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Abstract

Background: Polycyclic aromatic hydrocarbons are one of the major pathogenic components in air pollution. Previous 
studies have demonstrated an association between air pollution and atopic dermatitis. 

Objective: We sought to explore the relationship between polycyclic aromatic hydrocarbons exposure and adult atopic 
dermatitis.

Methods: We prospectively recruited 23 adult patients with atopic dermatitis and 11 healthy controls. Plasma levels  
of inflammatory cytokines were determined using enzyme-linked immunosorbent assay. Expression levels of aryl 
hydrocarbon receptor, which mediates the effect of polycyclic aromatic hydrocarbons, and cytokines in peripheral  
blood nuclear cells (PBMCs) were measured using reverse transcription polymerase chain reaction. Urine levels of  
16 polycyclic aromatic hydrocarbon metabolites were determined by gas chromatography- tandem mass spectrometry.

Results: Patients with atopic dermatitis had lower levels of interleukin (IL)-5 and IL-23, and lower PBMC  
messenger RNA expression levels of interferon-γ than the healthy controls. Plasma levels of IL-22 were moderately  
and positively associated with the SCORAD index. Creatinine-corrected urine levels of 9-hydroxyfluorene and  
2-hydroxyphenanthrene were elevated in the atopic dermatitis group. However the difference was not statistically  
significant after Bonferroni correction.

Conclusion: Our results demonstrated that the polycyclic aromatic hydrocarbons fluorene and phenanthrene are  
potentially associated with the pathogenesis of atopic dermatitis in adults.
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Methods
Patients 

We prospectively enrolled consecutive 23 adult  
(≥ 20 years) AD outpatients from October 2016 through  
April 2017. AD was diagnosed based on the 1980  
Hanifin and Rajka criteria.12 Eleven healthy controls (HCs)  
without allergic diseases (allergic rhinitis, asthma or  
atopic dermatitis) and with a negative skin prick test to  
major allergens including Der p, Der f, and extracts of  
American cockroach,13 a biting midge Forcipomyia taiwana,14  
Cladosporium oxysporum, Cladosporium cladosporioides  
and Penicillium brevicompactum were simultaneously  
recruited. The study protocol was approved by the  
Institutional Review Board of Taichung Veterans General  
Hospital (IRB TCVGH NO: CE16097A) and the written 
consent of all participants was obtained according to the  
Declaration of Helsinki. 

Determination of clinical parameters
Patient characteristics were recorded. Serum total IgE 

report within 3 months was obtained in 19 patients. It 
was measured using a fluorescent enzyme immunoassay  
(ImmunoCAP-FEIA, Phadia, Freiburg, Germany), with an 
analytical range of 2-5000 IU/ml and the normal range of  
< 100 IU/ml. If the total IgE value was beyond the analytical  
range, the upper or lower bound of the range was used in 
the analysis instead. Disease severity of AD was determined  
according to the SCORing AD (SCORAD) index.15 

Introduction
Polycyclic aromatic hydrocarbons (PAHs) originate 

from incomplete combustion of organic materials such as  
automobile exhaust, fossil fuels, tobacco, and industrial  
activities. They are recognized as being one of the major  
pathogenic components in ambient air pollution, and have 
been implicated in the provocation of an allergic response.1,2 
It has been speculated that PAHs may exert biological effects 
through the binding of aryl hydrocarbon receptor (AhR).3 
Upon binding of ligands, AhR undergoes conformational  
changes that expose a nuclear translocation site. AhR then 
translocates to the nucleus and initiate transcription of genes 
with promoters containing a dioxin-responsive element  
sequence. Interestingly, AhR has been shown to be involved 
in the elicitation of an allergic response.4,5 Some studies have 
also indicated that AhR is highly expressed in patients with 
allergic diseases such as allergic rhinitis, asthma and atopic 
dermatitis (AD).6-8

Air pollution has been proposed to be an important  
contributing factor in allergic diseases,9 and an association  
between air pollution and AD has been demonstrated in  
children10 and adults.11 We hypothesized that PAH exposure 
may be associated with AD in adults. To test this hypothesis, 
we determined PAH exposure in adult AD patients based on 
their metabolite concentrations in urine, and explored the  
relationship between PAH exposure and AD. 

