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Abstract: Atopic dermatitis (AD) is a chronic inflammatory skin condition that affects more than
200 million people worldwide, including up to 20% of children and 10% of the adult population.
Although AD appears frequently in childhood and often continues into adulthood, about 1 in 4 adults
develop the adult-onset disease. The prenatal period, early childhood, and adolescence are considered
critical timepoints for the development of AD when the exposome results in long-lasting effects on the
immune system. The exposome can be defined as the measure of all the exposures of an individual
during their lifetime and how these exposures relate to well-being. While genetic factors could
partially explain AD onset, multiple external environmental exposures (external exposome) in early
life are implicated and are equally important for understanding AD manifestation. In this review, we
describe the conceptual framework of the exposome and its relevance to AD from conception and
across the lifespan. Through a spatiotemporal lens that focuses on the multi-level phenotyping of the
environment, we highlight a framework that embraces the dynamic complex nature of exposome
and recognizes the influence of additive and interactive environmental exposures. Moreover, we
highlight the need to understand the developmental origins of AD from an age-related perspective
when studying the effects of the exposome on AD, shifting the research paradigm away from the per
se categorized exposome factors and beyond clinical contexts to explore the trajectory of age-related
exposome risks and hence future preventive interventions.
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1. Introduction

Atopic dermatitis (AD) or atopic eczema is a common inflammatory skin disease with
early onset which affects 200 million people worldwide, including up to 20% of children
and 10% of adults, but the prevalence of the disease varies greatly throughout the world.
In general, AD prevalence is driven by a complex relationship between environmental,
genetic predispositions, and immunologic factors. An awareness of environmental diver-
sity is crucial in determining disease phenotypes. More specifically, AD is recognized
as a heterogeneous disease with multifactorial etiology and complex pathophysiology
involving the immune system and epidermal barrier dysfunction, which are influenced by
genetic, epigenetic and environmental factors [1,2]. Genes encoding skin barrier proteins,
such as filaggrin (FLG), have been shown to play a role in the inheritance of AD. FLG is
synthesized from profilaggrin, which is then transformed into FLG monomers which in
turn interact with intermediate filaments in the stratum corneum (SC), causing them to
aggregate into dense parallel arrays of macrofilaments. This promotes cellular compaction
and keratin crosslinking in the SC, which forms a highly insoluble matrix that acts as a
protective barrier. Filaggrin deregulation and loss-of-function (LOF) variants leading to
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abnormal FLG production result in skin barrier disruption in individuals carrying FLG LOF
variants and are characterized by dry, cracked and infection-prone skin [3]. Dysfunction
of the skin barrier is a cardinal clinical sign of AD as this facilitates allergen penetration
and immune dysfunction and has been associated with the etiopathogenesis of the AD
itch-scratch cycle. This complex pathophysiology translates into heterogeneous clinical
phenotypes with differences depending on the age of onset, severity, sensitization profiles,
disease persistence, presence of comorbid atopic and nonatopic conditions and longitudinal
trajectories of disease progression [4].

The exposome can be defined as the measure of all the exposures of an individual
during their lifetime and how these exposures relate to well-being. The external environ-
mental exposures (external exposome) to which an individual is exposed before and after
conception and their consequences at the organ and cellular level (internal exposome) are
examined to explain the onset, development, and exacerbations of allergic diseases such as
AD. Humidity, pollution, ultraviolet ray exposure, average time spent indoors, lifestyle
and allergen exposure vary widely throughout different regions and may aggravate AD.
Climate change, urbanization and loss of biodiversity are affecting the sources, emissions
and concentrations of major airborne allergens and air pollutants and are among the most
critical health and quality of life challenges for the increasing number of allergic patients
both today and in future decades [5]. As such, the exposome has emerged as a key factor
in the development of AD during the lifespan and it is now studied in correlation to the
known genetic or biochemical variations that contribute to AD onset.

Globally, the prevalence of AD increases with socioeconomic status and is usually
higher in high-income countries, with variations between and within countries. AD may be
underdiagnosed in patients with skin of color due to lack of erythema, and therefore, black
children are six times more at risk for increased disease severity [6]. African American
children and infants of color have a higher prevalence than white American children
and infants (37.0% for Black, 25.8% for Asian, 24.1% for Hispanic, 23.0% for multiracial
and 17.9% for White). Studies have demonstrated a nearly twofold higher prevalence
of AD in black-Caribbean children compared to whites [7]. In addition, the increased
prevalence of AD in black patients may extend into old age; furthermore, the socioeconomic
environment appears to play a role, as differences in economic burden may reflect in the
disease burden [8,9].

Notably, AD prevalence varies between urban and rural populations. The presence of
patients in rural areas with limited healthcare access likely results in an underrepresentation
of AD prevalence estimations in these areas. Changes in the composition of the gut and
skin microbiome due to environmental or lifestyle factors are key mediators of allergic
diseases (Figure 1). A better understanding of the impact of external exposome on the
development of AD is crucial to encourage patients, health professionals and policymakers
to take action to mitigate the impact of and adapt to environmental changes [10].

