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Abstract
Cutaneous exposure to carcinogenic polycyclic aromatic hydrocarbons (PAH) occurs frequently in the industrialized work-
place. In the present study, we addressed this topic in a series of experiments using human skin explants and organic extracts 
of relevant industrial products. PAH mixtures were applied topically in volumes containing either 10 or 1 nmol B[a]P. We 
first observed that although mixtures were very efficient at inducing expression of CYP450 1A1, 1A2, and 1B1, formation 
of adducts of PAH metabolites to DNA, like those of benzo[a]pyrene diol epoxide (BPDE), was drastically reduced as the 
complexity of the surrounding matrix increased. Interestingly, observation of a nonlinear, dose-dependent response with the 
least complex mixture suggested the existence of a threshold for this inhibitory effect. We then investigated the impact of 
simulated sunlight (SSL) on the effects of PAH in skin. SSL was found to decrease the expression of CYP450 genes when 
applied either after or more efficiently before PAH treatment. Accordingly, the level of DNA-BPDE adducts was reduced in 
skin samples exposed to both PAH and SSL. The main conclusion of our work is that both increasing chemical complexity 
of the mixtures and co-exposure to UV radiation decreased the production of adducts between DNA and PAH metabolites. 
Such results must be taken into account in risk management.

Keywords Skin · Polycyclic aromatic hydrocarbons · UV radiation · Co-exposure · CYP450 · DNA adducts

Introduction

Polycyclic aromatic hydrocarbons (PAH) are ubiquitous pol-
lutants which represent a major concern in public health 
(IARC 2010). Due to their presence in polluted atmospheres 
(especially urban areas) and their abundance in food, PAH 
contaminate the general population by both inhalation and 
ingestion. PAH also represent a large fraction of the contam-
inants load in some occupational tasks (Boffetta et al. 1997; 
Deschamps et al. 2006; Forster et al. 2008). Indeed, PAH are 
produced by incomplete combustion of organic matter and 
are present not only in many industrial emission sources, 
but also in numerous carbon-containing materials used in 
various applications. These products include bitumen for 
road construction or carbon electrodes for electrolysis in alu-
minum or silicon factories. One specificity of occupational 
exposure is the importance of the cutaneous contamination 
route (Fustinoni et al. 2010; Herbert et al. 1990; VanRooij 
et al. 1993), which is typically negligible in the general 
population. As a consequence, skin is clearly identified as 
a target organ for PAH-induced carcinogenesis in exposed 
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workers (Pukkala et al. 2014; Siddens et al. 2012). Another 
interesting group that may provide useful data on dermal 
exposure to PAH are patients suffering from skin diseases 
who are treated by coal tar-containing ointments (Roelofzen 
et al. 2007), although PAH are not directly in contact with 
skin but rather mixed with a matrix. Like in all exposure 
scenarios, a main issue with PAH is the complexity and vari-
ability of the composition of the mixtures, which may con-
tain dozens of products, the proportion of which varies from 
one source to the other. A much more typical characteristic 
that needs to be considered in the case of skin toxicity of 
PAH is the additional role of solar light (Dickel et al. 2016) 
that can induce photosensitization reaction and/or modulate 
metabolism of PAH.

Metabolism in a key biological response of skin and other 
tissues in terms of toxicological impact of PAH (Baird et al. 
2005; IARC 2010; Shimada and Fujii-Kuriyama 2004). 
Indeed, parent PAH are not reactive due to their highly 
stable aromatic structure. They are converted by phase I 
enzymes, such as cytochrome P450-dependent monooxy-
genases (CYP450), into reactive metabolites, which then 
undergo conjugation to water-soluble groups and eventual 
elimination. Unfortunately, a fraction of these phase I metab-
olites may diffuse in the cells and reach biomolecules, such 
as DNA where it binds to bases thereby producing DNA 
adducts (Jeffrey et al. 1977; Peltonen and Dipple 1995). An 
additional genotoxic pathway involves release of reactive 
oxygen species (Park et al. 2009; Tsuji et al. 2011), although 
this was found to be a minor process, at least in cultured 
human cell lines (Genies et al. 2013; Tarantini et al. 2009). 
Formation of adducts between PAH metabolites and DNA 
has been specifically investigated for benzo[a]pyrene (B[a]
P). Numerous in vitro and in vivo works have provided 
large amounts of information on the biochemical pathways 
involved in the genotoxicity of this compound classified as 
carcinogenic to humans by IARC (2010). These investiga-
tions pointed the diol-epoxide derivative of B[a]P (BPDE) 
as the most deleterious metabolite (Jeffrey et al. 1977). DNA 
adducts of other PAH have also been identified, but they are 
less efficiently produced than those of B[a]P. Expression of 
metabolism genes and formation of DNA adducts are well 
documented in skin exposed to B[a]P (Bickers et al. 1984; 
Darwiche et al. 2007; Siddens et al. 2012).

Although the genotoxic properties of individual PAH are 
understood, predicting the effects of the mixtures of these 
compounds is still a challenge (Jarvis et al. 2014). Use of 
Toxic Equivalency Factors, like for dioxins (Safe 1990), has 
been proposed for the prediction of the toxicity of complex 
exposures to PAH (Nisbet and LaGoy 1992). Unfortunately, 
this approach is based on an additivity principle that is con-
tradicted by a growing amount of observations. This is the 
case for in vitro studies where both inhibitory and synergis-
tic effects were observed, even for simple cases like binary 

mixtures (Binkova and Sram 2004; Genies et al. 2016; Jarvis 
et al. 2013; Staal et al. 2008; Tarantini et al. 2011b). The fact 
that the results are different from one cell type to another 
complicates the prediction. The toxic effects of binary and 
tertiary PAH mixtures in skin have been investigated in 
some animal studies. Both inhibitory and synergistic effects 
were observed on the formation of DNA adducts, depend-
ing on composition of the mixtures (Hughes and Phillips 
1993; Rice et al. 1984; Smolarek et al. 1987). Studies of the 
impact of complex mixtures on genotoxicity of specific PAH 
in murine skin are also unclear, since some report increased 
tumorigenicity of the mixture with no modulation of the 
level of DNA adducts (Courter et al. 2008), while others 
found no impact on tumor formation and a lower level of 
adduct upon co-exposure (Marston et al. 2001).

