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1. ABSTRACT

Frequently, aromatic amine (AA) contact
to the skin occurs via occupational or ‘life style’
exposure to hair dye intermediates and couplers,
usually monocyclic p-phenylenediamines and meta-
substituted aminophenols. The transport of AA
from the outer surface to the systemic circulation
predominantly follows the intracellular route. Skin
tends to have relatively higher phase Il compared
to phase | xenobiotic metabolizing enzyme capacity,
and levels are generally regarded to be lower than
those in liver are. Inside skin cells AA are primarily
N-acetylated and detoxified by N-acetyltransferase 1.
AA activation via hydroxylation or chemical oxidation
competes with acetylation and is only of importance
under circumstances when N-acetylation capacities
are limited. The reactive AA derivatives are able
to elicit effects by virtue of their modifications of
skin proteins resulting in irritant or allergic contact
dermatitis. Overall, the effective acetylation of
topically applied AA in skin cells emphasizes a
protective role of cutaneous acetylation mediating
a classical “first-pass” effect, which attenuates
systemic exposure.
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2. SKIN EXPOSURE AND DERMAL
ABSORPTION OF AROMATIC AMINES

2.1. Human skin organization

The skin is a complex organ, which serves
as defensive shield of the human body against
environmental influences. It mediates a broad set of
protective barrier functions including the protection
against pathogens and chemicals (1, 2) using a
specialized set of immune cells such as epidermal
dendritic cells (Langerhans cells) (3, 4) and at least
2 types of dermal dendritic cells (5-7). Protecting
functions of the skin also comprise barrier functions
as defense against the entry of chemicals due to the
conformation of corneocytes and lipids in the outer
layer of the epidermis (8).

The skin is composed of two different layers,
the dermis and the epidermis. The dermal part of
the skin consists of two stratified lineages of dermal
fibroblasts with adipocytes as major cell types in the
lower part, pervaded by blood and lymph vessels (9).
The basal membrane connects the dermal with the
outer epidermal layers, which represents the dynamic
part of the skin composed mainly of renewing
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keratinocytes and, besides others, Langerhans cells.
Keratinocytes migrate from the basal layer to the
apical surface thereby passing through a regulated
differentiation program. Proliferating keratinocytes
from the basal layer arrest in the cell cycle after a
few division and undergo differentiation in order to
terminally form non-viable corneocytes, which build
together with the extracellular lipid matrix the dense
network of the stratum corneum (10).

2.2. Exposure and dermal absorption

Exposure of the skin towards aromatic
amines (AA) occurs frequently in both occupational
as well as “life style” exposure settings. AA are
widely used as industrial chemicals in the production
of pesticides (11), pharmaceuticals (12), dyes (13)
and rubber materials (14, 15), where workers can be
exposed as a result of direct cutaneous contact but
also from vapors, aerosols and particles. Personal
or “life style” exposures can occur due to the use
of consumer products, including hair dyes (13),
tattoo pigments (16), henna tattoos (17) or cosmetic
colorants (18).

In general, chemicals can enter the skin via
the intercellular route, the transcellular route as well
as via diffusion along hair follicles and sweat glands.
The transport of a chemical from the outer surface
to the systemic circulation is known as dermal or
percutaneous absorption according to the “OECD
guidelines for dermal absorption” (19, 20) and the
“OECD guiding document for the conduct of dermal
absorption studies” (21). This global term is often
divided into penetration (entry of a chemical into a
particular skin layer), permeation (passage through
a particular layer and penetration into another layer)
and resorption (uptake of a chemical into the skin
lymph and vascular system, which mostly leads to
the entry into systemic circulation) according to (22).

