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a  b  s  t  r  a  c  t

Hair  dye components  such  as  pyrogallol  and  cresol  have  been  shown  previously  to promote  allergic
reactions  such  as rashes,  dermal  inflammation,  irritation  and  dermatitis.  The  objective  of this  study  was
to  determine  the  contact  sensitization  potential  of  pyrogallol  (PYR)  and  5-amino-o-cresol  (AOC)  when
applied  dermally  to female  BALB/c  mice.  Measurement  of  the  contact  hypersensitivity  response  was  ini-
tially  accomplished  using  the local  lymph  node  assay.  For  PYR,  significant  increases  in  the  proliferation  of
lymph  node  cells  were  observed  at concentrations  of  0.5%  (w/v) and  higher.  For  AOC,  borderline  increases,
albeit  significant,  in  auricular  lymph  node  cell proliferation  were  observed  at  5% and  10%.  Results  from
the  irritancy  assay  suggested  that  PYR,  but not  AOC,  was  an irritant.  To  further  delineate  whether  PYR
was  primarily  an  irritant  or a  contact  sensitizer,  the  mouse  ear  swelling  test  (MEST)  was  conducted.  A
significant  increase  in  mouse  ear  thickness  was  observed  at 72  h  following  challenge  with  0.5%  PYR  in
ymph node subpopulations mice  that  had been  sensitized  with  5% PYR.  In contrast,  no effects  were  observed  in the  MEST  in mice
sensitized  and  challenged  with the  highest  achievable  concentration  of  AOC  (10%).  Additional  studies
examining  lymph  node  subpopulations  and CD86  (B7.2)  expression  by B cells  further  support  the  indica-
tion  that  PYR  was  a sensitizer  in BALB/c  mice.  The  results  demonstrate  that  PYR  is  both  a  sensitizer  and
an  irritant  in  female  BALB/c  mice.  However,  the  contact  sensitization  potential  of  AOC  is minimal  in this
strain  of mouse.
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. Introduction

It is estimated that one in three women above the age of 18
nd one in ten men  above the age of 40 use some type of hair
oloring. Permanent coloring accounts for approximately 70% of
he dollar volume of the retail market and 85% of the professional

arket (Corbett, 1988) for hair care products. The use of synthetic
olors in hair dyes has been brought to the attention of the public
ecause some ingredients can induce rash, dermal inflammation,

rritation, and dermatitis, or even promote cancer (Shvedova et al.,
000; Ferrari et al., 2005; Khumalo et al., 2006; O’Connell et al.,
010).

Pyrogallol (PYR), or pyrogallic acid (1,2,3-trihydroxybenzene),
olorless crystals or laminae when freshly prepared, rapidly assume
Please cite this article in press as: Guo, T.L., et al., Contact sensitizing p
Toxicology (2013), http://dx.doi.org/10.1016/j.tox.2013.10.006

 darker color upon oxidation. Both PYR and its oxidative product,
urpurogallin, are mutagenic (Ben-Gurion, 1979; Takemura et al.,
010). Although the European Community has PYR on the list of

∗ Corresponding author at: Department of Veterinary Biosciences and Diagnostic
maging, College of Veterinary Medicine, University of Georgia, Athens, GA 30602-
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banned substances as ingredients for cosmetics, it is still being used
in many other countries (Takemura et al., 2010; ANVISA, 2013), and
positive responses to PYR continue to be reported in patients who
were suspected to have allergic contact dermatitis following expo-
sure to hairdressing chemicals (Basketter and English, 2009; Wang
et al., 2011). In addition, PYR has found extensive use in industrial
and commercial processes, including uses in photograph develop-
ing, in the manufacture of dyes, in fruit storage, as a component of
hair and fur dye, as a tanning agent for leather, and in the produc-
tion of a novel class of carbamate insecticides (Windholtz, 1976;
Dresslerr and Holter, 1982; Mercado-Feliciano et al., 2012; Jing
et al., 2013). PYR concentrations in hair dyes and colors typically
range from 0.25 to 0.38% by weight (Clayton and Clayton, 1981),
and the maximum concentration allowed is 5% (ANVISA, 2013).
Moreover, PYR was used as a topical therapy for chronic plaque
psoriasis, and it is still used in some places to treat treatment resis-
tant psoriasis (van de Kerkhof, 1986; Gruner et al., 1992; Upadhyay 

et al., 2010).
5-Amino-o-cresol (AOC) is an oxidative intermediate used in
otential of pyrogallol and 5-amino-o-cresol in female BALB/c mice.

