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Introduction
As a result of the 7th Amendment of the Cosmetics 
Directive (EU, 2003), cosmetic ingredients can no longer 
be tested for genotoxicity in in vivo assays. !erefore, much 
e"ort has been made on the development of a micronu-
cleus assay in the 3D human reconstructed EpiDerm™ 
skin model (RSMN) (Curren et al. 2006, Dahl et al. 2011,  
Hu et al. 2009a, Munn et al. 2009). !is is a promising 
new assay for evaluating genotoxicity of dermally applied 
chemicals and results to date demonstrate international 
inter-laboratory and inter-experimental reproducibility of 
the assay for chemicals that do not undergo metabolism 

(Aardema et al. 2010). Ongoing studies in the Colipa-
funded (European Cosmetics Association) project include 
the testing of chemicals which are metabolically activated 
to the genotoxic metabolite. Initial #ndings suggest that 
the EpiDerm™ model can also correctly identify a number 
of genotoxicants which have been shown to be metaboli-
cally activated in hepatic models and human lymphocytes 
(data not shown), e.g. cyclophosphamide (Cao et al. 1993, 
Elhajouji et al. 1994) and benzo[a]pyrene (B[a]P (Elhajouji 
et al. 1994, Wu et al. 2003).!e skin is the largest organ of 
the body and has multiple functions, not least of which is 
that of metabolism (Chuong et al. 2002). Chemicals that 
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Abstract
1.  The micronucleus assay in the 3D human reconstructed EpiDerm™ skin model (RSMN) is a promising new assay for 

evaluating genotoxicity of dermally applied chemicals.
2.  To complement the testing of metabolically activated chemicals, such as cyclophosphamide (CPA) and benzo[a]

pyrene (B[a]P), we measured phase 1 (ethoxyresoru!n O-deethylation (EROD) and testosterone metabolism) and 2 
activities (UGTs and GSTs) in non-treated and genotoxin treated EpiDerm™ models in a study design which mimics 
the RSMN assay. The assay involved a three-dose dosing regimen over 72 h to take into account e"ects e.g. enzyme 
induction, which requires longer than the standard 2 dose 48-h assay.

3.  These studies demonstrated the presence of basal phase 1 and 2 activities of EpiDerm™ models.
4.  With the exception of GST, all of the activities measured did not reproducibly change over time.
5.  It was possible to measure enzyme induction using this assay design. EROD activity was signi!cantly induced by 

B[a]P but not by CPA. CPA and B[a]P had little or no reproducible e"ects on GST and UGT activities.
6.  In conclusion, a number of metabolic enzyme activities were present in the EpiDerm™ skin model and at least the 

CYP1 family was inducible.
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come into contact with the skin may be subject to metabo-
lism as they penetrate through the skin and pass into the 
systemic circulation. It is therefore of great importance to 
appreciate and measure the metabolic capacity of skin and 
how this a"ects endpoints such as cytotoxicity, and this 
case, genotoxicity. EpiDerm™ (Hu et al. 2010) and other 
reconstructed skin models (Luu-!e et al. 2009) are pre-
pared from primary human keratinocytes and have been 
shown to exhibit a metabolic potential which is similar 
to native human skin, at least with respect to the mRNA 
expression of these enzymes (Hu et al. 2010). However, 
the presence of mRNA expression does not always infer 
that the respective enzyme protein is present and, more-
over, functional (Pushparajah, 2008a). !ere are reports 
of functional enzyme activity measurements in native 
human skin models (Nohynek et al., 2005) and, indeed, 
EpiDerm™ models have been reported to have measure-
able N-acetyltransferase activities (Hu et al. 2009b). We 
have extended investigations of the metabolic capacity of 
EpiDerm™ models to include a study design which mim-
ics the pre-validated RSMN (Dahl et al. 2011) with the 
measurement of a limited number of basal phase 1 and 2 
activities. Few have reported whether the chemicals under 
investigation alter the metabolic enzyme levels; therefore, 
we have also investigated whether known genotoxicants 
alter (i.e. either increase or decrease) enzyme activities 
when they are applied to EpiDerm™ models under the 
same incubation conditions as those used in the RSMN 
assay. !e design of these studies includes a 72 h total 
treatment period (i.e. 3 daily doses) for two reasons (i) 
some metabolic enzyme activities (e.g. in human hepato-
cytes, PXR or CAR mediated CYPs) require an induction 
period of up to 72 h (LeCluyse et al. 2000); therefore, we 
wanted to maximize the chances of detecting an alteration 
in skin enzyme activities and (ii) in certain circumstances, 
the extension of the RSMN incubation time from 48 to 72 h 
may be required, especially for metabolically activated 
genotoxicants (Dahl et al. 2011). A manuscript addressing 
the 48 and 72 h dosing regimen for metabolically activated 
gentoxicant is in preparation (Aardema et al. 2010).

Cyclophosphamide and B[a]P were chosen as model 
bioactivated genotoxicants for these studies. B[a]P is 
metabolized in human liver mainly by CYP1B1, CYP1A1 
and microsomal epoxide hydrolase (Hvastkovs et al. 
2007) and in part by CYP2C9, and CYP3A4 which produce 
the 3-hydroxy metabolite (Gautier et al. 1996). In skin, 
pro mutagen and mutagen formations are dependent 
on the CYP1 family, which is inducible by UV radiation 
and environmental poly aromatic hydrocarbons (Afaq 
et al. 2009, Swanson, 2004), to the ultimate carcinogen, 
B[a]P-diolepoxide. Modulation of CYPs has been shown 
to alter the amount of DNA adducts formed in HepG2 
cells (Wei et al. 2009); therefore, metabolism plays an 
important role in the mechanism of B[a]P carcinogenesis. 
CYP1A1 is reported to be absent in native human skin but 
is induced by B[a]P (Oesch et al. 2007), making this an 
appropriate test chemical for our studies. Since CYP1A1 
and CYP1B1 are responsible for the bioactivation of many 

pro-genotoxicants in rodents and humans (Pelkonen and 
Nebert, 1982), the O-deethylation of the CYP1 substrate 
7-ethoxyresoru#n (EROD) was measured in EpiDerm™ 
models 24 h after each dose of test chemical. Rather than 
addition of the substrate to the medium underneath the 
model, 7-ethoxyresoru#n was added in acetone to the sur-
face − in the same way as the test chemicals. !e presence 
of lipophilic solvents is known to enhance compound 
penetration into the skin (Guy et al. 1990); therefore, we 
dissolved both test chemicals and substrates in acetone to 
maximize penetration into the models. Previous studies 
have shown that treatment of the EpiDerm™ models with 
10 µL acetone is not toxic and does not cause an increased 
frequency of micronuclei compared to non-treated mod-
els (Dahl et al. 2011). !e penetration into the deeper 
epidermal layers of the relatively lipophilic 7-ethoxyreso-
ru#n from the model surface was considered to be greater 
than when it was added to the more hydrophilic medium. 
!e incubation time was set to 6 h to allow for both pen-
etration of the substrate into the model and metabolism 
(which is known to be much lower than in hepatic models 
(Oesch et al. 2007)). Others have shown that testosterone 
readily penetrates human RS models when applied to the 
model surface (Schäfer-Korting et al. 2008); therefore, 
we were con#dent that this application method would 
be suitable for this substrate. Indeed, we found that this 
was su%cient to allow metabolites from all substrates 
to be detected in the medium below the model. Further 
studies could include measurement of the test chemicals 
and substrates within the models to con#rm the depth of 
penetration.

