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CONTACT DERMATITIS

Skin sensitization potency and cross-reactivity of
p-phenylenediamine and its derivatives evaluated
by non-radioactive murine local lymph node
assay and guinea-pig maximization test

TETSUO YAMANO AND MITSURU SHIMIZU

Food and Health Science Group, Osaka City Institute of Public Health and Environmental Sciences,
8-34 Tojo-cho, Tennoji-ku, Osaka 543-0026, Japan

Background: p-Phenylenediamine (PPD)-related chemicals have been used as antioxidants in rubber
products, and many cases of contact dermatitis caused by these chemicals have been reported.

Objective: The aim of this study was to investigate relative sensitizing potency and cross-reactivity
among PPD derivatives.

Methods: Five PPD derivatives, p-aminodiphenylamine (PADPA), N,N9-diphenyl-p-phenylenedi-
amine (DPPD), N-isopropyl-N9-phenyl-p-phenylenediamine (IPPD), N-(1,3-dimethylbutyl)-N9-
phenyl-p-phenylenediamine (DMBPPD), N-(1-methylheptyl)-N9-phenyl-p-phenylenediamine
(MHPPD), and the core chemical PPD were evaluated for their sensitizing potency and cross-
reactivity using the non-radioactive murine local lymph node assay (LLNA) and the guinea-pig
maximization test (GPMT).

Results: PPD and all the derivatives were identified as primary sensitizers in both tests. The order of
potency in the LLNA was as follows: IPPD and PADPA > PPD > DMBPPD and MHPPD >
DPPD. In the GPMT, all six groups of animals sensitized with one of these chemicals cross-reacted to
four other derivatives. Specifically, the five groups that have a common basic PADPA structure, that
is PADPA, DPPD, IPPD, DMBPPD, and MHPPD, all reacted to each other at almost the same
scores, while none of them reacted to PPD.

Conclusions: The cross-reactivity profile found in the study was to some extent different from that in
previous human data, where distinction between cross-reaction and concomitant primary sensitiza-
tion is not always clear.
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During manufacture, various chemicals are added
to rubber: vulcanizers, accelerators, retardants,
and antioxidants (1). The residues of these chem-
icals in rubber products such as gloves, boots, and
tyres may cause allergic contact dermatitis (2, 3).
The responsible allergens in most cases are thi-
urams, dithiocarbamates, benzothiazoles, and
p-phenylenediamine (PPD) derivatives. In the risk
management process for skin sensitization, it is
important to evaluate the sensitizing potency of
individual chemicals. Quantitative evaluation

may allow the ranking of allergenic potency
within a certain group of chemicals used for the
same purpose and thereby offer the opportunity
to select the less allergenic chemicals. De Jong
et al. (4) evaluated the sensitizing potency of 15
rubber chemicals using a modified local lymph
node assay (LLNA), ranked their potency, and
identified the rubber additives of choice among
thiurams, dithiocarbamates, and benzothiazoles.
Cross-reactivity to related chemicals is another
factor in risk assessment. It is often the case that



a patient who shows positive skin reaction to a
sensitizer reacts at the same time to structurally
related chemicals. Thiurams and dithiocarba-
mates have similar chemical structures, and
cross-reactivity among them has been reported
(5). With respect to PPD derivatives, Herve-Bazin
et al. (6) reported that some tyre manufacturing
workers sensitized with N-isopropyl-N9-phenyl-p-
phenylenediamine (IPPD) also showed positive
skin reactions to N-phenyl-N9-cyclohexyl-p-
phenylenediamine (CPPD),N-(1,3-dimethylbutyl)-
N9-phenyl-p-phenylenediamine (DMBPPD), and/
or PPD. It is, however, difficult to distinguish
whether the skin reaction observed in the patch test
comes from cross-reaction or concomitant primary
sensitization to these chemicals. Animal testing is
a useful tool in elucidating the cross-reaction pat-
terns among structurally related sensitizers. In the
present study, five PPD derivatives and the core
chemical PPD, which is well known as a strong
sensitizer, were quantitatively evaluated for their
sensitizing potency using LLNA and the cross-
reactivity among them evaluated using guinea-pig
maximization test (GPMT).

Materials and Methods

Chemicals

The names, abbreviations, and CAS registry num-
bers of the PPD and its derivatives are listed in
Table 1. Their chemical structures are shown in
Fig. 1. The tested chemicals were of superior
grade and purchased from Tokyo Kasei Co.,
Ltd. (Tokyo, Japan).

