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a b s t r a c t

A novel in vitro human reconstructed skin micronucleus (RSMN) assay has been developed using the
EpiDermTM 3D human skin model [R. D. Curren, G. C. Mun, D. P. Gibson, and M. J. Aardema, Development
of a method for assessing micronucleus induction in a 3D human skin model EpiDermTM, Mutat. Res. 607
(2006) 192–204]. The RSMN assay has potential use in genotoxicity assessments as a replacement for
in vivo genotoxicity assays that will be banned starting in 2009 according to the EU 7th Amendment to
the Cosmetics Directive. Utilizing EpiDermTM tissues reconstructed with cells from four different donors,
intralaboratory and interlaboratory reproducibility of the RSMN assay were examined. Seven chemicals
were evaluated in three laboratories using a standard protocol. Each chemical was evaluated in at least
two laboratories and in EpiDermTM tissues from at least two different donors. Three model genotoxins,
ssay reproducibility mitomycin C (MMC), vinblastine sulfate (VB) and methyl methanesulfonate (MMS) induced significant,
dose-related increases in cytotoxicity and MN induction in EpiDermTM tissues. Conversely, four dermal
non-carcinogens, 4-nitrophenol (4-NP), trichloroethylene (TCE), 2-ethyl-1,3-hexanediol (EHD), and 1,2-
epoxydodecane (EDD) were negative in the RSMN assay. Results between tissues reconstructed from
different donors were comparable. These results indicate the RSMN assay using the EpiDermTM 3D human
skin model is a promising new in vitro genotoxicity assay that allows evaluation of chromosome damage

ermal
following “in vivo-like” d

. Introduction

Currently, studies using laboratory animals such as the in vivo
one marrow MN assay and the in vivo unscheduled DNA synthesis
UDS) assay are used to further evaluate the genotoxic potential of
hemicals that are positive in in vitro genotoxicity assays. According
o the EU 7th Amendment to the Cosmetics Directive [2], starting
n 2009, in vivo assays for genotoxicity will be banned for cosmetics
ngredients. Without in vivo genotoxicity assays, industry and reg-
lators will have to rely solely on the results of in vitro genotoxicity
ests. However these tests have been shown to produce unaccept-
bly high rate of positive results that are not confirmed in in vivo

enotoxicity and/or rodent carcinogenicity tests, i.e. “false” or “irrel-
vant” positive results [3]. In fact 75–90% of rodent non-carcinogens
ere found to be positive in one or more of the standard in vitro

enotoxicity assays [3]. Thus, relying only on results from in vitro

∗ Corresponding author. Tel.: +1 513 627 2647; fax: +1 613 627 0002.
E-mail address: aardema.mj@pg.com (M.J. Aardema).
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exposures.
© 2009 Elsevier B.V. All rights reserved.

genotoxicity assays would severely impact the ability to market
potentially safe and beneficial new cosmetic products. To address
this issue, we developed a micronucleus assay using the EpiDermTM

3D reconstructed human skin model as a potential replacement for
an in vivo genotoxicity assay to support the regulatory safety evalu-
ation for cosmetic products and other dermally exposed chemicals
[1].

Based on the success of our initial studies, we expanded our work
to refine and improve the methods, and increase the size of the 3D
EpiDermTM RSMN assay database to begin to address predictive
capability [4]. In this paper we have address several key elements
of assay validation, namely intralaboratory and interlaboratory
reproducibility. Because primary foreskin derived human epider-
mal keratinocytes are used in the construction of the EpiDermTM

cultures (http://www.mattek.com), it is important to understand

the effect of tissue constructs generated from different donors on
the overall performance of this assay. In this study, 3D EpiDermTM

tissues generated using cells from four different donors were used
to assess variability of the model prepared from different donors.
The standard testing protocol defined by Curren et al. [1] and

http://www.sciencedirect.com/science/journal/13835718
http://www.elsevier.com/locate/gentox
http://www.elsevier.com/locate/mutres
mailto:aardema.mj@pg.com
http://www.mattek.com/
dx.doi.org/10.1016/j.mrgentox.2008.12.003
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Table 1
List of compounds tested.

Compound Abbreviation CAS no. Vehicle Supplier 3D RSMN assay resulta

Genotoxins
Mitomycin C MMC 50-07-7 acetone Sigma–Aldrich +

ethanol or
Vinblastine sulfate VB 143-67-9 acetone Sigma–Aldrich +
Methyl methanesulfonate MMS 66-27-3 acetone Sigma–Aldrich +

Dermal non-carcinogens
4-Nitrophenol 4-NP 100-02-7 acetone Sigma–Aldrich −
Trichloroethylene TCE 79-01-6 acetone Sigma–Aldrich −

f
t
V
a
M
(
[

c
h
c
o
w
f
r
h
a

2

2

O
a

2

w
a
E
T
r
d
s
u
i
(
6
R

2

a
3
T
w
t
t
s
t
s
l
s

2-Ethyl-1,3-hexanediol EHD 94-96-2
1,2-Epoxydodecane EDD 2855-19-8

a + = positive, p < 0.05; − = negative.

urther refined by Mun et. al. [4] was utilized in three labora-
ories: P&G (Procter & Gamble Company), IIVS (Institute for In
itro Sciences, Inc.) and MatTek (MatTek Corporation) to evalu-
te seven test chemicals: three model genotoxins (MMC, VB and
MS) and four dermal non-carcinogens (4-NP, EDD, TCE and EHD)

chemical selection reviewed in accompanying paper, Mun et al.
4]).