hydrogen peroxide-induced coupling reactions in permanent hair
dye formulations (Akerson et al., 1994). According to the Food
and Drug Administration (FDA) product formulation data, AOC was
used in 149 out of 960 hair dye formulations in 1986, and it is still
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analyses. All cell-staining combinations were incubated on ice in the dark for at least
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Fig. 1. The structures of pyrogallol and 5-amino-o-cresol.

eing used worldwide (Chemland, 2013). AOC concentrations in
air dyes range between 0 and 5%. According to a study by Beck
t al. (1994), both pig skin (in vitro) and rat skin (in vivo) are
ermeable to AOC. In the report from the Scientific Committee
n Consumer Products; Opinion on: 4-Amino-2-hydroxytoluene
Opinions SCCP, 2006), two murine studies regarding the skin sen-
itization potential of AOC have been cited; however, only one
ouse strain (CBA/Ca01aHsd) was used. Thus, further evaluation

f AOC sensitizing potential in a different mouse strain was useful,
specially when only 4 of the 10 female albino Hartley guinea pigs
howed evidence of a skin sensitization in another study cited in
he same report.

The objective of the present study was to evaluate the con-
act sensitization potential of both PYR and AOC when applied
ermally to female BALB/c mice using the well-established local

ymph node assay (LLNA), the irritancy assay (IRR), and the mouse
ar swelling test (MEST). In addition to the LLNA and MEST, addi-
ional information on the sensitization potential of a compound can
e obtained from flow cytometric analysis of the draining lymph
odes (Sikorski et al., 1996; Manetz and Meade, 1999; Gerberick
t al., 2002; Auttachoat et al., 2011). Thus, a detailed evaluation of
ymph node subpopulations and CD86 (B7.2) expression was also
onducted for PYR. The results demonstrate that PYR is both a sensi-
izer and an irritant in female BALB/c mice. In contrast, data from the
LNA, IRR and MEST suggest that the contact sensitization potential
f AOC is minimal.

. Methods

.1. Chemicals

PYR, a white odorless crystal (FW 126.11, CAS No. 87-66-1) and AOC, a light
rown powder (FW 123.17, CAS No. 2835-95-2), were purchased from Sigma (St.
ouis, MO). The structures of PYR and AOC are shown in Fig. 1. Test solutions of
oth PYR and AOC were prepared daily in the vehicle 4:1, acetone:olive oil (AOO)
s  recommended by the Interagency Coordinating Committee on the Validation of
lternative Methods (ICCVAM; Dean et al., 2001). Initial studies on the solubility of
YR  demonstrated that the compound was soluble at concentrations of 75% (w/v)
nd below in AOO, and AOC at concentrations of 10% (w/v) and below. The posi-
ive  control, 0.15% (v/v) 1-fluoro-2,4-dinitrobenzene (DNFB, Sigma) was  prepared
n  AOO. �-Hexylcinnamaldehyde (HCA; 85% pure, Sigma) is a mild/moderate skin
ensitizer and was used as a calibrant for the LLNA assay, as recommended (Dearman
t  al., 2001). HCA was  prepared at 25% (v/v) in AOO.

.2. Animals

Female BALB/c mice, 6–8 wks old, were obtained from Charles River Laborato-
ies. The BALB/c mouse is the National Toxicology Program (NTP) strain of choice for
onducting contact hypersensitivity testing in rodents. The mice were determined
o  be hepatitis and Sendai virus free by serology testing. The animals were quaran-
ined for at least 7 days prior to being placed on study, housed and maintained at
1–24 ◦C with 40–70% relative humidity, with a 12-h light/dark cycle. Food (Har-

an Teklad laboratory diets NIH-07) and tap water were provided ad libitum in all
xperiments. Mice were housed four animals per cage in plastic shoebox cages with
ardwood bedding. The mice (17–20 g) were randomized prior to the study, and
Please cite this article in press as: Guo, T.L., et al., Contact sensitizing p
Toxicology (2013), http://dx.doi.org/10.1016/j.tox.2013.10.006

ight mice were assigned for each dose group. Animals were observed for signs of
oribundity daily, weighed on the first and last days of each study, and euthanized

y  CO2 inhalation. All animal procedures were conducted under an animal protocol
pproved by the VCU Institutional Animal Care and Use Committee (IACUC).
 PRESS
xxx (2013) xxx– xxx