Dermal absorption of AA has been reviewed
in the present issue with view on both, occupational
(23) as well as “life style” (24) exposures. Especially
with regard to a group of aromatic amines with
occupational exposure several factors influencing
absorption have been elaborated including intrinsic
chemical properties like water solubility or lipophilicity,
applied dose as well as vehicle ingredients (23).
Thus, depending on the compound, dose and vehicle,
absorption data range between 0 and 2.962 + 125 ug/
cm? (25). A compilation (based on Scientific Committee
on Consumer Safety opinions) of dermal absorption
data for aromatic amine hair dye ingredients, generated
under consumer exposure conditions, reports a range

between 0.2. pg/cm? for p-aminophenol (PAP) and
82.9. pg/cm? for p-toluenediamine (PTD) sulfate (24).

Altogether, human skin is frequently
exposed to AA, which are to a variable extent
but readily absorbed. In the living epidermis, AA
absorption occurs via the transcellular route as well
as via the intercellular route. This can be drawn from
studies that quantified N-acetylated metabolites
formed during skin passage, since N-acetylation
requires cellular uptake (26).

3. N-ACETYLATION AS PREDOMINANT
BIOTRANSFORMATION OF AROMATIC
AMINES IN THE SKIN

3.1. Xenobiotic metabolism in the skin

The ability of skin to transform chemicals
by xenobiotic metabolizing enzymes (XMEs) is
often considered as further barrier function, which
is of particular importance, since the skin underlies
extensive exposure to the external environment and
represents a frequent route of uptake for chemicals.

Until recently, researchers have
predominantly characterized metabolic profiles
of human skin using mRNA expression analysis
(e.g.- (27-29)) and little has been published on the
capacity of skin to metabolize xenobiotics. Overall skin
tends to have relatively higher phase Il than phase |
XME capacity (30, 31), and skin levels are generally
regarded to be lower than those in liver are. This
was lately confirmed by a study comparing enzyme
levels in whole human skin and liver samples using
a broad comprehensive proteomic approach (liquid
chromatography tandem mass spectrometry). They
detected 36 XMEs in the skin, which had mostly
4-10 fold lower protein levels compared to liver.
Although 46 enzymes were exclusively detected in
liver, some XMEs like glutathione S-transferase pi
(2-fold) or membrane primary amine oxidase (6.7.-fold)
had even higher protein levels in skin tissue (32).

Specifically, basal mRNA and protein
expression of the major phase | XMEs cytochrome
p450 (CYP1) family 1-3 have been reported
by us and others (33, 34). However, using the
proteomic technique mentioned above CYP1A1,
CYP2E1, CYP3A4, and CYP3A5 were below the
limit of detection (0.1.-0.2. pmol/mg microsomal
protein) (32). Basal CYP enzyme activities like
CYP1A/1B (35) as well as CYP2C9, CYP2E1 and
CYP3A4 (36) were detectable in some skin samples,
whereas other studies found no basal CYP family 1-3
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activities (31). However, using cultured keratinocytes
as a model, CYP1 activity was found to be inducible
by classical inducers like 3-methylcholanthrene (31)
and benzo[a]pyrene (37).

Besides CYPs, several other phase |
XMEs have been found to be active in human whole
skin samples as well as in cultured keratinocytes
including flavin-dependent monooxygenases (38)
and cyclooxygenases (31, 39).

Major phase Il enzymes of the skin include
glutathione S-transferases (GST), uridine diphosphate-
glucuronosyltransferases (UGT), sulfotransferases
(SULT) as well as N-acetyltransferases (NAT). GST
mRNAand protein are expressed in human skin (32, 40)
with GST pi as the most abundant isoform (29, 32, 41).
1,3-Dinitro-4-chlorobenzene conversion confirms GST
enzyme activity in human skin (31, 42). Among UGTs,
UGT1 is the major isoform found in human skin (43)
and glucuronidation of 4-methylumbelliferone by skin
cytosols has been demonstrated (44). Sulfation of
dopamine, p-nitrophenol and minoxidil (45) by skin
homogenates proved the presence of active SULT in
human skin.