Overall, reproducible isolation of cells and cell yield along with
onsistently low background MN frequencies (an average of 0.08%)
ave been obtained across the tissues constructed from different
ell donors in the three laboratories. Comparable MN levels were
bserved in tissues constructed from the different donor tissues
ith positive results for the three genotoxins and negative results

or all four dermal non-carcinogens in three laboratories. These
esults demonstrate that the current protocol for the EpiDermTM 3D
uman RSMN assay is robust and gives reproducible results within
nd between different laboratories.

. Materials and methods

.1. Chemicals

All the chemicals tested (Table 1) were purchased from Sigma–Aldrich or Acros
rganics. Other reagents such as acetone, ethanol, cytochalasin B (cytoB), trypsin,
cridine orange (AO) etc. were obtained as previously reported [1].

.2. Tissue constructs

EpiDermTM EPI-200-MNA kits, supplied with new maintenance medium (NMM),
ere obtained from MatTek Corporation (Ashland, MA). The NMM contains ker-

tinocyte growth factor and allows acceptable differentiated morphology of the
piDermTM EPI-200 tissue for at least five days upon receipt by end users.
he EpiDermTM EPI-200 tissue constructs are 0.64 cm2 human skin equivalents
esembling the normal human epidermis (http://www.mattek.com). Experiments
escribed here were conducted with EpiDermTM cultures constructed using fore-
kin derived human epidermal keratinocytes from four different donors. All tissues
sed in studies at MatTek Corporation went through mock shipment conditions to

nsure the comparability of the tissues to those shipped to IIVS and P&G. Upon receipt
at IIVS or P&G) or overnight storage (at MatTek), tissues were cultured overnight in
-well plates containing 1 ml of NMM at 5 ± 1% CO2 and 37 ± 1 ◦C before use in the
SMN experiments.

.3. RSMN assay

According to the standard procedures defined by Curren et. al. [1] and Mun et
l. [4], EpiDermTM tissue constructs were refed with 1 ml of fresh NMM containing
�g/ml cytoB approximately every 24 h during the 48 h chemical exposure period.

est chemicals were dissolved in acetone or ethanol, and a dosing volume of 10 �l
as applied twice, 24 h apart, carefully with a micropipette to the surface center of

he EpiDermTM tissue. The standard procedures were used for harvesting cells from
he EpiDermTM tissues, for measuring cell yield and for processing cells to prepare
lides for the cell proliferation and MN analyses. Intralaboratory reproducibility of
he RSMN at IIVS is addressed in Mun et al. [4]. Therefore only one representative
tudy that meets all the appropriate criteria for a valid study including appropriate
evels of toxicity from IIVS is shown in this paper, with the exception of MMC where
tudies from two different donors are provided.
acetone Acros Organics −
acetone Sigma–Aldrich −

2.4. Cytotoxicity and MN assessment

The % binucleate (BN) cells, as calculated by the frequency of BN cells in 500 cells
containing one, two, or more than two nuclei, was evaluated for each tissue. The %
relative BN was calculated by comparing the %BN level for each tissue to the average
% BN of the solvent control. The average of the % relative BN for a treatment group
was the primary endpoint of cytotoxicity measurement for all seven chemicals, and
used to determine the highest concentrations for MN analysis of four chemicals
(MMC, VB, MMS and 4-NP). The percentage of relative cell yield was calculated by
comparing the cell yield of chemical treated tissues to its corresponding control tis-
sues, and for some chemicals (EDD, TCE and EHD) this was a more sensitive indicator
of cytotoxicity than reduction in the % relative BN. The highest concentrations of a
test chemical reported here for analysis of MN produced 50–70% cytotoxicity (by
either decreased %BN or decreased % cell yield) compared to controls. This toxicity
range was consistent with the draft OECD guideline 487 [5] for the in vitro micronu-
cleus assay in place at the time these studies were conducted (http://www.oecd.org)
though a lower level of toxicity (around 50%) now appears to be an acceptable limit.
All genotoxic chemicals evaluated in the studies below would also have been positive
if a top concentration was selected at around 50% toxicity.

The number of BN cells with micronuclei (MNBN) was scored using a standard
classification method [6]. The frequency of MN per 1000 BN cells (when possible) was
generated for each scorable slide/tissue. The program StatXact-Turbo (Cytel Software
Corporation, Cambridge, MA) was used for statistical analysis. A one-tailed Fisher
exact test was used to determine the statistical significance of each test concentra-
tion. A result was declared statistically significant if the corresponding p-value was
<0.05.

3. Results and discussion

3.1. Reproducibility of the EpiDermTM RSMN methodology

As shown in Fig. 1A, solvent control tissues in all three labs typ-
ically yielded 1–5 × 105 cells, with an average cell yield of around
2.5 × 105 cells/tissue. The variation in the range of cells from tis-
sues is to be expected in this type of primary cell tissue model,
especially as labs start using the methods. Previous studies con-
ducted at IIVS [1] yielded an average of 2.3 × 105 cells/tissue which
is comparable to the average reported in studies conducted at P&G
(3.7 × 105 cells/tissue) and MatTek (2.8 × 105 cells/tissue) as shown
in Table 2. Importantly, this cell yield provides enough cells to pre-
pare at least two slides and sometimes up to 4 slides with a single
drop of cell suspension per slide from each tissue. This procedure
yields sufficient cells for the analysis of MN.

