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Recently, it has been reported that reactive oxygen species (ROS) produced by contact allergens can affect
dendritic cell migration and contact hypersensitivity. The aim of the present study was to develop a new
in vitro assay that could predict the skin sensitizing potential of chemicals by measuring ROS production
in THP-1 (human monocytic leukemia cell line) cells. THP-1 cells were pre-loaded with a ROS sensitive
fluorescent dye, 5-(and 6-)-chloromethyl-2’, 7’-dichlorodihydrofluorescein diacetate, acetyl ester (CM-
H,DCFDA), for 15 min, then incubated with test chemicals for 30 min. The fluorescence intensity was
measured by flow cytometry. For the skin sensitizers, 25 out of 30 induced over a 2-fold ROS production
at more than 90% of cell viability. In contrast, increases were only seen in 4 out of 20 non-sensitizers. The
overall accuracy for the local lymph node assay (LLNA) was 82% for 50 chemicals tested. A correlation was
found between the estimated concentration showing 2-fold ROS production in the ROS assay and the EC3
values (estimated concentration required to induce positive response) of the LLNA. These results indi-
cated that the THP-1 cell-based ROS assay was a rapid and highly sensitive detection system able to pre-
dict skin sensitizing potentials and potency of chemicals.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Allergic contact dermatitis resulting from skin sensitization is a
common occupational and environmental health problem (Peiser
et al., 2012). Presently, the identification and evaluation of un-
known skin sensitizers rely on animal testing, such as LLNA (Kim-
ber et al., 2002). However, in addition to the ethical issues
concerning the use of animal testing, the 7th amendment to the
cosmetic directive (Directive 76/768/EEC) will impose a ban on
marketing cosmetics in Europe after March 2013 if the finished
product or its ingredients have been tested using animals. Thus,

Abbreviations: BH, 1-bromohaxane; BKC, benzalkonium chloride; CB, chloro-
benzene; CM-H,DCFDA, 5-(and 6-)-chloromethyl-2’, 7'-dichlorodihydrofluorescein
diacetate, acetyl ester; DCs, dendritic cells; DCV5, concentration showing 5%
decrease of cell viability relative to vehicle control; DEP, diethyl phthalate; DMSO,
dimethylsulfoxide; DNCB, 2,4-dinitrochlorobenzene; DNFB, 1-fluoro-2,4-dinitro-
benzene; ECVAM, European Centre for the Validation of Alternative Methods; HBSS,
Hank’s Balanced Salt Solution; HCA, hexylcinnamicaldehyde; h-CLAT, human Cell
Line Activation Test; LA, lactic acid; LLNA, local lymph node assay; MDBGN,
methyldibromo glutaronitrile; MFI, mean fluorescence intensity; MS, methyl
salicylate; OA, octanoic acid; OXA, oxazolone; PA, phthalic anhydride; PG, propyl
gallate; PI, propidium iodide; PPD, p-phenylenediamine; ROS, reactive oxygen
species; ROS EC2, estimated concentration which showed 2-fold ROS production;
ROS I1nax, maximal ROS induction level; TMTD, tetramethylthiuram disulfide; TrxR,
thioredoxin reductase.

* Corresponding author. Tel.: +81 285 68 7342; fax: +81 285 68 7452.

E-mail address: saitou.kazutoshi@kao.co.jp (K. Saito).

0887-2333/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.tiv.2012.12.025

in vitro tests that can evaluate the skin sensitization potential of
chemicals will need to be developed.