2.3. Local lymph node assay

Chemical sensitization was initially evaluated using the LLNA (Kimber et al.,
1989). On days 1, 2, and 3, mice were treated with test chemical at various con-
centrations or vehicle by applying a total of 25 �l to the dorsum of each ear. Three
days after the last treatment (day 6), all animals were injected with 0.25 ml  (20 �Ci)
3H-thymidine by lateral tail vein (i.v.). Five hours later, mice were sacrificed, and
both the right and left auricular lymph nodes from each mouse were excised and
placed into cold phosphate buffered saline (PBS). All lymph nodes were dissoci-
ated by mashing between two microscope slides. Lymph node cells were washed
twice in PBS, and then resuspended in 3 ml  of 5% trichloroacetic acid (TCA, w/v
in  distilled H2O), and allowed to incubate for 18–24 h at approximately 4 ◦C. Cell
suspensions were then centrifuged and resuspended in 1 ml of 5% TCA and then
added to 5 ml  of scintillation cocktail. 3H-thymidine incorporation was  determined
using a Beta Counter (1214 Rackbeta LKB Wallac, Perkin Elmer Instruments, MA,
USA). Disintegrations per minute (DPM) were calculated as (counts per minute
(CPM) − background count)/(the efficiency of the Beta Counter, which was  71%).
Based on the ICCVAM-recommended criteria, a chemical would be classified as pos-
itive if at least one concentration reached a stimulation index (SI) of ≥3 with the
results being statistically significant and dose–responsive. The SI was defined as the
total DPM per mouse divided by vehicle DPM per mouse.

2.4. Irritancy assay (IRR)

An irritancy assay was conducted, using a modification of the method described
by  Gerberick and Ryan (1989), in order to establish the minimal irritating concen-
tration (i.e. the lowest concentration of chemical to elicit a significantly greater ear
swelling response than that observed in the vehicle control group) and the maxi-
mal  non-irritating concentration (the highest concentration producing ear swelling
that is not significantly different from the vehicle control). These concentrations
were then used to establish treatment levels for the mouse ear-swelling test (MEST)
described below. Prior to treatment on day 1, duplicate measurements of ear thick-
ness  were obtained for each ear (pre-measurement) using a modified Mitutoyo
micrometer (Mitutoyo Corporation, Japan). Each mouse received 12.5 �l of either
test chemical or vehicle on both sides of each ear (Karrow et al., 2002) for four consec-
utive days. Naïve animals were left untreated. At 24 (±2) h after the final treatment,
duplicate measurements of ear thickness were obtained (post-measurement). The
percentage of ear swelling was calculated for each mouse as the [(mean thickness
of  the post-treated ear/mean thickness of the pre-treated ear) × 100] − 100.

2.5. Mouse ear swelling test

The potential for induction of hypersensitivity responses following treatment
with PYR and AOC was also evaluated using the MEST (Gad et al., 1986; Auttachoat
et  al., 2011), with slight modifications. Experiments were conducted using exposure
levels based on the findings in the LLNA and IRR. For sensitization, 50 �l of PYR or
AOC, DNFB, or vehicle was applied directly to the shaved dorsal lumbar surface of
each animal on days 1, 2 and 3. The thickness of the right ear of each mouse was
measured 5 days following the last exposure (day 8). For the challenge phase, mice
were exposed on the dorsal side of the right ear pinna with a total of 25 �l of vehicle,
PYR, AOC or DNFB. Measurements of ear thickness were then made 24 (±2) h and
48  (±2) h after challenge in the same manner as the pre-treatment measurements.
In  some experiments with PYR, a measurement was also taken at 72 (±2) h after
challenge when the difference between the groups of positive control and positive
control challenge only (PCCO) did not reach the level of statistical significance at
either 24 or 48 h time point. The percent ear swelling at different time points was
calculated as described above. The sensitization and challenge concentrations are
shown in Table 1.