After 48 h incubation with 3 �g/mL cytoB, 22–66% BN cells were
obtained in acetone solvent control tissues across the laboratories
with a mean of 44% across all three laboratories (Fig. 1B, Table 2).
This value is in line with the levels reported by Curren et al. [1] of
40–55% BN cells. Most studies were conducted with tissue donor
254 and the range of BN cells was 25–56%. The range for donor
4F1188 was 48–66%, and too few studies were conducted with
donors 219 and 926 to evaluate a range of responses. Statistical

analysis of the %BN cell level in RSMN experiments from all three
laboratories indicated that 25% BN level in the solvent control tis-
sues represents the lower end of the 95% confidence interval.

The %MN in acetone solvent control treated tissues ranged from
0 to 0.5% with an average around 0.08% among the three labora-

http://www.mattek.com/
http://www.oecd.org/
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Fig. 1. Comparison of solvent and positive control treated tissues in EpiDermTM 3D RSMN assays from P&G, IIVS and MatTek studies. (A) Cell recovery of solvent control
tissues, (B) percentage of BN in solvent control treated tissues and (C) percentage of MNBN cells in 3 �g/ml MMC treated tissues.

Table 2
Summary of cell yield from solvent control tissues and percentage of binucleated cells in 3D EpiDermTM RSMN assay.

Acetone control cell count (×105 cells) Acetone control binucleation level (%)

P&G IIVS MatTek P&G IIVS MatTek

No. of tissuesa 43 67 47 43 67 47
Mean ± SD 3.7 ± 1 2.3 ± 1.0 2.8 ± 0.9 45.2 ± 9.7 40.9 ± 9.7 47.1 ± 9.8
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inimum 2 0.8 1

a Total number of EpiDermTM tissues from a combination of all donors tested in e

ories (Table 3). These results confirm the low background %MN
average 0.05%) reported previously [1] and further establish the
eproducibility of the methods. We routinely use 3 �g/ml MMC as
ur positive control in the assay and average %MN results were
.89% at P&G, 1.07% at MatTek and 1.7% at IIVS with an overall
verage among the 3 laboratories of 1.58% (Table 3 and Fig. 1C).
hese results are similar to those reported by Curren et al. [1] of
.8% following topical exposure of MMC in acetone.

.2. Parameters for a valid assay

Based on the results for positive and solvent control treated cul-
ures, several parameters which are important to the successful
onduct of the assay are defined. It is especially important to define
hese parameters for this type of model since primary cell-based
issue model inherently have more sources of variation than clonal
ell lines. In addition, suggested criteria for a valid assay, taking
nto account the draft OECD guidelines for the in vitro micronucleus
ssay, are provided. These parameters will need to be reviewed as
ata from more laboratories are generated following the procedures
or the RSMN in EpiDermTM tissues. The studies reported below

eet these characteristics.

. Cell yield: Based on the range and average yield of cells/tissue
described above, a minimum of 5 × 104 cells/tissue in the sol-

vent control is needed for a tissue to be considered valid in the
RSMN assay. If fewer cells are obtained in the solvent control tis-
sues, the lab’s procedures should be reviewed. Importantly, lower
cell yields would impact the ability to obtain the recommended
number of cells for analysis.

able 3
ummary of MN frequence in solvent control tissues and positive control tissues in 3D Ep

Acetone solvent control MN frequence (%)

P&G IIVS MatTek

o. of tissuesa 43 67 47
ean ± SD 0.07 ± 0.11 0.1 ± 0.12 0.07 ± 0.09
aximum 0.4 0.5 0.4
inimum 0 0 0

a Total number of EpiDermTM tissues from a combination of all donors tested in each la
67.3 67.4 68.28
22.6 22.3 24.4

boratory.

. Percentage of BN cells: 25% BN cells (lower end of the 95%
confidence interval) in acetone treated control tissues is rec-
ommended as the lowest limit for a tissue to be considered
acceptable for analysis. If the %BN in any solvent control tissues
in a particular study is less than 25%, it likely indicates a tech-
nical issue or problem with the EpiDermTM tissue. This is also a
practical limitation since any test chemical-induced toxicity will
result in too few BN cells for analysis when the control values
are too low. To insure that a study is valid, a preliminary assess-
ment of the %BN in solvent controls can be performed, and if the
results are valid, the slides are coded and included in the blinded
analysis of the rest of the slides.

. Number of tissues: Because of variability in these tissues espe-
cially after treatment with a toxic chemical, and to insure
obtaining sufficient numbers of cells for analysis (see below),
we recommend at least 3 tissues be used per treatment group.
Results from at least 2 valid tissues must be available for a treat-
ment group to be considered a valid dose.

. Percentage of MNBN in solvent controls: At this point in time,
there are no criteria for a valid %MNBN in solvent controls. Each
lab needs to establish its own historical control. The range in our
laboratories is from 0 to 0.5% with an average around 0.08%. If a
higher %MN frequency is obtained, the slide should be rescored
to check scoring accuracy.

. Analysis of cell proliferation: At least 500 cells must be scored
for the percentage of cells containing one, two, or more than

two nuclei per tissue. As described in Mun et al. [4], only cells
with red cytoplasmic acridine orange (AO) staining are analyzed.
Differentiated cells with green cytoplasmic AO staining are not
analyzed. If a culture has less than 500 analyzable cells and cells
are of poor quality due to test article toxicity, it is listed as “T” for

iDermTM RSMN assay.

3 �g/ml MMC positive control % micronucleated binucleated cells

P&G IIVS MatTek

32 35 45
1.89 ± 1.18 1.71 ± 1.32 1.07 ± 0.9
6.9 7 3.7
0.5 0.4 0

boratory.
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Table 4
Summary of mitomycin C results using tissue constructed from three different donors tested in three different laboratories.