During the induction phase of skin sensitization, dendritic cells
(DCs) play an important role in processing and presenting antigens
after exposure to skin sensitizers (Kimber et al., 2000). Following
an encounter with skin sensitizers, DCs become activated and dif-
ferentiate into mature DCs by up-regulating the expression of var-
ious surface markers (e.g., CCR7, CD54 and CD86) and secreting
several cytokines (e.g., IL-1B) (Sasaki and Aiba, 2007) and chemo-
kines (Toebak et al., 2006). After migration to draining lymph
nodes, mature DCs are able to effectively present antigens to naive
T cells (Toebak et al., 2009). More recent studies have demon-
strated that a variety of changes induced by sensitizers in the DC
or DC-like cell lines in cultures, including activation of intracellular
kinases (Mitjans et al., 2010), expression of selected genes (Hoo-
yberghs et al., 2008), expression of several cell surface molecules
(Yoshida et al., 2003; Azam et al., 2006) and production of selected
chemokines (Mitjans et al., 2008; Nukada et al., 2008) can be used
for the development of DC-based assays. Among them, the most
promising assays are the human Cell Line Activation Test (h-CLAT)
(Ashikaga et al., 2010) and the Myeloid U937 Skin Sensitization
Test (MUSST) (Python et al., 2007), which focus on the expression
of the DC surface markers (e.g., CD86). These tests have examined
approximately 100 chemicals and have been shown to have an
overall accuracy of more than 80% as compared to the LLNA data.
At the present time, they are formally undergoing pre-validation
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under the European Centre for the Validation of Alternative Meth-
ods (ECVAM) (Aeby et al., 2010). However, it has been suggested
that a cellular redox imbalance induced by reactive oxygen species
(ROS) can trigger a variety of changes that occur in the DCs after an
in vitro exposure to sensitizers (Sasaki and Aiba, 2007). In fact, it
has been reported that both DC migration and contact hypersensi-
tivity, induced by the skin sensitizer trinitrochlorobenzene, were
inhibited in a transgenic mouse over-expressing extracellular
superoxide dismutase (Na et al., 2007). Since superoxide dismutase
is one of the major tissue defense enzymes that protect tissue
against the toxic effect of ROS, it was expected that ROS production
could be involved in the early phase of the skin sensitization pro-
cesses, including DC activation and migration. Moreover, Nukada
et al. (2011) also demonstrated that selected skin sensitizers in-
duced significant ROS production in THP-1 cells, which are known
to show DC-like phenotypes when exposed to skin sensitizers (Yos-
hida et al., 2003; Miyazawa et al., 2007; Lambrechts et al., 2009).
Similar ROS production has been observed in human monocyte-
derived DCs (Byamba et al., 2010) and in the human DC-like cell
line, U937 cells (Migdal et al., 2010a). Consequently, it was
hypothesized that ROS production in DC could be a novel and uni-
versal marker for identifying the skin sensitizing potential of
chemicals.

In this study, we used THP-1 cells to develop a new in vitro as-
say based on ROS production (ROS assay) that could identify skin
sensitizers. In the first step, we optimized the ROS assay protocol.
Subsequently, we then evaluated the predictive performance of the
ROS assay with chemicals that have been demonstrated to have
in vivo sensitizing properties.

2. Materials and methods
2.1. Cell line and medium

THP-1 cells from the American Type Culture Collection (Manas-
sas, VA, USA) were cultured in RPMI 1640 supplemented with 10%
fetal bovine serum (FBS; Invitrogen Corp., Carlsbad, CA, USA),
0.05 mM 2-mercaptoethanol and 1% penicillin-streptomycin
(Invitrogen Corp.).

2.2. Test chemicals and preparation of chemicals

We selected test chemicals based on the skin sensitizing prop-
erties reported in the literature (Gerberick et al., 1992, 2005; Kim-
ber et al., 1998), their diverse chemical structures, and availability
from commercial sources. The 31 sensitizers employed in this
study were oxazolone (OXA), 5-chloro-2-methyl-4-isothiazolin-3-
one solution, 1-fluoro-2,4-dinitrobenzene (DNFB), 2,4-dinitrochlo-
robenzene (DNCB), 4-nitrobenzyl bromide, glutaraldehyde, 1,
4-dehidroquinone, p-phenylenediamine (PPD), phthalic anhydride
(PA), benzoyl peroxide, propyl gallate (PG), formaldehyde, methyl-
dibromo glutaronitrile (MDBGN), isoeugenol, 2-mercaptobenzo-
thiasole, 3-dimethylaminopropylamine, ethylenediamine,
cinnamic aldehyde, tetramethylthiuram disulfide (TMTD), diethyl-
enetriamine, 4-chloroaniline, 1-bromohexane (BH), hexylcinnam-
aldehyde (HCA), citral, abietic acid, lilial, cyclamen aldehyde,
imidazolidinyl urea, ethylene glycol dimethacrylate, butyl glycidyl
ether and hydroxycitronellal. The 20 non-sensitizers used were
acetanisole, benzalkonium chloride (BKC), 1-bromobutane, 1-buta-
nol, chlorobenzene (CB), diethyl phthalate (DEP), dimethyl form-
amide, glycerol, hexane, 4-hydroxybenzoic acid, isopropanol,
lactic acid (LA), methyl salicylate (MS), octanoic acid (OA), propyl-
ene glycol, saccharin, salicylic acid, vanillin, zinc sulfate and so-
dium lauryl sulfate. This collection includes reference chemicals
recommended by ECVAM and the European Cosmetic Association
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Fig. 1. DNFB treatment induced ROS production in THP-1 cells. Cells pre-loaded
with HBSS alone or CM-H,DCFDA were incubated for 30 min with 2.5 pig/mL DNFB
under serum free conditions. The samples were then examined for fluorescence
profiles.