Non-radioactive murine LLNA

Six-week to eight-week-old female BALB/c mice
from CLEA Japan (Tokyo, Japan) were used. The
LLNA was performed as previously reported (7).
Four animals were used for each sensitization
group. Skin irritation was judged by measuring
ear thickness at the time of auricular lymph node
excision. Total lymph node cell count in a chemical-

treated animal divided by mean lymph node cell
count in the control group was designated as the
cellularity index, while 5-bromo-29-deoxyuridine
(BrdU) incorporation (expressed as optical density
in enzyme-linked immunosorbent assay) per well of
cells from a chemical-treated animal divided by
mean BrdU incorporation per well of cells from
the control group was used as the BrdU incorpora-
tion index. The stimulation index (SI) was calcu-
lated by multiplying the cellularity index by the
BrdU incorporation index. The minimum dose at
which statistically significant increase in the SI was
detected compared with the control was designated
as the minimum induction dose of the chemical.

Guinea-pig maximization test

Five-week to six-week-old female Hartley guinea-
pigs from Japan SLC, Inc. (Shizuoka, Japan) were
used. The GPMTwas performed as described pre-
viously (8). The animals were divided into six

Table 1. List of chemicals tested

Chemical name Abbreviation CAS no.

p-Phenylenediamine PPD 106-50-3
p-Aminodiphenylamine PADPA 101-54-2
N,N9-diphenyl-p-
phenylenediamine

DPPD 74-31-7

N-isopropyl-N9-phenyl-p-
phenylenediamine

IPPD 101-72-4

N-(1,3-dimethylbutyl)-N9-
phenyl-p-phenylenediamine

DMBPPD 793-24-8

N-(1-methylheptyl)-N9-phenyl-
p-phenylenediamine

MHPPD 15233-47-3

Fig. 1. Chemical structures of PPD and five deriva-
tives. DPPD, N,N9-diphenyl-p-phenylenediamine; DMBPPD,
N-(1,3-dimethylbutyl)-N9-phenyl-p-phenylenediamine; IPPD,
N-isopropyl-N9-phenyl-p-phenylenediamine; MHPPD, N-(1-
methylheptyl)-N9-phenyl-p-phenylenediamine; PADPA, p-
aminodiphenylamine; PPD, p-phenylenediamine.
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groups, and each group of four animals was sen-
sitized with PPD or one of its derivatives. The first
(intradermal) and second (topical and occluded)
induction doses were set at 500 p.p.m. Two weeks
after the second induction, 12 circles (16 mm in
diameter) were marked on the dorsum of each
animal, and the animals were challenged all at
once with 50 p.p.m. and 5000 p.p.m. of the six
sensitizers in 50 ml acetone. Forty-eight hours
after the challenge, each site was scored for ery-
thema (0–4) and oedema (0–3) according to the
criteria of Sato et al. (9). Total group scores (ery-
thema plus oedema) based on the same challenge
concentration and chemical in each group were
added up and divided by the number of animals
in the group to give the mean response value as an
index of skin reaction to challenge.

Statistical analysis

In the LLNA, index values for each chemical-
treated group and the vehicle-treated control
group were compared via Dunnett’s or Steel’s
multiple comparison method using a STATLIGHT

software package (Yukms Co., Ltd, Tokyo, Japan).

Results

Dose–response analysis of induction
phase with LLNA

The results of the LLNA for PPD and five deriva-
tives are shown in Table 2. In our method, a chem-
ical was designated positive when a statistically
significant increase in the SI value was obtained
using a non-irritant dose. Only MHPPD exhibited
an irritant reaction in the dose range tested. All six
chemicals including MHPPD, however, produced
significant increase in the SI at a non-irritant dose
and were designated as positive skin sensitizers.
Dose–response profiles for the SI values are shown
in Fig. 2. The most potent sensitizers in the LLNA
were IPPD and p-aminodiphenylamine (PADPA),

Table 2. Results of LLNA for PPD and five derivatives

Chemicals %

Ear
thickness
index

Cellularity
index

BrdU
incorporation
index

PPD 0 1.00 � 0.02 1.0 � 0.1 1.0 � 0.1
0.03 1.01 � 0.04 1.0 � 0.1 1.0 � 0.1
0.1 1.02 � 0.06 1.2 � 0.0* 1.2 � 0.1
0.3 1.03 � 0.04 1.8 � 0.4* 1.7 � 0.2**
1 1.00 � 0.02 2.3 � 1.0* 2.2 � 0.2**