Compound Donor Concentration
(�g/ml)

Applied on
EpiDermTM

(�g/cm2)

Average binucleation% ± SD (% decrease solvent control) % Micronucleated bicleated cells

P&G IIVS MatTek P&G IIVS MatTek

Mitomycin C 254 0 0 25.1 ± 2.2 (0) 37.6 ± 6 (0) 43.7 ± 3 (0) 0.12 0.04 0.2
1 0.03 27.1 ± 3.0 (−8) 40.8 ± 13 (7.5) 0.33 1.0**

3 0.09 24.4 ± 1.6 (2.7) 26.8 ± 4 (28.9) 16.3 ± 1.3 (62.9) 2.03** 1.7** 1.68**

6 0.19 18.9 ± 2.5 (24.8) 13.9 ± 1.3 (62.9) 20.1 ± 0.7 (54.4) 2.8** 2.9** 1.2**

10 0.31 15.2 ± 1.9 (39.4) 3.16**

15 0.47 9.6 ± 0.6 (61.8) 3.11**

4F1188 0 0 47.7 ± 2.7 (0) 61.2 ± 5.4 (0) 55.9 ± 8.0 (0) 0.13 0 0.16
1 0.03 44.7 ± 4.2 (6.4) 59.7 ± 4.4 (2.5) 52.6 ± 0.9 (5.8) 1.15** 0.1 0.95**

3 0.09 41.0 ± 7.6 (14.3) 64.3 ± 4.1 (−5.1) 47.2 ± 5.8 (15.6) 3.48** 0.2* 0.93**

6 0.19 32.1 ± 2.8 (32.3) 50.6 ± 0.6 (17.4) 38.7 ± 1.4 (30.1) 4.25** 0.57** 0.87**

10 0.31 16.7 ± 4.1 (65) 40.7 ± 6.9 (33.6) 5.03** 1.13**

15 0.47 11.9 ± 4.2 (75) 3.75**

219 0 0 58 ± 8.4 (0) 0.1
1 0.03 53.9 ± 6.9 (7.1) 1.3**

3 0.09 60.7 ± 5.8 (−4.7) 0.3

6

7

3

3

t

F
4

6 0.19

* p < 0.05.
** p < 0.01.

toxic and this culture is averaged into the calculation of toxicity
as 100% toxicity. The analysis for toxicity is performed in a sep-
arate analysis from the analysis for MNBN cells to avoid bias in
cell selection for quantitating MN. For toxicity, cells with reason-
ably intact cytoplasmic membranes are analyzed. In contrast, for
the analysis of MN cells, the cytoplasm should be retained and
well spread to allow detection of MN. The relative %BN for each
treatment condition is calculated and only tissues showing less
than 70% cytotoxicity compared to the average %BN of the solvent
controls are counted for MN frequency. We are now using a 55%
cytotoxicity limit (% relative BN or cell counts) in this assay based
on the latest draft OECD guideline for the invitro micronucleus
assay (5).

. Numbers of cells analyzed for MN: 1000 BN cells (with red cyto-
plasmic AO staining) are analyzed per tissue to determine the
frequency of MNBN. Only results from tissues that had at least
500 analyzable BN cells are reported. If less than 500 analyzable
BN cells are present, the tissue is considered “not scorable” and
is not included in the mean calculation of %MNBN for that dose.

. Positive control: The positive control must result in a statistically
significant increase in MN% level. MMC (Sigma M4287 with NaCl,
cell culture tested) at 3 �g/ml in acetone has been found to give
the most reproducible results and is now typically used in our
labs.
.3. Evaluation of model chemicals

.3.1. Mitomycin C
As shown in Table 4 and Fig. 2, dose dependent decreases in

he %BN cells and dose dependent statistically significant increases

ig. 2. Mitomycin C-induced micronuclei in tissues from three different donors: (A) for P&
F1188 tissues, and circles for donor 219 tissues. Asterisks (*) indicate p < 0.05 for micronu
43.7 ± 4.1 (24.6) 3.2**

in MN induction at multiple concentrations were observed in all
donor tissues from the studies of all three laboratories after topical
application of MMC, a known direct acting crosslinking genotoxin.
In the IIVS experiment conducted with tissues derived from donor
254 cells, 60% toxicity was observed at 6 �g/ml MMC as previously
reported by Curren et al. [1]. At 6 �g/ml MMC, a range of toxicity
from 17 to 62% was obtained in the three laboratories using tis-
sues comprised of cells derived from donors 254, 4F1188 and 219.
Though significant increases in MMC induced MN were observed in
all three laboratories, there was some variability in effects observed
within and between laboratories that may be due to differences
in completeness of solubilizing the MMC. Revised procedures for
preparing homogenous MMC dosing solutions are described in Mun
et al. [4]. 3 �g/ml MMC is typically used as the positive control con-
centration for our assays since it induces a statistically significant
increase in MN, but with low toxicity.

3.3.2. Vinblastine sulfate
Table 5 and Fig. 3 summarize the results for VB tested in all three

laboratories. Results shown for IIVS were previously reported [1].
Dose dependent decreases in the %BN cells and dose dependent and
statistically significant increases in MN induction were observed
in all donor tissues from the studies of all three laboratories after
topical application of VB. In the studies conducted at P&G, ethanol
was used as the solvent for VB to directly compare to the origi-

nal IIVS VB study [1]. The level of toxicity and MN induction were
nearly identical from studies at P&G and IIVS. Since ethanol was
previously found to sometimes induce separation of the tissue from
the support membrane, i.e. “blistering” [1] (not seen in subsequent
studies), MatTek performed studies with VB using acetone as the

G, (B) for IIVS and (C) for MatTek. Triangles for donor 254 tissues, squares for donor
cleus induction.
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Table 5
Summary of vinblastine sulfate results using tissue constructed from three different donors tested in three different laboratories.