Determination of immunological parameters
Whole blood 20 ml was collected for each study subject. 

Plasma levels of inflammatory cytokines including interferon  
(IFN)-γ, interleukin (IL)-5, IL-17A, IL-22 and IL-23 were 
determined using enzyme-linked immunosorbent assay kits 
(Quantikine™, R&D Systems, Abingdon, UK), and plasma  
levels of tumor necrosis factor (TNF)-α and IL-4 was  
determined using High Sensitivity ELISA kits (Quantikine™  
HS, R&D Systems, Abingdon, UK), in duplicates  
according to manufacturer’s instructions. Optical densities 
were measured at 450 nm for TNF-α, IFN-γ, IL-5, IL-17A, 
IL-22 and IL-23, and at 490 nm for IL-4, using a Thermo  
Multiskan EX Microplate Photometer (Thermo Fisher  
Scientific Inc.). The detection limits were 0.5 pg/ml 
for TNF-α, 12.5 pg/ml for IFN-γ, 0.22 pg/ml for IL-4,  
1.08 pg/ml for IL-5, 15 pg/ml for IL-17A, 5.8 pg/ml for  
IL-22 and 16.3 pg/ml for IL-23. Values below the detection  
limit were not analyzed. Peripheral blood mononuclear 
cells (PBMCs) were isolated based on Ficoll-Paque® density  
gradient centrifugation. Messenger RNA (mRNA) expression  
levels of AhR and inflammatory cytokines in PBMCs were 
determined by polymerase chain reaction (PCR). Briefly,  
total RNA was acquired from PBMCs using Trizol reagent 
(Sigma, St. Louis, MO). RNA aliquots were then reverse 
transcribed using an AB High-Capacity cDNA Archive Kit  
(Applied Biosystems or AB, Waltham, MA). Expression  
levels of individual genes were measured in duplicate  
using Taqman Gene Expression Assays (AB) with the  
StepOne Real-Time PCR (AB). Primers for AhR (assay ID 
Hs00169233_m1), IFN-γ (ID Hs00989291_m1), and IL-17A 
(ID Hs00174383_m1) were used in the experiments. For 
standardization, expression levels of the housekeeping gene  
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were 
determined in parallel for each sample. All amplification  
reactions were carried out for 40 cycles, and the obtained  
data were normalized against the expression levels of  
GAPDH. The relative expression level of each target gene 
was calculated based on the comparative threshold cycle  
(Ct) method: 2−ΔCt, in which ΔCt = sample Cttarget gene− sample 
CtGAPDH. 

Determination of urine PAH metabolites
First-voided morning urine (10 ml) was collected from 

each study participant. Each urine sample was analyzed 
for a total of 16 major PAH metabolites:16,17 naphthalene  
metabolites (1-hydroxynaphthalene and 2-hydroxynaphtha-
lene), fluorene metabolites (2-hydroxyfluorene, 3-hydroxy-
fluorene, and 9-hydroxyfluorene), phenanthrene metabolites 
(1-hydroxyphenanthrene, 2-hydroxyphenanthrene, 3-hy-
droxyphenanthrene, 4-hydroxyphenanthrene, and 9-hy-
droxyphenanthrene), pyrene metabolite (1-hydroxypyrene), 
benzo(a)anthracene metabolite (9-hydroxybenz(a)anthra-
cene), and chrysene metabolites (2-hydroxychrysene, 3-hy-
droxychrysene, 4-hydroxychrysene, and 6-hydroxychrysene). 
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The sample first underwent enzymatic deconjugation by 
β-glucuronidase. As a simple and quick method while  
maintaining a low limit of detection (LOD),18 we oxidized 
DisQuE™ (graphitized carbon black) (Waters Corp., Milford,  
MA) nanoparticles using nitric acid. We then generated  
magnetic graphitized carbon black (MGCB) by mixing  
50 mg oxidized graphitized carbon black, 810 mg  
FeCl3 