Previous reviews have attempted to summarize the multitude of factors contributing
to AD prevalence and progression, which illustrates the necessity of understanding the
exposome to manage AD. However, the exposure to these factors varies not only from
person to person but also over the course of a patient’s lifetime. In this review, we aim to
provide an overview of the AD exposome as an ever-changing variable over the human
lifespan. By highlighting patient uniqueness and the temporal variability of their environ-
ment in the context of the natural history of AD, insights to guide better population-scale
as well as personalized interventions could emerge as an important tool for effective and
personalized treatment.
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Figure 1. Exposome on the development of atopic dermatitis across the lifespan. Genetic, epige-
netic, skin type and epithelial dysfunction only partially explain AD onset. The exposome including 
pollution, climate, rural and urban environment, lifestyle factors and acute stress differentially af-
fects the trajectory of AD starting from conception, during pregnancy, childhood, adulthood and 
across the lifespan. 

2. The Role of Exposome Components during Prenatal and Perinatal Period 
2.1. Perfluoroalkyl and Polyfluoroalkyl Substances (PFASs) 

PFASs, widely known as “forever chemicals”, are a large group of compounds used 
for non-stick or stain-resistant surfaces of many products, including several household 
items. They are widely used in industrial products, i.e., lubricants, surfactants, fire-
fighting foams and in everyday products, such as non-stick cookware, greaseproof paper, 
food packaging, carpets, furniture, waxes, paints, clothing, and personal care products 
such as shampoo, eye-makeup, nail varnish, and dental floss (Figure 1). Prenatal exposure 
to PFAS, such as perfluorooctane sulfonate (PFOS), perfluorooctanoic acid (PFOA), per-
fluorohexane sulfonate (PFHxS), perfluorononanoic acid (PFNA), and perfluorodecanoic 
acid (PFDA), has been detected in 90% or more of pregnant women in the US, Europe, 
and Asia and are associated with childhood AD in girls during the first 2 years [11]. In 
addition, prenatal exposure to polychlorinated biphenyls (PCBs) increased the risks for 
asthma and eczema in offspring [12]. Prenatal exposure to PFAS occurs through placental 
transfer in utero and postnatal exposure through breastfeeding and has been associated 
with a higher risk of early AD in children under 5 years of age [13,14]. Studies have cor-
related prenatal PFOA and PFOS exposures with elevated cord blood IgE levels, espe-
cially in boys, and it has been hypothesized that PFAS might augment hypersensitivity to 
allergens [15]. Moreover, in utero exposure to PFOA has been associated with a higher 
risk of AD development as early as the age of 2 years old, with children carrying GSTT1-
null or GSTM1-null genotypes that affect the glutathione S-transferase (GST) activity 
which is essential in chemical detoxification. GSTM1-null and GSTP1 Ile/Ile genotypes are 
also associated with increased risk of AD in children with prenatal smoke exposure [16]. 
Finally, in the home environment, exposure to PFAS places infants and young children at 
increased risk of exposure due to their exploring and hand-to-mouth behavior.  

Figure 1. Exposome on the development of atopic dermatitis across the lifespan. Genetic, epige-
netic, skin type and epithelial dysfunction only partially explain AD onset. The exposome including
pollution, climate, rural and urban environment, lifestyle factors and acute stress differentially affects
the trajectory of AD starting from conception, during pregnancy, childhood, adulthood and across
the lifespan.

2. The Role of Exposome Components during Prenatal and Perinatal Period
2.1. Perfluoroalkyl and Polyfluoroalkyl Substances (PFASs)

PFASs, widely known as “forever chemicals”, are a large group of compounds used
for non-stick or stain-resistant surfaces of many products, including several household
items. They are widely used in industrial products, i.e., lubricants, surfactants, fire-fighting
foams and in everyday products, such as non-stick cookware, greaseproof paper, food
packaging, carpets, furniture, waxes, paints, clothing, and personal care products such as
shampoo, eye-makeup, nail varnish, and dental floss (Figure 1). Prenatal exposure to PFAS,
such as perfluorooctane sulfonate (PFOS), perfluorooctanoic acid (PFOA), perfluorohexane
sulfonate (PFHxS), perfluorononanoic acid (PFNA), and perfluorodecanoic acid (PFDA),
has been detected in 90% or more of pregnant women in the US, Europe, and Asia and are
associated with childhood AD in girls during the first 2 years [11]. In addition, prenatal
exposure to polychlorinated biphenyls (PCBs) increased the risks for asthma and eczema
in offspring [12]. Prenatal exposure to PFAS occurs through placental transfer in utero and
postnatal exposure through breastfeeding and has been associated with a higher risk of
early AD in children under 5 years of age [13,14]. Studies have correlated prenatal PFOA
and PFOS exposures with elevated cord blood IgE levels, especially in boys, and it has
been hypothesized that PFAS might augment hypersensitivity to allergens [15]. Moreover,
in utero exposure to PFOA has been associated with a higher risk of AD development
as early as the age of 2 years old, with children carrying GSTT1-null or GSTM1-null
genotypes that affect the glutathione S-transferase (GST) activity which is essential in
chemical detoxification. GSTM1-null and GSTP1 Ile/Ile genotypes are also associated with
increased risk of AD in children with prenatal smoke exposure [16]. Finally, in the home
environment, exposure to PFAS places infants and young children at increased risk of
exposure due to their exploring and hand-to-mouth behavior.
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2.2. Pollution

On the other hand, air pollution which is the contamination of the indoor or outdoor
environment by any chemical, physical or biological agent that modifies the natural char-
acteristics of the atmosphere can trigger AD onset in childhood. Domestic combustion
appliances, motor vehicles, industrial installations and forest fires are common sources
of pollutants. Pollutants of major public health concern are grouped into air pollutants
(e.g., sulfur dioxide, nitrogen oxide, carbon monoxide, ozone and volatile organic com-
pounds), persistent organic pollutants (e.g., dioxins), heavy metals (e.g., cadmium, lead,
mercury) and particulate matter (PM). Exposure to lead in late pregnancy increases the risk
of AD in boys at 6 months of age. Prenatal exposure to inorganic arsenic and co-exposure
to inorganic arsenic and cadmium were associated with a higher risk of AD in young
children [17]. Mono-benzyl phthalate (MBzP) increased the risk of developing eczema in
early childhood [18]. Additionally, the combination of prenatal exposure to bisphenol A
(BPA) and phthalates could be associated with AD in 6-month-old infants [19].

