonly used as an adjunctive treatment by AD
patients.

3.4.3. UV radiation—Narrowband UVB and UVAL1 are established modalities of
phototherapy for children and adults with AD refractory to topical treatments [94-96]. Thus,
it is logical that exposure to UV radiation would protect against AD. Indeed, Silverberg et al.
found lower prevalence of childhood AD among US states with highest quartile issued UV
index [90]. Conversely, AD prevalence was higher in states with increased stratospheric
ozone [90], which filters UVB and UVC. A Spanish study of children aged 6 to 7 years
found an inverse association between childhood AD and mean annual number of sunny
hours [85]. However, a prospective cohort study found greater long-term sun exposure to be
associated with poorly controlled disease [88].

UV radiation has several potentially beneficial mechanisms in AD. First, it facilitates
conversion of transurocanic acid, a breakdown product of filaggrin, into the cis-urocanic
acid isoform that has immunosuppressive effects [45]. Moreover, UVA and UVB may
suppress superantigen production by S. aureus[83]. UVB also stimulates cutaneous
synthesis of previtamin D from 7-dehydrocholesterol. Some studies found that AD is
associated with low vitamin D levels [145] and that oral vitamin D supplementation
improves AD severity [146,147]. Thus, the beneficial effects of UVB may be related to
increased vitamin D levels.

3.4.4. Latitude—The equator is a line of zero latitude; thus, as one moves away from the
equator, the absolute latitude value rises. An analysis of data from the ISAAC study found
that the prevalence of childhood AD symptoms was positively associated with latitude and
inversely associated with mean annual outdoor temperature [84]. Moreover, an Australian
study found that the prevalence of AD at ages 4 to 5 and 8 to 9 years was higher in central
and southern regions, i.e. further from the equator [148]. However, a Brazilian study found
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no association between latitude and AD prevalence in children aged 6 to 7 years, but an
inverse association between latitude and prevalence of AD and severe AD in adolescents
[87]. As with other climate variables, the associations with latitude may be related to a
combination of effects from temperature, UV radiation and vitamin D levels, and behavioral
differences [84,148].

3.4.5. Precipitation—Higher mean annual precipitation is associated with increased
eczema as demonstrated by studies in Spain [85] and the United States [90]. One study
examined the influence of meteorological events on the severity of itch, finding that snowfall
was associated with increased pruritus, whereas thunderstorms were associated with
decreased pruritus [86]. Silverberg et al. posited that the association between AD and higher
precipitation may be indirectly related to concomitantly lower UV levels and temperatures,
more time spent indoors, and greater exposure to indoor heating.

3.5. Air pollutants

Air pollutants are particulate or gaseous airborne substances that are harmful to human
health. Air pollutants are known risk factors for asthma, but their role in AD is not well
established [97]. A potentially harmful role for air pollutants has been considered due to the
susceptibility of skin to their direct exposure. Moreover, many air pollutants have seasonal
trends that follow climate factors and might play a harmful role in seasonal flares of AD. For
example, NO,, NO3, SO, and CO have a seasonal course in the United States and peak in
the cold weather months [98]. Thus, environmental studies of AD must account for both the
climate factors and pollutant levels simultaneously to address potential confounding.

Air pollutants may originate from indoor and/or outdoor environments and can interact with
the skin by binding to stratum corneum, becoming metabolized or even penetrating the
epidermis and entering systemic circulation through dermal capillaries [97].

3.5.1. Outdoor pollutants—Outdoor air pollutants originate from both natural (wildfires,
volcanoes, and dust storms) and man-made sources (motor vehicles, power plants, and
biomass burning) and include combustion products such as sulfur dioxide (SO5), carbon
monoxide (CO), and nitrogen dioxide (NO5), as well as particulate matter (PM) [97]. It can
be difficult to assess health effects of individual ambient pollutants, because these
substances are rarely produced in isolation. Synergistic effects of multiple pollutants can be
missed when studying the effects of a single pollutant [99]. For example, a study of 317,926
Taiwanese children found a significant positive association between traffic-related pollution
and AD in both sexes [100]. However, analysis of individual traffic-related pollutants only
revealed associations of AD with NO, and CO in females [100].