. 6H2O, 170 mg sodium citrate dehydrate, 3600 mg  
sodium acetate anhydrous, and 1000 g polyethylene glycol  
in 40 ml ethylene glycol. After ultrasonication for 3 h,  
the mixture was poured into a 125-ml autoclave and 
placed in a gas chromatography oven at 200°C for 10 h. 
After repeated washes with ultrapure water and ethanol, 
MGCB was dried for 10 h at 60°C in a vacuum oven and  
dissolved in ultrapure water for the following experiments. 
We used 10 mg/ml MGCB solution to extract urine PAH  
metabolites. Quantification was performed using a TSQ 
9000 Triple Quadrupole Gas Chromatography-Tandem 
Mass Spectrometry System (Thermo Scientific, San Jose, 
CA). The LOD was defined as three times the standard  
deviation of blanks. Values below the LOD were excluded  
from the analysis. We previously demonstrated that the  
recoveries of these compounds using this method were in 
the range of 86.4-119.7%, and the LODs were in the range 
of 0.2-59 pg/ml. To control for dilution of the urine, urine 
creatinine was measured using the Jaffé method (Advia 
1800; Siemens, New York, NY). Creatinine-corrected PAH  
concentrations were used in the final analysis. 

Statistical analysis 
Statistical analyses were performed using Stata software  

15.0 (StataCorp, College Station, TX). Visual inspection  
of quantile-quantile plots determined that none of the 
variables in the analysis were normally distributed.  
Quantitative data were presented as medians plus the  
interquartile range. The Mann-Whitney U test was used for 
between-group comparisons. Correlation analysis between 
serum IgE and the SCORAD index, and immunological  
parameters and urine levels of PAH metabolites in the 
AD patients were performed using the non-parametric  
Spearman’s correlation test in 1000 bootstrap samples.  
Two-tailed p values < 0.003 were regarded to be statistically  
significant after Bonferroni correction for multiple  
comparisons with regards to the 16 PAH metabolites.

Results
Baseline characteristics of the adult AD patients and HCs

The baseline characteristics of the adult AD patients and 
HCs are illustrated in Table 1. The median age of the adult 
AD patients was 34 years, which was older than the HCs  
(24 years). The median serum total IgE level was 582 IU/ml, 
and the median SCORAD index was 20.9 in the AD patients. 
Fifteen (65%) of them took systemic immunomodulators. Half 
of the patient took oral corticosteroids and one third of them 
took methotrexate. 

Table 1. Baseline characteristics of the study participants.

AD patients
(n = 23)

HCs
(n = 11)

Age, median (IQR) 34 (29, 43) 24 (20, 34)

Female 10 (43%) 7 (64%)

Allergic rhinitis 10 (43%) 0 (0%)

Asthma 6 (26%) 0 (0%)

Smoking 5 (22%) 2 (18%)

Serum total IgE (IU/ml) 582 (171, 3945) NA

SCORAD index 20.9 (11.4, 35.1) NA

Systemic immunomodulators

Oral corticosteroids 12 (52%) NA

Azathioprine 3 (13%) NA

Cyclosporine 3 (13%) NA

Methotrexate 7 (30%) NA

Omalizumab 2 (9%) NA

AD, atopic dermatitis; HC, healthy control; NA, not available; IQR,  
interquartile range.

Comparisons of immunological parameters between the 
adult AD patients and HCs

As regards to the measurement of plasma cytokine levels,  
there were more than half of the values below detection  
limits for IFN-γ, IL-4 and IL-17A, and these cytokines were 
not analyzed. In addition, there were one sample IL-22 value,  
2 sample IL-5 values, and 6 sample IL-23 values below  
detection limits. The Ct values for PBMC expression levels of 
IL-17A were around 35 and not analyzed. As demonstrated  
in Table 2, our exploratory analysis showed that the AD  
patients had lower plasma levels of IL-5 and IL-23, and  
lower expression levels of IFN-γ in PBMCs, than the HCs. 

Comparisons of urine PAH metabolites between the adult 
AD patients and HCs

Table 2 demonstrates creatinine-corrected urine  
levels of PAH metabolites in the AD patients and HCs. 
There were seven values below the LOD with respect to  
2-hydroxynaphthalene, one value below the LOD with  
respect to 2-hydroxyfluorene, four values below the LOD  
with respect to 9-hydroxyfluorene, and one value below the 
LOD with respect to 1-hydroxyphenanthrene. More than one 
third of the sample values were below the LOD with respect 
to 9-hydroxyphenanthrene, 9-hydroxybenz(a)anthracene  
and all chrysene metabolites, and these compounds 
were not analyzed. Urine levels of 9-hydroxyfluorene  
and 2-hydroxyphenanthrene were elevated in the AD  
patients compared to the HCs (Figure 1). However, the  
statistical significance was lost after correction for multiple  
comparisons. 
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Table 2. Comparisons of immunological parameters and urine PAH metabolites between the AD patients and HCs.