According to the US Environmental and Protection Agency (EPA), PM is classified
according to particle size; hence, PM0.1 (ultrafine particles, ≤0.1 µm), PM2.5 (fine particles,
≤2.5 µm), PM10 (coarse particles, ≤10 µm) [20]. PM causes skin barrier dysfunction and
the formation of reactive oxygen species, leading to induced oxidative stress, possibly
epigenetic changes, and skin inflammation via direct and indirect mechanisms [20]. Of
interest, is the association between maternal exposure to traffic-related pollution and the
prevalence of AD in offspring.

Air pollution and the incidence of AD in East Asia were investigated in birth cohort
studies, in which exposure to typical traffic-related air pollution from exhaust fumes during
pregnancy resulted in increased rates of AD in children, whereas higher concentrations of
particulate (PM10, PM2.5) and gaseous (NO2, VOC, O3, SO2) air pollutants increased the
intensity of symptoms of existing AD. The effects of prenatal exposure to PM over three
trimesters on skin barrier dysfunction were studied. Prenatal exposure to PM in the first
trimester and skin barrier dysfunction were positively associated with AD in offspring,
early-onset, and greater severity at three years of age. Notably, higher PM2.5 in the first
trimester of pregnancy, higher maternal prenatal stress and male sex were associated with
AD at age 1. In addition, a significant association between PM2.5 exposure among younger
AD individuals aged between 2–30 years old, but not for PM10 exposure has been described.
With their smaller size and higher number of metal components, PM2.5 can easily penetrate
deep into skin cells and therefore may cause a higher risk of AD than PM10. Interestingly,
high levels of PM2.5 during the first trimester and low cord blood vitamin D influenced the
early onset of persistent AD, with the most sensitive period being 6 to 7 weeks of gestation
mediated by placental DNA methylation [21]. Furthermore, increased maternal exposure
to fine PM synergistically interacts with postnatal environmental tobacco smoke inhalation
on the development of infantile eczema. Gestational and prenatal exposure to cigarette
smoke were both correlated with the development of adult-onset AD. Smoking may affect
the immune processes of babies born to smoking mothers, which may have a reduced
innate immune response.

2.3. Probiotics during Pregnancy and the Hygiene Hypothesis

Supplementation with probiotics by pregnant women during prenatal and postnatal
lactation and postnatal fetuses can efficiently reduce the risk of AD in children, while the
effect of multi-strain probiotic mixtures is superior to single-strain formulations [22,23]. In
an 11-year, double-blind, placebo-controlled study, pregnant women in the experimental
group continued to receive probiotics from 35 weeks gestation to 6 months postpartum,
and infants received oral probiotics from birth till the age of 2 years. The rate of AD
in the probiotic group was significantly lower than that in the placebo group. In an
observational clinical trial, a multi-strain probiotic was administered orally to pregnant
women from 4 weeks before delivery to 4 weeks after delivery. The secretion of sIgA in the
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infant’s feces suggested that oral probiotics during pregnancy and delivery contribute to
the improvement of intestinal barrier function during the neonatal period [24].

Disorders of the intestinal microbiota are closely related to the onset and development
of AD. Maternal diet, specifically a diet rich in fish, has protective effects on the fetus,
due to the immunological effects of long-chain polyunsaturated fatty acids and their
contribution to the homeostasis of cell membranes. In addition, alcohol consumption
during pregnancy was associated with a significant and dose-dependent increased risk of
AD in early infancy [25].

The hygiene hypothesis is further refined to the “old friends’ hypothesis”, implying
that increases in allergies reflect a lack of exposure to beneficial microbiota, which have
co-evolved with humans. These include the largely non-harmful commensal microbes
acquired from the skin and gut of other humans, as well as micro-organisms such as
helminths, Helicobacter pylori, and hepatitis A virus that can persist for life and need to be
tolerated [26].

A meta-analysis of the role of probiotics in the prevention and treatment of AD in
children shows that oral probiotics given to pregnant women and newborns can effectively
reduce the prevalence of AD in children. Children with AD over 1 year of age responded
better to oral probiotics, with better efficacy in children with moderate to severe AD than
mild AD. In addition, both single and multi-strain preparations, especially the probiotic
mixture containing lactobacillus and bifidobacterial, have a therapeutic effect with a superi-
ority of the multi-strain preparation. Lactobacillus sp., such as Lactobacillus acidophilus alone
or Lactobacillus acidophilus mixed preparations with other strains of probiotics can improve
clinical symptoms in children with AD. Moreover, combinatorial use of Lactobacillus casei
and Lactobacillus salivarius can reduce IgE levels. Oral and topical probiotics can regulate
the distribution of local microbiota and improve the body’s immune response, thus proving
to be a promising method of prevention and adjuvant treatment of AD in children [27].