3.2. N-acetylation of aromatic amines in the
skin

Regarding the biotransformation  of
aromatic amines, NATs are of particular importance.
NATs catalyze the transfer of an acetyl moiety from
the co-substrate acetyl-coenzyme A to either the
nitrogen of aromatic amines (N-acetylation) or to the
oxygen of N-hydroxyl-arylamines (O-acetylation).
Mostly, N-acetylation mediates aromatic amine
detoxification whereas O-acetylation is associated
with activation of bicyclic aromatic amines (46).
NAT1 is ubiquitously expressed in all human tissues
analyzed so far (e.g. intestine (47), breast tissue (48),
ureter (49), bladder (50), mammary gland (51),
blood cells (52, 53) or skin (54)) but activities and
likely protein levels vary extensively between
different cell types (see e.g. (55)). NAT1 protein
belongs to the group of low abundance proteins. It
was calculated to constitute only 0.002% of soluble
protein in HelLa cells (56), which is comparable to
the estimated NAT2 level in liver (57). Very high
levels (0.005-0.01% of cytosolic protein) were
reported for the breast cancer cell line MCF-7. For
human skin, NAT1 protein was not detectable using
proteomics and therefore, based on the detection of
this approach for this protein, calculated to be below
0.01% (32). In contrast to the protein level, NAT1
activity is fairly detectable in whole skin cytosols.

For the substrate p-toluidine values between 0.5
and 3 nmol/mg/min (44) and for p-phenylenediamine
(PPD) our group reported 0.4 to 3.7 nmol/mg/
min (54). These values are based on NAT1 in the
epidermis (54), although NAT2 mRNA was found in
low abundance in normal primary keratinocytes (54)
as well as dermal fibroblasts (58).

3.3. N-acetyltransferase 1 mediated
acetylation of aromatic amines during
dermal absorption

During the passage of aromatic amines
through the skin, they are likely taken up by cells
and converted to their acetylated derivatives. For
aromatic hair dye ingredients quantitative data
exist for whole human skin samples and models
consisting of reconstructed epidermis (for summary
see Table 1).

In order to simulate hair dye relevant
exposure times, the aromatic amines 2-hydroxy-
4-amino-toluene (AHT) (59), p-phenylenediamine
(PPD), p-aminophenol (PAP) (55), 2-methoxymethyl-
p-phenylenediamine (ME-PPD) (60) and 2-nitro-
p-phenylenediamine (2NPPD) (61) were topically
applied to the models for 0.5 or 1h, afterwards the
formulation was removed with water, and overall
absorption including their N-acetylated derivatives
was determined after 3h and 24h. The chemical
structures of parent compounds and detected
metabolites are given in Table 2.

Independent of whether they studied whole
skin or solely epidermis between 0.4 and 15%
of the applied dose were taken up, and between
19.4 and 100% of that portion were metabolized.
In the case of AHT, PPD, PAP and ME-PPD only
acetylated metabolites were found. In addition, skin
exposure to 2NPPD (61) resulted in the generation
of 1,2,4-triaminobenzene (7 and 29% depending
on the vehicle) due to reduction of the nitro group,
which paralleled 2NPPD acetylation. Only N4-acetyl-
2NPPD was detected, suggesting that the second
amino group in the case of 2NPPD and the other two
amino groups of 1-,2- 4-triaminobenzene were not
accessible for acetylation. Limited accessibility was
also assumed for the amino group in position 2 from
ME-PPD (60), since diacetylated ME-PPD was only
found in 1 out of 4 donors as a minor metabolite (1%
of the absorbed dose).