Exposure to solar light, in particular the UV portion of its 
spectrum, is an additional parameter than can modulate the 
toxicity of PAH in skin and affect carcinogenicity (Dickel 
et al. 2016). UV can be absorbed by PAH and induce a pho-
tosensitized oxidative stress, as observed in several in vitro 
studies (Crallan et al. 2005; Mauthe et al. 1995; Soeur et al. 
2017; Xia et al. 2015; Yu et al. 2006). UV may also induce 
degradation of PAH and lead to the formation of toxic pho-
toproducts (Teranishi et al. 2010; Toyooka and Ibuki 2007). 
A third pathway involves the modulation of metabolism of 
PAH by UV, as suggested by the observed increase in the 
formation of DNA adducts in the skin of mice chronically 
co-exposed to UVA (320–400 nm) and B[a]P (Saladi et al. 
2003). It has also been shown mostly in the HaCaT cell line 
that UVB (280–320 nm) radiation leads to the activation 
of the aryl hydrocarbon receptor (AhR). This resulted in a 
modest, yet significant increase in the induction of CYP450 
metabolization enzyme (Fritsche et al. 2007; Rannug and 
Fritsche 2006). Using an indirect assay, favored formation of 
BPDE-DNA adducts was reported in UVB-irradiated HaCaT 
cells treated with B[a]P (Nair et al. 2009). In contrast, we 
recently reported that exposure to simulated sunlight (SSL) 
led to a decrease in CYP450 expression induced by B[a]P 
and strongly delayed the formation of DNA adducts quanti-
fied by a direct HPLC–mass spectrometry technique (von 
Koschembahr et al. 2018).

In spite of the works mentioned above, it appears that 
information is still missing on two key issues of the geno-
toxicity of PAH in skin, namely the mixture effect and the 
impact of their co-exposure with solar UV. The present pro-
ject was designed to address these two points. We worked on 
human skin explants, which are relevant biological models 
of cutaneous tissue, topically exposed to organic extracts of 
PAH-containing materials from industrial origin. Additional 
experiments with pure B[a]P and synthetic mixtures were 
performed. To study the impact of UV radiation, we exposed 
skin to light emitted by a solar simulator either before or 
after topical application of the PAH mixtures. As biological 
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endpoints, we quantified the expression of the genes coding 
for CYP450 1A1, 1A2 and 1B1, involved in the metabolism 
of PAH and efficiently expressed in skin (Costa et al. 2010; 
Swanson 2004; Villard et al. 2002), and monitored the level 
of DNA adducts to the most genotoxic B[a]P metabolite, its 
diol-epoxide derivative (BPDE).

Methods

Preparation of skin explants

Human skin samples were obtained following breast sur-
gery from healthy female donors (Centre Hospitalier Uni-
versitaire de Grenoble, Grenoble, France). All experiments 
were performed in accordance with relevant guidelines and 
regulations. In particular, work was performed in agreement 
with article L1245-2 of the French Public Health Code on 
the use of surgical wastes for research purposes. As stipu-
lated, donors were informed and agreed to participate, and 
the samples were used anonymously. Declaration of col-
lection and storage of human skin samples to the French 
authorities was validated in the CODECOH DC-2008-444 
document. All donors were between the ages of 17 and 
58, and their skin phototype was either II or III, according 
to the Fitzpatrick classification scale. Upon receipt of the 
skin, an epidermal layer of 0.25 mm thickness was collected 
using a SOBER hand-held dermatome (Humeca, Enschede, 
Netherlands). Twelve mm biopsies were made with sterile 
punches (Help Medical, France). Samples were then placed 
in polystyrene inserts (14 mm diameter, 1 µm pore size filter, 
ThinCertTM, Greiner Bio-One, Austria) in 12-well plates 
(Greiner Bio-One, Austria). The explants were maintained 
at the liquid/air interface on 500 µL of DMEM/F-12 medium 
(Thermo-Fisher) containing 10% Pen/Strep at 37 °C and 4% 
(w/v) bovine serum albumin in a humidified incubator con-
taining 5%  CO2. In all experiments, the culture medium was 
changed every 24 h.

Preparation of PAH mixtures

Mixtures of PAHs were prepared as described by Bourgart 
et al. (2019). Briefly, mixtures were extracted from raw 
industrial materials and adjusted to the required concentra-
tions of B[a]P. Two coal tar pitch samples, CTP and  CTPL, 
(L for “light”) were used. The coal tar pitch was reduced to 
powder, suspended in 100 mL of  CH2Cl2, and sonicated. 
An aliquot fraction of the liquid phase was evaporated to 
dryness and the resulting residue was dissolved and diluted 
in acetone (Sigma-Aldrich, St Quentin-Fallavier, France) 
to prepare solutions containing 0.2 mM of B[a]P for the 
topical application of 1 nmol in 5 µL (CTP-1 and  CTPL-1). 
For CTP, an additional solution (CTP-10) corresponding to 

2 mM B[a]P and 10 nmol in 5 µL was also prepared. A simi-
lar protocol was applied to a petroleum coke sample (PC) 
to prepare a solution at 0.2 mM in B[a]P in acetone (PC-1). 
The PAH composition of the mixtures was determined by 
HPLC with fluorescence detection, as previously described 
(Tarantini et al. 2011a). Synthetic mixtures of 12 PAHs in 
proportions found in the original materials were accurately 
reconstituted using PAH stock solutions for each of these 
solutions. They were diluted in acetone at either 0.2 or 2 mM 
B[a]P, just like the raw extracts. These synthetic mixtures are 
referred to as CTP-S-10, CTP-S-1,  CTPL-S-1 and PC-S-1. 
The twelve investigated PAH are among the priority EPA 
PAH and include: fluoranthene (Flua), pyrene (Pyr), benz[a]
anthracene (B[a]A), chrysene (Chr), benzo[e]pyrene (B[e]
P), benzo[b]fluoranthene (B[b]F), benzo[k]fluoranthene 
(B[k]F), benzo[a]pyrene (B[a]P), dibenzo[a,h]anthracene 
(dB[ah]A), benzo[g,h,i]perylene (B[ghi]P), benzo[j]fluoran-
thene (B[j]F), and indeno(1,2,3-c,d)pyrene (IP). All PAH 
were supplied by LGC Standards.