2.4. Maternal Diet and Antenatal Nutrition

Maternal diet and antenatal nutrition could affect fetal development by altering fetal
programming, which may in turn alter immune response and atopy. Nutrition during
infancy and childhood is very important for the development of AD, and breastfeeding
for the first 6 months is considered to be effective in preventing the development of atopic
diseases (Figure 1). Moreover, breastfeeding for the first 4 months reduces the risk of
eczema in the first 4 years. Additionally, feeding infants with extensively hydrolyzed
formula (eHF) in the first 4–6 months, avoiding cow’s milk and dairy products, and starting
solid foods after 4 months have been shown to prevent the development of AD [28].

Inadequate vitamin E intake during pregnancy was associated with a higher risk
of AD in two-year-old children [29]. However, reduced risk in offspring was associ-
ated with maternal intake of beta-carotene, vitamin E, zinc, calcium, magnesium, and
copper during pregnancy. While intake of allergenic foods and foods rich in n-6 polyun-
saturated fatty acids during pregnancy may increase the risk of AD in offspring, foods
rich in n-3 polyunsaturated fatty acids, fruits, vegetables, and prebiotics may decrease
it [30]. Interestingly, an unhealthier diet—which is evaluated as a low score between Pru-
dent Dietary Pattern (PDP) score and Western Dietary Pattern (WDP) score ((PDP-WDP)
score)—during pregnancy was associated with a lower risk of atopic dermatitis and a
higher risk of infections [31]. Moreover, maternal infection during gestation and exposure
to antibiotics in early life was identified as a risk factor for the development of AD [32,33].

3. Exposome in the Development of AD during Childhood and Teenage Life
3.1. Climate, UVR and Vitamin D

AD exacerbates seasonally and in response to climate changes, including UV exposure,
humidity, temperature, precipitation, and indoor heating. Combined high UV exposure and
temperature appear to have protective effects specific to AD, in contrast to the combination
of high humidity and precipitation (Figure 1). In early childhood, direct exposure to
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UV radiation is beneficial for reducing the risk of eczema, whereas high latitude and
thus reduced exposure to UV radiation is associated with an increased risk [34,35]. In
the meantime UV radiation stimulates vitamin D production, while its deficiency has
been associated with increased incidence and severity of AD symptoms. Vitamin D3
supplementation significantly improves clinical symptoms in patients with AD, especially
in those with winter-related AD [36]. Finally, there is an inverse association between AD
severity and serum vitamin D3 levels, whereas low maternal fish consumption and reduced
VD3 intake during pregnancy increase the incidence of AD in offspring [37].

Of note, Hispanic and black children are more prone to persistent AD than white
children, with black children being more at-risk for incident AD in the first place. In a large
study on children residing in urban US areas, black children have the highest prevalence
and severity of AD among the examined ethnic groups, as well as the smallest chance for
full disease control, while AD onset occurs later in life for Hispanic children [38]. Black
children are also exposed to more known risk factors, including social risk factors, such as
living in older or rental houses or between two homes, tobacco exposure, lower income,
and lower parental educational level [39]. The latter two also affect Hispanic children. It is
known that people with darker skin types have lower 25(OH)-vitamin D levels and low
maternal 25(OH)D during pregnancy increases the offspring’s AD risk. Compared with
non-Hispanic whites, AD incidence and persistence are higher among certain non-white
racial subgroups. In a longitudinal cohort including black children with AD aged 0 to
2 years, all analyses were stratified by race. It appeared that despite lower vitamin D levels
in black participants, allergic sensitization load was associated with FLG expression in the
skin without lesions in non-black children, but not in black children with low vitamin D
levels [40,41]. Further research is warranted to identify environmental, socioeconomic, and
genetic factors that may be responsible for the observed differences.

3.2. Pollution and Seasonality

As children grow older and are exposed to air pollution, there is a higher prevalence or
recurrence of AD in areas with high concentrations of PM, benzene, carbon monoxide, sulfur
dioxide and nitrogen oxides, with a slight preference for girls over boys. A study examining
a large prospective birth cohort showed a significant positive correlation between NO2
exposure and AD at 6 years. Moreover, a study of pediatric AD patients living in Korean
urban industrial areas for two 6-month periods, showed a positive correlation between
exposure to PM and exacerbation of AD, with a longitudinal association between elevated
PM levels and an increase in reported AD symptoms [42,43].

Apart from climatic factors per se, other factors such as seasonal climate variations,
fluctuations in tropospheric ozone levels and air pollutants that have seasonal trends and
vary with climate, contribute to the onset of childhood AD. Interestingly, among children,
there is a significant seasonal variation, with children showing symptoms mainly in late
winter (“winter type”) and children showing exacerbation of symptoms in the summer,
especially when exposed to grass pollen (“summer type”) [44].

Higher odds of eczema were found in areas with a warm, humid, and rainy climate
and high levels of SO2, SO3, OC and PM2.5, while lower prevalence was found in areas
with a warm and sunny climate along with high PM10 and high ozone levels, as well as in
areas with high levels of NO2, NO3 and PM2.5. In contrast, CO was inversely associated
with eczema severity. Higher levels of lead, zinc, nickel, vanadium and arsenic in PM2.5
were associated with increased eczema prevalence, in contrast to copper, potassium and
cadmium which were inversely associated with eczema [45].

