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a b s t r a c t

In order to find a novel biomarker for a simple assay to predict skin sensitization, we evaluated cell-sur-
face thiols as a biomarker reflecting intracellular signaling in THP-1 cells (human monocytic cell line).
First, we found that a decrease of cell-surface thiols on hapten-treated THP-1 cells was induced in parallel
with phosphorylation of p38 MAPK. Next, we confirmed that 2-mercaptoethanol in the culture medium
and the differentiation state of THP-1 cells did not affect the changes of cell-surface thiols by hapten.
Changes of cell-surface thiols on THP-1 cells were detected after 2 h treatment with most allergens
(e.g., DNCB, NiSO4), as well as some non-allergens (e.g., Tween80, benzalkonium chloride), though other
non-allergens (e.g., SDS, glycerol) had no effect. When either a significant decrease or increase of cell-sur-
face thiols (more than 15% in each case) was used as a criterion, the results using 36 allergens and 16 non-
allergens were in good accordance with those of in vivo assays. Finally, we confirmed that ATP, which is
released as a consequence of cytotoxicity, did not affect the changes of cell-surface thiols. Our results sug-
gest that changes of cell-surface thiols may be useful for an in vitro sensitization assay, which we desig-
nate as the SH test.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Predictive testing for ability to induce allergic contact dermati-
tis is a major part of the safety assessment of new ingredients in
cosmetics and drugs to be applied topically. Animal model tests,
such as the guinea pig maximization test (Magnusson and Kligman,
1969), have been employed as standard procedures for this pur-
pose for many years. More recently, the murine local lymph node
assay (LLNA) was adopted by the Organization for Economic Coop-
eration and Development (OECD) for skin sensitization hazard
assessment (OECD Test Guideline 429). However, the development
of alternative in vitro skin sensitization assays that do not use ani-
mals is now required, based on the 7th amendment of the Euro-
pean Council directive published in 2003.

It is known that in the induction phase of skin sensitization,
antigen-presenting cells (APCs), including dendritic cells (DCs), mi-
grate into lymph nodes and present antigens to T cells after having
been activated by haptens. DCs, including Langerhans cells (LCs),
are potent APCs and play an important role in the induction phase
of skin sensitization by simple chemicals (Aiba and Tagami, 1999).
As regards the activation of DCs, Aiba et al. demonstrated in vitro
that human monocyte-derived DCs (MoDCs) responded to haptens
such as nickel chloride (NiCl2) and 2,4-dinitrochlorobenzene
ll rights reserved.

: +81 45 788 7295.
M. Hirota).
(DNCB) by significantly augmenting their expression of CD86,
CD54 and HLA-DR, CCR7 and by increasing their production of
pro-inflammatory cytokines (Aiba et al., 1997; Boisleve et al.,
2004).

These findings suggested that NiCl2 and DNCB induced the acti-
vation of signal transduction. Subsequently, it was reported that
DNCB and Ni salts (NiCl2 or NiSO4) induced phosphorylation of
p38 mitogen-activated protein kinase (MAPK), and that the aug-
mentation of CD86, CD80 and CD83 induced by Ni salts is partially
suppressed by a p38 MAPK inhibitor in MoDCs (Arrighi et al., 2001,
2003). The MAPKs are an important group of serine/threonine sig-
naling kinases that, by modulating the phosphorylation and hence
activation status of transcription factors, link transmembrane sig-
naling with gene induction events in the nucleus. Therefore, phos-
phorylation of MAPKs is thought to reflect the activation of
intracellular signaling.

On the basis of the above findings, phenotypic change and intra-
cellular signaling of hapten-treated DCs can be considered as can-
didate biomarkers for developing non-animal alternative methods
for skin sensitization testing, although it would be important to se-
lect an appropriate indicator cell line. However, it is difficult to use
DCs as indicator cells in practical applications, because of donor-
to-donor variability and limited availability of human blood for
routine use. In order to overcome these problems, in vitro sensiti-
zation methods using cell lines such as THP-1, U-937 (Ashikaga
et al., 2006; Sakaguchi et al., 2006; Python et al., 2007) and
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MUTZ-3 (Azam et al., 2006) have been reported. In these methods,
the expression of surface biomarkers, such as CD86 and CD54, is
measured by flow cytometry after treatment of the cells with hap-
tens, such as DNCB and NiSO4.

