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Background p-Phenylenediamine (PPD) and related substances are ingredients of
more than two-thirds of oxidative (permanent) hair dyes currently used.
Although PPD is a potent skin sensitizer in predictive assays, the extent to which
permanent hair dyes sensitize humans has been questioned due to the in-use
conditions, e.g. the presence of couplers in the hair dye gel and rapid oxidation
using a developer.

Objectives To study the skin sensitizing potential of permanent hair dyes in mice.
Methods Two different permanent hair dye products containing PPD were studied
in CBA mice using a modified version of the local lymph node assay. The colour
gel and developer (oxidant) were tested separately and in combination. Response
was measured by ear swelling and cytokine production in ear tissue and serum
by enzyme-linked immunosorbent assay. The immune cellular response in the
draining lymph nodes was analysed by flow cytometry.

Results Application of the colour gel both alone and mixed with the developer
induced skin production of interleukin (IL)-1f, tumour necrosis factor-o. and
IL-6 as well as systemic IL-6 release. Both treatments induced B- and T-cell infil-
tration as well as T-cell proliferation within the draining lymph nodes. Treatment
with the mixture induced at least 20% more skin inflammation, cytokine produc-
tion and CD4+ T-cell activation compared with the colour gel alone.

Conclusions Consumer available PPD-containing permanent hair dyes can be potent
and rapid immune activators. Mixing the colour gel and developer (oxidant)
increased the induction of skin inflammation compared with application of the

colour gel alone.

During the past century advancement in the field of chemistry
has allowed synthesis of the more than 100 000 chemicals
currently used world wide. Today, approximately 500 new
chemicals are introduced annually.' Some of these chemicals
are used to improve and develop new products to meet the
needs of consumers. However, exposure to certain chemicals
can be hazardous to humans. Apart from acute toxicity, long-
term health impacts following chemical exposure include can-
cer, infertility, neurotoxicity and allergy. Thus, appropriate
risk assessment and regulation of chemicals used in consumer
products are of general public health interest.

Cosmetics and haircare products are a major source of life-
style-related chemical exposure in the general population of
the developed world. In 2007 approximately 16 billon euros
were spend on haircare products within the EU,* with 75% of
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women and 18% of men having used a hair dye product at
least once during their lifetime.> The known skin sensitizer
p-phenylenediamine (PPD), or PPD-related substances, are
used in more than two-thirds of permanent (oxidative) hair
dyes.* Some consumers experience adverse allergic skin
reactions following hair dyeing. These patients may present
with severe facial oedema/dermatitis and general symptoms of
malaise.>® Most of the patients have a positive patch test reac-
tion to PPD. PPD-containing hair dyes would be expected to
elicit allergic reactions in sensitized individuals. Yet the skin
sensitization potential of hair dye products is controversial as
it has been claimed that in-use hair dyes contain a large
quantity of couplers that bind free PPD and thereby inhibit
the sensitization potential of the product. Further, in the
in-use situation the mixture of colour gel and developer (oxi-
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dant) results in rapid polymerization of the hair dye chemicals
and washing the hair after 30 min reduces exposure time.*

In the present study, we investigated the sensitization
potential of hair dye products available to the consumer using
a modified version of the local lymph node assay (LLNA).

Materials and methods

Mice

Female CBA/Ca mice were purchased from Harlan (Horst, the
Netherlands) and housed in the specific pathogen-free animal
facility at the University of Copenhagen in accordance with
national animal protection guidelines (licence number
2007/561-1357). In each experiment groups of four mice
were used for each chemical tested. Each chemical was tested

in at least two separate experiments.

Contact sensitization

For testing the sensitizing potential of the test substances we
used a modified version of the LLNA as previously described.”
Mice were sensitized by painting test substance on the dorsal
side of both ears for three consecutive days. The following
substances were tested: 25 pL of 0-1% PPD (Fluka, Copenha-
gen, Denmark), 025% PPD or 1% PPD in acetone/olive oil
(4 : 1), 25 pL of hair dye mixture consisting of colour gel
and oxidizer (1 : 1), and 125 pL of the oxidizer or colour
gel alone. For testing the effect of washing away the mixture
after 30 min, the mixture was applied on the ears and after
30 min these were washed with cotton wool soaked in water
until no more colour could be removed from the ears. The
commercial hair dye products tested were from two leading
international brands obtained (June 2008) from the retail
market in the UK. Both products were of a dark shade and
contained PPD according to the list of ingredients on the label.
Product names, manufacturers and outlets from where pur-
chased have been disclosed to the BJD Editor.