A study in children aged 0–17 years showed that in the USA, states with higher
average annual NO2, SO2 and SO3 were associated with a higher prevalence of eczema,
especially in the cold and warm months. In addition, higher levels of tropospheric ozone
in the warm months, CO and PM2.5 in the cool months, and NO3, OC and PM10 in the
cool and warm months, were associated with lower odds of eczema. Among countries,
the amount of UVR exposure and AD prevalence varies between countries and depends
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on both latitude and stratospheric ozone concentration. As for other climatic factors,
humidity, high temperatures and low precipitation are inversely correlated with AD. A
possible underlying mechanism for UV radiation involvement in AD could be through
the reduction in inflammation by cis-uronic acid and modulation of the skin and gut
microbiome [20,45,46].

From a different scope, cold outdoor temperatures and exposure to shampoo were
associated with eczema aggravation. Currently, it remains unclear whether parabens,
which are included in many daily consumer products such as cosmetics, shampoos and
personal care products as preservative antimicrobial agents, induce or aggravate it [47,48].
However, a population study suggested an increased association between children aged
0–3 years exposed to parabens [49]. In addition, water hardness is associated with eczema
in genetically predisposed infants, especially in carriers of the FLG mutation. Swimming in
chlorinated pools was associated with disease worsening and comprises one of the ‘irritant
factors’ currently mentioned in ‘eczema school’ programs [50].

3.3. Rural and Urban Environment

Living on a farm or in a rural environment in childhood had a protective effect
on sensitization even in middle age, but these factors did not protect from new-onset
sensitization in adults [51]. It also increases exposure to a wide variety of environmental
and pet allergens at an early age, which according to the hygiene hypothesis, reduces
the risk of sensitization and development of atopy later in life. In contrast, it increases
the risk of allergic disease later in childhood, despite the protective advantage from early
life [52,53]. Exposure to a high allergen load may trigger atopy in people who are genetically
susceptible. In a cohort of rural Senegalese children and teenagers under the age of 15,
contact with cows significantly increased the odds of AD, while by contrast, the presence
of a cat in the house showed a protective effect [54]. However, contact with pets, but not
cats, has a protective effect mainly in younger ages with a favorable effect of exposure
to dogs. Concerning cats, birth cohort studies showed a significant interaction between
cat ownership at birth and mutations in FLG (R501X, 2282del4) on the development of
early-onset AD [55]. However, a recent meta-analysis could not confirm this hypothesis,
implying the complexity of gene-environment interactions in AD pathogenesis [56,57].

Interestingly, both physician-diagnosed and self-reported atopic eczema were rare in
Russian Karelia (rural), as compared to Finnish Karelia (urban). An indication of higher
microbial exposure in Russian Karelia is that skin and nasal microbiota were found to be
significantly more diverse than in Finnish Karelia. In the Russian population of Karelia,
contact with nature and a higher prevalence of Acinetobacter colonization was associated
with protection from atopic dermatitis, alongside other allergic diseases [58,59]. On the
other hand, living in a home with dampness and mold increases the risk for AD. It is
important to highlight the significance of urban planning towards a green environment to
improve maternal and child health following the associations of residential greenery with
eczema in infants and pregnancy which appears to be the critical exposure window [60].

A much higher (25.6% vs. 2.0%) prevalence of eczema was observed in children aged 1
to 3 years in urban areas of South Africa compared to rural areas. Lower exposure to house
dust endotoxin in urban and rural households was associated with a higher prevalence
of AD, and significant differences in the composition of the house dust microbiota were
observed between children with AD and healthy controls [61]. The detection of specific
cat antigens in rural households was significantly lower in the AD cohort [41]. A reduced
risk of AD was associated with urban children who consumed unpasteurized or fermented
milk as well with frequent treatment with anthelmintic drugs [62]. The use of paraffin
or kerosene as a means of heating reduced the odds of AD for all households. Overall
significant differences in nutrition and cooking habits, contact with nature and animals,
increased IL-6 and TNF-a, especially in patients from rural areas [63].



J. Clin. Med. 2023, 12, 2180 8 of 16

3.4. Tobacco and Smoking

Cigarette smoke is now an important independent risk factor in children aged
6–13 years, especially when there is a history of maternal smoking during pregnancy
and infancy (Figure 1) [43]. When the disease occurs in childhood, it raises the hypothesis
that a history of passive smoking becomes relevant only later in life [64]. It appears that
allergic sensitization occurs over time, while tobacco smoke contributes to the destruction
of the skin barrier and increased transdermal TEWL water loss, allowing contact with
allergens and pathogens [65]. The worldwide prevalence of AD has been associated with
active smoking [66].

3.5. Dietary Structure and Habits

Studies have tried to identify associations between dietary structure, nutrients, and
AD. More specifically, protein consumption and especially protein derived from cereal,
nuts, fish and seafood, as well as vegetables and vitamins A and E are linked with decreased
AD in adolescents aged 13–14 years (Figure 1) [67]. Studies conducted on children and
adults have found an inverse relationship between serum vitamin C and E levels with AD,
and supplementation of vitamin E reduced AD symptoms [68,69]. The opposite, however,
occurs with carbohydrates and fat, especially saturated fat, although olive oil demonstrated
a negative association with eczema. In the meantime, adherence to a Mediterranean
diet and consumption of fermented milk products might be protective factors for AD.
In addition, specific food consumption, besides food allergies, may aggravate AD [70].
Although frequent consumption of fast foods, energy drinks, and convenience food has
been related to the recently diagnosed AD in adolescents, extensive studies are needed to
determine causality. Global epidemiological studies of children have shown the association
of higher parental socioeconomic status with childhood allergic sensitization, likely due
to a reduction in allergen exposure during immune system development by living in a
healthier environment [71].