Treatment of skin with PAH mixtures

Different treatment protocols were applied to the skin 
explants. Several experiments involved exposure of skin 
explants to PAH only for increasing periods of time. For 
this purpose, 5 μL of a solution in acetone of the chosen 
mixture of PAH was topically applied to the explant imme-
diately following punch preparation. Fresh culture medium 
was added to each well and the samples were maintained 
in the incubator. Explants were collected after increasing 
periods of time. UV irradiations were performed using a 
LS1000 Solar Simulator (Solar Light Company, Glenside, 
PA, USA), which emitted wavelengths in the 290–400 nm 
range. In all experiments, the dose of two minimal erythe-
mal dose (MED), corresponding to 7.2 J/cm2 UV radiation, 
was used. Prior to irradiation, culture media was replaced 
by PBS. Irradiations were performed at room temperature 
at the liquid/air interface. Following irradiation, PBS was 
replaced with fresh culture medium. Irradiations were per-
formed either 1 h before (SSL/PAH protocol) or 24 h after 
topical application of the PAH mixture of interest (PAH/
SSL protocol). In both protocols, samples were collected 
48 h after the beginning of the PAH treatment. Additional 
experiments were performed with the SSL/PAH protocol 
with the explants collected only 24 h after irradiation. For 
all treatment protocols, explants from three different donors, 
each with samples prepared in triplicates, were used.

Viability assays

Quantification of cellular viability was based on the classical 
MTT assay performed both in skin explants and in primary 
cultures of keratinocytes prepared as previously reported 
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(von Koschembahr et al. 2018). Skin explants were treated 
under the chosen experimental conditions. After 48 h, the 
growing medium was removed and replaced with 500 µL 
of fresh medium containing 0.5 mg/mL of MTT. The skin 
explants were then placed at 37  °C in 5%  CO2. Viable 
explants slowly turned purple. After 2 h, the explants were 
collected, rinsed in PBS and cut in pieces with a scalpel. 
DMSO (500 µL) was added and the samples left for 1 hour at 
37 °C. The assay with cultured keratinocytes was performed 
in 96-well plates as previously reported (von Koschembahr 
et al. 2018). For both series of experiments, viability was 
inferred from the absorption at 570 nm after subtraction of 
the measurement background.

Quantitative reverse transcription PCR

Gene expression analysis was performed, as previously 
described (von Koschembahr et  al. 2018). Four phase 
I metabolism genes (CYP1A1, CYP1A2, CYP1B1, and 
EPHX1) were targeted. The skin was homogenized by use of 
a TissueRuptor (Qiagen). The resulting mixture was digested 
by proteinase K, homogenized by a QiaShredder column, 
and RNA was isolated using a RNeasy Mini Kit combined 
with the RNase-free DNase system (Qiagen, Courtaboeuf, 
France). The amount of RNA in the samples was quantified 
using a ND1000 NanoDrop spectrophotometer. First strand 
cDNA was synthesized from 1.0 µg of total RNA using the 
SuperScript VILO Synthesis Kit (Thermo-Fisher). Quanti-
tative real-time polymerase chain reaction (RT-qPCR) was 
then performed using the human  RT2 qPCR primers and 
 RT2 SYBR Green qPCR Mastermix (Qiagen). Amplification 
was performed using the Bio-Rad CFX96 system (Bio-Rad, 
Marnes-la-Coquette, France). The Bio-Rad CFX96 system 
software was used to determine the cycle threshold (CT) val-
ues, and the comparative ΔΔCT method was used to calcu-
late the relative fold change of the four genes after normali-
zation to GAPDH, RPS18, or β-Actin (Livak and Schmittgen 
2001). Biological triplicates were processed individually for 
RNA isolation and analyzed in technical duplicates. Values 
were normalized to expression in control untreated samples.

Quantification of BPDE‑N2‑dGuo

For DNA adduct quantification, DNA was extracted from 
the skin explants after homogenization in a TissueLyzer II 
using the ATL lysis buffer of a DNeasy Blood and Tissue 
Kit (Qiagen), combined with mechanical disruption using 
metal beads. Samples were then sequentially treated with 
proteinase K and RNaseA. After a second lysis step using 
AL buffer, ethanol was added and the samples were loaded 
onto DNeasy spin columns. After three wash steps, DNA 
was eluted off the column by adding 200 µL of water. The 
collected samples were freeze-dried overnight and then 

solubilized in 50 µL of water. DNA was hydrolyzed by a 
first incubation using phosphodiesterase II, DNase II, and 
nuclease P1 (37 °C, 2 h). A second incubation step was then 
performed using phosphodiesterase I and alkaline phos-
phatase (37 °C, 2 h). All enzymes used were purchased from 
Sigma-Aldrich. Samples were analyzed by HPLC-tandem 
mass spectrometry. Separations were performed on reverse-
phase HPLC column (150 × 2 mm ID, 3 μm particle size, 
ODB, Interchim, Montluçon, France). The mobile phase 
was a gradient of acetonitrile (6–80%) in 2 mM ammonium 
formate (pH 6). Quantification of BPDE-N2-dGuo was per-
formed on a tandem mass spectrometer (SCIEX API 3000) 
with positive electrospray ionization. The detection was 
made in the multiple reaction monitoring mode using tran-
sitions m/z 570,257→, m/z 570,454→ and m/z 570,282→ as 
previously described (Genies et al. 2013; Marie et al. 2008). 
Unmodified nucleosides were quantified with a UV detector 
and used to assess the amount of analyzed DNA. External 
calibration of the response of the two detectors was per-
formed for each run of analyses, using repeated injections 
to control the stability of the sensitivity of the detection and 
of the retention times. Results were expressed in number of 
adducts per million normal bases.

Statistical analysis

Data were statistically analyzed in GraphPad PRISM using 
one-way ANOVA followed by Student–Newman–Keuls 
(SNK) for multiple comparisons. Statistical analyses were 
performed on pools of replicates originating from different 
donors.

Results

Experimental design

The relevance of the present work relied on three main 
aspects:

• The biological model. To be more realistic than 2D cell 
cultures, we used freshly prepared skin explants from 
breast surgery. To mimic cutaneous contamination, we 
applied PAH mixtures topically rather than in the culture 
medium. All donors were of phototype II or III.