AD patients (n = 23) HCs (n = 11)

Plasma levels of cytokines, median (IQR) (pg/ml)

Tumor necrosis factor-α 1.02 (0.72, 1.30) 0.89 (0.83, 1.06)

Interluekin-5 3.86 (3.28, 4.59) 4.70 (3.91, 6.14)*

Interleukin-22 48.57 (33.74, 60.95) 40.85 (19.22, 55.01)

Interluekin-23 60.34 (46.57, 77.12) 91.83 (53.34, 131.44)*

mRNA expression levels in PBMCs, median (IQR)†

Aryl hydrocarbon receptor 0.009 (0.008, 0.013) 0.010 (0.007, 0.014)

Interferon-γ 1.4 × 10-4 (0.6 × 10-4, 2.1 × 10-4) 3.0 × 10-4 (1.2 × 10-4, 4.1 × 10-4)*

Urine levels of PAH metabolites, median (IQR) (ug/g)‡

1-hydroxynaphthalene 1.20 (0.38, 2.69) 0.46 (0.28, 2.84)

2-hydroxynaphthalene 0.88 (0.33, 2.00) 0.61 (0.32, 1.00)

2-hydroxyfluorene 0.07 (0.03, 0.14) 0.04 (0.02, 0.05)

3-hydroxyfluorene 0.05 (0.03, 0.12) 0.03 (0.01, 0.07)

9-hydroxyfluorene 0.09 (0.04, 0.17) 0.05 (0.02, 0.09)*

Urine levels of PAH metabolites, median (IQR) (ug/g)‡ (Continued) 

1-hydroxyphenanthrene 0.07 (0.03, 0.11) 0.05 (0.02, 0.07)

2-hydroxyphenanthrene 0.04 (0.02, 0.07) 0.02 (0.02, 0.03)*

3-hydroxyphenanthrene 0.05 (0.03, 0.08) 0.03 (0.02, 0.06)

4-hydroxyphenanthrene 0.01 (0.01, 0.01) 0.00 (0.00, 0.01)

1-hydroxypyrene 0.06 (0.03, 0.14) 0.04 (0.03, 0.05)

AD, atopic dermatitis; HC, healthy control; PAH, polyaromatic hydrocarbons; PBMCs, peripheral blood mononuclear cells; IQR, interquartile range
†Relative mRNA expression levels (2−ΔCt) normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA.
‡Creatinine-corrected. 
*p < 0.05.

Figure 1. Creatinine-corrected urine levels of (a) 9-hydroxyfluorene and (b) 2-hydroxyphenanthrene in adult AD patients 
and healthy controls.
AD, atopic dermatitis.
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Correlational analyses
As shown in Table 3, IFN-γ mRNA expression levels  

in the PBMCs were strongly and negatively associated  
with serum IgE levels; whereas plasma levels of IL-23 
were moderately and positively associated with serum IgE  
levels. The SCORAD index was moderately and positively  
associated with plasma levels of IL-22.

Table 3. Spearman’s correlation coefficients between serum IgE and SCORAD index, and immunological parameters, and 
urine levels of creatinine-corrected PAH metabolites in AD patients.

Serum IgE SCORAD index

Plasma levels of cytokines

Tumor necrosis factor-α 0.25 (-0.20, 0.70) 0.26 (-0.17, 0.69)

Interluekin-5 0.12 (-0.33, 0.56) 0.14 (-0.30, 0.59)

Interleukin-22 0.24 (-0.31, 0.79) 0.51 (0.14, 0.88)

Interluekin-23 0.40 (-0.06, 0.86) -0.16 (-0.63, 0.30)

mRNA expression levels in PBMCs†

Aryl hydrocarbon receptor 0.36 (-0.02, 0.74) 0.28 (-0.10, 0.66)

Interferon-γ -0.74 (-0.97, -0.50) -0.16 (-0.59, 0.27)

Urine levels of PAH metabolites‡

9-hydroxyfluorene 0.19 (-0.33, 0.71) 0.13 (-0.41, 0.66)

2-hydroxyphenanthrene 0.08 (-0.44, 0.61) 0.02 (-0.43, 0.48)

AD, atopic dermatitis; PAH, polyaromatic hydrocarbons; PBMCs, peripheral blood mononuclear cells.
†Relative mRNA expression levels (2−ΔCt) normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA.
‡Creatinine-corrected.