A study of 4907 French children found associations of both lifetime and 1-year history of
AD with NOy, CO, NO,, PM1q, and benzene pollutants [101]; these are major urban
pollutants believed to be primarily influenced by vehicular traffic. A US population-based
study found the prevalence of childhood AD to be associated with mean annual NO», sulfur
dioxide (SOy), and sulfur trioxide (SO3), but inversely associated negatively with mean
annual nitrate (NO3), organic carbon (OC), PM5 5, and PM1g [98]. The observed inverse
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associations may have been related to the co-occurrence of those pollutants with protective
climatic factors.

A German birth cohort study found that the rates of AD in the first 6 years of life increased
with proximity of residential address to the nearest main roads [102]; distance to the nearest
main road was used as a proxy measure for traffic-related air pollutants. The highest odds of
AD occurred in children <50 m from a main road [102]. The authors posited that residents
living closer to heavy traffic are exposed to both higher amounts of and more toxic
pollutants that are freshly emitted.

Two longitudinal studies assessed the relationship between outdoor pollution and childhood
AD symptom severity. A South Korean study of 41 children aged 8-12 years collected
symptom diaries for 67 days and found significant associations between pruritus severity
and daily ambient PM concentrations [103]. A longer term study of 22 Korean children
using symptom diaries for 18 months also found associations of AD symptoms with levels
of outdoor air pollutants [104].

3.5.2. Indoor pollutants—Indoor air pollution can arise from stoves, construction
materials, biological sources, and combustion products also found in outdoor air pollution
[97]. A case—control study of Sweden children found that AD was associated with lower
ventilation in the home, particularly in the child’s bedroom, with a dose-dependent
relationship observed [105]. A German birth cohort study found an association between
indoor renovation activities (painting, floor covering, and new furniture) before birth and in
the first years of life and lifetime prevalence of AD, possibly related to high levels of volatile
organic compounds (VOCs) [106]. A questionnaire-based Korean study found that severity
of childhood AD was specifically associated with painting, floor covering, and wallpaper
changing in the home [107]. A South Korean study demonstrated that moving into a newly
built house during the first year of life was associated with development of AD in both
primary and middle school children, likely related to VOC exposure [108]. This study also
explored gene—environment interactions and found that children with a genetic susceptibility
to AD were more likely to have the disease when exposed to environmental risk factors
[108]. Carson et al. found a predilection for AD lesions on exposed body areas in children
with filaggrin variants, suggesting that barrier defects may predispose to insult from
environmental factors, e.g. pollution and climate [97,109]. Taken together, it appears that
multiple outdoor and indoor pollutants may trigger and/or exacerbate childhood AD.

3.5.3. Mechanisms of pollutants—There are likely multiple mechanisms for the
harmful effects of different pollutants. A study of skin biopsies from 75 AD patients found
an association between AD severity and reactive oxygen species (ROS) associated damage,
supporting the hypothesis that ROS generated by environmental exposures cause oxidative
damage to proteins in the stratum corneum [149]. Even short-term exposure to NO, or VOC
caused significantly increased TEWL in both healthy individuals and those with AD
[150,151]. VOC may also contribute to Th-2 polarization, suggesting potentially direct
effects of pollutants on the immune system [152].
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3.6. Tobacco smoke exposure

Tobacco exposure, including cigarette and cigar smoking, continues to be a major global
health concern. Smoke exposure affects both humoral and cellular immunity [153], causes
oxidative damage and diminished skin barrier function [154], and has an irritant effect on
skin. A strong association between pediatric asthma and environmental tobacco smoke is
well established [155], and smoke-free legislation has contributed to lower rates of asthma-
related hospital visits [156]. However, conflicting results have been found among the
numerous epidemiological studies investigating whether tobacco exposure is associated with
AD.

Given the conflicting evidence, a systematic review and meta-analysis of 86 studies with
680,176 patients (598,296 children) from 39 countries was performed to determine whether
AD is associated with active smoking, passive exposure to tobacco smoke, and maternal
smoking during pregnancy [52]. The authors found significant associations of childhood AD
with active smoking and exposure to passive smoke, but not maternal smoking during
pregnancy. Of note, many of these studies were cross-sectional and unable to determine the
temporality of the association, i.e. whether smoking preceded AD onset or vice versa.
Regardless, it appears that AD patients are more likely to be exposed to tobacco, which
highlight their increased risk for tobacco-related comorbidities, e.g. malignancy and
cardiovascular disease [157-159].