!e metabolism of cyclophosphamide in human liver 
is mainly via CYP2B6, and this enzyme is also induced 
by cyclophosphamide in human hepatocytes (Gervot 
et al. 1999). Cyclophosphamide is also metabolized 
via human hepatic CYP2A6, 2C8, 2C9, 2C19, 3A4 and 
3A5, but these CYPs have a much lower contribution 
than CYP2B6 (Xie et al. 2003). Notably, the expression 
of CYP2B6 is reported to be absent in the EpiDerm™ 
donors (donor 1188 and 254) used in these studies (Hu 
et al. 2010b). Of the other human hepatic CYPs involved 
in cyclophosphamide metabolism, only CYP2C9 and 
CYP3A5 were expressed (Hu et al. 2010b). We therefore 
used testosterone as a marker substrate for CYP2B6 (16β-
hydroxide), CYP2C (producing 16α-hydroxide but also 
partly responsible for producing 16β-hydroxide) and 
CYP3A4 (6β-hydroxide and 2β-hydroxide) (Tachibana 
and Tanaka, 2001). !e major metabolite of testosterone 
in skin is androstenedione (Beckley-Karty et al. 1997 
reference), which is catalyzed by 17β-hydroxysteroid 
oxidoreductase and CYP2C19 in the liver (Tachibana 
and Tanaka, 2001). !erefore, this metabolite was also 
quanti#ed in EpiDerm™ model incubates with testos-
terone. As with ethoxyresoru#n, this lipophilic substrate 
was dissolved in acetone and added to the surface of the 
EpiDerm™ models.

B[a]P is reported to also induce glutathione S-transferase 
(GST) activities in HepG2 cells, which confers protection 
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against the formation of reactive metabolites (Wei et al. 
2009). Human and rodent skin exhibit appreciable GST 
activity (Oesch et al. 2007), although still not in levels as 
high as those reported in human liver (300–500 nmol/
min/mg protein in liver slices incubated with CDNB 
(Pushparajah et al. 2008b) and the EpiDerm™ models 
used in our studies have been shown to express certain 
GSTs (Hu et al. 2010b). Considering B[a]P induced GST 
activities in human liver slices (Pushparajah et al. 2008b), 
it was of interest to determine whether B[a]P also alters 
the levels of this detoxi#cation enzyme under the condi-
tions of the 72 h RSMN assay. !e reactive metabolites of 
cyclophosphamide are also detoxi#ed by human GSTs 
(Dirven et al. 1994); therefore, the e"ect of both B[a]P 
and cyclophosphamide on the metabolism of the broad 
spectrum GST substrate, CDNB, was also measured. !e 
conjugation of CDNB with glutathione is catalyzed by a 
number of human GST isoenzymes, including the α, µ and 
π-classes (Sherratt and Hayes 2002) with π representing 
the predominant class in native human skin (Raza et al. 
1991). It was not possible to measure GST activity by add-
ing the substrate to the surface of the model because the 
conjugation reaction was too fast for this method and the 
homogenization method made it impossible to measure 
the absorbance of the metabolite (the reaction was best 
measured over 3 min). !erefore, CDNB metabolism was 
measured in S9 prepared from the models 24 h after test 
chemical dosing. !is method ensured the sample did 
not contain cell debris that would quench UV light and 
cause interference.

!e metabolites of B[a]P are also subject to conjugation 
by human recombinant UDP-glucuronosyltransferases 
(UGTs, (Mackenzie et al. 1993)), of which UGT1A6 is 
reported to be present in the EpiDerm™ donors used 
in our studies (Hu et al. 2010b). !erefore, basal UGT 
activities in acetone and test chemical treated EpiDerm™ 
models were measured using 4-methylumbelliferone as 
a broad spectrum substrate. As with 7-ethoxyresoru#n 
and testosterone, this substrate was dissolved in acetone 
and added to the surface of the EpiDerm™ models and 
the amount of glucuronide metabolite formed was deter-
mined by measuring the amount of 4-methylumbellifer-
one consumed over 6 h of incubation.

!ese studies were designed to determine basal 
metabolic enzyme activities over time under the same 
conditions as those used in the RSMN assay and whether 
the test chemicals themselves altered the activities. In 
addition to metabolic activities, the morphology of the 
EpiDerm™ models was monitored over 72 h. !is allowed 
a comparison of activities with the visual di"erentiated 
state of the models with respect to time.

Methods
Materials
!e EpiDerm™ Skin Model, EPI-200-MNA-kit (including 
the phenol red-free New Maintenance Medium (contain-
ing keratinocyte growth factor) and Ca2+- and Mg2+-free 

Dulbecco’s phosphate-bu"ered saline (CMF-DPBS) 
was from MatTek (Ashland, MA, USA). !e donors used 
were EPI-200-MNA-D2-254 (donor 254) and EPI-200-
MNA-D2-2 1188 (donor 1188). All chemicals, unless 
otherwise speci#ed, were purchased from Sigma-Aldrich 
(Germany) and were of the highest purity available.

Cryosectioning of EpiDerm™ models
EpiDerm™ models were retained for cryosectioning with 
hematoxylin-eosin staining at 24, 48 and 72 h after arrival. 
Brie&y, the models embedded in tissue freezing medium 
(Sakura TissueTek, Torrance, CA, USA) and frozen in a 
cryostat. !e models were then cut into sections (8 µm) 
and mounted onto microscope slides (!ermo Superfrost, 
Germany). !e sections were #xed in ice-cold acetone, 
dehydrated and stained with hematoxylin-eosin.

Treatment of EpiDerm™ models
An overview of the treatment of the EpiDerm™ models 
is shown in Figure 1. !e treatment design is based on 
that described by Dahl et al. (2011), with a few modi#-
cations. Unlike Dahl et al. our EpiDerm models arrived 
on a Wednesday (theirs arrived on a Tuesday) and in our 
studies, cytochalasin B was not added to the medium. 
On the day of receipt (Day 0), 1 mL of warmed New 
Maintenance Medium was transferred into the appro-
priate wells of 6-well plates. !e EpiDerm™ models 
were then transferred into 6-well plates. !e EpiDerm™ 
models were incubated at 37 ± 1°C in a humidi#ed atmo-
sphere of 5 ± 1% CO2 in air (standard culture conditions) 
for 1 h before dosing with 10 µL of the test chemical, 
vehicle control, or reference compound on to the surface 
of the models. !e term “reference compound” refers 
to compounds which are known to induce activities in 
human hepatocytes but not necessarily in skin models. 
!e doses of test compounds were 2 and 50 µg/cm2 B[a]
P and 50 and 1000 µg/cm2 cyclophosphamide. !e top 
doses were based on those which are known to cause 
micronuclei in EpiDerm™ models (Aardema et al. 2010; 
Zhao et al. 1999). !e vehicle control, acetone, has been 
shown not to increase the rate of micronucleus forma-
tion in this model (Dahl et al. 2011) and can therefore be 
considered to be a “true negative” chemical. !e mod-
els were incubated under standard culture conditions. 
After 24 (Day 1), 48 (Day 2) and 72 h (Day 3), the medium 
from each model was collected and stored for lactate 
dehydrogenase measurement using the CytoTox 96® 
Non-Radioactive Cytotoxicity Assay from Promega Corp, 

Figure 1. Overview of the dosing of test chemicals and enzyme 
activity determination.
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Madison, WI, USA. !e lactate dehydrogenase activity in 
the medium without models was also determined. On 
Day 1 and 2, the medium was replaced with fresh warm 
New Maintenance Medium, and the model was dosed 
again and incubated under standard culture conditions. 
Twenty-four hours after each dose of test chemical (on 
Days 1, 2 and 3), the phase 1 and 2 enzyme activities were 
measured in 2–3 models per experiment (two experi-
ments per enzyme activity measured). For each activity 
measured, the medium was refreshed 1 h prior to the 
addition of the substrate.