On the other hand, Mizuashi et al. reported that p38 MAPK
plays crucial rule in the augmentation of CD86 expression on den-
dritic cells and that intracellular redox imbalance, which is a part
of the up-stream signaling pathway of p38 MAPK, is very impor-
tant for activation of MoDCs and THP-1 cells treated with haptens
(Mizuashi et al., 2005). Moreover, Filomeni et al. reported that oxi-
dation of exofacial membrane thiol groups by exogenous non-per-
meable oxidative form glutathione (GSSG) triggered a decrease of
intracellular glutathione (GSH), phosphorylation of p38 MAPK,
and apoptosis in U-937 cell lines (Filomeni et al., 2003). Further,
we have recently found that cell-surface thiols play a role in the
activation of MoDCs and THP-1 cells by haptens (Kagatani et al.,
submitted for publication; Hirota et al., 2009). In the present work,
we used THP-1 cells as a replacement for DCs and evaluated the
change of cell-surface thiols on hapten-treated cells as a candidate
biomarker for an in vitro sensitization test.
2. Materials and methods

2.1. Chemicals

Oxazolone, p-benzoquinone, DNCB, methylchloroisothiazoli-
none/methylisothiazolinone (act. 1.5%) (MCI/MI), diphenylcyclop-
ropenone (DPCP), pPD, potassium dichromate, maleic anhydride,
2-nitro-1,4-phenylenediamine (NPD), glutaraldehyde (act. 50%),
benzoyl peroxide, propyl gallate, formaldehyde solution (act.
37%), cobalt sulfate heptahydrate (CoSO4), ammonium tetrachloro-
platinate ((NH4)2PtCl4), isoeugenol, cinnamaldehyde, nickel sulfate
hexahydrate (NiSO4), ethylene diamine, phenylacetaldehyde, hex-
ylcinnamic aldehyde (HCA), 2-mercaptobenzothiazole (2-MBT),
eugenol, abietic acid, citral, benzocaine, geraniol, linalool, butyl-
glycidylether, penicillin G, pyridine, thimerosal, Tween80, lactic
acid (LA), glycerol, resorcinol, sodium dodecyl sulfate (SDS), ben-
zalkonium chloride (BC), zinc chloride (ZnCl2), dextran, glucose
and Ionomycin were purchased from Sigma–Aldrich Corporation
(St. Louis, MI). Manganese chloride tetrahydrate (MnCl2), methyl
salicylate (MS), octanoic acid, 2-propanol, propylene glycol, xylene,
saccharin, 6-methyl coumarin (6-MC) and adenosine triphosphate
(ATP) were purchased from Wako Pure Chemicals (Osaka, Japan).
Dimethyl sulfoxide (DMSO) was purchased from Kanto Chemical
(Tokyo, Japan), squaric acid di-n-butyl ester (SADBE) and 2,4,6-tri-
nitrochlorobenzene (TNCB) from Tokyo Kasei Kogyo (Tokyo, Japan).
Non-permeable thiol-reactive compound Alexa Fluor C5 malei-
mide (AFM) was purchased from Invitrogen Life Technologies
(Carlsbad, CA). The following monoclonal antibodies (mAbs);
FITC-conjugated anti-CD86, PE-conjugated CD83, PE-conjugated
anti-phospho-p38 MAPK (T180/Y182), FITC- and PE-conjugated
mouse IgG1 mAbs were purchased from BD-PharMingen (San Die-
go, CA). Recombinant human granulocyte-macrophage colony-
stimulating factor (rhGM-CSF) was purchased from PeproTech EC
(London, UK). Recombinant interleukin-4 (rhIL-4) and tumor
necrosis factor-a (rhTNF-a) were purchased from R&D systems
(Minneapolis, MN).

2.2. Cells and culture

THP-1 cells were obtained from the American Type Culture Col-
lection (Rockville, MD). These cells were maintained in RPMI 1640
medium (Invitrogen Life Technologies) with 1% (v/v) antibiotic–
antimycotic (Invitrogen Life Technologies), 10% FBS (v/v) (JRH Bio-
sciences, Lenexa, KS) and appropriate concentration of 2-mercap-
toethanol (2-ME) (Invitrogen Life Technologies) at 37 �C in a 5%
CO2 incubator.

2.3. Generation of mature DCs from THP-1 cell lines

Preparation of mature DCs from THP-1 cells was performed as
described by Berges et al. (2005). In brief, culturing of THP-1 cells
for 24 h in serum-free medium supplemented with 1500 IU/mL
rhGM-CSF, 1000–2000 IU/mL rhTNF-a 200 ng/mL ionomycin, and
3000 IU/mL IL-4 resulted in complete differentiation of the cells
into mature DCs with characteristic stellate morphology. The
maturity of the DCs were checked by measuring expression of
CD86 and CD83 by flow cytometry with an FACSCalibur CellQuest
(Becton Dickinson, San Jose, CA).