2.6. Immunofluorescent staining of lymph node cells

Mice were exposed to 0.125–10% PYR using the treatment regimen for the LLNA
as  described above and were sacrificed at 24, 72 and 96 h after the last PYR treatment.
Mice were euthanized with CO2 inhalation, and the auricular lymph nodes were
removed and dissociated as described above. Cells (1.0 × 106) were labeled in a 96-
well culture plate with 0.10 ml  of the appropriate anti-mouse monoclonal antibodies
diluted in PBS (pH 7.4, 1% BSA + 0.1% sodium azide). All antibodies were purchased
from BD PharMingen (San Diego, CA). Anti-mouse CD3� (145-2C11) conjugated to
fluorescein isothiocyanate (FITC; 1:80) was used to label T cells. B cells were stained
with FITC conjugated affinity purified anti-mouse immunoglobulin (1:80, Becton
Dickenson) and phycoerythrin (PE) conjugated antibody for CD86 (B7.2). In some
experiments, T cell subpopulations were dual-stained with a PE conjugated anti-
mouse CD4+ monoclonal antibody (1:80) and a FITC conjugated anti-mouse CD3
monoclonal antibody (1:80). The appropriate isotype controls were included in the
otential of pyrogallol and 5-amino-o-cresol in female BALB/c mice.

30  min, washed, and then resuspended in 0.10 ml  of a 1 �g/ml solution of propid-
ium iodide (PI) for 5 min  prior to flow cytometric enumeration (Becton Dickinson
FACScan). The data were analyzed using the CellQuest software (Becton Dickinson,
San Jose, CA). Five thousand cells were counted for each sample. Dead cells were
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Table 1
Experimental design for MEST with PYR and AOC.a

Group Sensitization
phase

Challenge
phase

Designation group

1 AOO AOO Vehicle (VH)
2  AOO PYR

AOC
Vehicle irritancy control (VHIC)

3  PYR
AOC

PYR
AOC

Treatment groups

4  AOO 0.15% DNFB Positive control challenge only (PCCO)
5% DN
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5  0.15% DNFB 0.1

a Because the test compound might have the potential to induce an irritant effect
ncluded.

liminated from the analysis by gating out the PI-stained cells, and the forward
catter threshold was set to eliminate red blood cells (Auttachoat et al., 2011).

.6.1. Data handling and statistical analysis
The data obtained in this study were first tested for homogeneity of variances

sing Bartlett’s Chi Square Test. Homogeneous data were evaluated by a paramet-
ic  one-way analysis of variance. When significant differences occurred, treatment
roups were compared to the appropriate control using Dunnett’s Test. If data were
on-homogeneous, they were evaluated using a non-parametric analysis of vari-
nce. When significant differences occurred, treatment groups were compared to
he  appropriate control using the Wilcoxon Rank Test. For the Irritancy and LLNA
esults, treatment groups were compared to vehicle control group. The positive con-
rol and naive animals were compared to the vehicle control using the Student’s t
est. For the MEST, the vehicle control group was compared to the vehicle irritancy
ontrol (VHIC) using the Student’s t Test, and all treatment groups were compared
o  VHIC using Dunnett’s Test. The positive control was  compared to the PCCO using
he  Student’s t Test. The level of statistical significance was set at p ≤ 0.05. All values
re  presented as mean ± standard error of mean.

. Results

.1. Both PYR and AOC induced a positive response in the LLNA

Based on the ICCVAM-recommended protocol, the highest expo-
ure level of PYR selected for the LLNA was 50% in the first study
NIH, 1999; Dean et al., 2001). Four additional exposure levels of
YR (2.5%, 5%, 10%, 25%, and 50%) were also tested. PYR induced a
ignificant increase in the proliferation of lymph node cells (SI > 3)
t all concentrations (Fig. 2A). The concentrations of PYR used in
he second experiment were 0.5%, 1%, and 2.5%. PYR induced sig-
ificant increases in the proliferation of lymph node cells at each of
hese concentrations as well, although the low concentration group
0.5%) did not reach a SI > 3 (Fig. 2B). In the third experiment, mice
ere sensitized with 0.25%, 0.5%, 1%, 2.5%, 5%, and 10% PYR. All

roups except 0.25% PYR exhibited a significant increase (SI > 3) in
he proliferation of lymph node cells when compared to VH controls
Fig. 2C).