3.7. Water hardness

Hard water contains high mineral content, typically calcium and magnesium ions. Topical
exposure to hard water has been hypothesized to aggravate AD by several mechanisms: (1)
calcium and magnesium in high concentrations are skin irritants; (2) greater quantities of
soap are needed to achieve lather when cleansing with hard water [110-112,160] The health
effects of hard water have been examined in cardiovascular disease, growth retardation, and
reproductive failure [161]. However, their effects in AD remain controversial.

An observational study in the UK found that water hardness was associated with both
lifetime and 1-year prevalence of AD in children aged 4-11, but not 11-16 years [111].
Similarly, a Japanese ecological study demonstrated higher prevalences of AD in urban areas
with the highest water hardness [112]. Moreover, a cross-sectional study of 358 Belgian
children in kindergarten found that AD prevalence was associated with increased water
hardness overall, particularly very hard water [110]. In contrast, an observer-blinded,
randomized control trial found no therapeutic benefit of ion-exchange water softeners on AD
severity in geographic regions in the UK with hard water [113] Together, there is
inconclusive evidence for association between AD and water hardness, and additional
prospective studies are needed.

3.8. Urban versus rural living

AD prevalence appears to be higher in urban compared with rural or suburban areas. Schram
et al. performed a systematic review in 2010 and found some evidence for an urban—rural
discrepancy in AD prevalence [114]. Eleven of the 26 included studies showed significantly
higher risk for AD, one showed a significantly lower risk, and 14 showed no significant
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association of AD in urban areas [114]. Urban living may be associated with increased
stress, greater proximity to automobile traffic and related pollutants, higher exposure to
other pollutants, fewer protective exposures such as manure and farm animals, and other
lifestyle and cultural factors that might impact skin care. Future studies are needed to
pinpoint the precise factors for why urban living might predispose to AD.

The impact of diet on AD needs to be parsed by different stages of life, i.e. prenatal//n utero,
early childhood and adulthood exposures. Some individual observational studies have
suggested that dietary modifications may impact pediatric AD. A questionnaire-based
follow-up study of a prospective birth cohort found no association of pediatric AD and
maternal consumption of most foods, except for an inverse association with maternal fish
consumption [115]. Another prospective birth cohort also found a significant inverse
association between high maternal fish intake and AD in the first 2 years of life [116]. The
protective effect of maternal fish intake was also found at 1 year of age in a third study
[117]. Early introduction of fish during infancy may even prevent childhood AD [118,119].
The beneficial effect of fish is thought to be due to anti-inflammatory properties of omega-3
polyunsatured fatty acids [116,117]. A recent Cochrane review examined evidence from five
randomized or quasi-randomized trials that included 952 participants and concluded that
maternal antigen avoidance diets in pregnancy do not protect against AD in the first 18
months of life [120]; however, there is a dearth of longer term studies. Thus, it appears that
maternal dietary restriction during pregnancy does not protect against AD, though maternal
consumption of fish during pregnancy might be protective.

Analysis of data from the multinational, multiphase, cross-sectional ISAAC study found that
pediatric AD was associated with specific dietary habits in childhood and adolescence [121].
In particular, fast food, butter, margarine, and pasta were positively associated with AD,
while milk was inversely associated with AD at ages 13 to 14 years. Moreover, fast food was
positively associated with severe AD in children aged 6 to 7 years, whereas eggs, fruit, meat,
and milk were inversely associated with AD. These results suggest that western diet may
play a harmful role in AD and that a healthy balanced diet may help to prevent or mitigate
AD. Of note, potential confounding of adiposity, e.g. body mass index, was not addressed in
multivariate models. However, excess adiposity may play a harmful role in pediatric and
adult AD, as demonstrated by a recent meta-analysis [122]. Future studies are needed to
determine optimal dietary recommendations for persons with AD.