3.6. Infections/Viral Exposome

With increased hygiene and lack of exposure to bacteria, viruses and parasites, the
immune system is not stimulated to develop immune responses. However, this hypothesis
fails to explain the increase in allergy even in areas lacking basic hygiene services and the
lack of reduction in atopic disease in those exposed to childhood viral diseases [53].

The composition of bacterial communities at disease preference sites was dramatically
different in AD patients compared with controls. Microbial diversity during AD flares
depended on the presence or absence of recent AD treatments, with even intermittent
treatment being associated with greater bacterial diversity than the absence of recent
treatment. In AD, the proportion of S. aureus was greater during disease flares than
at baseline or after treatment and was associated with worsening disease severity. The
S. epidermidis skin commensal also increased significantly during flare-ups. Increases
in Streptococcus, Propionibacterium and Corynebacterium species were observed after
treatment. Furthermore, the flexures and neck show site-specific microbial colonization. the
flexures and neck. In lesions, the flexures have lower alpha diversity and a high abundance
of S. aureus, while the neck has a high abundance of Malassezia species. [72–74].

The composition of the gut microbiome, although associated with allergic sensitization,
does not affect the risk of atopic dermatitis in children up to 6 years of age [75]. The gut
microbiome composition in young people shows a reduced presence of Bifidobacterium in
AD; helminths play no role in AD in children, as they do not suffer the additional risk of
eczema from anti-helminthic treatment, unlike patients with childhood AD [76].

4. The Exposome Effect on AD of Adulthood
4.1. Pollution

At least 1 in 4 cases of AD are adult-onset, with significant heterogeneity in the
age of onset (Figure 1). Some adults may have the disease from infancy or school age,
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namely childhood-onset AD that persists into adulthood. While others may report onset in
adolescence or adulthood, known as adult-onset or recurrent AD [77].

Throughout life, PM exposure exacerbates AD. Air pollutants cause dermal oxidative
stress and have been shown to harm the integrity of the skin barrier by altering TEWL,
inflammatory cascade, stratum corneum pH and the microbiome. Various oxidative stress
markers in the stratum corneum of AD biopsies have shown a correlation with AD severity.
Therefore, supporting the hypothesis that environmentally generated ROS may induce
oxidative protein damage in the stratum corneum, leading to the disruption of barrier func-
tion and exacerbation of AD [78]. There is a perception that air pollution disproportionately
affects adult AD compared to pediatric AD.

4.2. Urban Living

Urban living often increases exposure to environmental irritants, such as NO2 which
contributes to the formation of trophospheric ozone and greenhouse gases. Short-term
exposure to NO2 or VOC caused significantly increased TEWL in both healthy individuals
and those with AD [79–81]. Interestingly, exposure to diesel exhaust and proximity to
heavy traffic leads to increased IgE production, and has been shown to be an environmental
risk factor associated with AD [48,82,83].

Polycyclic aromatic hydrocarbons (PAHs) fluorene and phenanthrene are potentially
associated with the pathogenesis of AD in adults [84]. It is hypothesized that PAHs may
exert biological effects through the binding of aryl hydrocarbon receptor (AhR) which is
suggested to be overexpressed in AD patients [85]. Various organic components of pollu-
tants interact with the AhR in keratinocytes to induce epidermal hyperstimulation through
the induction of the neurotrophic factor artemin that causes nerve growth hypersensitivity
pruritus and AD pathophysiology [86]. Dry environmental conditions can markedly en-
hance epidermal structure and function. Low humidity and low temperatures decrease skin
barrier function and increase susceptibility towards mechanical stress, while the skin also
becomes more reactive towards skin irritants and allergens as pro-inflammatory cytokines
and cortisol are released by keratinocytes, and the number of dermal mast cells increases.
Cold and dry weather appears to increase the prevalence and risk of flares in patients with
atopic dermatitis [87]. However, cold alone for short periods of time did not affect TEWL
or skin irritation. TEWL is greater in black skin compared with white skin because the
former is characterized by a lower ceramide/cholesterol ratio loss, both contributing to
skin dryness [88]. In US and Italy, increased hospital admissions occur during winter due
to low temperature, humidity and UVR exposure, as well as increased indoor heating.
Whereas admissions increase in the south during summer due to the high temperature and
humidity, which induces increased body temperature, sweating and itching [89]. A Nige-
rian prospective study reported exacerbation of symptoms with hot and humid weather
with tropical-black AD patients visiting the clinic in the dry season, (higher temperature
and UV index and lower precipitation. Exposure to tropical meteorological variables may
affect the occurrence of AD [90].

4.3. Diet

As with childhood AD, data from the 2010 NHIS suggest that increased household
income, higher household education level, and households with more individuals are
significantly associated with an increased prevalence of AD in adults [91].