PADPA 0 1.00 � 0.03 1.0 � 0.1 1.0 � 0.1
0.01 1.01 � 0.04 1.0 � 0.1 1.1 � 0.1
0.03 1.03 � 0.06 1.2 � 0.1 1.4 � 0.3**
0.1 1.01 � 0.05 1.3 � 0.3* 1.4 � 0.2*
0.3 1.04 � 0.11 1.5 � 0.1** 1.5 � 0.1**

DPPD 0 1.00 � 0.04 1.0 � 0.1 1.0 � 0.1
1 0.99 � 0.04 1.0 � 0.1 1.0 � 0.2
3 1.01 � 0.04 1.0 � 0.1 1.1 � 0.1
10 1.03 � 0.05 1.1 � 0.1 1.4 � 0.3*
30 1.01 � 0.05 1.2 � 0.2* 1.4 � 0.3

IPPD 0 1.00 � 0.03 1.0 � 0.1 1.0 � 0.1
0.01 1.01 � 0.04 1.0 � 0.1 1.3 � 0.1*
0.03 1.00 � 0.03 1.2 � 0.1 1.4 � 0.1**
0.1 1.03 � 0.06 1.7 � 0.2** 1.9 � 0.2**
0.3 1.02 � 0.04 1.9 � 0.2** 2.1 � 0.1**

DMBPPD 0 1.00 � 0.03 1.0 � 0.1 1.0 � 0.2
0.1 0.99 � 0.06 0.9 � 0.1 1.1 � 0.1
0.3 0.97 � 0.03 0.9 � 0.1 1.5 � 0.2*
1 1.05 � 0.02 1.3 � 0.1* 1.8 � 0.3**
3 1.02 � 0.05 2.2 � 0.2** 2.3 � 0.3**

MHPPD 0 1.00 � 0.02 1.0 � 0.1 1.0 � 0.1
0.3 1.00 � 0.04 1.0 � 0.1 1.0 � 0.2
1 1.05 � 0.07 1.2 � 0.2 1.5 � 0.1**
3 1.30 � 0.05** 2.3 � 0.7* 1.9 � 0.2**
10 1.41 � 0.09** 3.3 � 0.3* 2.6 � 0.1**

*, ** Significantly different from control, p<0.05 and 0.01,
respectively.

Fig. 2. Dose–response profiles for the induction phase of PPD
and five derivatives in local lymph node assay. Each symbol
represents dose-related stimulation index values as per Table 2:
(a) group of chemicals with minimum induction dose of 0.1%
or less; (b) group of chemicals with minimum induction dose of
1% or more. DMBPPD, N-(1,3-dimethylbutyl)-N9-phenyl-p-
phenylenediamine;DPPD,N,N9-diphenyl-p-phenylenediamine;
IPPD, N-isopropyl-N9-phenyl-p-phenylenediamine; MHPPD,
N-(1-methylheptyl)-N9-phenyl-p-phenylenediamine; PADPA,
p-aminodiphenylamine; PPD, p-phenylenediamine.
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with a minimum induction dose of 0.03%, fol-
lowed by PPD (0.1%), DMBPPD and MHPPD
(1%), and N,N9-diphenyl-p-phenylenediamine
(DPPD) (10%).

Cross-reactivity of PPD derivatives in GPMT

Six groups of animals were sensitized with PPD or
one of the five PPD derivatives at 500 p.p.m. and
challenged with all six chemicals at once. Skin
reaction scores 48 hr after the challenge are
summarized in Table 3. When each group was
challenged with the corresponding induction
compound at 5000 p.p.m., all animals displayed
a strong positive skin reaction and all groups were
therefore designated positive in the GPMT. Radar
charts of the cross-reactivity elicited by the six
sensitizers at 5000 p.p.m. are shown in Fig. 3. Five
induction groups, PADPA, DPPD, IPPD,
DMBPPD, and MHPPD, exhibited approxi-
mately the same pattern in the radar charts, that
is all the animals sensitized with any one of these
five PPD derivatives showed a reaction of about
the same potency to the other four, but no cross-
reactivity to PPD. In the PPD-sensitized group,
animals cross-reacted to the other PPD derivatives
except DPPD, although the extent of skin reaction
was much weaker than elicited by PPD itself.

Discussion

The PPD derivatives tested in the present study
are added to rubber as antioxidants. PPD itself
is used in hair dyes but is not used in rubbers.