3.10. Breast-feeding

A prospective cohort of 256 infants found that prolonged breast-feeding was associated with
significantly lower prevalence of AD at ages 1 and 3 years; intermediate and prolonged
breast-feeding was associated with nonsignificantly lower prevalences of AD at ages 5, 10,
and 17 years [123]. However, numerous studies were subsequently performed with
conflicting results. A meta-analysis of 18 prospective studies was performed in 2001 and
found that breast-feeding throughout the first 3 months of life was protective in children
with a family history of atopy, but this effect was diminished in those without family history
of atopy [124]. Another meta-analysis of prospective cohort studies was performed in 2008
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and found insufficient evidence that exclusive breast-feeding for at least 3 months is
protective against AD, even in children with a positive family history of atopy [125]. The
conflicting results observed are likely due to confounding effects from differences of region,
health literacy, socioeconomic status, and other health behaviors in mothers who exclusively
breast-feed versus those who do not. Moreover, even less is known about the optimal timing
for introducing solid foods and its impact on AD. However, the few available studies do not
support an association between delayed introduction of solid foods beyond 6 months of age
and AD prevalence [126-128]. Further research is necessary to determine whether breast-
feeding is truly protective in childhood AD and the complex relationship between breast-
feeding and introducing solid foods.

3.11. Probiotics and prebiotics

Probiotic supplementation involves introduction of live bacteria to the gut and has been
studied as both a protective and therapeutic measure in AD. Two meta-analyses of placebo-
controlled trials found that maternal use of probiotics during pregnancy and/or infancy was
associated with lower rates of AD developing in their children [59,60]. However, there was
insufficient evidence to support probiotics as a treatment modality for existing AD [59,162].
The mechanisms for prevention of AD by probiotics harkens back to the hygiene hypothesis,
whereby the early exposure to gut microbes steers the immune system away from a Th-2
skew [60] or upregulates Th-1 cytokine production [163].

Prebiotic supplementation is the provision of directed nourishment to facilitate proliferation
of biologically desirable microbes in the gut. Two studies have shown evidence that
prebiatic oligosaccharide supplementation during infancy has prophylactic benefits against
developing AD [129,130]. The protective effects of prebiotic oligosaccharides may be
through promotion of bacterial growth or immunomodulatory effects.

Despite extensive research regarding diet and nutrition in AD, there is only limited evidence
to support clinical and public health interventions for AD. Maternal intake of fish,
probiotics, and possibly prebiotic oligosaccharides may protect against pediatric AD.
However, there is limited evidence to support dietary avoidance as a prevention or treatment
strategy for AD.

4. Expert commentary

The prevalence of AD has increased over the past several decades in virtually every country
worldwide, with continued increased still being observed in some countries [164]. The
rapidly increasing global prevalence cannot be attributed to genetics alone, suggesting that
environmental exposures may be triggering and/or flaring disease in predisposed individuals.
There is a complex interplay between different environmental factors, including individual
use of personal care products and exposure to climate, pollution, food, and other exogenous
factors. It is even more challenging to sort out the individual versus combined synergistic
effects of different environmental factors, as well as the direct effects of environmental
factors on AD skin versus indirect effects by influencing health behaviors. Gene—
environment interaction is central to the complex pathophysiology of AD. It is doubtful that
the above-mentioned factors that are harmful in AD are sufficient to cause the disease
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without an underlying predisposition. Rather, environmental risk factors likely contribute
toward AD by being pruritogens and irritants, upregulating inflammatory processes and/or
worsening skin barrier function.

Understanding these complex risk factors is crucial to developing targeted interventions to
prevent the disease in millions. Currently, the most promising prevention strategies for AD
appear to be maternal use of probiotics during pregnancy and initiating regular moisturizing
early in infancy. Moreover, understanding the mechanisms by which environmental factors
trigger AD may uncover novel disease mechanisms and future therapeutic targets. For
example, recognition of the role of microbiome in AD has resulted in the development of
several promising new treatment approaches [165]. Finally, understanding the role of
environmental factors in patients with AD is essential to achieve optimal outcomes. For
example, patients with predictably increased disease activity in the winter months warrant
proactive treatment strategies to prevent upcoming flares [166]. Moreover, patients require
counseling on optimal regimen for bathing, minimization of exposure to irritants and
pruritogens, etc.