for developing in vitro skin sensitization assays (Casati et al.,
2009). With the exception of lilial, all tested chemicals were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Lilial was pur-
chased from Wako Pure Chemicals (Osaka, Japan). All tested
chemicals were initially prepared in saline, dimethylsulfoxide
(DMSO; Sigma-Aldrich) or acetone (Sigma-Aldrich) and then
added to Hanks’ Balanced Salt Solution (HBSS; Invitrogen Corp.).
The maximum final concentration of DMSO and acetone in the cul-
ture medium was 2.5%, which had no effect on either the ROS pro-
duction or the cell viability (data not shown).

2.3. Preliminary experiments to determine the standard protocol for
the ROS assay

A cell-permeable indicator, 5-(and 6-)-chloromethyl-2’, 7'-
dichlorodihydrofluorescein diacetate, acetyl ester (CM-H,DCFDA;
Invitrogen Corp.) was used to indirectly measure the intracellular
ROS generation. This dye was retained within the cells after re-
moval of the acetate group by cellular esterase, with oxidation then
converting the molecule into a green-fluorescent form. This ROS
indicator is photosensitive, so all the procedure was performed un-
der dark conditions. THP-1 cells (2 x 10° cells/mL) were preloaded
with 2 uM CM-H,DCFDA for 15 min at 37 °C in HBSS. After wash-
ing, THP-1 cells (1 x 10°cells/mL) were exposed to the test
chemicals for 30 min at 37 °C in 5 mL tubes (BD Biosciences, San
Jose, CA, USA) covered with aluminum foil to prevent any exposure
to light.

To determine the standard protocol for the ROS assay, we con-
ducted the following two experiments under different chemical
exposure conditions. The first experiment was designed to exam-
ine the effect of FBS on ROS production (Fig. 2). In this step, THP-
1 cells were exposed to 2.5 pg/mL DNFB or 150 pg/mL OXA for
30 min in the absence or presence of serum (0%, 5% and 10%). In
the second experiment, we examined ROS production by exposing
the THP-1 cells to each of four selected sensitizers (OXA, MDBGN,
TMTD and HCA) (Fig. 3a) and four selected non-sensitizers (BKC,
BC, glycerol and MS) (Fig. 3b) for 30 min under serum free condi-
tions. After the exposure to the chemicals, the fluorescence inten-
sity of a total of 5000 cells was measured by the FACS Calibur and
CellQuest Pro software (BD Biosciences). Cell viability was deter-
mined by propidium iodide (PI; Sigma-Aldrich) staining. The final
concentration of PI was set at 0.625 pg/mL.



K. Saito et al./Toxicology in Vitro 27 (2013) 857-863 859
FBS Vehicle DNFB OXA
conc. (%) (DMSO0) (2.5 pg/mL) (250 pg/mL)
0
* *%*

5 *% wk

10
0 800 1600 0 800 1600 O 800 1600

ROS production (MFI)

Fig. 2. FBS suppresses the ROS production induced by sensitizers. Cells were treated with each sensitizer (DNFB: 2.5 pg/mL, OXA: 150 pg/mL) for 30 min at the indicated
serum concentrations (0%, 5% or 10%). Results are expressed as mean = SEM of three independent experiments (n = 1). Statistical analysis was performed using Dunnett’s
multiple comparison test with *P < 0.05, “*P < 0.01 versus serum 0%.
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Fig. 3. (a and b) ROS production induced by the four selected sensitizers and four selected non-sensitizers. Cells were treated with the indicated sensitizers and non-
sensitizers for 30 min under serum free conditions. ROS (fold change; black bars indicate sensitizers (a) and outline bars indicate non-sensitizers (b)) and cell viability (black
dots indicate sensitizers (a) and outline dots indicate non-sensitizers (b)) were determined. Results are expressed as mean + SEM of three independent experiments (n=1).
Statistical analysis was performed using Dunnett’s multiple comparison test with ***# P<0.01 versus control.