The highest exposure level of AOC selected for the LLNA was  10%.
s shown in Fig. 2D, exposure to AOC at both 5% and 10% signifi-
antly increased the proliferation of the draining lymph node cells,
ith the increase at 10% exceeding a SI of 3. AOC at 2.5% did not

nduce significant cell proliferation when compared to the vehicle
ontrol. In addition, the borderline positive response in the LLNA
t 5–10% was not reproduced in a repeat study (data not shown).
he positive controls, 0.15% DNFB and 25% HCA, both produced
ignificant increases in the proliferation of lymph node cells when
ompared to the vehicle control (Fig. 2).

.2. PYR, but not AOC, induced a positive response in the IRR assay

It has been noted that some irritants can also induce prolifer-
Please cite this article in press as: Guo, T.L., et al., Contact sensitizing p
Toxicology (2013), http://dx.doi.org/10.1016/j.tox.2013.10.006

tion in the draining lymph nodes, thereby manifesting as false
ositives in the LLNA (Montelius et al., 1994; Basketter et al., 1998).
hus, it was important to determine whether irritation contributed
o the positive responses observed in the LLNA. As shown in Fig. 3A,
FB Positive Control (PC)

h could confound the measurement of mouse ear swelling, both VH and VHIC were

PYR induced a positive response in the IRR at concentrations as
low as 0.125%. In contrast, there were no statistically significant
changes in percent ear swelling in animals that were exposed to
AOC when compared to the vehicle group (Fig. 3B). There were no
significant differences in percent swelling between the naïve ani-
mals and the vehicle control groups in either study. As expected,
significant increases in percent ear swelling were observed in mice
treated with 25% HCA and 0.15% DNFB.

3.3. PYR, but not AOC, induced a positive response in the MEST

To further distinguish between the irritant and sensitizing
effects of PYR, the MEST was  conducted using concentrations based
on the results of the LLNA and the IRR studies. In the first MEST, mice
were sensitized with PYR at concentrations of 0.25%, 1%, and 5%, and
challenged with 0.25% PYR. A challenge concentration of 0.25% PYR
was selected as this concentration produced a positive response
in the IRR but not in the LLNA. Surprisingly, and in contrast to the
strong positive response in the LLNA, there were no significant dif-
ferences when the naïve, vehicle, or three PYR dose groups were
compared to the VHIC group at either 24- or 48-h post-challenge
(data not shown).

Because of the lack of agreement between the LLNA and the first
MEST study, a second MEST was  conducted, using a higher concen-
tration of PYR for the challenge dose. Mice were sensitized with PYR
at concentrations of 1% and 5% and were subsequently challenged
with 0.5% PYR. Measurements of ear thickness were obtained at 24,
48 and 72 h following the challenge. A significant increase in per-
cent ear swelling was  observed at 72 h after challenge in mice that
had been sensitized with 5% PYR when compared to VHIC (Fig. 4).
The positive control group also exhibited significantly increased
percent ear swelling when compared to the PCCO group. No signif-
icant changes were observed at either 24 or 48 h time point (data
not shown).

Treatment with 5% and 10% AOC for the sensitization phase, and
10% for the challenge phase did not affect ear swelling in the MEST
at any concentration or time point evaluated (data not shown).

3.4. PYR-induced changes in lymphocytes of the draining lymph
nodes

Although contact sensitization is generally considered to be a T
cell-mediated immune response, mice exposed to contact sensitiz-
ers may  exhibit increases in the percentage of B cells in draining
lymph nodes (Manetz and Meade, 1999; Sikorski et al., 1996;
Auttachoat et al., 2011). Furthermore, there is evidence that con-
tact sensitizers and irritants can be discriminated using the ratio
of %B cells in treated animals to %B cells in vehicle control ani-
otential of pyrogallol and 5-amino-o-cresol in female BALB/c mice.