Compound Donor Concentration
(�g/ml)

Applied on
EpiDerm
(�g/cm2)

Average binucleation% ± SD (% decrease compared to
solvent control)

% Micronucleated
binucleated cells

P&G1 IIVSa MatTekb P&G IIVS MatTek

Vinblastine
sulfate

254 0 0 34.7 ± 5 (0) 30.1 ± 3.8 (0) 56.1 ± 4.3 (0) 0.2 0.05 0.06

0.03 0.001 41 ± 5.1 (−18.1) 44.7 ± 0.6 (−44.4) 0.15 0.05
0.1 0.003 37.9 ± 6.8 (−9.3) 41.2 ± 5.7 (−33.3) 57.7 ± 3.3 (−2.8) 0.36 1.5 0.5**

0.3 0.009 26.7 ± 7.9 (23.1) 32.2 ± 7.1 (−4) 43.7 ± 2 (22.1) 0.84** 1.3** 0.42**

0.6 0.019 9 ± 4.5 (74) 15.1 ± 6.9 (51.3) 33.7 ± 13.7 (40) 3.39** 3.5** 0.36*

1 0.031 6.3 ± 3 (81.8) 7.8 ± 1.1 (74.8)

4F1188 0 0 51.4 ± 1.8 (0) 55.9 ± 8 (0) 0 0.16
0.1 0.003 43.2 ± 4.1 (16) 0.23**

0.3 0.009 37.9 ± 3.1 (26.2) 61.1 ± 11.2 (−9.3) 0.17* 0.19
0.4 0.013 61.3 ± 3.4 (−9.8) 0.43*

0.6 0.019 24.2 ± 7.3 (52.9) 41.7 ± 12.9 (25.4) 2.07** 0.58**

1 0.031 18.4 ± 5.5 (64.2) 2.3**

219 0 0 58 ± 8.4 (0) 0.1
0.3 0.009 50 ± 6.7 (13.8) 0
0.6 0.019 52.3 ± 3.3 (9.9) 0.18
0.8 0.025 45.8 ± 4.1 (21) 0.59**

a Ethanol was used as solvent for P&G and IIVS studies except for the control 4F1188 tissues in the P&G study where acetone was used as solvent.
b Acetone was used as solvent for MatTek studies.
* p < 0.05.

** p < 0.01.

Fig. 3. Vinblastine sulfate-induced micronuclei in tissues from three different donors: (A) for P&G, (B) for IIVS and (C) for MatTek. Triangles for donor 254 tissues, squares for
donor 4F1188 tissues, and circles for donor 219 tissues. Asterisks (*) indicate p < 0.05 for micronucleus induction.

Table 6
Summary of methyl methanesulfonate results using tissue constructed from four different donors tested in three different laboratories.

Compound Donor Concentration
(�g/ml)

Applied on
EpiDerm
(�g/cm2)

Average binucleation% ± SD (% decrease compared to
solvent control)

% Micronucleated
binucleated cells1

P&G IIVS MatTek P&G IIVS MatTek

Methyl 254 0 0 35.1 ± 1.6 (0) 42.4 ± 4.9 (0) 48.6 ± 1.8 (0) 0.07 0.07 0
methanesulfonate 600 18.75 33.1 ± 2.1 (5.6) 49.8 ± 5.9 (−17.5) 0.43** 0.34*

800 25 26.6 ± 5.7 (24.2) 41.1 ± 2.7 (3.1) 42.6 ± 11.1 (12.5) 0.43** 0.43** 0.2
1000 31.25 11.7 ± 3.1 (66.8) 24.5 ± 11.1 (42.1) 29.2 ± 5 (40) 0.72** 0.65** 0.68**

1200 37.5 10.2 ± 3.6 (71) 13.4 ± 5.7 (68.3) 14.5 ± 7.4 (70.3) 0.60** 059**

926 0 0 54.1 ± 2.2 (0) 0.03
600 18.75 42.9 ± 10.3 (21.8) 0.22*

800 25 31.7 ± 7.1 (41.3) 0.4**

1000 31.25 17.9 ± 4.4 (67) 0.6**

1200 37.5 7.8 ± 3.1 (85.6)

4F1188 0 0 55.9 ± 8 (0) 0.16
600 18.75 70 ± 4.4 (−24.9) 0.33
800 25 44.3 ± 6.2 (20.6) 0.26

1000 31.25 34.3 ± 6 (38.7) 0.44*

219 0 0 58 ± 8.4 (0) 0.1
600 18.75 55 ± 5.1 (5.1) 0.13
800 25 63.8 ± 3.9 (−10.1) 0.21

1000 31.25 66.2 ± 6.5 (−14.1) 0.47*

* p < 0.05.
** p < 0.01.
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ig. 4. Methyl methanesulfonate-induced micronuclei in tissues from four different
or donor 4F1188 tissues, open or closed circles for donor 219 tissues, vertical rectan

olvent. A statistically significant, dose dependent increase in MN
as observed in the studies conducted at MatTek, but the frequency
f VB induced MN appeared lower than that observed at IIVS and
&G, possibly due to different solvents used. Despite the differences
n solvents, all three donor tissues tested by MatTek provided con-
istent toxicity profiles and similar statistically significant levels of
N induction.