Interestingly, the extent of acetylation

of 2NPPD (not absorption) clearly depended on
the vehicle used. Whereas 90% of the penetrated
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Table 3. Summary of dose-response studies for human skin acetylation of cell culture and
topically applied aromatic amines using reconstructed epidermal models

Compound p-phenylenediamine (PPD) | p-aminophenol (PAP)
Type of application Via culture medium below the model skin Topically on the outer layer of the model skin
Applied doses [ug/cm?] 3.9 2.2 1.5 1.5
19.5 1 7.3 7.5
48.8 55 14.7 15
97.5 110 36.7 18.8
195
Time of application [h] 24 0.5
Recovery time after application [h] |0 235
Percentage of applied dose res. | MAPPD | DAPPD | res. | MAPPD | DAPPD | res. | MAPPD | DAPPD res. AcPAP
PPD PPD PPD PAP
After application and recovery time [n.d. [10.5 50.3 |21.1 |16.1 62.7 o' |05 7.7 o' 9
Found as parent compound or nd. |18’ 127 53.6 [11.2 35.2 0.8" |0.5" 8.5 0’ 9’
Acetylated derivative nd. |9 5! 77.7 [11.8 10.6 1" |05’ 8’ o' 8!
nd. |5' 0.2' 89.7 |8.6 5.1 55' |1.5" 5.9' o' 7.5
nd. |2 0.2!
Reference (40) (43) (43) (43)

figures

res.: residual; n.d.: no data; MAPPD: monoacetyl PPD; DAPPD: diacetyl PPD, AcPAP: acetylated PAP; "values not given, estimated from

dose was acetylated using ethanol, only 30% was
acetylated when 2NPPD was applied in a semi-
permanent hair dye formulation (Table 1). The
difference may be due to other NAT substrates in
that formulation. Indeed the formulation contained
2-nitro-N-(2-hydroxyethyl)aniline (HC Yellow No. 2)
in unknown concentrations. Although the latter does
not contain a primary amino group, reduction of the
nitro group might generate another NAT1 substrate,
which could impair 2NPPD acetylation (61).

Exposure to PPD or PAP for 24h resulted
in 74.4-100% absorption of the applied dose as
well as extensive acetylation of the absorbed
fraction. Acetylated metabolites (60-100%), protein
bound compound (14% for PPD, 16.7% for PAP)
as well as trace amounts of a formamide derivative
were detected using this experimental setting
(Table 1) (55, 62).

Dose-response data (see Table 3) for
PPD indicate that percentages of acetylated PPD
decrease with increasing doses applied. This
decrease was accompanied by enhanced levels
of residual parent compound. In addition, at least
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for 24h exposures (55, 62), the preference for
monoacetyl-PPD (MAPPD) formation increased to
the expense of diacetyl-PPD (DAPPD) formation.
In contrast, no dose response relationship was
reported for PAP, meaning quantitative acetylation of
the absorbed dose and no residual parent compound
was detected irrespectively of the applied dose (62).

These studies with special emphasis
on aromatic amine hair dye ingredients confirm
that these compounds are readily absorbed and
acetylated by skin cells in a very effective and in part
even quantitative way.

3.4. Implications for systemic exposure to
aromatic amines

As reported for aromatic hair dye
ingredients discussed above, a large fraction of the
absorbed dose is N-acetylated in the skin. To what
extent the cutaneous acetylation impairs systemic
exposure to the aromatic amine AHT was elucidated
by Goebel and colleagues (59) by studying the in vivo
metabolism of AHT in Wistar rats. AHT metabolites
were detected as glucuronide, sulfate and acetyl
derivatives in urine after topical, oral and intravenous
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application. Depending on the application route,
no qualitative change of the metabolite profile was
observed with AHT-sulfate as the major metabolite
after intravenous and oral application. In contrast,
topical applications resulted in a quantitative
difference. Under these circumstances, 66% of the
dose was transformed into acetyl-AHT compared
to 32% after oral AHT treatment, and 37% after
intravenous AHT administration. These results
confirm the effective acetylation of AHT in rat skin
and emphasizes the protective role of cutaneous
acetylation mediating a classical “first-pass” effect,
which attenuates systemic exposure (59).