mals (“%B ratio”), with a cutoff value of 1.25 separating irritants
(%B ratio < 1.25) and sensitizers (%B ratio ≥ 1.25) (Gerberick et al.,
2002). Therefore, a time-course and dose–response study was con-
ducted to determine if changes in lymph node cell populations in
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Fig. 2. Pyrogallol (PYR) induced positive contact sensitization responses in three separate experiments using 2.5–50% PYR (A), 0.5–2.5% PYR (B) and 0.25–10% PYR (C) in
female  BALB/c mice as determined by the local lymph node assay, and a borderline positive response (D) was induced by 5-amino-o-cresol (AOC). Results are expressed as
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he  mean DPM ± SE (N = 7–8 mice). Positive controls were 0.15% 2,4-dinitrofluorob
ehicle control group. The solid horizontal line across the graph indicates a stimula

he draining lymph nodes could differentiate between the irritant
nd sensitizing effects of PYR. Mice were exposed to 0.125–10% PYR
sing the same treatment regimen as the LLNA and were sacrificed
t 24, 72 and 96 h after the last PYR treatment. As shown in Fig. 5,
4 h after the last exposure to PYR, the %B ratios exceeded 1.25 for
he 5% and 10% PYR treatment groups, when compared to the VH
ontrol group (Fig. 5A). Consistent with the increase in %B cells, %T
ells were decreased at these same PYR treatment levels (Fig. 5C).
D86 (B7.2) is a selective marker for modulation of B cell activa-
ion, and its expression in murine draining lymph node cells has
een demonstrated following sensitizer, but not irritant, treatment
Gerberick et al., 1999). A significant increase in the expression (the

ean fluorescence intensity) of CD86 was observed for B cells at
% and 10% PYR (Fig. 5B). This was accompanied by a significant

ncrease in the number of total lymph node cells (Fig. 5D). Similar
esults were observed for the number of total lymph node cells,
B cells, %T cells, and CD86 expression by B cells at 72 and 96 h
fter the last treatment of PYR, in addition to a 10% decrease in %T
Please cite this article in press as: Guo, T.L., et al., Contact sensitizing p
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ells at the 1% PYR treatment level at the 96 h time point (data not
hown). Based on these data, PYR would be classified as a sensi-
izer at 5% and above according to the criteria previously described
Gerberick et al., 1999, 2002). The positive control DNFB (0.15%)

ig. 3. Irritancy response induced by pyrogallol (A) and 5-amino-o-cresol (B) in female B
AOC) at varied concentrations as described. NA = naïve mice. Vehicle control (VH) was  ace
nd  25% hexyl cinnamic aldehyde (HCA). Ear thickness was measured before the treatme
n  ear swelling. Results are expressed as the mean ± SE for each treatment group (6–8 mi
e (DNFB) and 25% hexyl cinnamic aldehyde (HCA). **p ≤ 0.01 as compared to the
dex (SI) = 3.

also decreased %T cells and increased the number of total lymph
node cells, %B cells, and CD86 expression (Fig. 5).

In order to determine whether the PYR-induced changes in the
draining lymph node cells was dependent on the dosing paradigms
utilized, flow cytometric analyses of the percentages of B cells and
T cells and the expression of CD86 by B cells was also conducted
using the treatment regimen of the MEST. Seventy-two hours after
challenge with PYR (0.5%), %B ratios of 1.22 and 1.63 were observed
in animals sensitized with 1% PYR and 5% PYR, respectively (Fig. 6A).
The %T cells was slightly, albeit significantly, decreased in the 5%
PYR group (Fig. 6B). Interestingly, greater decreases were observed
for CD4+ T cells than total T cells, and a significant decrease was
produced in both PYR (1% and 5%)-sensitized groups (Fig. 6C). The
positive control DNFB also produced an increase in %B cells and
decreases in both %T cells and %CD4+ T cells. The expression of CD86
by B cells was not affected by either PYR or DNFB in this study (data
not shown).
otential of pyrogallol and 5-amino-o-cresol in female BALB/c mice.

4. Discussion

In these studies, dermal exposure to PYR produced a positive
response in the LLNA at concentrations as low as 0.5%. Furthermore,

ALB/c mice. BALB/c mice were treated with pyrogallol (PYR) and 5-amino-o-cresol
tone: olive oil (AOO). Positive controls were 0.15% 2,4-dinitrofluorobenzene (DNFB)
nt and again 24-h after the last treatment in order to calculate the percent change
ce). *p ≤ 0.05; **p ≤ 0.01 as compared to the vehicle control group.
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Fig. 4. Contact sensitization response to pyrogallol (PYR) in female BALB/c mice
evaluated by the mouse ear swelling test. The data represent the percent ear swelling
at  72-h after PYR challenge (0.5%) in BALB/c mice that had been sensitized with PYR
at  1% and 5%. The data were expressed as the means ± SE for each group (N = 8).
Vehicle (VH) = acetone: olive oil (AOO). VHIC (vehicle, irritancy control) = animals
sensitized with AOO, and challenged with PYR at 0.5%. PCCO (positive control,
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hallenge only) = animals sensitized with AOO and challenged with 0.15% of 2,4-
initrofluorobenzene (DNFB). *p ≤ 0.05 when compared to the VHIC.