2.4. Chemical treatment of THP-1 cells

Doses of chemicals were set at sub-toxic levels based on the IC50

values in MTT assay (Mossmann, 1983). In brief, 0.1 mL of THP-1
cell suspension (1 � 106 cells/mL) was seeded in 96-well plates
and cultured with test chemicals at various concentrations for
2 h. Cells were washed twice and 100 lL of MTT (3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide) solution (0.52 mg/
mL, dissolved in the medium) was applied to each well. After reac-
tion for 3 h at 37 �C, the absorbance was measured at 570 nm and
660 nm and IC50 (lg/mL) values for the test chemicals were evalu-
ated. The test doses were then set at concentration equivalent to
the IC50 value, and one-third and one-ninth of the IC50 value. If
the IC50 value could not be estimated, the test doses were set as
the maximum concentration of 5000 lg/mL (for water-soluble
chemicals) or 1000 lg/mL (for water-insoluble chemicals), and
one-third and one-ninth of the maximum (Sakaguchi et al., 2006).

2.5. Analysis of phospho-p38 MAPK by flow cytometry

At 2 h after treatment with chemicals, the intracellular expres-
sion of phospho-p38 MAPK (pp38 MAPK) was analyzed by flow
cytometry. Cells were permeabilized with Intraprep (Beckman
Coulter) according to the manufacturer’s protocol, and cell staining
was performed using PE-conjugated anti-pp38 MAPK (T180/Y182)
(20 lL/1 � 106 cells). The cells were then washed with PBS supple-
mented with 0.1% BSA (FACS buffer), and analyzed by flow cytom-
etry (EPICS XL-MCL System II (Beckman Coulter)). Relative
fluorescence intensity (RFI) was calculated from the mean fluores-
cence intensity (MFI) by use of the following formula: RFI (% of
control) = (MFI of chemical-treated cells/MFI of vehicle control
cells) � 100.

2.6. Analysis of cell-surface thiols by flow cytometry

THP-1 cells were seeded at 1 � 106 cells/mL. Lipophilic com-
pounds were dissolved in DMSO and added to the culture medium.
After 2 h treatment with chemicals, THP-1 cells were recovered,
washed twice with PBS, then incubated with 100 lL of Alexa Fluor
488 C5 maleimide (AFM) (10 lM) PBS solution for 30 min, 37 �C.
After having been washed again with PBS, cells were analyzed by
flow cytometry with an EPICS XL-MCL System II (Beckman Coulter,
Fullerton, CA). Dead cells were gated out by staining with propidi-
um iodide (PI, 0.625 lg/ml). A total of 10,000 living cells was
analyzed. When the cell viability was less than 50%, relative fluo-
rescence intensity (RFI) was not calculated from mean fluorescence
intensity (MFI) because of diffuse labeling of cytoplasmic struc-
tures due to cell membrane destruction (Becker et al., 1994).

RFI was calculated by use of the following formula: RFI (% of
control) = (MFI of chemical-treated cells/MFI of vehicle control
cells) � 100.
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2.7. Measurement of extracellular ATP concentration released from
chemical-treated THP-1 cells

THP-1 cells were treated with chemicals for 10, 30, 60 and
120 min. Culture supernatants were recovered and ATP was mea-
sured using a CellTiter-GloTM Assay kit according to the manufac-
turer’s recommendation (Promega, Madison, WI).

2.8. Statistical analysis

The statistical significance of differences in the RFI of cell-sur-
face thiols and phosphorylated p38 MAPK between non-treated
THP-1 cells and chemical-treated THP-1 cells was evaluated by
Table 1
IC50 value of test chemicals.

Test samples

Sensitizers
Oxazolone –
p-Benzoquinone
DNCB 2,4-Dinitrochlorobenzene
TNCB 2,4,6-Trinitrochlorobenzene
MCI/MI Methyl chloroisothiazolinone/methylisothiazolinone (act. 1
DPCP Diphenylcyclopropenone
pPD p-Phenylenediamine
Potassium dichromate –
Maleic anhydride
NPD 2-Nitro-1,4-phenylenediamine
Glutaraldehyde (act. 50%) –
SADBE Squaric acid di-n-butyl ester
Benzoyl peroxide –
Propyl gallate –
Formaldehyde Formaldehyde solution (act. 37%)
CoSO4 Cobalt sulfate heptahydrate
(NH4)2PtCl4 Ammonium tetrachloroplatinate
Isoeugenol –
CA Cinnamaldehyde
NiSO4 Nickel sulfate hexahydrate
Ethylene diamine –
Phenylacetaldehyde –
Resorcinol –
HCA Hexylcinnamic aldehyde
2-MBT 2-Mercaptobenzothiazole
Eugenol –
Abietic acid –
Citral –
Benzocaine –
Geraniol –
Linalool –
Butylglycidylether –
Penicillin G –
Pyridine –
MnCl2 Manganese chloride
Thimerosal –

Non-sensitizers
MS Methyl salicylate
Tween80 –
LA Lactic acid
Glycerol –
SDS Sodium dodecyl sulfate
BC Benzalkonium chloride
ZnCl2 Zinc chloride
Dextran –
Glucose –
Octanoic acid –
2-Propanol –
Propylene glycol –
Xylene –
Saccharin –
6-MC 6-Methyl coumarin
DMSO Dimethyl sulfoxide

IC50 values were determined by means of MTT assay (Mossmann, 1983). Chemicals wer
culture medium. If the dose giving 50% cell viability (IC50) could not be estimated, the
1000 lg/mL (for water-insoluble chemicals).
using the paired Student’s t-test (Snedecor and Cochan, 1989).
The correlation coefficient (r value) was determined in this paper
by the use of Pearson’s correlation statistics (Snedecor and Cochan,
1989).