2.4. ROS assay standard protocol

2.4.1. Dose finding study

A dose finding study was conducted to determine the concen-
tration that would cause a 5% decrease of the cell viability relative
to vehicle control (DCV5) for each chemical. THP-1 cells (2 x 10°
cells/mL) were preloaded with 2 pM CM-H,DCFDA for 15 min at
37°C in HBSS. THP-1 cells (1 x 10 cells/mL) were washed and
then exposed to the test chemicals at five concentrations (1/2%,
1/23x,1/2%x,1/2x and 1 x 12,500 pg/mL) in the absence of serum
for 30 min at 37 °C in 5-mL tubes. PI (at a final concentration of
0.625 pg/mL) was added to each tube, with the number of living
cells then measured. After the DCV5 was calculated by linear
regression, five concentrations (1/23x, 1/22x, 1/2x, 1x and
2 x DCV5) were selected for the main study. If a test chemical
was non-toxic and the DCV5 could not be calculated, five basic
concentrations (1/2%x, 1/23x, 1/22x, 1/2x and 1 x 25,000 pg/mL)
were used for the main study.

2.4.2. Main study

THP-1 cells (2 x 10° cells/mL) were preloaded with 2 pM CM-
H,DCFDA for 15 min in HBSS. After washing, THP-1 cells (1 x 108
cells/mL) were exposed to the test chemicals at the five designated
concentrations for 30 min under FBS-free conditions in a 5-mL
tube. PI was added to each tube (final concentration of 0.625 pg/
mL) and the fluorescence intensity was measured by FACS Calibur.
ROS production relative to the vehicle control (fold change) was

determined in three independent studies, with the average ROS
production then calculated. Any chemical that induced more than
a 2-fold average ROS production at over 90% cell viability was de-
fined as being positive. The maximal ROS induction level (ROS I;ax)
was determined using the data from the chemicals that had tested
concentrations with over 90% cell viability. Based on the average
ROS production of three independent experiments, the estimated
concentration which showed a 2-fold ROS production (ROS EC2)
at over 90% cell viability was calculated using linear extrapolation
from the values above and below the induction threshold (2-fold
ROS production).

2.5. Statistics

Dunnett’s multiple comparison test was used to evaluate the
statistical significance. P-values less than or equal to 0.05 and
0.01 were considered to be statistically significant.

3. Results
3.1. Effect of FBS on ROS production induced by skin sensitizers

In the first step, we examined the amount of ROS production
that was inducible by sensitizers in the THP-1 cells by indirectly
measuring the level of oxidative stress with a ROS sensitive
dye CM-H,DCFDA. Briefly, THP-1 cells were pre-loaded with
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CM-H,DCFDA for 15 min, washed extensively, and then incubated
with 2.5 pg/mL DNFB or vehicle alone. The brief exposure time
(30 min) used for the test chemicals was selected based on the
results of a study by Migdal et al. (2010b). This previous study
demonstrated that the potent skin sensitizer, DNCB, induced a
significant and rapid ROS production within 30 min in the human
monocyte-derived dendritic cells. In our study, treatment with
DNFB induced a marked increase of the fluorescence intensity in
the THP-1 cells (Fig. 1). Using mean fluorescence intensity (MFI)
as a parameter, we next examined the effect of FBS on the ROS pro-
duction induced by two potent skin sensitizers (DNFB and OXA). As
seen in Fig. 2, both DNFB (2.5 pg/mL) and OXA (150 pg/mL)
showed elevated ROS production (891 in DNFB and 736 in OXA)
compared to vehicle (222 in DMSO) under serum free condition.
FBS inhibited sensitizer-induced ROS production in a dose-depen-
dent manner, while it did not affect ROS production in the vehicle
controls. The test concentration of each chemical failed to induce
cytotoxicity in either the absence or presence of FBS. These data
indicated that FBS needs to be removed in order to be able to detect
sensitizer-induced ROS production.

3.2. ROS production by sensitizers and non-sensitizers

We next examined ROS production after treatment with either
four sensitizers with different sensitizing potencies, or four
non-sensitizers. Based on the results shown in Fig. 2, we decided
to conduct the subsequent chemical treatment experiments under
FBS-free conditions. As seen in Fig. 3a, the four sensitizers dose-
dependently induced significant ROS production, which was
upregulated over 1.5-fold even at cell viability levels (non-toxic
concentrations) comparable to that in the vehicle controls. Fig. 3b
shows the ROS production induced by the four non-sensitizers.
BKC did not induce ROS production irrespective of cytotoxicity.
Conversely, while CB and MS were able to induce significant ROS
production, this only occurred when toxic concentrations were
present (43.4% cell viability for 4000 pg/mL CB, and 80.1% for
2540 pg/mL MS). On the other hand, glycerol induced significant
but slight (1.5-fold) ROS production at 25,000 pg/mL, which was
the highest test concentration used during these experiments.
These data suggest that ROS production should be able to be de-
tected at non-toxic concentrations (cell viabilities comparable to
that seen in the vehicle controls), which will make it possible to
distinguish between sensitizers and non-sensitizers.