n increase in the contact sensitization response was  also observed
n the MEST. The results from the flow cytometric analysis on the
raining lymph node lymphocyte populations also supported the
lassification of PYR as a sensitizer. These findings are in agree-
ent with the report that 7.4–9.1% of patients who  were suspected

f having allergic contact dermatitis from hairdressing chemicals
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ere found to have positive allergic reactions to PYR in a patch test
Basketter and English, 2009; Wang et al., 2011).

Because PYR also induced a positive irritant response, it should
e classified as an irritant with sensitization potential (Berg et al.,

ig. 5. Flow cytometric analysis of lymph node subpopulations in female BALB/c mice
reatment regimen. Mice were sacrificed at 24 h after the last PYR treatment. (A) The per

 cells, (C) the percentage of CD3+ T cells, and (D) total number of lymph node cells. Resul
ositive control (PC) was  0.15% of 2,4-dinitrofluorobenzene. *p ≤ 0.05 when compared to 
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2012). We  have demonstrated that PYR is irritating to the skin
at concentrations as low as 0.125%. Skin irritation is defined as
a locally arising and non-immunogenic inflammatory reaction,
which appears shortly after stimulation and usually disappears in
a few days (Harvell et al., 1995). As an acid, PYR has been shown
to cause irritation of mucosal membranes in the gastrointestinal
tract (Meiser et al., 2000; Gosselin et al., 1981). Therefore, the acidic
nature of PYR may  be responsible for its irritant effects. Addition-
ally, these effects may  be related to PYR’s superoxide-generating
and apoptosis-inducing activity (Saeki et al., 2000; Kim et al., 2008;
Han et al., 2008). Resorcinol, another hair dye ingredient with a
similar structure to PYR, has also been shown to be either a weak
or moderate sensitizer (Basketter et al., 2007; Goebel et al., 2012).

In the IRR assay for PYR, mice received four doses of PYR at the
same site, therefore, the cumulative exposure for the 0.125% dose
group was 0.5%. The lack of irritant effects at the concentration
of 0.5% in the MEST (e.g. the percent ear swelling was not signif-
icantly different between the VHIC and VH groups) suggests that
PYR causes a cumulative skin irritation instead of acute skin irri-
tation (Welss et al., 2004). Cumulative skin irritation is the most
common type of skin irritation and typically arises after repetitive
exposures to mild irritants (Schwindt et al., 1998).

Although the magnitude of proliferation in the draining lymph
node cells has been shown to closely correlate with chemical sen-
sitization (Dearman et al., 1999), it has been noted that some
irritants induce proliferation in the draining lymph nodes, which
are regarded as false positives of the LLNA (Basketter et al., 1998;
Gerberick et al., 1992; Montelius et al., 1994). For PYR, a positive
response in the LLNA (SI > 3) was observed at concentrations as low
as 0.5% (an EC3 value between 0.5 and 1% after combining all three
LLNAs). However, PYR was  also an irritant at these concentrations.
otential of pyrogallol and 5-amino-o-cresol in female BALB/c mice.

The MEST suggested that PYR was indeed a sensitizer at higher
concentrations. Therefore, correct identification of the sensitiza-
tion potential of a compound demands a combined analysis of data
from the LLNA, IRR and MEST studies.

 following exposure to pyrogallol (PYR) at varied concentrations using the LLNA
centage of B cells, (B) the mean fluorescence intensity (MFI) of CD86 expression by
ts are expressed as the mean ± SE for each treatment group (6–8 mice). NA = Naïve.
vehicle (VH).
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Fig. 6. Flow cytometric analysis of lymph node subpopulations in female BALB/c mice following exposure to pyrogallol (PYR) using the MEST treatment regimen. BALB/c mice
were  sensitized with 1%, and 5% and challenged with 0.5% PYR. The %B cells (A), %CD3+ T cells (B) and %CD4+ T cells (C) were examined at 72 h after the PYR challenge. The data
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epresent the means ± SE for each group (N = 8). Vehicle (VH) = acetone: olive oil (AO
YR  at 0.5%; PCCO (positive control, challenge only) = animals sensitized with AOO a
o  VHIC for VH and PYR groups, and to PCCO for positive control (PC).