EROD activity was measured by applying the sub-
strate, 7-ethoxyresoru#n, directly to the epidermal 
model surface and measuring the metabolite, resoru#n, 
in the tissue and medium. !e phase 1 and 2 inhibitors, 
dicoumarol (which inhibits DT-diaphorase (Nims et al. 
1984) and salicylamide (which inhibits sulfate- and 
glucuronide-conjugation (Bennet et al. 1975; Heath and 
Dingell, 1974)) did not signi#cantly a"ect the production 
of resoru#n under the conditions used in these studies 
(data not shown). Ethoxyresoru#n (10 µL of 2.5 mM solu-
tion in acetone) was added to the surface of the models. 
!e models were then incubated for 6 h in standard cul-
ture conditions. After this time, the medium and models 
were separated. !e models were homogenized in 200 
µL homogenization bu"er (0.25 M potassium phosphate, 
0.15 M potassium chloride and 1 mM EDTA pH 7.25) 
using a Retsch TissueLyser and then centrifuged at 9000× 
g for 5 min at 4°C to remove debris. !e &uorescence of a 
100 µL aliquot of the medium, the model S9 fraction and 
appropriate control samples (to account for background 
&uorescence from the 7-ethoxyresoru#n and medium 
components) was measured at an excitation wavelength 
of 544 nm and an emission wavelength of 590 nm. !e 
amount of resoru#n formed was calculated with respect 
to a standard curve. !e limit of detection (LOD) of reso-
ru#n was determined by measuring the &uorescence 
of known concentrations of resoru#n (0.001–0.1 µM) in 
homogenization bu"er and New Maintenance Medium 
(both with and without ethoxyresoru#n) and determin-
ing the concentration at which &uorescence was above 
background levels. !e bu"er and medium did not &uo-
resce at the wavelengths used in this assay.

Testosterone metabolism was measured by applying 
10 µL of 50 mM testosterone (equivalent to a #nal concen-
tration of 500 µM when considering the medium and skin 
volumes) to the surface of the models and incubating for 
6 h under standard culture conditions. !e concentration 
of testosterone was in line with that used by others char-
acterizing hepatic models (Brown et al. 2007) and was 
purposely high to take into account maximum exposure 
of this substrate to all layers of the EpiDerm™ models. 
Preliminary results showed that testosterone hydrox-
ides were not signi#cantly conjugated since inclusion of 
salicylamide in the incubation did not a"ect the amount 
of 6β-hydroxytestosterone detected (data not shown). 
After 6 h, the medium and models were separated and 
immediately frozen and stored at −80°C until analysis. 

!e internal standard, 11α-hydroxyprogesterone (50 µL 
of 5 µg/mL solution in methanol:water 55:45 (v/v)) was 
added to 450 µL of medium. Dichloromethane (4 mL) 
was added and the sample mixed. !e organic phase 
was transferred to a new tube and evaporated using an 
Eppendorf concentrator at 30°C for 30 min. !e samples 
were reconstituted in 200 µL methanol:water 55:45 (v/v). 
!e EpiDerm™ models were homogenized in 500 µL 
methanol:water (70:30 (v/v)) and then spiked with 50 µL 
11α-hydroxyprogesterone. !e homogenized samples 
were centrifuged at 9000× g for 10 min and the superna-
tant was extracted in the same way as for the medium 
samples. !e samples were analyzed by HPLC (Beckman 
Gold Nouveau System) using EC 250/4 Nucleosil 100-5 
C18 column and a CC 8/4 Nucleosil 100-5 C18 guard 
column (Macherey-Nagel, Germany) maintained at 
37°C. !e mobile phases were (A) 100% ultrapure HPLC 
water and (B) 100% MeOH (Carl Roth, Germany). !e 
gradient was as follows: 0–13 min 55% B; 13–20 min 
100% B; 20–29 min 55% B. Peak detection was carried 
out with a Shimadzu SPD UV detector set to 252 nm. !e 
chromatograms were analyzed with the Beckman Gold 
Nouveau software. Testosterone, androstenedione and 
hydroxytestosterone metabolites were quanti#ed using 
synthetic standards.

UGT activity was measured by adding the substrate, 
4-methylumbelliferone, directly to the epidermal model 
surface and measuring the decrease in &uorescence in 
the skin and medium compared to control incubations 
(containing the same concentration of substrate in trans-
wells without EpiDerm™ models). 4-Methylumbelliferone 
(10 µL of a 10 mM stock solution in acetone) was added 
to the surface of the models which were then incubated 
for 6 h in standard culture conditions. After this time, the 
medium and models were separated. !e models were 
homogenized in 100 µL methanol:water 70:30 (v/v), using 
a Retsch TissueLyser and then centrifuged at 9000× g for 
5 min at 4°C to remove debris. A 10 µL aliquot of the sam-
ples (medium and the model S9 fraction) was added to 
190 µL 10 mM sodium hydroxide and the &uorescence was 
measured at 390 excitation and 460 nm emission using a 
microplate spectro&uorimeter. !e amount of substrate 
remaining was calculated with respect to a standard curve 
of 4-methylumbelliferone. Background &uorescence from 
the medium was measured and con#rmed to have no 
in&uence on the measurement of the substrate.

Unlike the other three activities, GST activity was 
measured by addition of the substrate, CDNB, to tissue 
S9 fractions. At each time point, the EpiDerm™ models 
were homogenized in 100 µL homogenization bu"er. !e 
homogenized samples were centrifuged at 9000× g and 
4°C for 10 min to remove debris. !e resultant S9 fraction 
contained an average of 3.6 ± 0.4 mg/mL protein. A 20-µL 
aliquot was added to 180 µL of the reaction mixture. !e 
reaction mixture contained 100 mM potassium phos-
phate bu"er (pH 6.5 (at which pH non-enzymic conju-
gation is minimal (Habig et al. 1974)), 1 mM CDNB and 
1 mM reduced glutathione. !e reaction was started by 
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the addition of CDNB and the production of the conju-
gate was followed by measuring the rate of absorbance 
change over 5 min in a plate reader set at 340 nm. Rates 
were calculated using the extinction coe%cient 9.6 mM−1 
cm−1 (Habig et al. 1974) adjusted to the path length of the 
solution per well (5.03 mM−1 cm−1).

Statistical evaluation
Results were compared using the Student’s unpaired 
t-test. p < 0.05 was considered signi#cant. “n” is the num-
ber of models in each experiment.

Results
Morphology of EpiDerm™ models over 72 h
Figure 2 shows the cross section of the EpiDerm™ models 
at 24, 48 and 72 h in culture. After 24 h, the EpiDerm™ 
model contained basal, spinous, granular, and corni#ed 
layers, re&ecting the structure of epidermis in vivo. !ere 
was notable stratum corneum thickening of the models 
over time. Apart from the thickness, there was little dif-
ference in the structure of the stratum corneum between 
24 and 48 h, but by 72 h it was less compact than earlier 
time points. !e basal, spinous, granular cells were still 
evident at 72 h.

Basal activities in EpiDerm™ models over 72 h
Table 1 summarizes the phase 1 and 2 activities mea-
sured in EpiDerm™ models treated with the vehicle 
control, acetone, over 72 h. !ese data are the average 
values from two experiments and up to six models and 
di"erences were based on the average value, as well as 
the reproducibility across the two experiments. EROD 

activities at all three time points were considered to 
be at the limits of detection of the assay design (0.025 
pmol/min/model, considering the background &uo-
rescence of the ethoxyresoru#n present in either the 
EpiDerm™ models and medium, data not shown). !e 
majority (97–90%) of the metabolite, resoru#n, was 
detected in the medium at all incubation time points. 
!e only hydroxy-metabolite, 6β-hydroxytestosterone, 
was present in all models at each time point measured. 
!e majority (71–75%) of this metabolite was detected 
in the medium after the 6-h incubation at each time 
point. When testosterone 6β-hydroxylase activities from 
all models were averaged, this activity at 24 h was not 
signi#cantly di"erent from that at 48 or 72 h. Although 
there was a statistically signi#cant di"erence (p < 0.05) 
in a single experiment (Figure 3A). between the 24-h and 
72-h time points, the actual di"erence was 2 pmol/min/
mg protein, which cannot be considered relevant when 
compared to the range of activities (thousands of pmol/
min/mg) in human hepatocytes (LeCluyse et al. 2000). 
Androstenedione was also formed by all EpiDerm™ 
models and, like 6β-hydroxytestosterone, most of this 
metabolite was detected in the medium (80%). !e pro-
duction of androstenedione was similar in EpiDerm™ 
models incubated at 24, 48 and 72 h. Unlike the metabo-
lites of testosterone, the parent compound itself was 
mainly detected in the EpiDerm™ models (66–73% of the 
total applied). !e amount of testosterone remaining in 
the EpiDerm™ models was the same at all time points 
(73 ± 11, 73 ± 15 and 66 ± 18% in the models at 24, 48 and 
72 h, respectively).