3.3. Predictive performance of ROS assay with 50 chemicals

A total of 50 test chemicals (30 sensitizers and 20 non-sensitiz-
ers) were evaluated in accordance with the standard ROS assay
protocol described in the Materials and Methods. Table 1 shows
the chemical vehicles, the DCV5, the ROS I,,,.x, the ROS assay judg-
ments (positive: P or negative: N) and the ROS EC2 for the 50 test
chemicals. Based on the results in Fig. 3, the ROS I;,.x and ROS EC2
were determined from the ROS production at over 90% cell viabil-
ity. The ROS I,,.x values, which were dependent on test chemicals
used, varied from 0.50 (acetanisole) to 7.92 (benzoyl peroxide).
There was an over 2-fold ROS production induced by 25 of the
30 tested sensitizers and by 4 out of the 20 non-sensitizers, which
demonstrates there was a relatively high sensitivity (83%), specific-
ity (80%) and accuracy (82%) for the LLNA results (Table 2). Com-
pared with other cut-off values (positive criteria for 1.5-fold or
2.5-fold ROS production), the overall accuracy for the 2-fold ROS
production was higher (Table 2). Eight out of 10 tested sensitizers
classified as weak by the LLNA (citral, abietic acid, lilial, cyclamen
aldehyde, imidazolidinyl urea, ethylene glycol dimethacrylate, bu-
tyl glycidyl ether and hydroxycitronellal) were also judged as posi-
tive (Table 1). Three strong sensitizers (PPD, PA and PG) and two

weak sensitizers (BH and HCA) were judged as being false nega-
tives and four non-sensitizers (DEP, OA, saccharin and vanillin)
were judged as being false positives (Table 1). The ROS EC2 values
for the 29 tested chemicals varied from 0.20 (4-nitrobenzylbro-
mide) to 1420 (DEP), with lower scores observed in the extreme
and strong sensitizers as compared to the moderate, weak and
non-sensitizers (Table 1). For the seven chemicals that had ROS
EC2 values lower than 10 pg/mL, all were classified as “Extreme”
or “Strong” sensitizers by LLNA (EC3 < 1). For the 9 out of the 11
chemicals that had ROS EC2 values between 10 and 100 pig/mL,
all were classified as “Moderate” or “Weak” by LLNA
(1 <EC3 < 100) (Table 3).

3.4. Scatter plot of the linear fit result of the Log (ROS EC2) versus Log
(LLNA EC3)

To examine the relationship between the LLNA EC3 and ROS
EC2, scatter plot analysis of Log (ROS EC2) versus Log (LLNA EC3)
was conducted using the 25 chemicals judged as being positive
in both the LLNA and the ROS assay (Fig. 4). Although the Pearson
correlation coefficient (r) was 0.65 for the entire group, when OXA
was removed from the analysis, r=0.79 for the remaining 24
chemicals.

4. Discussion

In the present study, we attempted to develop a novel in vitro
assay based on ROS production (ROS assay) to detect the sensitiz-
ing potential of chemicals in THP-1 cells. We initially optimized the
assay protocol based on the following two findings: (1) FBS inhib-
ited ROS production induced by sensitizers; and (2) significant ROS
production by sensitizers was induced at concentrations resulting
in over 90% of cell viability. Next, we evaluated the predictive per-
formance of this ROS assay with 50 selected test chemicals. Our re-
sults revealed that the ROS assay displayed an overall accuracy of
82% for the LLNA. A good correlation was also obtained between
the ROS EC2 and the LLNA EC3 values. These findings indicated
the utility of the ROS assay as an in vitro assay for rapidly detecting
the skin sensitizing potential of chemicals.

Our current results showed that FBS inhibited sensitizer-
induced ROS production (Fig. 2). In general, most sensitizers have
been shown to have a high binding ability to proteins (Divkovic
et al.,, 2005). It has been reported that selected sensitizers can also
bind to FBS proteins as well as to cellular ones in vitro (Hopkins
et al., 2005). These previous reports additionally suggested that
the apparent amount of sensitizers exposed to the cells might be
reduced in the presence of FBS. Taken together, these findings
suggest that FBS exclusion from the assay could contribute to an
increased sensitivity for the sensitizers.