Various cases of skin sensitization related to
PPD derivatives have been reported. Patch tests
conducted at St John’s Hospital from 1971 to 1976
using a PPD rubber mix (IPPD, 0.1%; CPPD,
0.25%; and DPPD, 0.25%) showed that 0.6% of
patients reacted to the mix, with IPPD the most
important allergen, while most reacted to CPPD
and/or DPPD at the same time (10). IPPD is
indeed one of the main allergens associated with
rubber products and many cases, especially related
to tyres, have been reported (2, 6). In Japan, IPPD
and DMBPPD in farm boots have been identified
as causative sensitizers in allergic dermatitis (11).
As for PPD, the principal structure of the deriva-
tives tested, many cases of contact dermatitis have
been reported among hair dye consumers and hair-
dressers (12). Although N-substitution of PPD
may increase or decrease the sensitizing potency
according to the length and steric constitutions of
the substituents, quantitative evaluation has not
been performed thoroughly.
Data from LLNA using PPD derivatives are

rather scarce and are available only for PPD and
IPPD. In one study, PPD was selected as a model
compound to evaluate intra-laboratory and inter-
laboratory variation of the standard LLNA (13).
The results showed minimum induction doses
(EC3) of 0.06–0.09% and 0.09–0.20% in two lab-
oratories. Ikarashi et al. (14) evaluated the sensi-
tizing ability of four rubber additives including
IPPD and reported a minimum induction dose
of 0.14% for this chemical. Our results, with min-
imum induction doses of 0.1% and 0.03% for
PPD and IPPD, respectively, were comparable

Table 3. Cross-reactivity of PPD and five derivatives in guinea-pig maximization testa

Elicitation Inductionb

Chemicals p.p.m. PPD PADPA DPPD IPPD DMBPPD MHPPD

PPD 50 0.75 (2/4)c,d —e — — — —
5000 6.25 (4/4) — — — — —

PADPA 50 0.50 (1/4) 3.00 (4/4) — — — —
5000 3.25 (3/4) 5.25 (4/4) 4.50 (4/4) 4.75 (4/4) 4.75 (4/4) 4.75 (4/4)

DPPD 50 — — 2.25 (3/4) — 0.25 (1/4) —
5000 — 0.75 (2/4) 5.50 (4/4) 2.00 (2/4) 3.50 (3/4) 2.25 (2/4)

IPPD 50 — 1.50 (3/4) — 2.75 (4/4) 0.75 (2/4) —
5000 0.50 (1/4) 4.00 (4/4) 3.75 (4/4) 5.50 (4/4) 4.50 (4/4) 5.25 (4/4)

DMBPPD 50 — 1.25 (2/4) — — 3.50 (4/4) 1.50 (3/4)
5000 0.50 (2/4) 3.25 (4/4) 3.75 (4/4) 4.75 (4/4) 6.25 (4/4) 5.75 (4/4)

MHPPD 50 — 1.75 (4/4) — 1.00 (2/4) 3.00 (4/4) 4.00 (4/4)
5000 0.50 (2/4) 4.00 (4/4) 4.25 (4/4) 5.00 (4/4) 6.25 (4/4) 6.75 (4/4)

DMBPPD, N-(1,3-dimethylbutyl)-N9-phenyl-p-phenylenediamine; DPPD, N,N9-diphenyl-p-phenylenediamine; IPPD, N-isopropyl-
N9-phenyl-p-phenylenediamine; MHPPD, N-(1-methylheptyl)-N9-phenyl-p-phenylenediamine; PPD, p-phenylenediamine; PADPA,
p-aminodiphenylamine.
aValues are mean skin reaction scores 48 hr after challenge.
bEach group of animals was sensitized with one of six chemicals at 500 p.p.m. and challenged with all of them at once with two dose
levels.
cNumber of animals with positive skin reaction in group.
dBold type indicates skin reaction produced with same chemical as used in induction phase.
eNo skin reaction observed in group.
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with the previous data. The results of the LLNA
confirmed that the PPD derivatives tested are all
primary skin sensitizers. The order of sensitizing
potency based on minimum induction concen-
tration in the LLNA was as follows: IPPD and
PADPA (0.03%) > PPD (0.1%) > DMBPPD
and MHPPD (1%) > DPPD (10%). For chemi-
cals of small molecular size like rubber additives
to elicit allergic skin reaction, it is essential to pen-
etrate the epidermis and conjugate with a macro-
molecule directly or after metabolic activation to
create an immunogen. Theoretically, it is possible
to predict qualitatively and quantitatively the
skin-sensitizing activity of a chemical from its
structure, and there have been many studies con-
cerning the role of the structure-activity relation-
ship in skin sensitization (15, 16). It has been
postulated that PPD sensitization could result
from metabolic activation of amino substituents
to form an electrophile, suggesting that the loca-
tion of amino substituents in the molecule may