!e average UGT conjugation of 4-methylumbellifer-
one in six EpiDerm™ models was maintained over 72 h 

Figure 2. Cross-sections of EpiDerm™ models incubated for 24, 48 and 72 h. !e pictures represent one (Donor 254) of the two donors 
analyzed.

Table 1. Phase 1 and 2 activities over 72 h in EpiDerm™ models treated wth acetone. !e number of models (n) tested are shown.

Activity n
Time after "rst treatment

24 h 48 h 72 h
Phase 1

EROD (pmol/min/model) 6 At LOD At LOD At LOD
Testosterone 6β-hydroxylation (pmol/min/model) 6 1.4 ± 0.6 3.0 ± 1.2 2.6 ± 0.5
ASD formation (pmol/min/model) 6 18.2 ± 5.3 19.4 ± 10.3 17.1 ± 7.3

Phase 2
UGT (pmol/min/model) 6 110.4 ± 12.7 86.2 ± 19.4 97.3 ± 19.8
GST (nmol/min/mg protein) 3–4 84.1 ± 4.1 48.6 ± 4.5 50.4 ± 19.9

LOD, limits of detection (0.025 pmol/min/model).
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and any statistically signi#cant changes within a single 
experiment were not reproducible (Figure 4A and 4B). 
As with resoru#n and the testosterone metabolites, 
the majority of the substrate, 4-methylumbelliferone, 
was detected in the medium (between 80 and 100%). 
GST activity was highest in models at 24 h and by 48 h 
the activity had decreased from 84.1 nmol/min/mg to 
approximately 50 nmol/min/mg. !e GST activity did 
not decrease further between 48 and 72 h.

Effect of B[a]P on phase 1 and 2 activities
!e e"ect of B[a]P on the basal EROD activities is shown 
in Figure 5A. Both 2 and 50 µg/cm2 B[a]P caused a signi#-
cant increase in EROD activity in EpiDerm™ models. !e 

e"ect was evident after 24 h and was still present after 72 h. 
!e increase in EROD activity was not dose-dependent, 
for example, after 24-h treatment with 2 and 50 µg/cm2 
B[a]P, EROD activity increased from approximately 0.02–
0.12 ± 0.06 and 0.16 ± 0.02 pmol/min/model, respectively. 
After 48 h, EROD activities in EpiDerm™ models treated 
with 2 and 50 µg/cm2 B[a]P were marginally higher than 
at 24 h (0.18 ± 0.01 and 0.19 ± 0.04 pmol/min/model, 
respectively, Figure 1A). After 72 h, the increase in EROD 
activity above acetone treated controls was diminished, 
whereby the activity in 2 µg/cm2 treated models was only 

Figure 3. E#ect of (A) B[a]P and (B) cyclophosphamide on 
testosterone 6β-hydroxylase activities in EpiDerm™ models over 
72 h. !e doses were 2 µg/cm2 and 50 µg/cm2 B[a]P (denoted  
as “2 BaP” and “50 Bap”, respectively) and 50 µg/cm2 and 1000 µg/
cm2 cyclophosphamide (denoted as “50 CPA” and “1000 CPA”, 
respectively). Mean ± SD, * = p < 0.05 di#erence from control at 
respective time point, † = p < 0.05 di#erence from 24 h acetone control, 
‡= p < 0.05 di#erence between 2 µg/cm2 and 50 µg/cm2 B[a]P.

Figure 4. E#ect of (A) B[a]P and (B) cyclophosphamide on UDP-
glucuronosyltransferase activities in EpiDerm™ models over 
72 h. !e doses were 2 µg/cm2 and 50 µg/cm2 B[a]P (denoted  
as “2 BaP” and “50 Bap”, respectively) and 50 µg/cm2 and 1000 µg/
cm2 cyclophosphamide (denoted as “50 CPA” and “1000 CPA”, 
respectively). !e reference compound was 25 µg/cm2 rifampin (RIF) 
which was dosed in the same way as B[a]P and cyclophosphamide, 
but UDP-glucuronosyltransferase activities were only measured 
after 72 h. Mean ± SD, * = p < 0.05 di#erence from control at respective 
time point, † = p < 0.05 di#erence from 24 h acetone control.
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0.10 ± 0.00 pmol/min/model. EROD activity in 50 µg/cm2 
B[a]P treated models was lower than those treated with 
the lower B[a]P dose; however, this was not due to cyto-
toxicity of B[a]P. !e lactate dehydrogenase release into 
the medium in models treated with both doses of B[a]
P was the same as vehicle control models at each time 
point (Table 2).

!ere were no signi#cant e"ects of 2 and 50 µg/
cm2 B[a]P on testosterone 6β-hydroxylase activities in 
EpiDerm™ models at any of the three time points mea-
sured (Figure 3A). !e activities remained between 1.0 
and 3.1 pmol/min/model. By contrast, the production of 
androstenedione was statistically increased by 50 µg/cm2 
B[a]P after 24 h of treatment (Figure 6A). !is e"ect was 

Figure 5. E#ect of (A) B[a]P and (B) cyclophosphamide on 
ethoxyresoru"n O-deethylase activities in EpiDerm™ models 
over 72 h. !e doses were 2 µg/cm2 and 50 µg/cm2 B[a]P (denoted  
as “2 BaP” and “50 Bap” respectively) and 50 µg/cm2 and 1000 
µg/cm2 cyclophosphamide (denoted as “50 CPA” and “1000 CPA”, 
respectively). Mean ± SD. * denotes a statistical signi"cance of 
<0.05. !e dotted line represents the LOD.

Table 2. E#ect of (A) B[a]P and (B) cyclophosphamide on LDH 
release from EpiDerm™ models over 72 h. !e viability was 
expressed as the% LDH released from treated models compared to 
vehicle control. !e amount of LDH in the medium from vehicle 
control samples compared to medium without Epiderm™ models 
was 164 ± 55, 122 ± 26 and 116 ± 20% at 24, 48 and 72 h, respectively.

Time (h)
B[a]P Cyclophosphamide
2 µg/cm2 50 µg/cm2 50 µg/cm2 1000 µg/cm2

24 103 ± 5  98 ± 19  93 ± 1 105 ± 2
48 102 ± 3 102 ± 3 104 ± 2 109 ± 0
72 108 ± 2 114 ± 3 118 ± 8 110 ± 0

Figure 6. E#ect of (A) B[a]P and (B) cyclophosphamide on 
androstenedione formation in EpiDerm™ models over 72 h. 
!e doses were 2 µg/cm2 and 50 µg/cm2 B[a]P (denoted  
as “2 BaP” and “50 Bap” respectively) and 50 µg/cm2 and 1000 µg/
cm2 cyclophosphamide (denoted as “50 CPA” and “1000 CPA”, 
respectively). Mean ± SD. * = p < 0.05 di#erence from control at 
respective time point, † = p < 0.05 di#erence from 24 h acetone control, 
‡= p < 0.05 di#erence between 2 µg/cm2 and 50 µg/cm2 B[a]P.
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not evident after 48 h of treatment and by 72 h, both 2 and 
50 µg/cm2 B[a]P caused the production of androstene-
dione to signi#cantly decrease compared to the acetone 
treated models (the production of androstenedione was 
23.7 ± 0.9 pmol/min/model in acetone treated models 
compared to 10.4 ± 1.4 and 14.6 ± 0.7 pmol/min/model in 
2 and 50 µg/cm2 B[a]P treated models, respectively).

UGT activity was not signi#cantly a"ected by 2 and 
50 µg/cm2 B[a]P at any time point tested (Figure 4). An 
additional reference compound was included to deter-
mine whether UGT activity could be induced by a known 
hepatic UGT inducer under the conditions applied in 
these studies. Rifampin, at a dose of 25 µg/cm2 (equivalent 
to 20 µM if it was added to the medium) did not signi#-
cantly alter UGT activities after 72-h treatment (80.7 ± 3.4 
pmol/min/model in rifampin treated EpiDerm™ mod-
els compared to 87.7 ± 6.6 pmol/min/model in acetone 
treated EpiDerm™ models).