.3.3. Methyl methanesulfonate
We evaluated MMS MN induction in three laboratories using

issues derived from four different donor tissues (254, 926, 4F1188
nd 219). As shown in Table 6 and Fig. 4, statistically significant
ncreases in %MN cells were obtained in all laboratories, though the
esponse was lower than for the other two model genotoxins MMC
nd VB. At 1000 �g/ml, MMS induced a statistically significant MN
nduction in all four donor tissues.

.3.4. 4-nitrophenol
When tested at concentrations that induced up to 70% toxicity,

-NP did not induce statistically significant increases of MN level
n any experiments with any donor tissues (Table 7 and Fig. 5). A
tatistically significant increase in MN was observed for the positive

ontrol MMC at 3 or 6 �g/ml MMC in all experiments.

.3.5. Trichloroethylene
TCE was tested in donor 254 tissues by all three laboratories and

onor 4F1188 tissues by P&G. As summarized in Table 8 and Fig. 6A,

able 7
ummary of 4-nitrophenol results using tissue constructed from three different donors te

ompound Donor Concentration
(�g/ml)

Applied on
EpiDermTM

(mg/cm2)

Average binucle
(% compared to

P&G

-Nitrophenol 254 0 0 48.2 ± 2.6 (0)
0.5 0.02 41.1 ± 10.8 (14
1 0.03 46.3 ± 5.0 (4)
2 0.06 39.5 ± 10.0 (18
3 0.09 25.3 ± 5.9 (47.
4 0.13 15.9 ± 3.9 (67.
MMC 3 �g/ml 0.09 �g/cm2 36 ± 2.7 (25.

4F1188 0 0 51.0 ± 6.2 (0)
0.5 0.03 50.0 ± 6.5 (1.9
1 0.06 56.6 ± 9.4 (−1
2 0.09 40.3 ± 17.2 (20
3 0.13 19.5 ± 10.4 (61
4 0.00 16.8 ± 11.6 (67
MMC 3 �g/ml 0.09 �g/cm2 41.8 ± 4.1 (11.5

219 0 0
1 0.06
2 0.09
3 0.13
MMC 6 �g/ml 0.19 �g/cm2

* p < 0.05.
** p < 0.01.
s: (A) for P&G, (B) for IIVS and (C) for MatTek. Triangles for donor 254 tissues, squares
or donor 926 tissues. Asterisks (*) indicate p < 0.05 for micronucleus induction.

in the P&G study, 500 mg/ml TCE increased the % relative BN by 60%
in the study using donor 254 tissues, but did not affect % relative BN
in donor 4F1188 tissues. In contrast, as shown in Fig. 6B, the relative
cell yield per tissue decreased over 90% in both experiments using
either donor 254 tissues or donor 4F1188 tissues. This indicates that
cytotoxicity estimated by the decrease of relative cell yield is a more
sensitive measurement for determining the maximum dose for MN
analysis for TCE. Based on this, 400 mg/ml TCE was considered the
maximum dose for MN analysis to avoid MN analysis for tissues
with greater than 70% toxicity. As shown in Table 8 for P&G studies,
there were no statistically significant increases of MN frequency
at this toxicity level. A statistically significant increase in MN was
observed for the positive control MMC or VB in all experiments.

More accurate cell count procedures were incorporated only
in the later stage of this project as described in [4], so toxicity of
TCE was measured by % relative BN for studies conducted by IIVS
and MatTek. TCE did not induce appreciable toxicity as measured
by % relative BN in agreement with P&G’s studies, however it can
be expected that the cell yield was greatly reduced at the high
concentrations evaluated by IIVS and MatTek. Even at high concen-
trations, there were no statistically significant increases in MNBN

up to 540 mg/ml IIVS) or 600 mg/ml (MatTek).

3.3.6. 2-Ethyl-1,3-hexanediol
A preliminary study at P&G with EHD ranging from 50 to

75 mg/ml resulted in over 70% cytotoxicity as measured by relative

sted in three different laboratories.

ation% ± SD
decrease control)

% Micronucleated
binucleaated cells

IIVS MatTek P&G IIVS MatTek

53 ± 6.7 (0) 37.5 ± 2 (0) 0 0.07 0
.7) 0.06

59 ± 2.5 (−11.3) 36.5 ± 0.9 (2.1) 0.05 0.03 0.15
.1) 46.8 ± 4.1 (11.6) 28.1 ± 2.7 (24.7) 0.08 0.07 0.2

6) 31.8 ± 2.6 (39.9) 0.03 0.03
1) 18.6 ± 8.3 (65) 0.04 0
3) 45.5 ± 2 (14.2) 25.8 ± 3.3 (30.9) 1.55** 0.86** 0.74**

56.1 ± 5 (0) 0 0 0.05
) 0.05
0.9) 62.5 ± 4.8 (−10.5) 0.025 0.15
.9) 48.1 ± 5.4 (14.2) 0 0.05
.9) 55 ± 7.5 (2.1) 0 0.2
.1) 0.07
) 56.6 ± 2.2 (0.7) 0.95** 0.35*

58 ± 8.4 (0) 0.1
65 ± 6.3 (−11.9) 0.03

68.3 ± 1.5 (−17.7) 0.13
51.2 ± 2.1 (11.7) 0
43.7 ± 4.1 (24.6) 3.2**
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Fig. 5. 4-Nitrophenol-induced cytotoxicity in tissues from three different donors: (A) for P&G, (B) for IIVS and (C) MatTek. Triangles for donor 254 tissues, squares for donor
4F1188 tissues and circles for donor 219 tissues.