3. Results

3.1. Changes of cell-surface thiols and phosphorylation of p38 MAPK in
chemical-treated THP-1 cells

THP-1 cells were treated with various chemicals, and the
changes of cell-surface thiols and phosphorylation of p38 MAPK
were examined by flow cytometry. Dose setting and the IC50 values
IC50 (mg/mL) Solvent References

783 DMSO National Toxicology Program (1999)
15 DMSO National Toxicology Program (1999)

158 DMSO National Toxicology Program (1999)
56 DMSO

.5%) 385 Saline National Toxicology Program (1999)
63 DMSO Gerberick et al. (2005)

>5000 Medium National Toxicology Program (1999)
462 Saline National Toxicology Program (1999)

1796 Saline
5000 Medium Gerberick et al. (2005)

157 Saline Gerberick et al. (2005)
650 DMSO Manome et al. (1999)
100 DMSO National Toxicology Program (1999)

>1000 DMSO National Toxicology Program (1999)
190 Saline National Toxicology Program (1999)

2222 Saline National Toxicology Program (1999)
2934 Medium National Toxicology Program (1999)

399 DMSO National Toxicology Program (1999)
470 DMSO National Toxicology Program (1999)

>5000 Medium National Toxicology Program (1999)
1439 Saline National Toxicology Program (1999)

115 DMSO Gerberick et al. (2005)
4955 Medium Basketter et al. (2007)

155 DMSO National Toxicology Program (1999)
>1000 DMSO National Toxicology Program (1999)

703 DMSO National Toxicology Program (1999)
333 DMSO National Toxicology Program (1999)
560 DMSO National Toxicology Program (1999)

>1000 DMSO National Toxicology Program (1999)
743 DMSO Gerberick et al. (2005)

>1000 DMSO Gerberick et al. (2005)
>1000 DMSO National Toxicology Program (1999)
>5000 Medium National Toxicology Program (1999)
>5000 Medium National Toxicology Program (1999)

3000 Medium Mizuashi et al. (2005)
17 Saline Mizuashi et al. (2005)

>1000 DMSO National Toxicology Program (1999)
>5000 Medium National Toxicology Program (1999)

3350 Medium National Toxicology Program (1999)
>5000 Medium Gerberick et al. (2005)

50 Saline National Toxicology Program (1999)
2 Saline National Toxicology Program (1999)

1472 Saline National Toxicology Program (1999)
>5000 Medium National Toxicology Program (1999)
>5000 Medium
>1000 DMSO Gerberick et al. (2005)
>5000 Medium National Toxicology Program (1999)
>5000 Medium National Toxicology Program (1999)
>1000 DMSO National Toxicology Program (1999)
>1000 DMSO Gerberick et al. (2005)
>1000 DMSO National Toxicology Program (1999)
>5000 Medium Gerberick et al. (2005), Sakaguchi et al. (2006)

e dissolved in a solvent such as DMSO, saline or culture medium, and added to the
maximum concentration was set as 5000 lg/mL (for water-soluble chemicals) or
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of test chemicals are summarized in Table 1. Skin sensitizers such
as DNCB, SADBE, formalin, CA and 2-MBT induced both phosphor-
ylation of p38 MAPK and decrease of cell-surface thiols within 2 h
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Fig. 1. Phosphorylation of p38 MAPK and changes of cell-surface thiols in chemical-treat
and one-ninth of IC50) of each chemical for 2 h. After treatment, (A) phosphorylated p38
MFI ± SD for at least three independent experiments are shown: �; p < 0.05 and ND; not d
decrease of cell-surface thiols in THP-1 cells treated with chemicals. RFI values were det
was 0.9.
after stimulation, while non-sensitizers, such as LA and SDS, did
not induce p38 MAPK phosphorylation or decrease of cell-surface
thiols (Fig. 1A and B). Furthermore, we found a good correlation
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0

ed THP-1 cells. Cells were treated with three concentrations (IC50, one-third of IC50,
MAPK and (B) cell-surface thiols were measured by flow cytometry. Mean values of
etermined. (C) Correlation between the level of p38 MAPK phosphorylation and the
ermined as described in Section 2. The value of the correlation coefficient (r value)
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(r = 0.9) between the level of p38 MAPK phosphorylation and the
decrease of cell-surface thiols in chemical-treated THP-1 cells, as
shown in Fig. 1C.