On day 5 the mice were killed and the draining auricular
lymph nodes removed for further analyses. Skin inflammation
was quantified by the increase in ear thickness as measured in
a blinded manner using an engineer’s micrometer (Mitutoyo,
Tokyo, Japan). Ears were removed and prepared for immuno-
histochemistry or cytokine analysis as described below.

Immunohistochemistry

Mouse ears were snap frozen in liquid nitrogen or fixed in 4%
formalin, and cut in 5-pum sections. Paraffin-embedded, forma-
lin-fixed sections were deparaffinized and stained with haemat-
oxylin and eosin. Frozen sections were air dried and
immunostained using a two-step immunofluorescence label-
ling. In brief, sections were blocked with 10% rabbit serum
and incubated at 4 °C with anti-CD3¢ biotinylated (145-2C11;
BD Biosciences, Brondby, Denmark), washed and incubated for
1 h with fluorescein isothiocyanate-conjugated streptavidin,

washed and mounted. All labelled T cells were counted on a

Zeiss (Jena, Germany) immunofluorescence microscope.

Cytokine measurements in tissue and serum

Measurements of cytokine production in skin tissue were per-
formed as previously described.® Briefly, frozen ear tissue was
pulverized and homogenized in phosphate-buffered saline
(PBS) containing 0-1% (v/v) Tween 20 and protease inhibitors
Pefabloc  SC,
pepstatin  from Boehringer Mannheim, Mann-

(1 mg mL™' 10 mg mL~"  leupeptin and
10 mg mL™'
heim, Germany) using a mortar and pestle. Tissue homogen-
ates were frozen in liquid nitrogen, thawed at 37 °C,
sonicated for 30 s and centrifuged to remove debris. Super-
natants were harvested and stored at —80 °C before cytokine
measurements. Serum was collected from the mice just before
killing and stored at —20 °C before cytokine measurements.
Sample tumour necrosis factor (TNF)-o, interleukin (IL)-1f
and IL-6 levels were determined by enzyme-linked immuno-
sorbent assay according to the manufacturer’s protocol

(Ready-Set-Go; eBioscience, San Diego, CA, U.S.A.).

Flow cytometry

To determine the expression of various cell surface markers,
lymph node cells were incubated with fluorochrome-conju-
gated anti-CD4 (RM4-5), anti-CD8a (53-6.7) or anti-CDI19
(ID3) monoclonal antibodies all from BD Biosciences. Cells
were incubated with the indicated monoclonal antibody
diluted in ice-cold PBS containing 2% fetal calf serum and
0-1% NaNj3 for 30 min on ice. Finally, the cells were analysed
on a FACSCalibur (BD Biosciences) with CELLQUEST software.
CD4+ and CD8+ proliferating cells were identified by intra-
cellular bromodeoxyuridine (BrdU) staining using the BrdU
flow kit from BD Pharmingen (Brendby, Denmark) according
to the manufacturer’s instructions.

Results

Using a modified version of the LLNA we confirmed that pure
PPD is a potent inducer of skin inflammation as measured by
ear swelling (Fig. la). Permanent hair dye products consist of
a PPD-containing colour component and an oxidizer compon-
ent, which when mixed become ready to use. We found that
the oxidizer induced minor ear swelling and no CD3+ T-cell
infiltration to the exposed ears (Fig. la,b). In contrast, treat-
ment with either the colour gel or the final mixture of colour
gel and oxidizer induced major ear swelling and CD3+ T-cell
infiltration to the exposed ears (Fig. la,b). Comparing the
responses induced by the colour gel compared with the mix-
ture, a 20% and 50% increase, respectively, on ear swelling
and CD3+ T-cell infiltration was seen with the mixture. Only
a minor reduction on ear swelling was seen by washing the
ears 30 min after application of the mixture compared with
ears that were not washed (Fig. 1a). Washing the ears 30 min
after application of the mixture reduced the CD3+ T-cell
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Fig 1. Hair dyes induce major skin inflammation. (a) Change in ear thickness following ear sensitization of mice. (b) T-cell counts in nontreated

and treated mouse ears based on immunohistochemical staining. PPD, p-phenylenediamine. Results are presented as mean * SD. ¥*P < 0-01,