Table 8
Summary of trichloroethylene results using tissue constructs from two different donors in three different laboratories.

Compound Donor Concentration
(mg/ml)

Applied on
EpiDermTM

(mg/cm2)

Average binucleation% ± SD
(% decrease compared to control)

% Micronucleated
binucleated cells

P&G IIVS MatTek P&G IIVS MatTek

Trichloroethylene 254 0 0 25.1 ± 2.2 (0) 53 ± 6.7 (0) 51.3 ± 9.2 (0) 0.12 0.07 0
50 1.56 31.2 ± 2.3 (−24.4) 0.13

100 3.13 29.1 ± 1.0 (−15.9) 0.3
250 7.81 34.9 ± 3.6 (−38.9) 0.27
400 12.50 43.4 ± 10.8 (15.4) 0
500 15.63 41 ± 4.2 (−63.5) 45.5 ± 6.5 (14.2) 53 ± 2.5 (−3.4) 0.05 0.07
520 16.25 49.9 ± 5.9 (5.8) 0.07
540 16.88 41.1 ± 16 (22.5) 0
600 18.75 53.6 ± 6.6 (4.6) 0.05
MMC 3 �g/ml 0.09 �g/cm2 24.4 ± 1.6 (2.7) 45.5 ± 2 (14.2) 34.2 ± 5.9 (33.2) 2.03** 0.86** 0.3**

4F1188 0 0 51.4 ± 1.8 (0) 0
100 3.13 57.1 ± 7.7 (−11.2) 0.03
300 9.38 58.2 ± 3.0 (−13.2) 0
350 10.94 54.9 ± 3.8 (−6.7) 0.07
400 12.50 47.9 ± 7.5 (6.9) 0.03
450 14.06 50.7 ± 5.4 (1.4)
500 15.63 51 ± 14.1 (0.8)
VB 0.6 �g/ml 0.02 �g/cm2 24.2 ± 7.3 (52.8) 2.07**

** p < 0.01.

Fig. 6. Trichloroethylene-induced cytotoxicity for P&G studies. Triangles for donor 254 tissues and squares for donor 4F1188 tissues.

Fig. 7. 2-Ethyl-1,3-hexanediol-induced cytotoxicity for P&G studies. Triangles for donor 254 tissues and squares for donor 4F1188 tissues.
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Table 9
Summary of 2-ethy-1,3-hexanediol results using tissue constructs from two different donors in P&G and IIVS.

Compound Donor Concentration
(mg/ml)

Applied on
EpiDermTM

(mg/cm2)

Average Binucleation% ± SD
(% decrease compared to solvent control)

% Micronucleated
binucleated cells

P&G IIVS P&G IIVS

2-Ethyl-1,3-hexanediol 254 0 0 55.1 ± 8.9 (0) 53 ± 6.7 (0) 0.025 0.06
3.125 0.10 54.5 ± 4.4 (1.1) 0.025
6.25 0.20 55.2 ± 2.1 (−0.1) 0

12.5 0.39 51.2 ± 10.0 (6.8) 0.025
25 0.78 51.6 ± 4.1 (6.4) 0.025
30 0.94
40 1.25
50 1.56 48.7 ± 8.7 (11.5) 42.9 ± 3.7 (19) 0.125 0
60 1.88 30.5 ± 7.7 (42.6) 0 0.08
70 2.19 14.9 ± 3.2 (71.9)
MMC 3 �g/ml 0.09 �g/cm2 48.7 ± 4.8 (9.3) 45.5 ± 2 (14.2) 1.02** 0.86**

4F1188 0 0 66.1 ± 0.8 (0) 0.050
12.5 0.39 68 ± 7.9 (−2.9) 0.107
25 0.78 63.1 ± 7.8 (4.5) 0.000
50 1.56 75 ± 5.1 (−13.5) 0.062
55 1.72 68.3 ± 9.8 (−3.3)
65 2.03 65.8 ± 7.4 (0.5) 0.050
MMC 3 �g/ml 0.09 �g/cm2 59.4 ± 8.2 (10.1) 1.2**

** p < 0.01.

Table 10
Summary of 1,2-epoxydodecane results using tissue constructs from three different donors in IIVS and MatTek.

Compound Donor Concentration
(mg/ml)

Applied on
EpiDermTM

(mg/cm2)

Average binucleation% ± SD (% decrease
compared to solvent control)

% Micronucleated
binucleated cells

IIVS MatTek IIVS MatTek

1,2-Epoxydodecane 254 0 0 53 ± 6.7 (0) 43.8 ± 4.1 (0) 0.07 0
2 0.06 55.8 ± 3.1 (−5.3) 0.1 0
4 0.13 47.2 ± 1.9 (11) 46.1 ± 2.9 (−4.6) 0.05 0
6 0.19 53.4 ± 0.9 (0.7) 41.5 ± 10.8 (6) 0 0
7 0.22 48.3 ± 2.8 (9) 0
8 0.25 41.2 ± 0.7 (6.6) 0.1
MMC 3 �g/ml 0.09 �g/cm2 45.5 ± 2 (14.2) 35.6 ± 4.9 (18.7) 0.86** 0.34*

4F1188 0 0 56.1 ± 5 (0) 0.05
6 0.19 64.7 ± 0.3 (−15.3) 0.05
8 0.25 60.7 ± 2.1 (−8.1) 0.2
10 0.31 56.5 ± 13.6 (0.7) 0.25
MMC 3 �g/ml 0.09 �g/cm2 56.6 ± 2.2 (0.7) 0.35*