GST activities in EpiDerm™ models treated with  
2 µg/cm2 B[a]P were equivalent to those in the acetone con-
trol models (Figure 7A). GST activity was marginally higher 
in EpiDerm™ models treated with 50 µg/cm2 B[a]P after 48 h 
(63.1 nmol/min/mg compared to acetone treated models 
with 48.6 nmol/min/mg), but it was not possible to deter-
mine the statistical signi#cance because only two models 
were analyzed for this treatment. Additional EpiDerm™ 
models were treated with 5 µg/cm2 β-naphtho&avone 
(equivalent to 50 µM if it was added to the medium) for 
72 h, in which CDNB metabolism in duplicate models was 
increased 1.6-fold above the duplicate acetone control-
treated models (from 36.2 to 57.5 nmol/min/mg).

Effect of cyclophosphamide on phase 1 and 2 activities
EROD activities in EpiDerm™ models treated with 50 
and 1000 µg/cm2 cyclophosphamide were equivalent 
to the corresponding acetone control models at each 
time point measured (Figure 5B), which did not exceed 
the limits of detection of the method. Likewise, these 
doses of cyclophosphamide had no e"ect on testoster-
one 6β-hydroxylase activities at any of the time points 
measured and were between 1.8 and 3.0 pmol/h/model 
(Figure 3B). At 1000 µg/cm2, cyclophosphamide did 
signi#cantly decrease androstenedione production 
compared to the acetone treated models but this was 
evident at 72 h only (Figure 6B).UGT activities were not 
signi#cantly a"ected by 50 and 1000 µg/cm2 cyclophos-
phamide or 25 µg/cm2 rifampin, at any time point tested 
(Figure 4B). UGT activities remained between 78.3 and 
117.2 pmol/min/model. !ere was no dose-dependent 
e"ect of cyclophosphamide on GST activities (Figure 7B). 
!ere was a decrease in activity at 72 h in models treated 
with 1000 µg/cm2 cyclophosphamide compared to ace-
tone control models at the same time point, but it was not 
possible to determine the statistical signi#cance because 
only two models were analyzed for this treatment. !e 
decrease in GST activities measured in acetone treated 
EpiDerm™ models was also observed in cyclophosph-
amide treated models (Figure 7B).

Discussion
!ese studies were designed to determine a number of 
basal metabolic enzyme activities under the same condi-
tions as those used in the RSMN assay. !e reason for this 
was that we wanted to investigate whether (i) selected 
activities were present in the EpiDerm™ models during 
the course of a 72 h RSMN assay, (ii) they changed with 
time and (iii) the test chemicals themselves altered the 
activities. At least for UGT and GST activities, it was also 
possible to measure any decreases since the basal lev-
els were well above the limits of quanti#cation. Phase 2  

Figure 7. E#ect of (A) B[a]P and (B) cyclophosphamide on 
glutathione S-transferase activities in EpiDerm™ models over 
72 h. !e doses were 2 µg/cm2 and 50 µg/cm2 B[a]P (denoted  
as “2 BaP” and “50 Bap” respectively) and 50 µg/cm2 and 1000 µg/
cm2 cyclophosphamide (denoted as “50 CPA” and “1000 CPA”). 
!e reference compound was 5 µg/cm2 β-naphtho$avone (BNF) 
which was dosed in the same way as B[a]P and cyclophosphamide, 
but GST activities were only measured after 72 h. Mean of two 
models per treatment and time point.
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conjugation pathways were clearly measureable in all 
models at each time point measured. Although there was 
some decrease in GST activities in acetone-treated mod-
els between 24 to 48 h, this drop did not continue between 
48 to 72 h. !e presence of GST activity is in agreement 
with mRNA expression data from the literature: GST Pi is 
the predominantly expressed GST in native human skin 
(Luu-!e et al. 2009) and is also reported to be expressed 
in the EpiDerm™ models used in our studies (Hu et al. 
2010). In addition, we have also measured marked lev-
els of GST activities in native human skin and EpiDerm 
model cytosol (data not shown). UGT activities remained 
constant throughout the 72-h experiment. Although 
UGTs are expressed at low levels in human skin, two 
isoforms are expressed in the EpiDerm™ models used 
here, namely UGT1A6 and UGT1A8 (Hu et al. 2010). 
As with GSTs, we have also measured marked levels of 
UGT activities in native human skin and EpiDerm model 
microsomes (data not shown). In contrast to phase 2 
activities, basal phase 1 functionalizing activities were at 
the limit of detection throughout the incubation. We also 
investigated EROD activities in native human skin and 
EpiDerm model microsomes, but the levels were below 
detection limits (data not shown). !ese #ndings are in 
agreement with others (Hu et al. 2010b) who found the 
overall expression of phase 2 conjugation enzymes to be 
more pronounced than that of phase 1 enzymes in the 
EpiDerm™ model (as well as in native human skin). !e 
predominance of phase 2 conjugation over phase 1 func-
tionalizing pathways supports the theory that skin acts 
as a barrier to toxins in terms of metabolic as well as a 
physical barrier. !is is of signi#cance for certain groups 
of cosmetic ingredients such as aromatic amines, which 
may be directly N-acetylated, rather than being hydroxy-
lated to potentially genotoxic moieties (Skare et al. 2010; 
Goebel et al. 2009).

Although there was little change in the basal enzyme 
activities measured, there was some change in the mor-
phology of the models. Over time, the stratum corneum 
increased in thickness. Despite this increase in the lipo-
philic nature of the upper layers of the models, the ratio of 
substrates and/or metabolites in the model and medium 
was unaltered. !is is applicable to testosterone, which 
may have been expected to form a reservoir in the stra-
tum corneum due to its highly lipophilic nature (van de 
Sandt et al. 2004). However, the amount of testosterone 
remaining in the EpiDerm™ models was the same at all 
time points. !is may also have been true for B[a]P which 
is also highly lipophilic, but the amount of this test com-
pound was not determined in these studies.

We have shown that B[a]P, at doses which are known 
to induce micronuclei in the RSMN assay (data not 
shown), markedly induced EROD activity after 24 h. !e 
induced levels were highest at 48 h, after which, they 
decreased during the last 24 h of the assay. !e induction 
we observed can be expected because B[a]P is known 
to bind with high speci#city to the aryl hydrocarbon 
receptor, which in turn modi#es human CYP1A1/2 

and CYP1B1 expression (Li et al. 1998). Others have 
also shown signi#cant induction of aryl hydrocarbon 
hydroxylase, ethoxycoumarin O-deethylase, and/or 
EROD in rat skin after dermal application of a number of 
chemicals including polycyclic aromatic hydrocarbons 
and 3-methylcholanthrene (Khan et al. 1989; Raza and 
Mukhtar, 1993). Topical application of B[a]P to rats has 
been shown to induce not only skin enzymes but also 
enzymes in other organs, although induction in the latter 
is lower than in the skin (Mukhtar and Bickers, 1981). !e 
induction of the expression of CYP1A1 and aryl hydro-
carbon receptor in human ex vivo skin after application 
of B[a]P to the epidermis has also been demonstrated 
(Costa et al. 2010). In their studies, the skin was placed 
epidermal side down in a 6-well plate containing 15 µL 
B[a]P but no medium for 18 h. !e dose of B[a]P used was 
much lower (19 ng/cm2) than used here and it was shown 
to cause signi#cant loss of viability and lipid peroxida-
tion. However, there were measureable amounts of basal 
CYP1A1 and aryl hydrocarbon receptor proteins (using 
western blotting) which were both increased by B[a]P 
(by approximately 10-fold) under these conditions. !e 
doses of B[a]P used in our studies were not toxic to the 
models at any time point, according to the marker of via-
bility, lactate dehydrogenase release, which was used in 
our studies. !e EpiDerm™ models may be more robust 
than ex vivo skin discs since they are continually growing 
in the presence of specialized medium; whereas the ex 
vivo model lacked this form of functional maintenance. 
As a result of the continuing growth, the structure of the 
EpiDerm™ models changed over time, such that more 
stratum corneum was present by 72 h, possibly causing 
the B[a]P-induced EROD activities in the upper layers 
to be lower than at earlier times. Despite this decrease, 
it was still possible to measure induction of EROD activ-
ity over the entire RSMN assay duration. !e induction 
of EROD activity after 24 h in EpiDerm™ models was also 
demonstrated by Curren et al. (2007) who treated them 
by adding 10 µM 3-methylcholanthrene to the medium. 
EROD activity was measured by incubating the models 
with 2.5 µM ethoxyresoru#n and 33.3 µM dicoumarol for 
30 min at 37°C. !e lack of e"ect of cyclophosphamide 
on EROD activities over time was therefore not due to a 
general unresponsiveness of the models to aryl hydrocar-
bon receptor mediated inducers − or due to cytotoxicity, 
since no increase of lactate dehydrogenase release was 
observed at either cyclophosphamide dose. It is impor-
tant to demonstrate that a model exhibits induction 
responses similar to native skin since investigations in to 
the modulation of xenobiotic metabolizing enzymes will 
enhance our knowledge of not just genotoxicity but also 
general skin pathologies (Ahmad and Mukhtar, 2004).