Although some studies investigating the effects of dietary fatty acids on AD in adults
have indicated that low n-3 intake is inversely correlated with AD in women, other studies
have found no association between n-3 intake and AD, and other clinical studies reported
that n-3 supplementation in adults did not show any benefit over placebo in AD. Oxidative
stress has been shown to induce AD by increasing the pro-inflammatory response. An anti-
inflammatory diet includes oily fish (high in n-3), fruit, vegetables, seeds and probiotics and
limit meat, whole grains, sugar, and flour. Meantime, ‘free radical’ foods, with antioxidant
qualities, include berries, cherries, citrus fruit, prunes, olives, and green tea [92–94].
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Certain foods and dietary patterns can trigger acute changes that lead to visible
skin effects. AD has increased globally across all age groups, and this increase has also
been associated with the westernization of dietary patterns and increased consumption of
processed food. Processed foods and some food additives such as monosodium glutamate
(a popular flavor enhancer) could act as pseudo-allergens and increase the occurrence and
severity of AD [95]. On the other hand, fermented food intake is associated with a reduced
likelihood of atopic dermatitis in a Korean adult population [96].

4.4. Lifestyle Factors—Smoking and Alcohol Consumption

Although, there is no consistent evidence that drinking can cause eczema or a flare-up,
adults with AD had higher rates of cigarette smoking and greater odds of ever drinking
12 or more alcoholic beverages in low or high quantities. Current heavier drinking was
associated with eczema in all racial groups compared with a lifetime abstaining from or
current light drinking. Interestingly, eczema was associated with higher odds of ever
drinking 12 or more alcoholic beverages in whites (aOR, 1.15; 95% CI, 1.14–1.15), blacks
(aOR, 1.46; 95% CI, 1.46–1.47), and American Indians (aOR, 5.92; 95% CI, 5.83–6.01) but not
in Asian-Americans (aOR, 1.00; 95% CI, 0.99–1.00) [97].

The relationship between active and passive smoking and adult AD remains contro-
versial. Early and current cigarette smoking, as well as exposure to environmental cigarette
smoking during childhood, have both been associated with a higher incidence of adult
AD and current smoking. Both current and ever smoking were significant risk factors
for adult AD, compared with non-smoking. Moreover, packs per year were significantly
associated with adult AD, suggesting a lifelong cumulative risk in current smokers. In
addition, non-smokers with adult AD reported significantly greater environmental tobacco
exposure. Therefore, adults should be discouraged from smoking to prevent adult AD in
themselves and their family members [98].

Data from German registries show that smoking AD patients have a higher disease
burden with a different pattern of lesion distribution in adult AD, with a 2.5 times greater
likelihood of foot involvement. Although the scoring of atopic dermatitis showed no
difference between smokers and non-smokers, lesional severity of oozing, crusts, and
excoriations, along with patient global assessment scores (PGA) of AD severity being
higher in smokers compared to non-smokers. In addition, smokers reported increased
pruritus intensity and a lower number of weeks with well-controlled AD than non-smokers.
Finally, smokers had increased total IgE levels and an early age initial diagnosis of asthma.
Interestingly, smokers were predominantly males (58.7%) in their forties [99]. On the other
hand a study on US women, did not find a significant association between current smoking
and incident AD [100].

In addition, a study of adult AD from Germany suggests increased positive screening
for problematic drinking, drug use disorders, Internet addiction and gambling problems
compared to the general population [101].

4.5. Stress

Psychological stress has long been observed to affect the course of AD. While chronic
stress generally drives pathogenic immune responses, acute stress, in its effort to restore
homeostasis, activates the sympathetic axis of the autonomous nervous system (SA), the
endocrine hypothalamus–pituitary–adrenal axis (HPA), and the neuronal neuropeptidergic
axis (NNA). This in turn causes vasoconstriction, neurogenic inflammation, and the release
of pro-inflammatory neuromediators, followed by the anti-inflammatory cholinergic axis
of the autonomic nervous system (CA) [102].

Adults with atopic dermatitis exhibit SA hyperresponsiveness, resulting in the tran-
sient release of cortisol from the adrenal glands into the bloodstream, while corticotrophin-
releasing hormone (CRH), adrenocorticotropic hormone (ACTH) and cortisol from skin
cells are released, which favor the Th2 response and inhibit the Th1 response. Endoge-
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nous glucocorticoids (GCs) compromise stratum corneum cohesion, epidermal barrier
homeostasis and innate immunity, in normal skin [103].

Acute stress has been shown to aggravate the clinical manifestations of AD in both
adults and children, and a correlation has been observed between psychosocial stress and
the onset or worsening of AD. It has been shown that patients have a significantly higher
sympathetic tone compared to healthy controls at rest and, in general, are less able to
handle acute stress [104]. We previously mentioned the effect of the maternal psychological
state during pregnancy on the development of atopic dermatitis in the offspring, but a
psychological aspect of this disease exists until adulthood. Stress and sleep disturbances
seem to have a two-way relationship with atopic dermatitis as both potential causes and
sequelae of the disease [105,106]. The mechanisms underlying the psychological aspects of
eczema across all ages involve stress responses and glucocorticoid secretion in immune
dysregulation and the development of scratching behavior in response to pruritus [107,108].

5. Acute Stress Challenges: COVID-19 Pandemic and Russo–Ukrainian War

Despite the fact that children faced a plethora of pandemic-related issues, a reduction
in air pollution and lack of contact with outdoor allergens resulted in the improvement
of allergies. Preliminary data from the CORAL birth cohort revealed higher rates of
egg sensitization and eczema in children born during the first pandemic lockdown [109].
Intensive hand hygiene with warm water and soap, and alcohol-based hand sanitizers
(ABHS), were reported to be associated with the rapid development of hand eczema among
a high proportion of young children and adults. Avoiding ABHS at school and washing
their hands with a non-alcohol and additives soap and water solved their problem and
brought their AD back to good control. “School triggers” seem to be important to recognize,
avoid and prevent exposure [110].