3.2. Effect of 2-ME in the culture medium on cell-surface thiols

In general, 2-ME is added to the culture medium for mainte-
nance of cell growth, and as it is a reducing agent, it may influence
cell-surface thiols. However, as shown in Fig. 2, the concentration
of 2-ME in the culture medium had no effect on the change of
cell-surface thiols on chemical-treated THP-1 cells.

3.3. Effect of differentiation state of THP-1 cells on changes of cell-
surface thiols

Maturation of DCs is accompanied with phenotypic changes,
such as enhanced CD antigen expression. Therefore, we examined
whether maturation of THP-1 affects hapten-induced changes of
cell-surface thiols. We found that maturation resulted in an in-
crease of cell-surface thiols (Fig. 3B), as well as augmentation of
CD86 and CD83 expression, as shown in Fig. 3A. However, a com-
parison of mature DCs derived from THP-1 cells and naïve THP-1
cells indicated that maturation of THP-1 cells did not greatly affect
the changes of cell-surface thiols induced by DNCB treatment
(Fig. 3C).

3.4. Suitability of changes of cell-surface thiols as a biomarker for
in vitro sensitization test

Based on the above results, we chose an appropriate concentra-
tion of 2-ME for the culture medium, and suitable cell differentia-
tion conditions for THP-1 cells. To further examine the suitability
of changes of cell-surface thiols as a candidate sensitization bio-
marker, we measured the changes of cell-surface thiols in response
to a wide range of chemicals (52 chemicals, including skin sensitiz-
ers and non-sensitizers) by means of flow cytometry (Table 2).
Most of the skin sensitizers caused a decrease of cell-surface thiols
at concentrations in the range giving 50–100% cell viability. On the
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Fig. 2. Effect of 2-mercaptoethanol (2-ME) concentration in the culture medium on chan
in culture medium supplemented with 55 lM 2-ME, 110 lM 2-ME, or 0 lM 2-ME. After t
cytometry. Mean values of MFI ± SD for at five independent experiments are shown.
other hand, skin sensitizers, such as DPCP, pyridine and MnCl2,
caused an increase of cell-surface thiols. When we adopted the ten-
tative criterion that a decrease of cell-surface thiols to less than
85% (control; 100%) was a significant change, contact sensitizers
such as oxazolone, p-benzoquinone, MCI/MI, DNCB, TNCB, pPD,
potassium dichromate, maleic anhydride, NPD, glutaraldehyde,
SADBE, benzoyl peroxide, propyl gallate, formaldehyde, CoSO4,
(NH4)2PtCl4, isoeugenol, cinnamaldehyde, NiSO4, ethylenediamine,
phenylacetaldehyde, resorcinol, HCA, 2-MBT, eugenol, abietic acid,
citral, benzocaine, geraniol, linalool, butylglycidylether and thi-
merosal, and non-sensitizers, such as Tween80, BC, ZnCl2 and 6-
MC, were judged as positive, while other skin sensitizers, such as
DPCP, penicillin G, pyridine and MnCl2, and non-sensitizers, such
as MS, lactic acid, glycerol, SDS, dextran, glucose, octanoic acid,
2-propanol, propylene glycol, xylene, saccharin and DMSO, were
judged as negative. The results of in vivo data (National Toxicology
Program, 1999; Manome et al., 1999; Mizuashi et al., 2005; Gerb-
erick et al., 2005; Sakaguchi et al., 2006; Basketter et al., 2007) and
in vitro assays measuring cell-surface thiols on THP-1 cells (this
study) are compared in Table 3. On the basis of the tentative crite-
rion, the agreement between in vivo assays and decrease of cell-
surface thiols was 85%. If we employed the criterion that either a
decrease of cell-surface thiols to less than 85% (control; 100%) or
an increase of cell-surface thiols to more than 115% was a signifi-
cant change, three contact sensitizers, DPCP, pyridine and MnCl2,
previously judged as negative became positive. This improved
the rate of agreement with in vivo assays to 90%.

3.5. Effect of ATP on cell-surface thiols

We investigated changes of cell-surface thiols on THP-1 cells in
the presence of ATP or chemicals that induce the release of
ATP from THP-1 cells, because it was not known whether cell-
surface thiols would be affected by mediators released from lysed
cells. As shown in Fig. 4A and B, the tested concentrations of ATP
did not affect cell-surface thiols, and ATP release from the cells
was no more than 1 lM following treatment with various
chemicals.
110 µM
2-ME 55 µM

0 µM

110 µM
2-ME 55 µM

0 µM

(µg/mL)

NiSO4 SDS

  1667    556 50  17     6 (µg/mL)

NiSO4 SDS

  1667    556 50  17     6

ges of cell-surface thiols on chemical-treated THP-1 cells. THP-1 cells were cultured
reatment with DNCB, NiSO4 or SDS for 2 h, cell-surface thiols were measured by flow