Cyclophosphamide has been reported to induce 
a number of CYP activities in primary human hepa-
tocytes, including CYP3A4, CYP2C8, CYP2C9 and 
CYP2B6 levels (Chang et al. 1997; Gervot et al. 1999; 
Lindley et al. 2002). We therefore used testosterone as 
a substrate in our studies since it is metabolized to a 
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number of metabolites via CYP-selective pathways. 
In humans, CYP2B6 catalyses the formation of 16α-
hydroxytestosterone, CYP3A3/4/5 catalyses the forma-
tion of formation of 2β- and 6β-hydroxytestosterone 
and CYP2C9/19 catalyses the formation of andros-
tenedione (Yamazaki and Shimada, 1997; http://www.
icgeb.org/~p450srv/]. In native human skin, which 
generally lacks CYP2C enzymes (Luu-!e et al. 2009), 
androstenedione is most likely to be produced from 
the interconversion of testosterone and androstene-
dione catalyzed by 17β-hydroxysteroid dehydrogenase 
2, which is distributed around the basement layer of 
the epidermis (Hikima and Maibach, 2007). !e kinet-
ics of this enzyme have been investigated in cultured 
human keratinocytes (Milewich et al. 1986). Although 
we have focused on CYP activities here, it should be 
kept in mind that the skin plays a crucial role in steroid 
metabolism, which has been discussed in detail else-
where (Chuong et al. 2002; Slominski et al. 2002 and 
2004). !e only metabolites detected in the EpiDerm™ 
models using non-radiolabelled testosterone were 
6β-hydroxytestosterone and androstenedione. Neither 
cyclophosphamide nor B[a]P altered the produc-
tion rate of 6β-hydroxytestosterone, suggesting that 
CYP3A4/5 is not a"ected by these test compounds 
during the course of the RSMN assay. Human CYP3A4 
is responsible for the metabolism of over 50% of mar-
keted drugs (Zuber et al. 2002) and is therefore an 
important CYP to investigate; therefore, future stud-
ies should include treatment of the EpiDerm™ models 
with known and FDA recommended human hepatic 
CYP3A4 inducers, such as rifampin (Huang and Stifano, 
2006) to determine whether this CYP is also inducible 
in skin models, especially if the 72 h dosing regimen 
is employed in the RSMN assay. !e production of 
androstenedione was signi#cantly increased by the 
highest dose of cyclophosphamide after 24 h but not at 
later times. !is may re&ect an induction of CYP2C9/19 
and/or 17β-hydroxysteroid dehydrogenase, the levels 
of which decrease over time due to the increase in the 
number of corneocytes in the models. Further studies 
are needed to con#rm the reproducibility of this e"ect 
and CYP selective inhibitors could be included to iden-
tify which CYPs, if any, are involved in the production 
of androstenedione.

GSTs play a role in metabolism of both B[a]P and 
cyclophosphamide; therefore, if GSTs are modulated by 
these test chemicals, their genotoxic e"ects may also be 
modi#ed. !e π-class is reported to be the predominant 
isoform in native human skin (Zhang et al. 2002) and 
is almost exclusively involved in the detoxi#cation of 
the ultimate B[a]P metabolite, (+)-anti-benzo[a]pyrene 
7,8-dihydrodiol 9,10-epoxide ((+)-anti-BPDE). Since 
EROD activity was signi#cantly induced by B[a]P under 
the conditions used here, we investigated whether GSTs 
could also be induced. !e reference control chemical, 
β-naphtho&avone, increased GST activity by 1.6-fold, the 

magnitude of which may be expected since the extent of 
induction of this enzyme in human liver slices is known 
to be low compared to the CYP1 family (Pushparajah 
et al. 2008b). Likewise, B[a]P increased GST activities but 
only at 48 h and by 1.3-fold (the statistical signi#cance 
of this result could not be made due to duplicates being 
taken for most of the samples). Cyclophosphamide also 
caused a 1.3-fold increase in GST activity after 72 h at 
the lower dose tested. Future studies will include the 
use of an isoform-selective substrate in order to eluci-
date whether the lower induction of GST was due to the 
non-speci#city of CDNB.!e aims of these studies were 
to determine whether selected phase 1 or 2 activities 
could be measured and/or altered during the course 
of the RSMN assay. B[a]P and cyclophosphamide were 
used as examples of chemicals which are bioactivated 
in the skin and caused signi#cant micronuclei formation 
in EpiDerm™ cells under the conditions used (data not 
shown) i.e. a local e"ect. !is shows that this model has 
the necessary metabolic capacity to bioactivate these 
chemicals and does not require additional metabolic 
supplements (such as S9 and NADPH regenerating sys-
tem). Other dermal models may need additional S9-mix 
in the medium in order for this chemical to cause a geno-
toxic e"ect (Flamand et al. 2006). However, it may be 
that the skin does not take part in the bioactivation of a 
genotoxicant and that the site of bioactivation is systemic 
(e.g. via hepatic enzymes). In this case, the absorption of 
the chemical through the skin into the systemic circula-
tion will a"ect the genotoxic potential of the chemical 
and the contribution of dermal metabolism will be neg-
ligible (Flamand et al. 2006). Conversely, some dermally 
applied chemicals may be extensively detoxi#ed by the 
skin before entering the circulation (e.g. hair dyes by 
human N-acetyltransferase 1 (Goebel et al. 2009)); there-
fore, the presence of enzymes which may be involved in 
their detoxi#cation (GSTs, UGTs, N-acetyltransferase 1 
etc.) in the EpiDerm™ model is important to establish. In 
conclusion, we have demonstrated the presence of basal 
phase 1 and 2 activities of EpiDerm™ models incubated 
according to the RSMN assay. With the exception of GST, 
which decreased between 24 and 48 h, all of the activities 
measured did not change over time. It was possible to 
measure enzyme induction using this assay design. Of the 
enzymes tested, EROD activity was signi#cantly induced 
by B[a]P but not by cyclophosphamide. Cyclophosph-
amide and B[a]P had little or no reproducible e"ects on 
GST and UGT activities. Since a number of metabolic 
enzyme activities are present and at least the CYP1 fam-
ily is inducible in the EpiDerm™ skin model, the RSMN 
assay may not require an exogenous metabolic activa-
tion system for compounds that are activated or detoxi-
#ed via these pathways. Further studies investigating the 
e"ect of inclusion of cofactor regenerating systems will 
help to elucidate the contribution of dermal metabolic 
enzymes to the genotoxicity of selected positive control 
chemicals.

D
ow

nl
oa

de
d 

by
 [F

rit
z 

H
ab

er
 In

st
itu

te
 M

PS
] a

t 2
3:

49
 0

2 
N

ov
em

be
r 2

01
5 



536 C. Götz et al.

 Xenobiotica

Acknowledgments
!e authors thank Dr. Maria Parr, from the Deutsche 
Sporthochschule, Köln, for generously providing tes-
tosterone metabolite standards and Daniel Duche, 
L’Oreal Recherche; France, for his valued critique of the 
manuscript.