When compared to the non-sensitizers, the skin sensitizers in-
duced significant ROS production at relatively low and non-toxic
concentrations (Fig. 3). Usually, ROS is constitutively produced in
the mitochondrial respiratory chain and neutralized by cellular
detoxification enzymes such as catalase and glutathione/glutathi-
one peroxidase (Feissner et al., 2009; Poyton et al., 2009). In addi-
tion, some ROS-producing enzymes like NADPH oxidase have also
been shown to exist in mammalian cells (Dikalov, 2011). Nordberg
et al. (1998) reported that DNCB induced NADPH oxidase activity
through the irreversible inhibition of thioredoxin reductase (TrxR)
by binding to the Cys residue of TrxR. Other investigators have re-
ported that the known sensitizer, cinnamic aldehyde, inhibited
TrxR activity via a similar mechanism (Chew et al., 2010). Since
it is well known that sensitizers bind to electrophilic residues of
amino acids (e.g., Cys, Lys) in proteins (Divkovic et al., 2005), it is
likely that inhibition of TrxR activity may be one of the possible
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Table 1

Summary of the ROS assay data for the 50 chemicals tested.
Chemical name LLNA LLNA Vehicle DCV5 ROS Imax Judgment ROS EC2

Potency category® EC3 (%) (png/mL) Average SEM (2-fold)" (pg/mL)

Oxazolone® Extreme 0.003 DMSO 299 2.66 0.21 P 64.6
5-Chloro-2-methyl-4-isothiazolin-3-one solution 0.005 Saline 95.5 431 0.20 P 1.10
2,4-Dinitrochlorobenzene?® 0.05 DMSO 292 5.98 0.27 P 7.20
4-Nitrobenzyl bromide® 0.05 DMSO 743 3.87 0.38 P 0.20
Glutaraldehyde Strong 0.1 Saline 506 6.33 1.15 P 1.40
1,4-Dehidroquinone 0.11 Saline 2.50 2.40 0.19 P 0.60
p-Phenylenediamine® 0.16 DMSO 6770 1.05 0.02 N n.i.
Phthalic anhydride 0.16 DMSO 475 1.29 0.07 N n.i.
Benzoyl peroxide 0.3 DMSO 15.5 7.92 1.11 P 3.5
Propyl gallate 0.32 DMSO 1320 1.77 0.05 N n.i.
Formaldehyde 0.61 Saline 8220 3.94 0.14 P 63.0
Methyldibromglutaronitrile® 0.9 DMSO 102 6.24 0.22 P 8.80
Isoeugenol® Moderate 1.2 DMSO 223 242 0.11 P 181
2-Mercaptobenzothiasole?® 1.7 DMSO 552 3.94 0.18 P 113
3-Dimethylaminopropylamine 2.2 Saline 67.6 248 0.16 P 53.6
Ethylenediamine 22 Saline 69.1 231 0.14 P 54.9
Cinnamic aldehyde® 3 DMSO 389 2.89 0.06 P 23.0
Tetramethylthiuramdisulfide® 5.2 DMSO 90.9 2.84 0.10 P 57.6
Diethylenetriamine 5.8 Saline 127 2.14 0.07 P 110
4-Chloroaniline 6.5 DMSO 604 2.60 0.18 P 381
1-Bromohexane Weak 10 DMSO 971 1.36 0.13 N n.i.
Hexylcinnamaldehyde 11 DMSO 5.70 1.71 0.23 N n.i.
Citral 13 DMSO 185 249 0.13 P 35.6
Abietic acid 15 DMSO 62.8 347 0.28 P 11.6
Lilial 19 DMSO 251 3.94 0.22 P 21.2
Cyclamen aldehyde 22 DMSO 523 341 0.23 P 93.8
Imidazolidinyl urea 24 Saline 4670 2.89 0.09 P 365
Ethyleneglycol dimethacrylate 28 DMSO 2960 3.12 0.08 P 61.5
Butyl glycidyl ether 31 DMSO 5500 3.17 0.18 P 776
Hydroxycitronellal 33 DMSO 2531 3.52 0.33 P 373
Acetoanisole Non-sensitizer Not calculated DMSO 1390 0.50 0.10 N n.i.
Benzalkonium chloride Saline 5.00 1.10 0.03 N n.i.
1-Bromobutane DMSO 5080 141 0.16 N n.i.
1-Butanol Saline 6910 1.23 0.03 N n.i.
Chlorobenzene DMSO 1970 1.18 0.11 N n.i.
Diethyl phthalate DMSO 13,300 2.32 0.15 P 1420
Dimethyl formamide Saline 25,000< 1.73 0.03 N n.i.
Glycerol® Saline 25,000< 1.52 0.10 N n.i.
4-Hydroxybenzoic acid DMSO 840 1.50 0.05 N n.i.
Hexane Acetone 14,300 1.10 0.01 N n.i.
Isopropanol Saline 25,000< 1.22 0.03 N n.i.
Lactic acid® Saline 454 1.26 0.12 N n.i.
Methyl salicylate DMSO 1270 1.22 0.14 N n.i.
Octanoic acid DMSO 658 242 0.14 P 168
Propylene glycol Saline 25,000< 1.44 0.06 N n.i.
Saccharin DMSO 1670 2.92 0.21 P 542
Salicylic acid® DMSO 552 1.50 0.06 N n.i.
Vanillin DMSO 2620 3.32 0.48 P 321
Zinc sulfate Saline 160 1.24 0.06 N n.i.
Sodium lauryl sulfate® False positive Saline 154 1.91 0.06 N n.i.