Fig. 3. Effect of differentiation state on changes of cell-surface thiols on chemical-treated THP-1 cells. Flow cytometric analysis of (A) CD86 and CD83 expression, (B) cell-
surface thiols on THP-1 cells (filled histograms) and mature DCs derived from THP-1 cells (open histograms), and (C) changes of cell-surface thiols on THP-1 cells and mature
DCs derived from THP-1 cells treated with 160 lg/mL DNCB. In (C), filled histograms indicate the solvent control and open histograms, cells treated with 160 lg/mL DNCB.
Representative results of three independent experiments are shown.
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4. Discussion

In order to develop alternative in vitro skin sensitization assays
that do not use animals, in vitro sensitization tests based on pheno-
typic changes, such as CD86 expression, of hapten-treated DCs and
cell lines have been proposed (Aiba et al., 1997; Sakaguchi et al.,
2006). On the other hands, intracellular redox imbalance plays a
key role in the regulation of phenotypic changes in dendritic cells
and THP-1 cells, and could be suitable as a biomarker for an in vitro
sensitization test (Aiba et al., 2003; Mizuashi et al., 2005). It has
been suggested that exofacial membrane thiol groups play a role
as sensors of cell activation (Nakashima et al., 2002; Filomeni
et al., 2003). The measurement of change of cell-surface thiols is
easy and takes only a short time (several hours). In the present
work, we attempted to evaluate the suitability of changes of cell-
surface thiols as a biomarker for an in vitro sensitization test. For
this purpose, we employed a non-permeable thiol-reactive com-
pound, Alexa Fluor 488 C5 maleimide (AFM), which we considered
would be suitable to detect changes of cell-surface thiols induced
by binding of haptens to cell-surface proteins, oxidation of cell-sur-
face thiols, and so on.

First, we examined the relationship between phosphorylation of
p38 MAPK and changes of cell-surface thiols on chemical-treated
THP-1 cells. It was reported that high affinity of a small reactive
chemical toward thiol groups is important for the activation of
monocyte-derived dendritic cells and can support the process of
sensitization (Becker et al., 2003). Our results and previous reports
support the idea that cell-surface thiols are a potential biomarker
reflecting intracellular signaling. Next, we examined suitable assay
conditions. There are many factors that may influence the assay,
but we paid particular attention to the concentration of 2-ME in
the culture medium and the conditions for differentiation of
THP-1 cells as the indicator cells. This was because 2-ME might di-
rectly affect the cell-surface thiols, not haptens as a reducing agent,
and because expression of cell membrane proteins, such as CD
antigens, in response to haptens was reported to change with cell
differentiation (Berges et al., 2005). We found that neither of these
factors greatly influences the changes of cell-surface thiols in re-
sponse to haptens.

In general, the majority of haptens (or their metabolites) have
electrophilic properties and are able to react with the side chains
of many amino acids in proteins, including lysine and cysteine
(Gerberick et al., 2004). Thus, we speculated that the decrease of
cell-surface thiols by DNCB and NiSO4 might be caused by binding
of the haptens to cell membrane proteins. This idea was supported
by the finding that ATP did not affect cell-surface thiols. ATP is



Table 2
Effect of test chemicals on THP-1 cell-surface thiols.