Declaration of interest
!is work was funded by the European Cosmetic Industry 
Association COLIPA.

References
Aardema MJ, Barnett BC, Khambatta Z, Reisinger K, Ouedraogo-Arras 

G, Faquet B, Ginestet AC, Mun GC, Dahl EL, Hewitt NJ, Corvi R, 
Curren RD. (2010). International prevalidation studies of the 
EpiDerm 3D human reconstructed skin micronucleus (RSMN) 
assay: transferability and reproducibility. Mutat Res 701:123–131.

Ahmad N, Mukhtar H. (2004). Cytochrome p450: a target for 
drug development for skin diseases. J Invest Dermatol  
123:417–425.

Afaq F, Zaid MA, Pelle E, Khan N, Syed DN, Matsui MS, Maes D, 
Mukhtar H. (2009). Aryl hydrocarbon receptor is an ozone sensor 
in human skin. J Invest Dermatol 129:2396–2403.

Beckley-Kartey SAJ, Swales NJ, Hotchkiss SAM. (1997). !e cutaneous 
metabolism of testosterone. Hum Exp Toxicol 16:51.

Bennett PN, Blackwell E, Davies DS. (1975). Competition for sulphate 
during detoxi"cation in the gut wall. Nature 258:247–248.

Brown HS, Gri%n M, Houston JB. (2007). Evaluation of cryopreserved 
human hepatocytes as an alternative in vitro system to microsomes 
for the prediction of metabolic clearance. Drug Metab Dispos 
35:293–301.

Cao J, Leibold E, Beisker W, Schranner T, Nüsse M, Schwarz LR. (1993). 
Flow cytometric analysis of in vitro micronucleus induction in 
hepatocytes treated with carcinogens. Toxicol In Vitro, 7, 447–451.

Chang TK, Yu L, Maurel P, Waxman DJ. (1997). Enhanced 
cyclophosphamide and ifosfamide activation in primary human 
hepatocyte cultures: response to cytochrome P-450 inducers and 
autoinduction by oxazaphosphorines. Cancer Res 57:1946–1954.

Chuong CM, Nickolo# BJ, Elias PM, Goldsmith LA, Macher E, Maderson 
PA, Sundberg JP, Tagami H, Plonka PM, !estrup-Pederson K, 
Bernard BA, Schröder JM, Dotto P, Chang CM, Williams ML, 
Feingold KR, King LE, Kligman AM, Rees JL, Christophers E. (2002). 
What is the ‘true’ function of skin? Exp Dermatol 11:159–187.

Costa C, Catania S, De Pasquale R, Stancanelli R, Scribano GM, 
Melchini A. (2010). Exposure of human skin to benzo[a]pyrene: 
role of CYP1A1 and aryl hydrocarbon receptor in oxidative stress 
generation. Toxicology 271:83–86.

Curren RD, Mun GC, Gibson DP, Aardema MJ. (2006). Development 
of a method for assessing micronucleus induction in a 3D human 
skin model (EpiDerm). Mutat Res 607:192–204.

Dahl EL, Curren R, Barnett BC, Khambatta Z, Reisinger K, Ouedraogo 
G, Faquet B, Ginestet AC, Mun G, Hewitt NJ, Carr G, Pfuhler S, 
Aardema MJ. (2011). !e reconstructed skin micronucleus assay 
(RSMN) in EpiDerm™: detailed protocol and harmonized scoring 
atlas. Mutat Res 720:42–52.

Dirven HA, van Ommen B, van Bladeren PJ. (1994). Involvement of 
human glutathione S-transferase isoenzymes in the conjugation 
of cyclophosphamide metabolites with glutathione. Cancer Res 
54:6215–6220.

Elhajouji A, Santos AP, Van Hummelen P, Kirsch-Volders M. (1994). 
Metabolic di#erences between whole blood and isolated 
lymphocyte cultures for micronucleus (MN) induction by 
cyclophosphamide and benzo[a]pyrene. Mutagenesis 9:307–313.

EU, 2003. EC - Directive 2003/15/EC of the European Parliament and 
of the Council of 27 February 2003 amending Council Directive 
76/768/EEC on the approximation of the laws of the Member States 
relating to cosmetic products. O%cial Journal L66, 11/03/2003 
p.26.

Flamand N, Marrot L, Belaidi JP, Bourouf L, Dourille E, Feltes M, 
Meunier JR. (2006). Development of genotoxicity test procedures 
with Episkin, a reconstructed human skin model: towards new 
tools for in vitro risk assessment of dermally applied compounds? 
Mutat Res 606:39–51.

Gautier JC, Lecoeur S, Cosme J, Perret A, Urban P, Beaune P, Pompon 
D. (1996). Contribution of human cytochrome P450 to benzo[a]
pyrene and benzo[a]pyrene-7,8-dihydrodiol metabolism, as 
predicted from heterologous expression in yeast. Pharmacogenetics 
6:489–499.

Gervot L, Rochat B, Gautier JC, Bohnenstengel F, Kroemer H, de 
Berardinis V, Martin H, Beaune P, de Waziers I. (1999). Human 
CYP2B6: expression, inducibility and catalytic activities. 
Pharmacogenetics 9:295–306.

Goebel C, Hewitt NJ, Kunze G, Wenker M, Hein DW, Beck H, Skare J. 
(2009). Skin metabolism of aminophenols: human keratinocytes 
as a suitable in vitro model to qualitatively predict the dermal 
transformation of 4-amino-2-hydroxytoluene in vivo. Toxicol Appl 
Pharmacol 235:114–123.

Guy RH, Mak VHW, Kai T, Bommannan D, Potts RO. (1990). 
Percutaneous penetration enhancers: mode of Action. In: Scott, 
R.C., Guy, R.H., Hadgraft, J., eds. Prediction of Percutaneous 
Penetrationm Methods, Measurements and Modelling. London: 
IBC, 213–223.

Habig WH, Pabst MJ, Jakoby WB. (1974). Glutathione S-transferases. 
!e "rst enzymatic step in mercapturic acid formation. J Biol 
Chem 249:7130–7139.

Heath EC, Dingell JV. (1974). !e interaction of foreign chemical 
compounds with the glucuronidation of estrogens in vitro. Drug 
Metab Dispos 2:556–565.

Hikima T, Maibach HI. (2007). Gender di#erences of enzymatic 
activity and distribution of 17beta-hydroxysteroid dehydrogenase 
in human skin in vitro. Skin Pharmacol Physiol 20:168–174.

Hu T, Bailey RE, Morrall SW, Aardema MJ, Stanley LA, Skare JA. 
(2009b). Dermal penetration and metabolism of p-aminophenol 
and p-phenylenediamine: application of the EpiDerm human 
reconstructed epidermis model. Toxicol Lett 188:119–129.

Hvastkovs EG, So M, Krishnan S, Bajrami B, Tarun M, Jansson I, 
Schenkman JB, Rusling JF. (2007). Electrochemiluminescent 
arrays for cytochrome P450-activated genotoxicity screening. 
DNA damage from benzo[a]pyrene metabolites. Anal Chem 
79:1897–1906.

Khan WA, Park SS, Gelboin HV, Bickers DR, Mukhtar H. (1989). 
Epidermal cytochrome P-450: immunochemical characterization 
of isoform induced by topical application of 3-methylcholanthrene 
to neonatal rat. J Pharmacol Exp !er 249:921–927.

LeCluyse E, Madan A, Hamilton G, Carroll K, DeHaan R, Parkinson 
A. (2000). Expression and regulation of cytochrome P450 enzymes 
in primary cultures of human hepatocytes. J Biochem Mol Toxicol 
14:177–188.

Li W, Harper PA, Tang BK, Okey AB. (1998). Regulation of cytochrome 
P450 enzymes by aryl hydrocarbon receptor in human cells: 
CYP1A2 expression in the LS180 colon carcinoma cell line 
after treatment with 2,3,7,8-tetrachlorodibenzo-p-dioxin or 
3-methylcholanthrene. Biochem Pharmacol 56:599–612.