During the strict government measures to contain the spread of SARS-CoV-2, intensive
hand hygiene increased the risk of hand eczema, especially in AD patients (Figure 1). The
use of face masks, gloves and repeated hand sanitization has been associated with high rates
of adverse skin reactions among healthcare professionals with reports of acute and chronic
dermatitis and secondary infection. In healthcare workers wearing protective equipment,
TEWL, temperature and erythema were all significantly increased after 2 h of glove and
mask use, indicating impaired epidermal barrier function. Adult AD is associated with
a significant healthcare burden and loss of work productivity [111,112]. From another
perspective, the COVID-19 pandemic impacted the exposome due to excessive use of
disposable protective equipment, plastic packaging, and increased use of antibacterials.

The exposome is constantly being exposed to unprecedented factors, such as natural
disasters or hostile activities such as the Russo–Ukrainian war in 2022 (Figure 1). There are
serious long-term environmental consequences that threaten both the environment and
human health. After each explosion, particles of toxic substances and heavy metals such
as lead, mercury and depleted uranium are released into the air, water and soil [113]. In
addition, service members encounter environmental extremes, physical stress, military gear,
and hygiene difficulties, conditions which may flare an AD patient [104,114,115]. Friction,
sweating and irritation can lead to increased itch and scratching, refueling the itch-scratch
cycle. The real effects of natural disasters, war and pandemics will only become visible in
the coming decades.

6. Conclusions

While genetic, epigenetic, racial diversity and epithelial barrier function could partially
explain AD onset, multiple exposomal factors and acute stressors are involved across the
lifespan and are equally important to understanding the development of AD. While the
exposome of AD remains to be elucidated, some factors demonstrate significant age-
specificity. Exposomal factors play a role starting from conception, during pregnancy,
childhood, adulthood and across the lifespan with an impact on the trajectory of atopic
dermatitis. Infants and young children are most affected due to PFAS, pollution and



J. Clin. Med. 2023, 12, 2180 12 of 16

maternal nutrition. As they grow older, during adolescence, climate, infections, and rural
and urban environments take their toll. Later on, lifestyle factors and stress predominate. In
light of understanding the spatiotemporal effect of the exposome, investing in prevention
strategies in public health and social protection is a mark of responsible action.
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113. Pereira, P.; Bašić, F.; Bogunovic, I.; Barcelo, D. Russian-Ukrainian War Impacts the Total Environment. Sci. Total Environ. 2022,
837, 155865. [CrossRef]

114. Riegleman, K.L.; Farnsworth, G.S.; Wong, E.B. Atopic Dermatitis in the US Military. Cutis 2019, 104, 144–147. [PubMed]
115. The Lancet Ukraine’s Humanitarian Disaster: Priorities for Health. Lancet 2022, 399, 1023. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1111/1346-8138.14881
http://www.ncbi.nlm.nih.gov/pubmed/30985031
http://www.ncbi.nlm.nih.gov/pubmed/8685501
http://doi.org/10.1016/j.nutres.2015.11.011
http://doi.org/10.1016/j.jaci.2014.11.023
http://doi.org/10.1111/j.1365-2133.2010.10116.x
http://doi.org/10.1111/jdv.17789
http://doi.org/10.1016/j.jaad.2020.07.077
http://doi.org/10.1111/jdv.17708
http://doi.org/10.1016/j.clinthera.2020.03.008
http://doi.org/10.1159/000084752
http://doi.org/10.1016/S0091-6749(99)70130-2
http://www.ncbi.nlm.nih.gov/pubmed/10400856
http://doi.org/10.1016/j.neubiorev.2018.01.009
http://www.ncbi.nlm.nih.gov/pubmed/29374516
http://doi.org/10.1038/jid.2014.325
http://www.ncbi.nlm.nih.gov/pubmed/25078665
http://doi.org/10.2340/00015555-1188
http://doi.org/10.2340/00015555-0890
http://doi.org/10.1111/pai.13766
http://doi.org/10.1016/j.jaad.2020.04.047
http://doi.org/10.23750/abm.v93i6.13135
http://www.ncbi.nlm.nih.gov/pubmed/36533773
http://doi.org/10.1016/j.jaad.2020.07.057
http://www.ncbi.nlm.nih.gov/pubmed/32707253
http://doi.org/10.1016/j.scitotenv.2022.155865
http://www.ncbi.nlm.nih.gov/pubmed/31675397
http://doi.org/10.1016/S0140-6736(22)00472-X

	Introduction 
	The Role of Exposome Components during Prenatal and Perinatal Period 
	Perfluoroalkyl and Polyfluoroalkyl Substances (PFASs) 
	Pollution 
	Probiotics during Pregnancy and the Hygiene Hypothesis 
	Maternal Diet and Antenatal Nutrition 

	Exposome in the Development of AD during Childhood and Teenage Life 
	Climate, UVR and Vitamin D 
	Pollution and Seasonality 
	Rural and Urban Environment 
	Tobacco and Smoking 
	Dietary Structure and Habits 
	Infections/Viral Exposome 

	The Exposome Effect on AD of Adulthood 
	Pollution 
	Urban Living 
	Diet 
	Lifestyle Factors—Smoking and Alcohol Consumption 
	Stress 

	Acute Stress Challenges: COVID-19 Pandemic and Russo–Ukrainian War 
	Conclusions 
	References