Test samples RFI (%) (cell-surface thiols) Cell-surface thiols

IC50 1/3 � IC50 1/9 � IC50

Sensitizers
Oxazolone ND 42.8 ± 6.4* 103 ± 20 Decrease
p-Benzoquinone ND 58.8 ± 18.5* 95.9 ± 11.4 Decrease
DNCB 20.9 ± 5.0* 20.1 ± 4.8* 28.3 ± 6.1* Decrease
MCI/MI 37.7 ± 11.7* 81.2 ± 5.3* 100 ± 3.9 Decrease
TNCB ND 22.8 ± 1.9* 32.4 ± 7.0* Decrease
DPCP ND 65.2 ± 37.7 563 ± 116* Increase
pPD 32.3 ± 19.0* 44.5 ± 18.4* 77.1 ± 1.5* Decrease
Potassium dichromate 61.0 ± 3.2* 71.1 ± 5.2* 74.6 ± 5.7* Decrease
Maleic anhydride 63.4 ± 12.9* 85.5 ± 11.6 87.9 ± 7.2 Decrease
NPD 51.9 ± 15.4* 72.8 ± 4.3* 79.3 ± 8.1* Decrease
Glutaraldehyde (act. 50%) ND 87.4 ± 7.4 70.4 ± 3.4* Decrease
SADBE 55.7 ± 15.9* 35.4 ± 3.8* 71.7 ± 5.7* Decrease
Benzoyl peroxide ND 70.4 ± 10.9* 91.2 ± 12.5 Decrease
Propyl gallate 56.7 ± 8.5* 66.3 ± 8.2* 68.5 ± 2.9* Decrease
Formaldehyde 49.9 ± 4.8* 72.2 ± 14.3* 82.1 ± 15.5* Decrease
CoSO4 36.8 ± 16.7* 41.4 ± 17.8 47.2 ± 18.4 Decrease
(NH4)2PtCl4 117 ± 11.3 60.7 ± 4.9* 58.9 ± 3.1* Decrease
Isoeugenol ND 77.3 ± 3.4* 90.0 ± 10.3 Decrease
CA ND 33.9 ± 2.5* 51.7 ± 9.7* Decrease
NiSO4 79.8 ± 26.6 48.4 ± 10.1* 52.8 ± 5.7* Decrease
Ethylene diamine 105 ± 20.8 80.5 ± 4.0* 87.1 ± 3.4 Decrease
Phenylacetaldehyde 45.2 ± 6.7* 79.0 ± 7.4* 105 ± 4.5 Decrease
Resorcinol 62.4 ± 10.5* 86.6 ± 7.1 86.1 ± 6.2 Decrease
HCA 74.2 ± 3.2* 71.0 ± 2.7* 86.8 ± 9.8 Decrease
2-MBT 20.5 ± 13.0* 39.3 ± 20.0* 49.0 ± 23.9* Decrease
Eugenol ND 83.8 ± 11.1* 90.6 ± 6.9 Decrease
Abietic acid ND 84.4 ± 7.0* 107 ± 8.4 Decrease
Citral ND ND 59.3 ± 0.94* Decrease
Benzocaine 79.3 ± 2.6* 89.2 ± 4.8 102 ± 6.6 Decrease
Geraniol 108 ± 30.2 74.5 ± 11.5* 78.9 ± 11.2* Decrease
Linalool 75.2 ± 11.2 74.2 ± 3.4* 86.0 ± 4.2 Decrease
Butylglycidylether 80.1 ± 11.0* 99.7 ± 12.0 104 ± 10.4 Decrease
Penicillin G 96.5 ± 19.7 102 ± 10.1 99.1 ± 11.2 No-change
Pyridine 126 ± 1.3* 123 ± 5.6* 112 ± 5.3 Increase
MnCl2 143 ± 23.0* 177 ± 14.4* 100 ± 15.0* Increase
Thimerosal 53.8 ± 17.0* 76.1 ± 18.1 83.8 ± 8.6 Decrease

Non-sensitizers
MS 113 ± 16.0 88.5 ± 22.1 102 ± 23.5 No-change
Tween80 61.1 ± 15.4* 77.7 ± 20.7 81.2 ± 18.1 Decrease
LA 97.9 ± 10.0 104 ± 7.7 103 ± 5.3 No-change
Glycerol 91.6 ± 1.1 91.0 ± 1.3 94.8 ± 1.6 No-change
SDS 93.4 ± 13.8 98.2 ± 16.5 104 ± 24.5 No-change
BC 82.8 ± 8.4* 90.8 ± 9.1 94.3 ± 11.4 Decrease
ZnCl2 53.3 ± 13.1* 58.5 ± 11.3* 88.5 ± 20.6 Decrease
Dextran 103 ± 2.6 98.4 ± 1.2 97.8 ± 2.1 No-change
Glucose 92.3 ± 6.6 91.1 ± 6.4 93.4 ± 7.5 No-change
Octanoic acid 109 ± 7.4 103 ± 11.6 105 ± 9.8 No-change
2-Propanol 98.9 ± 18.4 95.7 ± 14.7 104 ± 12.8 No-change
Propylene glycol 105 ± 5.6 104 ± 7.1 93.1 ± 1.9 No-change
Xylene 95.4 ± 18.5 89.4 ± 9.4 91.4 ± 8.4 No-change
Saccharin 97.7 ± 7.0 95.6 ± 5.8 98.8 ± 6.3 No-change
6-MC 45.6 ± 7.2* 85.1 ± 10.3 88.9 ± 12.8 Decrease
DMSO 108 ± 6.7 111 ± 4.6 109 ± 1.0 No-change

Cells were treated with three concentrations (IC50, one-third of IC50, and one-ninth of IC50) of each chemical shown in Table 1 for 2 h. After treatment, the changes of cell-
surface thiols were measured by flow cytometry and RFIs were calculated. Mean values ± SD for at least three independent experiments are shown.
* p < 0.05.
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thought to be a pro-inflammatory mediator that is released extra-
cellularly as a consequence of cell lysis or damage. ATP released
from chemically injured keratinocytes may lead to irritant derma-
titis (Mizumoto et al., 2003), and ATP-sensitive P2X7 receptor
(P2X7R) stimulates the maturation and release of interleukin 1b
(IL-1b) in macrophages (Donnelly-Roberts et al., 2004).