##kp < 0:001. (¢) Haematoxylin and eosin staining of histological ear sections. Asterisks show massive infiltration of neutrophils and T cells. Test

substances: control (acetone/olive oil 4 : 1), mixture (1 : 1 mix between oxidizer and colour), mixture + wash (treatment with the mixture for

30 min followed by washing).

infiltration of the exposed ears by 50% compared with not
washing the mixture away (Fig. 1b). Histological sections of
mouse ears treated with oxidizer showed little swelling with
few inflammatory cells compared with the normal control sec-
tions. In contrast, ears from mice treated with either colour
gel, mixture or mixture followed by washing showed pro-
found inflammation with neutrophilic infiltration and necrotic
areas (Fig. lc).

After application of either colour or mixture, TNF-o, IL-1f
and IL-6 were present within the exposed ears whereas none
of these cytokines was found after application of oxidizer
(Fig. 2a—c). Exposure to the mixture led to a 15-30% higher
cytokine production than applying the colour alone. Even in
the setting where the mixture was washed away after 30 min
we found production of IL-1B, TNF-o and IL-6 within the
skin. Both colour and mixture led to a systemic increase of
serum IL-6 levels whereas IL-1 and TNF-o, were undetectable
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in serum (Fig. 2d and data not shown). By washing away the
mixture after 30 min the systemic effect of hair dyeing was
reduced by approximately 50% as measured by IL-6 concen-
trations in the serum.

We found B-cell infiltration within draining lymph nodes
following sensitization with 1% PPD, colour gel and the mix-
ture (colour gel and oxidizer), whereas none was seen follow-
ing application of the oxidizer alone (Fig. 3a). More than a
twofold increase in infiltrating B cells was induced by the col-
our gel and the mixture compared with 1% PPD. Both the col-
our gel and the mixture induced CD4+ and CD8+ T-cell
infiltration and proliferation (Fig. 3). CD4+ T-cell prolifera-
tion induced by application of the mixture was increased by
approximately 30% compared with CD4+ T-cell proliferation
following application of oxidizer and colour alone (Fig. 3b).
Washing the led
approximately 25% reduction in both B-cell infiltration and

mixture away after 30 min to an
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proliferation of CD4+ T cells compared with leaving the mix-
ture on the ears. In contrast, washing the mixture away after
30 min had no effect on CD4+ and CD8+ T-cell infiltration
or on proliferation of CD8+ T cells (Fig. 3).

Discussion

It has recently been suggested by Aeby et al. that PPD-contain-
ing hair dyes are weak sensitizers due to excess of couplers,
controlled oxidation and short exposure time.® In order to
challenge this suggestion, we used a modified version of the
LLNA to investigate the skin sensitization potential of PPD-
containing consumer available hair dyes.” We have shown that
these are potent skin sensitizers as demonstrated by profound
skin inflammation, induction of the proinflammatory cyto-
kines IL-1f, TNF-o and IL-6 within the skin as well as system-
ic release of IL-6. Finally, exposure to PPD-containing hair
dyes induced B- and T-cell infiltration as well as T-cell proli-
feration within the draining lymph nodes. Our data suggest
that the allergenic potential of hair dyes is greater under
in-use conditions compared with the separate colour gel and
oxidizer components making up the product. These findings
contradict recent suggestions by Aeby et al.®

Active skin metabolism forms nonsensitizing N-acetylated
derivates of PPD following its penetration through the stratum
corneum.® This has been suggested as a detoxification pathway
in humans with to sensitization

regard reducing PPD

potential.” As this detoxification pathway is also present in

10,11

the strain of mice used in our study, an absence of this

(Student’s t-test).