• PAH mixtures relevant to occupational exposures. 
Organic extracts of coal tar pitch and petroleum coke 
were used (Table S1). Coal tar pitch is found in elec-
trodes of silicon manufacturing, and in the bitumen used 
by roofers and asphalt workers. Two types of coal tar 
pitch, differing first in their overall PAH content, were 
used, with a ratio of 3.5 in the amount of PAH per gram 
of raw material between CTP and  CTPL. The propor-
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tion of low molecular weight PAH (4-ring compounds) 
was also different in the two products, with values of 46 
and 76%, respectively. We also included in our work an 
extract from petroleum coke (PC), a carbon-rich prod-
uct used among other applications in the production of 
silicon carbide. This product was much poorer in PAH 
than coal tar pitches (70 and 30 times less than CTP and 
 CTPL, respectively), and almost devoid of 4-ring deriva-
tives. To get additional insights in the effect of chemical 
complexity, we included in our study reconstituted syn-
thetic PAH fractions of the later raw extracts and pure 
B[a]P. The amount of mixtures used in our experiments 
are larger than actual exposures. Our work on chemical 
complexity of the mixtures was performed with amounts 
of 8.8 nmol/cm2 B[a]P, namely only 10-times larger than 
the 0.1 nmol/cm2 values determined in aluminum fac-
tories workers (VanRooij et al. 1992). It should also be 
mentioned that our largest dose is lower than that used in 
some other works (Brinkmann et al. 2013; Moody et al. 
1995; Sartorelli et al. 1999).

• The source of UV radiation. The vast majority of the 
published studies on the phototoxicity of PAH used 
either pure UVB or pure UVA. However, it is important 
to consider that human skin is never exposed to such 
pure sources of UV, and that concomitant and coopera-
tive effects can take place between UVB and UVA. This 
is the reason why we performed all irradiations with a 
solar simulator emitting less than 5% UVB, similar to 
solar irradiation that reaches the Earth’s surface. The 
applied dose corresponded approximately to 50 min of 
exposure in summer in a mid-latitude European country 
with a UV index of 6. Such conditions are highly relevant 
to occupational exposures.

It should be mentioned that a large fraction of the data 
were obtained with the same three donors as those used for 
the study of trans-epidermal migration of PAH and of their 
metabolites. The results of the latter work were recently pub-
lished (Bourgart et al. 2019) and provide interesting insights 
on the present data.

Viability of skin explants

The viability of the treated explants was investigated for 
the CTP and CTP-S mixtures, which are those applied to 
skin in the largest amount. Data were obtained by the robust 
MTT assay. A version of this technique was developed for 
skin explants. The same treatments as those used for gene 
expression and DNA damage quantification were applied to 
explants, together with a positive control consisting in topi-
cal application of 5 µL of 10% w/w SDS in water (Table 1). 
We first confirmed the ability of our method at assessing 
cytotoxicity since the value for the positive control was 10 
times lower than that of the untreated skin. SSL and CTP-S 
alone led to a 30% loss of viability. The irradiation before 
application of CTP-S led to a 70% viability while the reverse 
order of treatment in the PAH/SSL protocol decreased via-
bility by a factor 2. Unfortunately, no information could 
be obtained in skin topically exposed to crude CTP extract 
because of the presence of interfering colorful compounds. 
To obtain information on this mixture, we performed MTT 
measurements on primary cultures of keratinocytes from 2 
donors. Two concentrations of mixtures, corresponding to 
0.01 and 0.1 µM B[a]P were used. SSL (2 MED) induced 
25% loss of viability. Pure mixtures were less toxic, with 
a small concentration effect and a slightly better viability 
for CTP-S compared to CTP. Like in skin, exposure of SSL 
after addition of mixtures only slightly increased the effect 

Table 1  Viability determined by a MTT assay in skin explants and 
primary cultures of normal human keratinocytes exposed to SSL (2 
MED), CTP and CTP-S (CTP: crude coal tar pitch extract; CTP-S: 

synthetic reconstitution of the PAH fraction of CTP) following differ-
ent experimental protocols

An amount of CTP-S corresponding to 10 nmol B[a]P was topically applied to the skin explants. The concentration of CTP-S and CTP in the 
culture medium of keratinocytes was either 0.01 or 0.1 µM. Skin explants originating from a same donor were used in triplicate for each condi-
tion. Keratinocytes cultured from two different skin samples (six replicates per condition for each donor) were grown in 96-well plates for the 
assay. Results are % of viability compared to untreated samples

Skin explants
 Control Positive control SSL CTP-S 10 SSL/CTP-S 10 CTP-S 10/SSL
 100 ± 11 14 ± 2 77 ± 4 73 ± 3 69 ± 5 49 ± 5

Keratinocytes
 No SSL: Control CTP-S 0.01 µM CTP-S 0.1 µM CTP 0.01 µM CTP 0.1 µM

100 ± 6 93 ± 6 88 ± 6 91 ± 5 80 ± 5
 SSL/HAP SSL SSL + CTP-S 0.01 µM SSL + CTP-S 0.1 µM SSL + CTP 0.01 µM SSL + CTP 0.1 µM

76 ± 5 69 ± 4 67 ± 5 67 ± 4 47 ± 4
 HAP/SSL SSL CTP-S 0.01 µM + SSL CTP-S 0.1 µM + SSL CTP 0.01 µM + SSL CTP 0.1 µM + SSL

76 ± 5 6.5 ± 0.3 2.8 ± 0.2 2.2 ± 0.2 1.2 ± 0.1
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of CTP-S and CTP. In contrast, the PAH/SSL protocol 
was much more cytotoxic for CTP-S in keratinocytes than 
in skin. The same strong loss of viability was observed in 
keratinocytes treated with CTP and then irradiated. It seems 
likely that the larger sensitivity of keratinocytes compared to 
skin is explained by the much more efficient contact between 
the PAHs and the cells in the former case. This would lead to 
larger intracellular concentration of PAH and a much more 
efficient photochemical enhancement of the effect of SSL. 
Altogether, it can be concluded that, in skin, the mixtures 
alone exhibit a moderate toxicity. SSL alone and the PAH/
SSL protocol are somewhat more toxic but the loss of viabil-
ity remains below 30%. A stronger effect is observed for the 
PAH/SSL protocol with 50% viability.