Characters highlighted in bold indicate average ROS I,.x of the chemicals with over a 2-fold induction. n.i. = no significant induction above threshold.
¢ Reference chemicals recommended by ECVAM and the European Cosmetic Association for developing an in vitro skin sensitization assay.

b Refers to paper published by Gerberick et al. (2005).

¢ Based on the ROS assay. “P” indicates positive while “N” indicates negative assay results.

mechanisms involved in the ROS production by sensitizers. On the
other hand, it has been reported that cellular stress conditions like
hypoxia and hyperosmolality cause increased intracellular ROS

Table 2

Predictive performances for different positive criteria.
Positive criteria Sensitivity Specificity Accuracy
1.5-Fold ROS 90% (27/30) 60% (12/20) 78% (39/50)
2.0-Fold ROS 83% (25/30) 80% (16/20) 82% (41/50)
2.5-Fold ROS 67% (20/30) 90% (18/20) 76% (38/50)

The chemicals were judged as positive when the ROS I.x of each chemical
exceeded the indicated positive criteria.

levels in human leukemia cell lines (Aquilano et al., 2007; Kim
et al., 2010). Although the precise mechanism responsible for this
action remains unclear, it is possible that ROS production by

Table 3
Classification of LLNA potency category based on ROS EC2.

LLNA potency category ROS EC2 (pg/mL)

<10 >10 to <100 >100
Extreme or Strong 7 2 0
Moderate or Weak 0 9 7
Non-sensitizers 0 0 4

A total of 29 chemicals judged as positive in the ROS assay were applied to the
analysis. Bold letters indicate relatively high classification capability of ROS EC2 for
LLNA potency categories.
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Fig. 4. Scatter plot of the linear fit result of Log (ROS EC2) versus Log (LLNA EC3) for
25 skin sensitizers judged as positive in both the LLNA and the ROS assay. “When
OXA was removed from the analysis, Pearson correlation coefficient; r = 0.79 for the
remaining 24 skin sensitizers.

non-sensitizers at high and/or toxic concentrations may be af-
fected by nonspecific cellular stresses.

When the optimized ROS assay standard protocol was used to
test 50 chemicals, the sensitivity, specificity and accuracy of the
ROS assay were 83%, 80% and 82%, respectively (Table 2). Addition-
ally, the predictivity for the 10 weak sensitizers (categorized as
“weak” by the LLNA) was 80% in the ROS assay (Table 1). These val-
ues were comparable with those found for the in vitro skin sensiti-
zation assays, which have been prevalidated by ECVAM (Aeby
et al.,, 2010). These findings suggest that the ROS assay has a high
predictive ability and therefore, can be used to evaluate the sensi-
tizing potential of chemicals.

As seen in Table 1 some discordant results were noted for some
chemicals between the ROS assay and the LLNA. In particular, five
compounds were found to have false negative results and are
indicative of the limitations of this assay. LLNA showed PPD to
be a strong sensitizer (EC3 = 0.16) and it has been reported to act
as a pre-hapten (Karlberg et al., 2008). It has been found that some
oxidation products of PPD, (although not PPD itself), exhibit a DC
activation property in vitro (Aeby et al., 2009). Thus, a 30-min
treatment in the ROS assay might be insufficient for oxidizing
PPD. PG has been reported to be a strong ROS scavenger (Chen
et al,, 2007), as well as a strong sensitizer (LLNA EC3 =0.32). In
the ROS assay, while PG induced ROS production (ROS I = 1.77),
the results did not meet the positive criteria. Thus, it is likely that
the false negative result for PG in the ROS assay might be due to the
scavenging effect. In addition, although LLNA showed PA was a
strong sensitizer (EC3 = 0.16), it failed to induce ROS production.
More importantly, the other cell-based tests also could not detect
PA as a sensitizer (Natsch and Emter, 2008; Ashikaga et al.,
2010). It has been reported that the sensitizing potential of trimel-
litic anhydride failed to induce DC activation in vitro (Mitjans et al.,
2008). The results for these anhydrides suggested there was trans-
formation of the chemical structure due to hydrolysis in the med-
ium. LLNA has shown that both HCA (EC3=11.0) and BH
(EC3 =10.0) are weak sensitizers. As seen in Fig. 3a, HCA dose-
dependently induced ROS production, but did not reach to the 2-
fold ROS production at over 90% cell viability (ROS I,.x=1.71). A
similar dose response was also observed for BH (data not shown).
These results suggested that the ROS assay may not have had en-
ough sensitivity to detect these weak sensitizers. Based on the false
negative outcomes, some chemicals, such as the pre-haptens, ROS