mechanism cannot explain the profound immune activation
seen in our study. Reducing the exposure time to the hair dye
by washing the ears of the mice 30 min after exposure had a
beneficial effect on the response as skin inflammation, cyto-
kine production, B-cell infiltration and T-cell proliferation
within the draining lymph nodes were reduced by at least
20% compared with ears where the mixture was not washed
away. A concentration of up to 1:1% of unconsumed PPD has
been found after mixing the oxidizer and colour for
30 min.'*> We found that the inflammatory response was at
least 50% higher when hair dye was washed away according
to the manufacturer’s protocol compared with mice exposed
to 1% PPD that was not washed away. Thus, the chemical
composition within final mixtures is a more potent immune
activator than 1% pure PPD; this is probably caused by a cock-
tail effect mediated by irritants and allergens within the
mixture. Taken together, our finding indicates that hair dyes
available to the consumer are potent and rapid immune
activators and that the effect is not inhibited by the oxidation
or by short exposure time.

The severity of the skin inflammation illustrated in Figure 1
could be caused by the experimental setting in which the mice
were treated for three consecutive days with hair dyes. Fur-
thermore, the immune cellular composition in noninflamed
mouse and human skin differs, e.g. 40-60% of the T cells are
vS T cells in noninflamed mouse epidermis compared with
only 18-29% in human epidermis.'*'* The y§ T cells can be
activated directly by proinflammatory cytokines independently

of T-cell receptor stimulation which leads to production of
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Fig 3. Hair dye-induced cellular infiltration and proliferation. Cellular response in draining lymph nodes of p-phenylenediamine (PPD)- and hair
dye-sensitized mice analysed by flow cytometry. (a) Number of B cells and T cells. (b) T-cell proliferation. Test substances: control (acetone/olive
oil 4 : 1), mixture (1 : 1 mix between oxidizer and colour), mixture + wash (treatment with the mixture for 30 min followed by washing).
Results are presented as mean * SD. *P < 0:05, **P < 0-01, ***P < 0-001. In FACS plots, numbers represent percentage of gated cells within the

gate of living cells. Data shown are representative of two independent experiments, with n = 4 per group. BrdU, bromodeoxyuridine.

more cytokines and chemokines.'® The skin of mice might
therefore be more susceptible to severe skin inflammation than
human skin. However, as 1% PPD did not induce these severe
reactions, and as washing the mixture away after 30 min had
only a minor effect on ear swelling compared with leaving
the mixture on the ears, we find it unlikely that the duration
of exposure or differences in skin between humans and mice
can explain our results.

Rapidly after skin exposure to contact allergens keratino-
cytes and Langerhans cells start to produce various proinflam-
te-19 Among these are TNF-o, IL-1B and
IL-6, mediators of acute-phase responses including vascular

matory cytokines.

© 2009 The Authors

leak, recruitment of neutrophils, and production of acute-
phase proteins. In agreement with this we found that both
colour and mixture induced TNF-o, IL-1B and IL-6 within
the skin of treated mice. However, to our surprise, 3 days
after the last treatment we were able to measure IL-6 in
serum of mice treated with colour or mixture. Th17 cells, a
newly identified CD4+ T-cell subtype, are characterized by
their production of the proinflammatory cytokines IL-17 and
IL-22.7° Th17 cells are involved in the pathogenesis of various
allergic and autoimmune diseases, e.g. nickel contact allergy,
2723 116 seems to be an
important cytokine for the differentiation of naive CD4+ T

atopic dermatitis and psoriasis.
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cells into Th17 cells.”® It may be speculated that regular ex-
posure to IL-6, which our data indicated to follow regular
hair dyeing, could have an impact on the development of
allergies and autoimmunity.

In conclusion, our data show that permanent hair dyes
available to the consumer are potent skin sensitizers. The sen-
sitizing potential was greater than expected and demonstrates
the inadequate measures taken to prevent the sensitization po-
tential of the allergens present in these products. The severity
and nature of the allergic reactions observed in the mice are
similar to the clinical presentation of hair dye contact allergy
in consumers due to the delayed hypersensitivity reaction,
which may include systemic cytokine release. Current safety
assessments of commercial products and regulatory actions are
based on data from testing individual chemical substances.
However, our results demonstrate that the sensitizing potential
of in-use hair dyes is greater than that of the separate com-
ponents. This may also apply to other toxicological endpoints.
Thus in the interests of public health, regulation of products
should be based on the toxicological analysis of the single
ingredients as well as the chemical composition to which the

consumer is exposed.
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