Expression of CYP450 genes upon exposure 
to complex mixtures

In a first step, we investigated the extent of expression 
of three major genes coding for enzymes involved in the 
metabolism of PAH, the cytochrome P450 monooxyge-
nases 1A1, 1A2, and 1B1 in skin explants exposed to PAH 
for 48 h (Fig. 1). The treatment time was selected based on 
our previous work that showed that it corresponded to the 
maximal expression of the three genes (von Koschembahr 
et al. 2018). RT-qPCR data showed that 10 nmol B[a]P sig-
nificantly induced their overexpression with fold increases 
of 21 for CYP1A1 and 23 for CYP1A2. CYP1B1 was only 
overexpressed by a factor 3.5. The same order of increase in 
gene expression was observed in the skin samples exposed 
to the CTP and CTP-S PAH mixtures containing 10 nmol 
B[a]P. The extent of overexpression of the CYP genes was 

roughly one order of magnitude larger with CTP-S than with 
pure B[a]P. This difference was slightly lower for the CTP 
raw extract, which led to a 30–50% lower induction of CYP 
genes, compared to CTP-S. No significant modulation of the 
expression of the gene coding for epoxide hydrolase EPHX1 
was observed (data not shown).

Formation of DNA adducts with pure B[a]P 
and mixtures

The level of BPDE-N2-dGuo adducts was then measured in 
the same skin explants. We observed a drastic effect of the 
presence of compounds other than B[a]P in the mixture. 
While a level of 9.9 ± 1.9 BPDE-N2-dGuo per million bases 
was determined in skin exposed to 10 nmol of pure B[a]
P, a twofold lower value, 5.4 ± 0.8 (p < 0.05), was found in 
samples exposed to CTP-S-10. This ratio was more than 25 
for skin exposed to crude CTP-10 where the level of BPDE-
N2-dGuo was 0.22 ± 0.05 (p < 0.01). The same order in the 
level of content in DNA adducts (B[a]P > CTP-S > CTP) 
was observed between 24 and 72 h, although at the value 
for CTP-S-10 was closer to that for B[a]P-10 samples at the 
72 h time-point (Fig. 2).

Effect of the nature of the mixture on DNA adducts 
formation

We then investigated the formation of BPDE-N2-dGuo in 
skin samples from three other donors exposed to pure B[a]P 
and to the three different PAH mixtures. The concentrations 
in B[a]P in  CTPL and PC are very low. Adding 10 nmol of 
B[a]P with these solutions would thus necessitate the prep-
aration of highly concentrated solutions above saturation. 

Fig. 1  Modulation of the expression of CYP genes in skin exposed 
for 48  h either to 10  nmol of pure B[a]P or to solution of mixture 
containing 10  nmol B[a]P (CTP: raw coal tar pitch extract; CTP-S: 
synthetic reconstitution of the PAH fraction of CTP). Results were 
obtained from three donors studied in triplicates and represent the 
mean ± standard error. Statistical significance of the differences: 
*p < 0.05, **p < 0.01. All values were statistically different from 
those of the unexposed controls

Fig. 2  Time-course formation of BPDE-N2-dGuo adducts in skin 
explants exposed either to 10  nmol of pure B[a]P or to solution of 
mixtures containing 10 nmol B[a]P (CTP: raw coal tar pitch extract; 
CTP-S: synthetic reconstitution of the PAH fraction of CTP). Results 
were obtained from three donors studied in triplicates and represent 
the mean ± standard error. Statistical significance of the difference 
with respect to samples exposed to pure B[a]P: *p < 0.05, **p < 0.01
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Therefore, we limited the applied amount of B[a]P to 
1 nmol. At this dose, the lower level of adducts produced 
by pure B[a]P with comparison with the synthetic mixtures 
CTP-S-1,  CTPL-S-1, and PC-S-1 did not reach statistical 
significance (Fig. 3). In contrast, the inhibition of the for-
mation of BPDE-N2-dGuo was larger for the raw extracts, 
in particular  CTPL-1 and PC-1. No statistically significant 
difference was observed between CTP-S-1 and CTP-1, but a 
one order of magnitude lower level of adduct was observed 
in the crude extracts compared to the synthetic mixtures for 
 CTPL-1 and PC-1. It may be added that, unexpectedly, the 
level of DNA adducts of skin exposed to CTP-1 was more 
than twice that found in the DNA of explants exposed to a 
10-times larger dose (CPT-10, Fig. 2).

Impact of simulated sunlight on PAH‑mediated 
gene induction

Investigation of the effect of solar UV was performed with 
explants from the same donors as those used in gene expres-
sion and DNA damage parts. In terms of gene expression 
(Table 2), exposure to SSL alone only slightly increased 
the expression of CYP genes. A twofold increase was also 
mediated by the exposure to SSL in samples exposed to B[a]
P only. However, these differences did not reach statistical 
significance. A significant inhibitory effect of exposure to 
SSL 1 h before incubation with PAH was observed on the 
modulation of gene expression in skin samples exposed 
to CTP-S-10 and CTP-10, with the exception of CYP1B1 
with CTP-10. A similar statistically significant inhibitory 
effect was observed for the three genes when explants were 
incubated with CTP-S-10 24 h before exposure to SSL. A 
statistically significant lower induction of CYP1A2 was also 
observed with CTP-10. As a general trend, the inhibitory 
effects of SSL on gene induction were more pronounced 
with crude extracts rather than synthetic mixtures.