scavengers, and some of the weak sensitizers, might not be de-
tected when using this ROS assay.

Conversely, DEP, OA, saccharin and vanillin were judged to be
false positives in the ROS assay. Among them, it has been previ-
ously reported that vanillin showed allergic skin reaction in both
guinea pigs (Watanabe et al., 2001) and humans (Ferguson and
Beck, 1995). Thus, it appears that the ROS assay correctly evaluated
the sensitizing potential of vanillin. OA is the medium-chain fatty
acid that has been reported to be oxidized via B-oxidation (Guo
et al., 2006). Since B-oxidation has been shown to be linked to
ROS generation (Yamagishi et al., 2001), this suggests that OA-
mediated ROS production may be associated with p-oxidation
and that this mechanism might also be different from that induced
by the skin sensitizers.

Since the EC3 of the LLNA has been allowed for use in estimating
the sensitizing potency of chemicals (Basketter et al., 2000; Schnei-
der and Akkan, 2004), EC3 has also been used to determine the risk
assessment of several skin sensitizers (e.g., fragrances and preserva-
tives) (Loveless et al., 2010). Therefore, it is likely that predictions on
the sensitizing potency of chemicals will also be a requirement in
non-animal testing. As shown in Table 3, all of the seven chemicals
that had a ROS EC2 value lower than 10 pg/mL were classified as
“Extreme” or “Strong” sensitizers by LLNA (EC3 < 1). In addition, 9
out of the 11 chemicals (82%) with ROS EC2 values between 10
and 100 pg/mL were classified as “Moderate” or “Weak” by LLNA
(1 <EC3 < 100). Furthermore, when OXA was excluded from the
analysis, there was a good correlation between the ROS EC2 of the
24 sensitizers and the EC3 of LLNA (Fig. 4). These results suggest that
the ROS EC2 values could be useful for estimating the sensitizing po-
tency of chemicals. It has been suggested that some of the DC-based
assays could be used to estimate skin sensitization potency. For
example, the estimated concentrations exceeding the positive crite-
ria for the surface molecules on the THP-1 cells exhibited a good
correlation with the EC3 of the LLNA for the 16 selected sensitizers
(Sakaguchi et al., 2009). Lambrechts et al. (2010) additionally re-
ported that the estimated concentrations that exhibited a certain
amount of cytotoxicity in the CD34" progenitor-derived dendritic
cells showed a good correlation with the EC3 of the LLNA for 15 se-
lected sensitizers. Moreover, the ROS EC2 may also be a novel indi-
cator that can be used to predict the sensitizing potency of
chemicals. Although LLNA showed OXA was an extreme sensitizer
(EC3=0.003), the ROS EC2 value was much Ilarger (ROS
EC2 = 64.6). This result demonstrates that if OXA were a new chem-
ical with unknown sensitizing potential, the sensitizing potency
would have been underestimated. A similar underestimation of
the sensitizing potency of OXA has also been observed in other
cell-based assays such as the DC-based assay VITOSENS (Lambrechts
et al., 2010) and the keratinocyte-based assay KeratinoSens (Emter
et al., 2010). Thus, this suggests that this discrepancy is not limited
to just the ROS assay. Natsch et al. (2010) reported that OXA rapidly
and completely reacted with the Lys model peptides, although only
a minority of strong sensitizers depleted the Lys peptides by >50%.
Even though this unique reactivity might explain why the sensitiz-
ing potency of OXA was underestimated in the ROS assay, further
studies will need to be performed to definitively clarify these
findings.

In conclusion, the THP-1 cell-based ROS assay proved to be a ra-
pid and highly sensitive detection system that can be used to pre-
dict the skin sensitizing potential and potency of chemicals. It is
expected that this ROS assay will enable us to evaluate the skin
sensitization potential of various chemicals more effectively.
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