219 0 0 58 ± 8.4 (0) 0.1
4 0.13 61.2 ± 0.5 (5.6) 0.05
6 0.19 58.1 ± 10 (0.3) 0.03
8 0.25 61.7 ± 3.5 (6.4) 0.07

c
i
w
o
(

MMC 6 �g/ml 0.19 �g/cm2

* p < 0.05.
** p < 0.01.
ell yield (data not shown) for all the doses tested. As summarized
n Table 9, in P&G studies, no reductions in the BN level (Fig. 7A)

ere observed when EHD was tested up to 50 mg/ml (donor 254)
r 65 mg/ml (donor 4F1188), but cell yield decreased by 50% or more
Fig. 7B). No statistically significant increases in MN frequency after

Fig. 8. 1,2-epoxydodecane-induced cytotoxicity for MatTek studies. Sq
43.7 ± 4.1 (24.6) 3.2**
topical exposure to EHD were observed. As summarized in Table 9,
in the IIVS study, topical exposure to 60 and 70 mg/ml EHD caused
slightly less than 50% and slightly over 70% toxicity respectively, as
measured by relative reduction in the %BN cells. Tissues exposed to
70 mg/ml resulted in slides that were not analyzable due to insuf-

uares for donor 4F1188 tissues and circles for donor 219 tissues.
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cient cell recovery. In tissues treated with up to 60 mg/ml EHD,
here were no increases in MN frequency. A statistically significant
ncrease in MN was observed for the positive control MMC in all
xperiments.

.3.7. 1,2-epoxydodecane
IIVS and MatTek evaluated EDD in three different donor tissues

Table 10). Although no reduction in BN level (Fig. 8A) was observed
t exposures up to 10 mg/ml EDD, close to 80% cytotoxicity as mea-
ured by reduction in cell yield (Fig. 8B) was observed in two MatTek
tudies preformed with donor 4F1188 and donor 219 tissues. In all
our studies, there were no dose dependent, statistically significant
hanges in %MNBN after topical exposure to EDD even up to 80%
oxicity. A statistically significant increase in MN was observed for
he positive control MMC in all experiments.

. Conclusions

These studies report the intralaboratory and interlaboratory
eproducibility across three laboratories of the RSMN MN assay
n the EpiDermTM model. The seven chemicals (genotoxicity and
arcinogenicity reviewed in Mun et al. [4]) evaluated in these
tudies included model genotoxins that function via a variety of
echanisms (e.g. crosslinking agent-MMC, alkylating agent-MMS,

neuploidy inducing agent-VB) and established the ability of this
odel to respond to different types of damage. Importantly, the

tudies with the dermal non-carcinogens (4-NP, TCE, EHD, EDD)
rovide initial data on the specificity of the model which has been
problem area for existing in vitro genotoxicity models. All of these
hemicals were positive in one or more in vitro genotoxicity assays
xcept EDD which has only been evaluated in vitro in the Ames
ssay which was negative (see table in Mun [4]). Due to the 3D
ature of EpiDermTM and the presence of a barrier function, we
nticipate that it will provide a more biologically relevant system
or dermally applied cosmetics or other chemicals than current in
itro genotoxicity assays. Results presented herein for the 4 dermal
on-carcinogens lend support to this hypothesis.

Comparable results were obtained in the RSMN assay in the
piDermTM model prepared with cells isolated from different tis-
ue donors. Overall, the BN level in negative control tissues from
he four different donors (254, 4F1188, 219 and 926) were compa-
able, and the results with seven test chemicals were comparable.
hese results are important since the cells used to produce the
piDermTM tissue model are primary (non-immortalized) cells and
ence have a finite lifetime in culture. As such, different donor

ells will be used to construct these models over time. The long
erm utility and likelihood of regulatory acceptance of assays using
uch models is dependent on demonstration that the model per-
orms appropriately when prepared using cells from a variety of
onors.

[
[

[

h 673 (2009) 100–108

Our data demonstrated that for some chemicals, cell yield, as
opposed to %BN, appears to be a more sensitive indicator for deter-
mining cytotoxicity as evidenced by results with TCE, EDH, and EDD.
Decreases in cell yield may be due to interference of the air–liquid
interface of the model after topical application of these compounds.
We noticed the persistence of a thin layer of liquid film on the top
of the tissue surface when TCE, EHD and EDD were tested at high
concentrations. Since the air–liquid interface is key to achieving dif-
ferentiation in these 3D tissue models (http://www.mattek.com),
disruption of this interface is expected to impact the overall bal-
ance between proliferation and differentiation of these EpiDermTM

constructs, and may result in toxicity, the case for TCE, EHD and
EDD which resulted in decreased cell counts. A similar observation
was reported by Curren et al. [1], where tissues treated with 100 �l
of saline caused a 55% reduction in BN level, compared to tissues
treated by 10 ul of saline or 10 �l acetone that had no effect on BN
level. These observations may point out a practical limit to the sol-
vents and top concentrations of test substances that can be used in
this assay.

Overall, these results provide further evidence that the RSMN
assay using the EpiDermTM human skin model is a promising new in
vitro method for evaluating dermally applied chemicals. The results
generated in our three laboratories, provide a basis for more robust
validation studies with more laboratories and more test articles as is
occurring in a COLIPA sponsored project (http://www.colipa.com).
We encourage other laboratories to apply these methods to expe-
dite the pace of the development of this promising new non-animal
assay to bring us closer to the goal of eliminating laboratory animal
usage for cosmetic ingredients.
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