Of the factors discussed in this review, many lack sufficient evidence to support universal
recommendations for disease prevention or treatment. Protective factors against AD include
living in regions with higher UV irradiation, maternal intake of fish, probiotics, and/or
prebiatic oligosaccharides during pregnancy. Vitamin D supplementation is a safe and well-
tolerated adjunctive treatment approach that may provide modest benefit in AD, particularly
winter disease flares [166]. In contrast, low indoor humidity, excess heat and sweat, some
indoor and outdoor air pollutants, active and passive exposure to tobacco smoke, and hard
water may play a harmful role in AD. While these factors may not be detrimental to all AD
patients, their inclusion in clinical assessment and decision-making may help improve
disease control. For example, use of an indoor humidifier may offset low indoor humidity
levels during the winter. Unfortunately, no studies have rigorously assessed this treatment
approach, despite its widespread use anecdotally. Avoidance of tobacco smoke and hard
water might be helpful, but these can be very challenging for patients, and the clinical
benefit of their avoidance in AD remains unclear.

5. Five-year view

The pathophysiology of AD appears to be far more complex than previously recognized.
Inherited variants of the FLG gene and resultant barrier defects are only detected in a
minority of AD patients. The increasingly recognized role of different inflammatory
pathways will change the direction of AD research. Much of the prior research on
environmental risk factors of AD focused on their harmful effects on skin barrier. However,
we anticipate that future research will shift focus toward the impact of environmental factors
on systemic and cutaneous inflammation in AD. Over the next 5 years, research in AD will
continue to explore gene—environment interactions and how it pertains to pathophysiology,
disease severity, and treatment outcomes. More sophisticated methods for assessing the
genotypes and clinical phenotypes of AD will improve clinical and epidemiological
research. In particular, it will allow for proper identification of patient subsets where
different environmental factors play a crucial role in the clinical disease course.
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Key issues

The rapidly increasing prevalence of and epigenetic alterations
observed in AD indicate a strong role of dynamic environmental
factors.

Prenatal intake of omega-3 long-chain polyunsaturated fatty acids and
probiotics may decrease risk of childhood AD. Whereas, prenatal
exposure to stress, antibiotics and alcohol consumption may increase
risk of childhood AD.

Early life exposures to dirt and pathogens, including bacterial
endotoxins, helminthes, herpesviridae, farm animals, dogs,
unpasteurized milk and early day care may decrease risk of AD.

Environmental insults to the skin occurring throughout life may trigger
or exacerbate AD, including irritants, pruritogens, harsh climate
factors, airborne pollutants and tobacco smoke exposure.

Western diet and excess adiposity may worsen AD. Whereas, intake of
probiotics and prebiotics may protect against AD.
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Table 1

Environmental exposures implicated in atopic dermatitis.

In utero

Maternal stress [46-51]

Cigarette smoke [52]

Antibiotic exposure [53,54]

Alcohol consumption [55-57]

Omega-3 long-chain polyunsaturated fatty acids [58]
Probiotics [59,60]

Skin exposures

Irritants [61-64]

Pruritogens [65,66]

Early life exposure to dirt and pathogens (*hygiene hypothesis’)

Farm and rural living [67,68]

Manure and microbial exposure in the home [68,69]

Bacterial endotoxins, helminthes, herpesviridae, farm animals, dogs, unpasteurized milk, early day care [70-74]

Chickenpox infection [73]
Respiratory syncytial virus [73,75-78]
Skin flora

Staphylococcus aureus and microbial diversity [79-82]
Malassezia [28-30]

Climate [3,83-89]

Temperature [84—88,90]

Humidity [84,85,87,88,90-93]
Ultraviolet radiation [85,88,90,94-96]
Precipitation [85,86,90]

Air pollutants [97,98]

Outdoor pollutants [97-104]

Indoor pollutants [97,105-109]
Cigarette smoking [52]

Water hardness [110-113]

Urban living [114]

Diet and adiposity [115-122]
Breast-feeding [123-128]

Probiotics [59,60]

Prebiotics [129,130]
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