Discussion
This study investigated the association between 

PAH exposure and AD. We found higher urine levels of  
9-hydroxyfluorene and 2-hydroxyphenanthrene in the AD  
patients compared to the HCs. PAH exposure may play a role 
in the pathogenesis of AD.

Our adult AD patients were younger than those  
(44 years) in the general population, as reported in previous  
studies.11,19 Male predominance was noted in our adult 
AD patients, which is somewhat different from previous  
studies.11,19 Other atopic diseases including allergic  
rhinitis and asthma were prevalent in our AD patients, 
which is compatible with a previous report.11 Urine  
levels of 9-hydroxyfluorene, a fluorene metabolite, and  
2-hydroxyphenanthrene, a phenanthrene metabolite, were 
higher in our AD patients compared to the HCs, although 
a statistical significance was not reached after Bonferroni  
correction and their correlations with disease activity 
were very weak. The AD patients were older than the HCs,  
however age was not strongly correlated with urine levels of 
9-hydroxyfluorene or 2-hydroxyphenanthrene (Spearman’s 
correlation coefficient with 1000 bootstraps: 0.10, 95%CI 
-0.22, 0.43 and 0.27, 95%CI -0.03, 0.57, respectively, data 
not shown). We do not believe that the difference in age  
influenced our results. 

PAHs include a constellation of organic chemicals, 
and their relationship with carcinogenesis has been well  
established based on epidemiological and experimental  
studies.20 Several studies have linked ambient PAH exposure 
to the pathogenesis of allergy. Schober et al. demonstrated  
that both U.S. Environmental Protection Agency (EPA)  
priority PAHs and PAH-containing airborne particulate  
matter or diesel exhaust extracts could synergistically  
enhance recombinant Bet v 1 stimulation of basophils in 
birch pollen-allergic patients.21, 22 Takenaka et al. found that 
PAH extracts from diesel exhaust enhanced IgE production 
from purified human donor B cells after stimulation with  
IL-4 and CD40 monoclonal antibodies.1 Tsien et al. also 
showed that PAH extracts from diesel exhaust could 
stimulate IgE production in the 2C4/F3 cell line, an  
Epstein-Barr virus-transformed human B cell line.23 
For specific PAHs, phenanthrene has been reported to  
significantly enhance IL-4/IL-8 secretion and histamine  
release from purified basophils without antigen stimulation 
in birch pollen-allergic patients.23,24 Phenanthrene has also  
been shown to dose-dependently enhance IgE production 
by human B cells.23 In addition, phenanthrene treatment has 
been shown to impair Treg function and even convert Treg 
into a Th2 phenotype through an epigenetic mechanism.24 
Epidemiological studies also provided clues. Miller et al.  
reported a positive association between urine metabolites 
of fluorene and phenanthrene and anti-mouse and anti-cat 
IgE levels in a birth cohort of New York City children.16 
Another study used the US National Health and Nutrition  
Examination Surveys of 2001-2008 and 2011-2012 to  
investigate the association between urinary PAH metabolites 
and asthma-related symptoms in children.2 The authors found 
an association between urinary metabolites of phenanthrene, 
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but not fluorene, and asthma-related symptoms. In another  
case-control study of 195 Saudi children, serum levels of  
fluorene, but not phenanthrene, were higher in asthmatics  
than in non-ashtmatics.25 Taken together, our results are 
consistent with these previous studies. In particular, the  
biological plausibility regarding the effect of phenanthrene on 
allergic response is supported by several laboratory studies.