High sensitivity, an easy detection procedure, and a short assay
time are important requirements for a suitable biomarker for an
in vitro sensitization test. Measurement of changes of cell-surface
thiols meets these requirements, and our results (Table 3) indicate
that these changes could indeed be used as a biomarker. However,
some false positives (Tween80, BC, ZnCl2 and 6-MC) were detected.
Among them, ZnCl2 was also positive in LLNA. Moreover, it is not
known why a few haptens, such as DPCP, MnCl2 and pyridine,
caused an increase, not a decrease, of cell-surface thiols. A decrease
of cell-surface thiols might be caused by binding of chemicals to
cell-surface proteins and oxidation of cell-surface and intracellular
proteins, because it was reported that intra- and extracellular re-
dox states were related to each other (Moriarty-Craige and Jones,
2004). Furthermore, our data indicate a relationship between the
level of p38 MAPK phosphorylation and the decrease of cell-surface
thiols in chemical-treated THP-1 cells. Based on this result, we



Table 3
Relationship between in vivo sensitization tests and the present in vitro sensitization test measuring changes of cell-surface thiols as a biomarker.

Test samples In vivo sensitization test In vitro test (changes of cell-surface thiols)

GPMT/BT LLNA HMT Criterion

RFI < 85 % (p < 0.05) RFI < 85% (p < 0.05) and RFI > 115% (p < 0.05)

Sensitizer
Oxazolone + + + +
p-Benzoquinone + + + +
MCI/MI + + + +
DNCB + + + +
TNCB + +
DPCP + � +
pPD + + + + +
Potassium dichromate + + + + +
Maleic anhydride + +
NPD + + +
Glutaraldehyde (act. 50%) + + +
SADBE + +
Benzoyl peroxide + + + +
Propyl gallate + + + +
Formaldehyde + + + + +
CoSO4 +a +a +a + +
(NH4)2PtCl4 + + + +
Isoeugenol + + + +
CA + + + + +
NiSO4 + � + + +
Ethylene diamine + + + +
Phenylacetaldehyde + + +
Resorcinol � + + +
HCA + + + +
2-MBT + + + + +
Eugenol + + + +
Abietic acid + + + +
Citral + + + + +
Benzocaine + +/� +/� + +
Geraniol + + +
Linalool + + +
Butylglycidylether + + + + +
Penicillin G + + + � �
Pyridine + � +
MnCl2 � +
Thimerosal + +

Non-sensitizer
MS � � � � �
Tween80 � � + +
LA � � � �
Glycerol � � �
SDS � + � � �
BC � � + +
ZnCl2 +b + +
Dextran � � � �
Glucose � �
Octanoic acid � � �
2-Propanol � � � �
Propylene glycol � � � �
Xylene + � � �
Saccharin � � �
6-MC � � � + +
DMSO + � �

GPMT/BT: guinea pig maximization test and Buhler test, LLNA: local lymph node assay, and HMT: human maximization test. Data are taken from the literature (National
Toxicology Program, 1999; Gerberick et al., 2005; Basketter et al., 2007). (+) Positive and (�) Negative.

a Result for cobalt chloride.
b Result for zinc sulfate.
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speculate that a decrease of cell-surface thiols reflects activation of
intracellular signal transduction pathways. As for the increase of
cell-surface thiols, a thiol antioxidant, N-acetyl-L-cysteine (NAC),
was reported to increase cell-surface thiols on human peripheral
blood mononuclear cells (PBMCs) by reducing membrane protein
disulfides (Laragione et al., 2003). Moreover, it was demonstrated
that dithiothreitol (DTT), which is a thiol reducing regent, induced
phosphorylation of c-Jun N-terminal kinase (JNK) in response to
endoplasmic reticulum stress (Urano et al., 2000). Though the
mechanism of this change by skin sensitizers remains to be inves-
tigated, increase of cell-surface thiols may also reflect activation of
intracellular signal transduction pathways in some cases.

In conclusion, we examined suitable assay conditions for
measurement of changes of cell-surface thiols, and measured the
changes of cell-surface thiols on THP-1 cells in response to various
test chemicals. Our results indicate that changes of cell-surface thi-
ols may be useful as a biomarker for an in vitro sensitization assay
with low false positives, and we named this assay the SH test.
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Fig. 4. Effect of ATP on THP-1 cell-surface thiols. (A) Measurement of ATP released from chemical-treated THP-1 cells. The cells were treated with DMSO (2000 lg/mL), DNCB
(160 lg/mL), NiSO4 (5000 lg/mL), SDS (50 lg/mL) or Tween80 (5000 lg/mL). After treatment with chemicals for 10, 30, 60 and 120 min, culture medium was collected and
the ATP concentration was measured. (B) Effect of ATP on THP-1 cell-surface thiols. Gray bars showed the change of cell-surface thiols and the line chart shows cell viability.
Mean values ± SD for at least three independent experiments are shown.
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