Lindley C, Hamilton G, McCune JS, Faucette S, Shord SS, Hawke 
RL, Wang H, Gilbert D, Jolley S, Yan B, LeCluyse EL. (2002). !e 
e#ect of cyclophosphamide with and without dexamethasone on 
cytochrome P450 3A4 and 2B6 in human hepatocytes. Drug Metab 
Dispos 30:814–822.

Luu-!e V, Duche D, Ferraris C, Meunier JR, Leclaire J, Labrie F. (2009). 
Expression pro"les of phases 1 and 2 metabolizing enzymes in human 
skin and the reconstructed skin models Episkin and full thickness 
model from Episkin. J Steroid Biochem Mol Biol 116:178–186.

D
ow

nl
oa

de
d 

by
 [F

rit
z 

H
ab

er
 In

st
itu

te
 M

PS
] a

t 2
3:

49
 0

2 
N

ov
em

be
r 2

01
5 



Phase 1 and 2 metabolism in EpiDerm™ models 537

© 2012 Informa UK, Ltd. 

Mackenzie PI, Rodbourn L, Iyanagi T. (1993). Glucuronidation of 
carcinogen metabolites by complementary DNA-expressed 
uridine 5′-diphosphate glucuronosyltransferases. Cancer Res 
53:1529–1533.

Milewich L, Kaimal V, Shaw CB, Sontheimer. (1986). Epidermal 
keratinocytes: a source of 5 alpha-dihydrotestosterone production 
in human skin. J Clin Endocrinol Metab 62:739–746.

Mukhtar H, Bickers DR. (1981). Drug metabolism in skin. Comparative 
activity of the mixed-function oxidases, epoxide hydratase, and 
glutathione S-transferase in liver and skin of the neonatal rat. Drug 
Metab Dispos 9:311–314.

Mun GC, Aardema MJ, Hu T, Barnett B, Kaluzhny Y, Klausner M, 
Karetsky V, Dahl EL, Curren RD. (2009). Further development of 
the EpiDerm 3D reconstructed human skin micronucleus (RSMN) 
assay. Mutat Res 673:92–99.

Nims RW, Prough RA, Lubet RA. (1984). Cytosol-mediated reduction 
of resoru"n: a method for measuring quinone oxidoreductase. 
Arch Biochem Biophys 229:459–465.

Nohynek GJ, Duche D, Garrigues A, Meunier PA, Toutain H, Leclaire 
J. (2005). Under the skin: Biotransformation of para-aminophenol 
and para-phenylenediamine in reconstructed human epidermis 
and human hepatocytes. Toxicol Lett 158:196–212.

Oesch F, Fabian E, Oesch-Bartlomowicz B, Werner C, Landsiedel R. 
(2007). Drug-metabolizing enzymes in the skin of man, rat, and 
pig. Drug Metab Rev 39:659–698.

Pelkonen O, Nebert DW. (1982). Metabolism of polycyclic aromatic 
hydrocarbons: etiologic role in carcinogenesis. Pharmacol Rev 
34:189–222.

Pushparajah DS, Umachandran M, Nazir T, Plant KE, Plant N, Lewis 
DF, Ioannides C. (2008a). Up-regulation of CYP1A/B in rat lung 
and liver, and human liver precision-cut slices by a series of 
polycyclic aromatic hydrocarbons; association with the Ah locus 
and importance of molecular size. Toxicol In Vitro 22:128–145.

Pushparajah DS, Umachandran M, Plant KE, Plant N, Ioannides C. 
(2008b). Up-regulation of the glutathione S-transferase system in 
human liver by polycyclic aromatic hydrocarbons; comparison 
with rat liver and lung. Mutagenesis 23:299–308.

Raza H, Mukhtar H. (1993). Di#erences in inducibility of cytochrome 
P-4501A1, monooxygenases and glutathione S-transferase in 
cutaneous and extracutaneous tissues after topical and parenteral 
administration of beta-naphtho$avone to rats. Int J Biochem 
25:1511–1516.

Raza H, Awasthi YC, Zaim MT, Eckert RL, Mukhtar H. (1991). Glutathione 
S-transferases in human and rodent skin: multiple forms and 
species-speci"c expression. J Invest Dermatol 96:463–467.

Schäfer-Korting M, Mahmoud A, Lombardi Borgia S, Brüggener 
B, Kleuser B, Schreiber S, Mehnert W. (2008). Reconstructed 
epidermis and full-thickness skin for absorption testing: in$uence 
of the vehicles used on steroid permeation. Altern Lab Anim 
36:441–452.

Skare JA, Hewitt NJ, Doyle E, Powrie R, Elcombe C. (2009). Metabolite 
screening of aromatic amine hair dyes using in vitro hepatic 
models. Xenobiotica 39:811–825.

Sherratt PJ, Hayes JD. (2002). Glutathione S-transferases. In: Ioannides, 
C ed. Enzyme systems that metabolise drugs and other xenobiotics. 
Chichester, UK:Wiley & Sons, 319–352.

Slominski A, Wortsman J, Foecking MF, Shackleton C, Gomez-
Sanchez C, Szczesniewski A. (2002). Gas chromatography/mass 
spectrometry characterization of corticosteroid metabolism 
in human immortalized keratinocytes. J Invest Dermatol 
118:310–315.

Slominski A, Zjawiony J, Wortsman J, Semak I, Stewart J, Pisarchik 
A, Sweatman T, Marcos J, Dunbar C, C Tuckey R. (2004). A novel 
pathway for sequential transformation of 7-dehydrocholesterol 
and expression of the P450scc system in mammalian skin. Eur J 
Biochem 271:4178–4188.

Swanson HI. (2004). Cytochrome P450 expression in human 
keratinocytes: an aryl hydrocarbon receptor perspective. Chem 
Biol Interact 149:69–79.

Tachibana S, Tanaka M. (2001). Simultaneous determination of 
testosterone metabolites in liver microsomes using column-
switching semi-microcolumn high-performance liquid 
chromatography. Anal Biochem 295:248–256.

van de Sandt JJ, van Burgsteden JA, Cage S, Carmichael PL, Dick I, 
Kenyon S, Korinth G, Larese F, Limasset JC, Maas WJ, Montomoli 
L, Nielsen JB, Payan JP, Robinson E, Sartorelli P, Schaller KH, 
Wilkinson SC, Williams FM. (2004). In vitro predictions of skin 
absorption of ca#eine, testosterone, and benzoic acid: a multi-
centre comparison study. Regul Toxicol Pharmacol, 39(3), 
271–281.

Wei W, Zhang C, Liu AL, Xie SH, Chen XM, Lu WQ. (2009). E#ect 
of PCB153 on BaP-induced genotoxicity in HepG2 cells via 
modulation of metabolic enzymes. Mutat Res 675:71–76.

Xie HJ, Yasar U, Lundgren S, Griskevicius L, Terelius Y, Hassan 
M, Rane A. (2003). Role of polymorphic human CYP2B6 
in cyclophosphamide bioactivation. Pharmacogenomics  
J 3:53–61.

Yamazaki H, Shimada T. (1997). Progesterone and testosterone 
hydroxylation by cytochromes P450 2C19, 2C9, and 3A4 in human 
liver microsomes. Arch Biochem Biophys 346:161–169.

Zhang Y, Gonzalez V, Xu MJ. (2002). Expression and regulation of 
glutathione S-transferase P1-1 in cultured human epidermal cells. 
J Dermatol Sci 30:205–214.

Zhao JF, Zhang YJ, Kubilus J, Jin XH, Santella RM, Athar M, Wang ZY, 
Bickers DR. (1999). Reconstituted 3-dimensional human skin 
as a novel in vitro model for studies of carcinogenesis. Biochem 
Biophys Res Commun 254:49–53.

Zuber R, Anzenbacherová E, Anzenbacher P. (2002). Cytochromes 
P450 and experimental models of drug metabolism. J Cell Mol 
Med 6:189–198.D

ow
nl

oa
de

d 
by

 [F
rit

z 
H

ab
er

 In
st

itu
te

 M
PS

] a
t 2

3:
49

 0
2 

N
ov

em
be

r 2
01

5 

View publication statsView publication stats