Formation of DNA adducts upon co‑exposure to SSL 
and PAH mixtures

We then quantified the level of BPDE-N2-dGuo in the sam-
ples of skin explants exposed to SSL and to PAH mixtures 
for 48 h (Table 3). A strong and significant inhibitory effect 
was observed for the synthetic mixture CTP-S-10 in both the 
SSL/PAH and PAH/SSL protocols. The decrease induced by 
the exposure to SSL compared to the PAH treatment only 
was 3.8 and 2.1, respectively. A lower and not statistically 
significant effect was observed for pure B[a]P with SSL-
induced decrease of 1.4 under both protocols. No clear trend 
was observed for the crude mixture because the HPLC–MS/
MS signal was at the limit of quantification and the error on 
the measure was too high to draw clear conclusions (data not 

Fig. 3  Level of BPDE-N2-dGuo adducts in skin exposed for 48  h 
to either 1  nmol of pure B[a]P or to solutions of mixtures contain-
ing 1 nmol B[a]P (CTP: raw coal tar pitch extract; CTP-S: synthetic 
reconstitution of the PAH fraction of CTP;  CTPL: raw “light” coal tar 
pitch extract;  CTPL-S: synthetic reconstitution of the PAH fraction 
of  CTPL; PC: raw petroleum extract; PC-S: synthetic reconstitution 
of the PAH fraction of PC). Results were obtained from three donors 
and represent the mean ± standard error. Statistical significance of the 
differences: *p < 0.05, **p < 0.01

Table 2  Increase in the 
expression of CYP450 genes 
upon exposure to PAH for 48 h 
and SSL

Samples were irradiated either 1 h before or 24 h after the beginning of the PAH treatment (CTP: crude 
coal tar pitch extract; CTP-S: synthetic reconstitution of the PAH fraction of CTP). The numbers in brack-
ets are the ratio between expression observed in skin explants treated with PAH with additional exposure 
to SSL and in those treated with PAH only (see Fig. 1). Results were obtained from three donors studied in 
triplicates and represent the mean ± standard error. Statistical significance of the differences between irradi-
ated and non-irradiated: *p < 0.05, **p < 0.01

CYP1A1 CYP1A2 CYP1B1

SSL 2.5 ± 0.4 (2.1) 1.8 ± 0.3 (1.7) 1.7 ± 0.3 (1.5)
SSL + B[a]P-10 52.1 ± 15.3 (2.5) 34.6 ± 16.6 (1.5) 5.5 ± 1.1 (1.6)
SSL + CTP-S-10 114.1 ± 43.2 (0.5)** 85.6 ± 41.7 (0.3)** 10.1 ± 2.4 (0.5)**
SSL + CTP-10 65.3 ± 18.3 (0.4)** 19.9 ± 6.7 (0.2)** 8.9 ± 2.1 (0.6)
B[a]P-10 + SSL 35.7 ± 6.8 (1.7) 54.1 ± 16.8 (2.4) 5.3 ± 0.6 (1.5)
CTP-S-10 + SSL 163.5 ± 53.7 (0.7)* 180.0 ± 85.8 (0.6)** 13.4 ± 2.3 (0.6)*
CTP-10 + SSL 105.5 ± 25.9 (0.6) 38.0 ± 7.9 (0.3)* 12.8 ± 3.0 (0.9)
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shown). To complete these data, we repeated the SSL/PAH 
protocol with collection of the explants after 24 h instead 
of 48 h of treatment. Under these conditions, a statistically 
lower level of DNA adducts was observed in irradiated sam-
ples for both B[a]P-10 and CTP-S-10. The respective inhibi-
tory effect of SSL on the formation of BPDE-N2-dGuo was 
6.5 and 2.2 (Table 3).

Discussion

In contrast to the general population where cutaneous 
contamination by PAH is minor, this exposure route is a 
key issue in occupational health. Indeed, workers in spe-
cific industries can be exposed to high levels of this class 
of toxic chemicals, depending on their tasks (Forster et al. 
2008). Risk assessment is therefore critical, but represents a 
major challenge for two reasons. The first is the large diver-
sity of chemical complexity of the mixtures that workers 
are exposed to. PAH are found in different proportions and 
in different matrices, depending on the products which are 
manufactured or used. A second issue for skin toxicity is 
the confounding role of exposure to sunlight, either during 
working hours or after, which may induce PAH-mediated 
processes and modulate the skin’s biological response to 
PAH.

Effect of the chemical complexity was presently investi-
gated with crude organic extracts from coal tar pitch (CTP) 
or the corresponding synthetically reconstituted fractions 
containing 12 major PAH (CTP-S). The two solutions were 
topically applied for 48 h to skin explants in amounts con-
taining 10 nmol B[a]P. Induction of CYP1A1, 1A2, and to a 
lesser extent 1B1, was larger in skin exposed to CTP-S-10 
and CTP-10 compared to 10 nmol pure B[a]P. Interestingly, 

expression of CYP1A1 and 1A2 was roughly 10-times higher 
with CTP-S-10 than B[a]P-10, namely in a ratio very close 
to the ratio between the overall applied amount of PAH. 
Indeed, the total PAH concentration of CTP-S is 24 mM 
compared to 2 mM B[a]P. On the same line, the increase in 
expression induced by 10 nmol B[a]P is roughly one order 
of magnitude lower than the induction we observed in simi-
lar experiments involving topical application of 100 nmol 
B[a]P (von Koschembahr et al. 2018). These observations 
strongly suggest that, under our experimental conditions, 
the amount of applied mixture containing only PAH was 
not large enough to saturate the response in gene expres-
sion, unlike what has sometimes been proposed (Jacques 
et al. 2010; Ng et al. 1992). Yet, we observed a twofold 
lower induction of CYP in explants exposed to the crude 
CTP extract than to the synthetic mixture. The observed dif-
ference strongly suggests a mild, but significant inhibitory 
effect of chemicals other than PAH present in the raw mix-
ture on CYP gene induction.