3.5. N-acetyltransferase 1 activity of
different skin cells

Effective N-acetylation in human skin is
mainly mediated by keratinocytes, on the one hand
due to their abundance in the epidermis and on the
other hand due to the high activity of NAT1 in those
cells. NAT1 activities of primary keratinocytes vary
between 0.1 (54), 3 (63) and 8 nmol/mg/min (64)
depending on the donors and substrates. NAT1
activity of the keratinocyte cell line HaCaT varied
between different shipments/subclones (range
12.0-44.5 nmol/mg/min) and was in average 3.4-fold
higher compared to primary cells (64).

Kawakubo and colleagues detected
NAT1 activities in cytosolic fractions of human skin
(9 donors) for mono- and diacetylation of PPD, 0.4
to 3.7 nmol/mg/min and 0.7 to 3.3 nmol/mg/min
respectively, which were only slightly lower than those
found in primary keratinocytes (7 donors), namely
0.1 to 4.3 nmol/mg/min and 1.3 to 6.6 nmol/mg/min,
respectively (54). These data indicate that skin cells
other than keratinocytes contribute only marginally
to overall cutaneous N-acetylation capacity.

Regarding other primary epidermal cells,
NAT1 activity has not been reported yet. However,
the acetylation of 2-aminofluorene to its acetylated
metabolite by a malignant melanoma cell line (65)
may point to NAT1 activity also in melanocytes.
Monocyte-derived dendritic cells, which are often
used as a model for dendritic cells, have been found
to convert PPD as well as p-aminobenzoic acid
(PABA) to their acetylated derivatives (66) indicating
NAT1 activity for dendritic cells as well.

Data about the contribution of the dermal
part of the skin to cutaneous aromatic amine
acetylation are rare. Up to now, results of dermal
fibroblasts from only one single donor have been
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reported (58). Furthermore, the dermis is pervaded
by a network of blood vessels, and blood cells
migrate during inflammatory responses to the
dermis and epidermis. Therefore, blood cells
may also contribute to the overall N-acetylation
capacity of human skin. Data for NAT1 activities of
peripheral blood mononuclear cells vary between
15 and 20 nmol/mg/min for PABA (66-69). Risch
and colleagues reported that NAT1 activity in
erythrocytes is likely to be 100-fold greater than
the NAT1 activity associated with leucocytes,
whereas the average value of the pool activity was
7.6 nmol/min/pmol haemoglobin for the substrate
PABA (70). For dermal dendritic cells, NAT1 activity
data are, to the best of our knowledge, not available
at the moment.

Since tattoo colorants are directly applied into
the dermal layer, those colorants could provide a unique
opportunity to estimate dermal biotransformation
reactions. For analysis of dermal N-acetylation,
degradation products of tattoo colorants with aromatic
amine structure might be useful. Several tattoo
pigments can undergo degradation by sunlight (71, 72)
or due to removal by laser treatment (73). In vivo
studies using mouse skin (74) confirmed degradation
of the dye Pigment Red 22 to aromatic amines like
2-methyl-5-nitroaniline and 2,5-dichloroaniline. The
extent of dermal acetylation of those aromatic amines
may point to the contribution of the dermis to the overall
acetylation capacity of the skin.

Together, available data indicate that
skin cells other than keratinocytes contribute only
marginally to overall cutaneous N-acetylation
capacity, whereas blood cell might have particular
impact under certain conditions.

