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Abstract

para-Phenylenediamine (PPD), a widely used ingredient of oxidative hair dyes, is converted by human hepatocytes and in
the human epidermis, or after topical application to rats, to its N-monoacetylated (MAPPD) and/or N,N′-diacetylated (DAPPD)
derivatives. We investigated in vitro genotoxic properties of PPD, MAPPD and DAPPD in the Ames test, the micronucleus test
(MNT) in human lymphocytes and the mouse lymphoma assay (Hprt locus, PPD only). Given that MAPPD and DAPPD are actual
human skin and hepatic metabolites of PPD and represent the substances to which humans are systemically exposed, they were
tested in the absence of metabolic activation.

In the Ames test, PPD was slightly mutagenic in Salmonella typhimurium strain TA98 in the presence of a rat liver metabolic
activation system (S-9), whereas MAPPD and DAPPD were negative in all strains. When tested up to toxic doses, PPD did not induce
mutation at the Hprt locus of L5178Y mouse lymphoma cells in two independent experiments, either in the absence or presence
of S-9, suggesting that PPD is non-mutagenic in mammalian cells. In the in vitro micronucleus test, PPD induced micronuclei
(MN) in cultured human peripheral blood lymphocytes (HL) in the presence of S-9, when tested following 24-h PHA stimulation.
No increases in MN frequency were observed in the absence of S-9, when tested following 24-h PHA stimulation. However, PPD
induced MN both in the absence and presence of metabolic activation, when tested following 48-h PHA stimulation. In contrast,
MAPPD and DAPPD did not induce MN in HL when tested up to 10 mM concentrations or to their limit of solubility, respectively,
after either 24- or 48-h stimulation. In conclusion, the results of the Ames and MN tests confirm that PPD has a slight genotoxic
potential in vitro, although it was non-mutagenic in mammalian cells. Given that MAPPD and DAPPD were negative in the Ames
and the MN tests, these acetylated conversion products are considered to be detoxified metabolites that are biologically less reactive
than the parent molecule PPD.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Arylamines (AAs) include chemicals that are widely
used in the pharmaceutical, chemical, rubber, dye, pho-
tographic or cosmetic industries and represent a large
chemical family with a wide spectrum of toxicolog-
ical properties. Although many low-molecular weight
AAs are relatively non-toxic and non-carcinogenic [1,2],
this chemical class includes known human carcinogens
such as benzidine, 4-aminobiphenyl or 2-naphthylamine,
which were recognised as early as the 19th cen-
tury to produce bladder cancer in exposed workers of
the dye or textile industries [3]. AAs such as para-
phenylenediamine (PPD), para-toluenediamine (PTD)
or para-aminophenol (PAP), are important ingredients
of oxidative hair dyes (Fig. 1) and thus have consid-
erable potential to produce human skin and, possibly,
systemic exposure. Therefore, considerable attention of
toxicologists and epidemiologists has focused on poten-
tial carcinogenic effects of AA-type hair dyes. Although
a single case-control epidemiological investigation sug-
gested an association between use of hair dyes and
bladder cancer [4], most other investigations, including
large cohort studies [5] or meta-analysis [6], showed
no indications for a causal association. Moreover, the
weight of evidence of animal studies suggests that PPD
or PTD are non-carcinogenic [7,8], which has been fur-
ther supported by the results of a recent investigation
that showed that neither human cytochromes nor human
hepatocytes convert PPD to electrophilic and potentially
carcinogenic metabolites, whereas they readily convert
the carcinogen 2-aminofluorene (2-AF) to a number of
hydroxylated metabolites, including the N-hydroxylated
precarcinogen [9].

Mammalian epidermis has a high N-acetyl transferase
1 (NAT1)-mediated metabolic capacity [10–12] and is
able to transform certain AAs to N-acetylated metabo-
lites [13]. For example, human epidermis as well as

Fig. 1. Chemical structures of important arylamine hair dye ingredi-
ents: para-phenylenediamine (PPD), para-toluenediamine (PTD) and
para-aminophenol (PAP).

Fig. 2. Biotransformation of para-phenylenediamine (PPD) in human
epidermis and hepatocytes or after topical administration to rats
to N-mono- (MAPPD) or N,N′-di-acetylated (DAPPD) derivatives
[9,12–14].

human hepatocytes converted para-phenylenediamine
(PPD) to its N-mono- (MAPPD) and N,N′-di-acetylated
(DAPPD) metabolites [9,14] (Fig. 2). Plasma of rats after
a 24-h dermal application of PPD contained only DAPPD
[15]. Studies in human volunteers demonstrated that hair
dyeing with a [14C]-PPD-containing oxidative hair dye
produced low human exposure levels (plasma Cmax at
0.087 �g/mL [14C]-PPD-equivalents), suggesting a min-
imal systemic exposure, whereas the urine of exposed
subjects principally contained MAPPD and DAPPD
[16,17]. A similar metabolic conversion was observed
for para-aminophenol (PAP), which was metabolised by
human epidermis or hepatocytes, or after topical appli-
cation to pig or rat skin, to its acetylated derivative, i.e.
the common drug paracetamol [14,15].

Although other metabolic pathways cannot be
excluded with complete certainty, all available data in
human hepatocytes, skin or urine, and in rat plasma,
showed only the presence of acetylated derivatives of
PPD. Given that the available evidence suggests that top-
ical administration of PPD produces systemic exposure
of the human organism to small amounts of acetylated
metabolites, the question may be raised whether these
compounds represent a systemic hazard to human health.
Although acetylation of AAs is generally considered to
be a detoxification reaction [18], this is not necessarily
true for all substances or in all potential target tissues
[19,20]. It is therefore of major interest to investigate
the potential toxicity of some representative acetylated
metabolites. Taking into account that PPD was reported
to be positive in the Ames test and in in vitro chromo-
some aberration assays [21], these tests provide ideal
tools for comparison of the genotoxic potential of the
parent molecule, PPD, with that of its conversion prod-
ucts MAPPD and DAPPD. To this end, we investigated
in parallel PPD, MAPPD and DAPPD in the Ames and in
vitro micronucleus tests. As the acetylated forms of PPD
were the only metabolites found in human epidermis and
human hepatocytes, and thus represent the actual sub-
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