well affect sensitizing potency. DPPD was
a weaker sensitizer than the other derivatives in
the LLNA. The amino substituents of DPPD are
located exclusively between benzenes, which may
result in a different affinity for metabolic activa-
tion. The length of the alkyl substituents is
another factor that influences sensitizing potency.
Ikarashi et al. (17) quantitatively evaluated the
contact sensitivity of thioureas using a modified
LLNA and discovered that the sensitizing potency
of dilauryl thiourea was greater than that of dibu-
tyl thiourea and diethyl thiourea. Of the three
antioxidants IPPD, MHPPD, and DMBPPD,
which have the same basic PADPA structure,
IPPD was the strongest followed by DMBPPD
and MHPPD. It seems that, in the case of this
group, the longer the length of the alkyl substitu-
ents, the weaker the sensitizing potency.

In the present study, although the precise dose–
response profile was not evaluated in the GPMT,
the order of sensitizing potency as determined by
the latter was somewhat different from that indi-
cated by the LLNA. van Och et al. (18) compared
the allergenicity of three rubber additives using
GPMT and LLNA and found that the two tests
ranked the potencies of the three sensitizers differ-
ently. The inconsistency between the two tests
seems natural considering the substantial differ-
ences in the procedures. Unlike the GPMT, which
uses an injection of the test substance in addition
to adjuvant as a vehicle, the LLNA uses only per-
cutaneous exposure. Recent analytical studies
have reported a close relationship between mini-
mum induction dose in the LLNA and experimen-
tal human induction threshold values (19–21).
Although various factors, such as the concentra-
tion of allergen in and leaching from products, the
duration and frequency of exposure, and the con-
dition of the skin, should be considered when eva-
luating risk, the LLNA seems to provide better
quantitative information for the following risk
assessment process. A drawback of the LLNA,
however, is that it only evaluates the induction
phase. In the GPMT, on the other hand, the
allergic skin reaction is elicited and scored, which
makes this test a useful tool in evaluating the
cross-reactivity of sensitizers.

There have been a number of case reports on
the cross-reactivity of PPD derivatives evaluated
using patch testing. In Poland, 4.8% of 3224 der-
matitis patients tested with PPD gave a positive
result and 17.5% of them also reacted to IPPD
(12). In France, all occupational dermatitis
patients dealing with tyres who reacted to IPPD
also cross-reacted to DMBPPD and 37% reacted
to PPD (6). In the present study, all six groups of
animals sensitized with PPD or one of the five

Fig. 3. Radar charts of cross-reactivity of PPD and five
derivatives in guinea-pig maximization test. Each group of
animals was sensitized with PPD or one of its derivatives at
500 p.p.m. and challenged with all chemicals at once. Values
are mean skin reaction scores 48 hr after challenge at 5000
p.p.m. as per Table 3. PPD, p-phenylenediamine. DMBPPD,
N-(1,3-dimethylbutyl)-N9-phenyl-p-phenylenediamine; DPPD,
N,N9-diphenyl-p-phenylenediamine; IPPD, N-isopropyl-N9-
phenyl-p-phenylenediamine; MHPPD,N-(1-methylheptyl)-N9-
phenyl-p-phenylenediamine; PADPA, p-aminodiphenylamine;
PPD, p-phenylenediamine.
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PPD derivatives cross-reacted to four other deriv-
atives. Specifically, animals induced using one of
the five derivatives that have a common basic
PADPA structure, all reacted to each other with
almost the same score, and none of them reacted
to PPD. The cross-reactivity profile found in the
study was to some extent different from that in
previous human data. This inconsistency could
be partly because the cross-reaction observed in
the patch tests was actually based on concomitant
primary sensitization to the chemicals. In the case
of PPD sensitization, metabolic activation of
amino substituents to benzoquinone or nitro sub-
stituents is thought to play an important role (22).
Differences in the metabolism of PPD derivatives
between animals and humans should, therefore,
also be taken into consideration when extrapolat-
ing animal data.
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