Additional evidence supporting the classification of PYR as a
ontact sensitizer arises from the examination of lymphocyte sub-
opulations in the auricular lymph nodes. It has been proposed
hat allergens and irritants can be distinguished using the %B cell
est:vehicle ratio cutoff of 1.25 in the LLNA (Gerberick et al., 2002).
sing the same treatment regimen as the LLNA, PYR at 5–10% pro-
uced an increase in the %B cells when compared to the vehicle that
xceeds the 1.25 cutoff ratio. We  also measured the %B cells in mice
reated with PYR using the MEST dosing regimen. The %B ratio at
% PYR also exceeded the 1.25 ratio, while this ratio was just below
he cutoff (1.22 vs. 1.25) in animals sensitized with 1% PYR using
he dosing regimen of the MEST. Thus, it does not appear that the
osing paradigm impacted the increase in %B cells in the draining

ymph nodes.
The effects of PYR on the percentages of CD3+ T cells and CD4+ T

ells in the draining lymph node were also determined using differ-
nt treatment regimens. The decreases in the %CD3+ and %CD4+ T
ells inversely associated with the sensitization potential of PYR,
ith a stronger association observed for the %CD4+. As for the

xpression of CD86 by B cells, there were no consistent changes
sing the different treatment regimens. Although the increases

n CD86 expression appeared to correlate with the sensitization
otential of PYR using the LLNA dosing regimen, exposure to PYR
id not affect the expression of CD86 on B cells in the MEST. The
eason for this discrepancy is unclear, and it is possibly related to
he timing of the assessments following initial chemical application
n the ears (i.e. days 4–7 in the LLNA vs. day 3 in the MEST) and/or
he numbers of times the chemical was applied to the ears (i.e. 3×
n the LLNA vs. 1× in the MEST) in these different assays.

In this study, AOC induced a borderline positive response in
nly one of two LLNA studies conducted, and it failed to induce

 positive MEST response. Thus, the contact sensitizing potential
f AOC at concentrations up to 10% is considered to be minimal. In
he report from the Scientific Committee on Consumer Products;
pinion on: 4-Amino-2-hydroxytoluene (Opinions SCCP, 2006),

wo murine studies using strain CBA/Ca01aHsd have been included
egarding the skin sensitization potential of AOC. In the first study,
n EC3 of 0.44% was obtained when aqua/acetone (1:1) mixed with
live oil at a ratio of 4:1 was used as the vehicle. In the second
Please cite this article in press as: Guo, T.L., et al., Contact sensitizing p
Toxicology (2013), http://dx.doi.org/10.1016/j.tox.2013.10.006

urine study, an EC3 value of 3.4% was obtained when DMSO was
sed as vehicle. In our studies, an approximate EC3 value of 9%
or AOC was obtained when the positive LLNA study was used for
xtrapolation. The vehicle, acetone:olive oil (4:1), might contribute
HIC (vehicle, irritancy control) = animals sensitized with AOO, and challenged with
allenged with 0.15% of 2,4-dinitrofluorobenzene (DNFB). *p ≤ 0.05 when compared

partially to the discrepancy; however, the strain of mice used might
play a major role because BALB/c is Th2-biased while CBA is Th1-
biased (De Vooght et al., 2010). Both CBA and BALB/c mice have
been used extensively in the LLNA (ICCVAM, 1999; Woolhiser et al.,
1998, 2000; Ullmann et al., 2003; Auttachoat et al., 2011).

In summary, PYR, but not AOC, elicited dermal sensitization in
female BALB/c mice, as demonstrated using the LLNA and the MEST.
Increases in auricular lymph node cellularity and in the percent-
age of B cells also support classifying PYR as a contact sensitizer.
These findings have significant implications given that 2–10% PYR
has been utilized in ointments for use as a topical antipsoriatic
(Upadhyay et al., 2010). These data can also be used to estimate the
human health risks associated with the use of hair coloring dyes.
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