In contrast to gene expression, the level of adducts 
between DNA and the most deleterious B[a]P metabolite, 
BPDE, strongly decreased with increasing chemical com-
plexity. Although all skin explants were exposed to 10 nmol 
B[a]P, the amount of BPDE-N2-dGuo was 2.5 and 22 times 
lower in skin exposed to CPT-S-10 and CPT-10, respec-
tively, than to pure B[a]P after 48 h exposure. This extent 
of DNA damage formation inversely follows the order of 
chemical complexity since CTP-S contains only 12 PAH, 
while raw CTP also contains other PAH as well as chemi-
cals of different types. The low level of DNA adducts upon 
complex mixture exposure was also observed in skin of 
patients treated with coal tar ointments (CTO). Values rang-
ing between 0.3 and 0.01 adducts per  106 bases were found 
following exposure to CTO containing 60 pmol/cm2 B[a]P 
(Godschalk et al. 1998). Exposure of healthy volunteers to 
CTO resulted in 10-times fewer B[a]P content, leading to a 
frequency of PAH adducts of 0.2 per  106 bases (Roelofzen 
et al. 2012). Interestingly, the observation of a decreased 
formation of adducts with increasing mixture complexity 
was also made in our skin explants for tetraol, the final prod-
uct of BPDE, and all other PAH metabolites investigated 
(Bourgart et al. 2019). These results show that decreased 
formation of DNA adducts is mostly explained by reduced 
production of metabolites and not by modulation of other 
cellular pathways. When other mixtures (CTP,  CTPL, and 
CP) were applied in amount containing 1 nmol B[a]P, the 
formation of BPDE adducts also followed a trend opposite 
to the chemical complexity. The highest level of BPDE-N2-
dGuo was observed in explants exposed to CTP-1 where 
PAH represent 2.8% of the overall crude starting product. A 
7- and 3-fold lower value of DNA adducts was observed for 
 CTPL and CP, respectively, which both contain lower PAH 
proportion (0.8 and 0.03% PAH, respectively) than CTP. The 

Table 3  Level of BPDE-N2-dGuo in the DNA of skin explants incu-
bated with PAH for either 24 or 48 h, and co-exposed to SSL (CTP: 
raw coal tar pitch extract; CTP-S: synthetic reconstitution of the PAH 
fraction of CTP)

The latter was applied either 1 h before or 24 h after the beginning 
of the PAH treatment. The value in brackets is the decrease in adduct 
formation, namely the ratio between the data obtained in the absence 
and the presence of an irradiation step. Results were obtained from 
three donors studied in triplicate and represent the mean ± standard 
error. Statistical significance of the differences between irradiated and 
non-irradiated: *p < 0.05, **p < 0.01

Treatment 48 h post PAH 24 h post PAH

B[a]P-10 9.9 ± 1.9 3.61 ± 0.52
SSL + B[a]P-10 7.1 ± 1.5 (1.4) 0.56 ± 0.16 (6.5)**
B[a]P-10 + SSL 6.9 ± 1.2 (1.4)
CTP-S-10 5.4 ± 0.8 0.24 ± 0.04
SSL + CTP-S-10 1.4 ± 0.3 (3.8)** 0.11 ± 0.03 (2.2)**
CTP-S-10 + SSL 2.5 ± 0.5 (2.1)*
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impact of chemical complexity is even more obvious when 
the proportion of only B[a]P is considered, since the corre-
sponding values are 0.23, 0.04, and 0.01% for CTP,  CTPL, 
and PC, respectively. Another interesting observation was 
made when comparing the formation of DNA adducts in 
skin exposed to either B[a]P-10 or CTP-S-10. The values 
were lower for CTP-S-10 than B[a]P-10 at 48 h and even 
more at 24 h. However, the values at 72 h were closer. This 
trend reflects the production of metabolites in skin exposed 
to CTP-S, which is low during the first 48 h but increases 
by a factor 5–10 depending on the PAH between 48 and 
72 h (Bourgart et al. 2019). It is possible that the slow bio-
transformation in the first period of time reduces the chemi-
cal complexity enough to allow, after 48 h, a more efficient 
metabolization of PAH. This suggest the existence of a 
threshold under which chemical complexity less efficiently 
decreases metabolism.

The decrease in metabolism of PAH, and in particular of 
B[a]P, with increasing chemical complexity of the exposure 
cannot be explained by a decrease in CYP450 gene expres-
sion, at least when results obtained with pure B[a]P are com-
pared with synthetic or crude extracts. Indeed, as discussed 
above, induction of CYP genes is much higher with the 
mixtures. Lower expression of genes with raw extracts than 
synthetic mixtures could partly explain the DNA adducts 
results. However, the difference in gene expression observed 
between CTP-S and CTP is only a factor of 2 while the cor-
responding ratio for the level of adducts is approximatively 
10 for CTP-10,  CTPL-1, and PC-1. An alternative explana-
tion to our observation of a lower level of B[a]P adducts 
in the explants exposed to the more complex mixtures 
could be a slower migration of parent PAHs in the skin, 
thereby decreasing the amount of substrate for metabolism 
enzymes. Measurements performed in our samples showed 
that although the amount of PAH remaining at the surface of 
the explants was higher with raw extracts than with synthetic 
mixtures, the content within the skin was similar in both 
cases (Bourgart et al. 2019).

The link between inhibition of metabolism and increased 
chemical complexity is rather in agreement with another 
hypothesis, namely the occurrence of competition and inhi-
bition in the biotransformation enzymatic reactions (Danko-
vic et al. 1989; Pushparajah and Ioannides 2018; Shimada 
et al. 2007, 2008). Exposure to mixtures, which may be as 
simple as binary mixtures, exhibit different effects, depend-
ing on the cell type. In cultured hepatocytes and liver slices, 
PAH-rich mixtures were found to also exhibit synergistic 
effects on the metabolism and genotoxicity of B[a]P (Sev-
astyanova et al. 2007; Staal et al. 2007, 2008; Tarantini et al. 
2011a, b). In contrast, inhibition of the latter processes was 
always observed for cells with low metabolism capacities, 
like pulmonary cells (Binkova and Sram 2004; Genies et al. 
2016; Sevastyanova et al. 2007). By analogy, our present 

observations could be explained by the fact that the amount 
of CYP450 proteins expressed in skin is low, and that 
competition between components of the mixtures exhibit 
a drastic effect. The observation that, for the less complex 
mixture CTP, the level of BDPE-DNA adducts increases 
when the applied amount decreases from 10 to 1 nmol can 
be explained by a lower competition between PAH and other 
chemicals. This unexpected dilution effect is not observed 
with the other mixtures, where PAH represents a lesser frac-
tion and which exhibit a larger complexity. The bulk of these 
results points again to a threshold in the inhibition of metab-
olism by mixtures that further complicates risk assessment.