Previous studies have suggested the role of AhR in the 
pathogenesis of AD. Kim et al. found an increased AhR 
mRNA expression in lesional skin of AD patients compared 
with normal skin of HCs.26 Transgenic mice overexpressing 
AhR have also been shown to develop inflammatory skin  
lesions which resemble AD.8,27 In addition, some studies have 
indicated that AhR signaling is an important mechanism  
mediating the biological effect of PAH.3 In our study, PBMC 
expression levels of AhR were weakly correlated with 
both serum IgE and SCORAD index in our AD patients.  
However, PBMCs from the AD patients did not have a  
higher expression of AhR than the HCs. Nevertheless, we did 
not measure skin AhR expression, which may be more closely 
related to the pathology of AD. 

Several studies have investigated perturbations in blood 
levels of cytokines in AD patients. In these studies, increased 
blood levels of IL-4, IL-5, IL-17 and IL-23 and decreased 
blood levels of IFN-γ and IL-10 were found in AD children 
compared with HCs.28,29 Blood cytokine profile in adult AD 
patients is somewhat different from children with AD.30,31  
In Vakirlis et al.’s study of 21 adult AD patients with active 
disease, decreased patient serum levels of IL-4, IL-6, IL-10 
and IFN-γ were demonstrated compared with HCs.30 In line 
with their finding, we observed decreased mRNA expression  
levels of IFN-γin the PBMCs of the adult AD patients.  
In addition, we observed lower plasma levels of IL-5 and 
IL-23 in adult AD patients, which is discrepant from  
children with AD.36,37 We also examined the correlations  
between plasma cytokine levels/PBMC cytokine expression  
levels and serum IgE/SCORAD index. Interferon-γ is a 
Th1 cytokine and its negative correlation with serum IgE 
is no surprise. IL-23, though a Th17 cytokine, has been  
demonstrated to promote GATA-3 expression and Th2  
cytokine expression.32 This may explain our observation 
of a moderate association between plasma levels of IL-23 
and serum IgE levels. In Vakirlis et al.’s study, serum TNF  
levels correlated with SCORAD in adult AD patients with  
active disease,33 which is compatible with our observation 
of a weak correlation between plasma levels of TNF-α and 
SCORAD. We also found a moderate correlation between 
plasma levels of IL-22 and SCORAD. This is accordance with 
recent findings in support of a pivotal role of IL-22 in AD  
pathogenesis, such as elicitation of an inflammatory response, 
epidermal hyperplasia and disruption of skin barrier.34

There are several limitations to this study. First, the 
small number of sample size limits the power of the study.  
In particular, we tried to recruit as many healthy controls 
as we could, but the requirement of no allergic diseases and  
negative skin prick test to major allergens is hard to meet. 
Due to the same reason, we did not recruit age- and  
sex-matched controls. Nevertheless, plasma cytokine levels,  
PBMC expression levels, and urine PAH metabolite  
concentrations were not strongly associated with either 
age or sex (data not shown). Second, our AD patients were 
not newly diagnosed, and a majority of them were taking  
systemic immunomodulators. We did not ask them to 
hold medications due to ethical reasons. This may have  
influenced some of the study results, especially those 
in regard to cytokines. However, plasma cytokine  
levels, PBMC expression levels, and urine PAH metabolite  
concentrations were not different between AD patients who 
took or not took systemic immunomodulators (data not 
shown), except for a lower PBMC IFN-γ expression levels 
among those patients who took systemic immunomodulators  
when compared with those who did not (relative mRNA  
expression level: 9.0 × 10-5 vs. 2.4 × 10-4). Moreover, our  
results were in part in line with previous studies of adult 
AD patients. Third, comorbidities such as allergic rhinitis 
and asthma may partly account for the associations between 
urine levels of PAH metabolites and AD, although 9 (39%) 
of 23 AD patients had neither allergic rhinitis nor asthma.  
Fourth, some studies have implied a synergistic mechanism  
in PAH toxicity.33,35 Nevertheless, our sample size was 
not sufficient to analyze interactions between different 
PAH compounds. Finally, it is not possible to determine 
any causal relationship based on our results due to the  
cross-sectional study design.

Conclusion
In conclusion, our results demonstrated that urine 

metabolites of some PAHs, including fluorene and  
phenanthrene, were elevated in our adult AD patients. This 
indicates the potential effect of PAHs on the pathogenesis of 
AD. 
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