Additional explanations could be found in the expres-
sion of genes and proteins. A major impact of the mixtures 
on EPHX and phase 2 enzymes, such as GST, is unlikely. 
Indeed, we have shown in a previous work that expression 
of the corresponding genes was not affected by exposure to 
100 nmol B[a]P (von Koschembahr et al. 2018). The impact 
of exposure to complex mixtures on PAH metabolism could 
also result from modulation of epigenetics factors, as sug-
gested by a growing number of studies (Hu and Yu 2019). 
Therefore, more research will be needed, since studies report 
either hyper- (He et al. 2015) or hypomethylation of DNA 
(Liu et al. 2019). A more likely hypothesis is the involve-
ment of aldo–keto reductases (AKR). These enzymes can 
convert B[a]P dihydrodiol in the corresponding catechol, 
thereby preventing its subsequent epoxidation by CYP450 
into BPDE. This role of AKR has been well documented 
for lung cells (Abedin et al. 2012; Palackal et al. 2002). We 
proposed that the larger expression of AKRC1, together 
with that of the multi resistance protein 4, in A549 lung 
cells compared to HepG2 hepatocytes explained why the 
dose-course formation of DNA adducts was proportional to 
the concentration in the latter cells, but reach saturation at 
200 nM in the former (Genies et al. 2013).

After chemical complexity, we investigated the impact of 
exposure to simulated sunlight on the metabolism and geno-
toxicity of PAH mixtures. In agreement with reports made 
in HaCaT cells (Fritsche et al. 2007; Rannug and Fritsche 
2006), as well as in primary culture of human keratinocytes 
and human skin explants (von Koschembahr et al. 2018), we 
observed that exposure to SSL alone slightly activated the 
expression of CYP450 genes by a factor of 2. We also observed 
that exposure of explants to SSL before or after treatment with 
10 nmol B[a]P exhibited the same effect, although without 
reaching statistical significance. The latter observation con-
trasts with our recent results obtained following exposure to 
100 nmol B[a]P in skin explants where a 2–3-fold decrease 
in gene expression was observed (von Koschembahr et al. 
2018). Comparison of these two studies suggests a possi-
ble dose–effect. A significant decrease in gene expression 
was observed upon co-exposure of skin explants to sunlight 
and either CTP-S-10 or CTP-10 mixtures. This trend was 
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particularly significant with the crude extracts and when SSL 
was applied before treatment with PAH. These results show, 
as we reported in our previous study involving pure B[a]P 
applied to skin or primary keratinocytes (von Koschembahr 
et al. 2018), that the mild stimulation of CYP450 genes expres-
sion by SSL alone has no direct consequences when skin is 
co-exposed to PAH. This conclusion reinforces our previ-
ous hypothesis that endogenous photoproducts responsible 
for the induction of AhR-dependent pathways either weakly 
bind to this factor or are present in very low concentration and 
therefore cannot compete with exogenous ligands like PAH 
(Youssef et al. 2018).

This SSL-mediated inhibition of metabolism is, as 
expected, reflected in the formation of BPDE-DNA adducts 
in explants exposed for 48 h to pure B[a]P (although without 
reaching statistical significance), CTP-S, and CTP. A stronger 
effect on BPDE-DNA adducts has been observed in our previ-
ous work with larger amount of pure B[a]P (von Koschembahr 
et al. 2018). To determine whether different formation kinetics 
could be induced by a lower dose, we repeated the previous 
analyses at 24 h instead of 48 h. At this shorter time-point, the 
impact of the exposure to SSL before exposure to B[a]P and 
PAH mixture was much stronger than at 48 h, thereby provid-
ing stronger support for an inhibitory effect of UV on metab-
olism and genotoxicity of PAH in mixtures. This observed 
time-dependence is yet reminiscent of results obtained with 
100 nmol B[a]P (von Koschembahr et al. 2018), suggesting 
that the formation of adducts is not completely inhibited with 
synthetic mixtures, but seems rather to be delayed. An alterna-
tive explanation to the decreased level of DNA adducts upon 
co-exposure to PAH and SSL could have been as a result of 
photodegradation of the PAH at the surface of the explants 
(Yu et al. 2006). This seems very unlikely because the strong-
est effect of inhibition of CYP450 gene expression and DNA 
damage formation was observed when irradiations were per-
formed before application of PAH. In addition, we measured 
the composition of CTP and CTP-S irradiated in the dry state 
on a glass plate and could not find any difference with the 
initial mixtures (data not shown). An additional explanation 
could be the increased penetration of parent PAH observed in 
irradiated skin (Bourgart et al. 2019; Hopf et al. 2018). Inter-
estingly, there is one report of a stimulation of the expression 
of the gene coding for AKR1C in keratinocytes exposed to 
UVB (Marin et al. 2009). This observation could make the link 
between our observation of the effects of chemical complexity 
of the mixtures and of SSL.

Conclusion

Our present data emphasize the role of two important fac-
tors in the genotoxicity of PAH in skin upon occupational 
exposure: the composition of the contaminating mixture and 

the modulation by the UV portion of sunlight. We provide 
clear evidence that induction of metabolism is not ham-
pered by the mixture effect. However, although genes are 
expressed, individual PAHs are less efficiently metabolized 
as the mixture complexity increases, likely as the result of 
competition for enzymatic processes. This is well illustrated 
in the present work for B[a]P through the quantification of 
its DNA adducts. The strong mixture effects observed, in 
addition to a threshold evidenced by unexpected dilution 
effects, reinforce the growing need for risk assessment tools 
which do not depend on additivity principle, unlike Toxic 
Equivalency Factors. The same conclusion can be made 
regarding the modulation effect of solar UV radiation, which 
decreases the metabolism capacities of skin and delays the 
formation of DNA adducts. In terms of occupational safety, 
these two important results may be positive observations 
suggesting a reduced immediate toxicity. Conversely, these 
results also mean that PAH are less rapidly metabolized and 
eliminated, thereby expanding the duration of the internal 
exposure. It should be stressed that our work only involved 
a limited number of donors, all of them being women. It 
would be interesting to investigate how our observations 
are modulated within a population with different polymor-
phisms in metabolism genes. Some of them are associated 
with increased cancer risk upon exposure to PAH and other 
xenobiotics (Gajecka et al. 2005; Olshan et al. 2000). In 
addition, investigation of the gender effect is important since 
it is known most of the jobs associated with high PAH expo-
sure are mostly made by men (Scarselli et al. 2018).
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