4. IMPLICATIONS FOR SKIN

4.1. Skin related effects

An important skin related effect of aromatic
amines is the induction of skin sensitization,
elicitation of allergic and irritant contact dermatitis.
The latter reflects an innate inflammatory response
to direct skin injury with an immediate reaction of the
skin. Allergic contact dermatitis additionally involves
an inflammatory response mediated by compound-
specific T cells at the exposed area. It is often
referred to as systemic toxicity, because sensitization
occurs outside the skin in the draining lymph nodes.
PPD exposure can cause both, allergic and irritant
contact dermatitis (75, 76).
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Beside PPD, several other oxidative hair
dye ingredients are known to cause allergic contact
dermatitis. Regarding skin sensitization and allergic
contact dermatitis, N-acetylation is considered
as deactivating process. Amongst others, this
perspective is supported by us demonstrating for
instance that MAPPD and DAPPD have only very
limited capacitiestoreactivate T cells from PPD allergic
subjects by patch testing (77) and in vitro studies
using T cells of PPD-allergic individuals (78, 79).
Additionally, Aeby and colleagues found that
N-acetylated PPD derivatives did not activate naive
T cells in the murine Local Lymph Node Assay (80).

The prevalence-estimate for allergic
contact dermatitis induced by the model compound
PPD in the general population is only about 0.11%
based on positive patch test reactions causally
related to consumer hair dye use (81). This indicates
that the acetylation mediated protection of the
skin against contact sensitization is impaired only
under certain conditions. Reduced NAT1 activity of
keratinocytes might increase the aromatic amine
load encountering skin residing antigen presenting
cells (APCs). Despite their own ability to N-acetylate,
which has been shown for monocyte-derived
dendritic cells as a model for dendritic cells (66),
they might not counterbalance the acetylation of
surrounding keratinocytes due to their comparatively
low abundance in the skin.

4.2. Influence of N-acetyltransferase 1
modulation

Although modulation of NAT1 is not well
understood in terms of in vivo relevance yet, in vitro
data show that aromatic amines, like PPD and PABA
can cause saturation (82) and enzyme inhibition in
keratinocytes (64). This is at least in part caused by a
substrate-dependent NAT1 protein degradation (64).
Furthermore, NAT1 activity of recombinant NAT1
protein (83), bronchial (84) and lens (85) epithelial
cells and a breast cancer line (86) can be reduced
by oxidants like hydrogen peroxide and peroxynitrite
as well as UV irradiation, which cause oxidative
stress leading to oxidative modification in the
active center of the NAT1. In addition, also cysteine
reactive chemicals have been shown to inhibit NAT1
activity by forming adducts with the active center
cysteine (87, 88). Co-exposure of skin cells to NAT1
inhibitors during dermal absorption of AAmay lead to
reduced NAT1 activities in keratinocytes as well as
APCs. The latter may be of certain relevance for the
activation of the immune system by these chemicals.
Consequently, we could speculate that sensitization
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occurs when N-acetylation capacities are limited or
reduced by inhibition.

4.3. Potentials for metabolic activation in
the skin

Hydroxylation is a common pathway for
metabolic activation of aromatic amines (for review
see (89) or (90)). Overall, available studies indicate
relevant species differences (82, 91). For several
aromatic amine hair dye ingredients, oxidative
metabolism has been studied using pooled human
liver microsomes and/or hepatocytes. 2-methyl-
5-hydroxyethylaminophenol (MHEAP) and AHT
were found to generate oxidative metabolites,
which were however not protein reactive. PTD,
PAP, m-aminophenol, p-methylaminophenol, N,N’-
bis(2-hydroxyethyl)-p-phenylenediamine formed no
oxidative metabolites, which was also the case for
PTD, MHEAP and AHT. Furthermore, hydroxylation
of PTD was analyzed using recombinant human
CYP1A1, 1A2, 1B1, 2C9, 2C19, 2D6 and 3A4, and
again no hydroxylation was detected (92). However,
hydroxylated PTD has readily been detected using
mouse hepatocytes (93) as well as rat hepatic
microsomes (94). The latter study found a doubling
of hydroxylation activity towards the substrate PTD
using microsomes from Aroclor 1254-treated rats.
These differences support the known interspecies
differences regarding xenobiotic metabolism and
might point to murine hepatocytes or rat hepatic
microsomes to be the most sensitive systems to
study the potential of PTD hydroxylation.

Metabolic activation of aromatic amines
is not likely to occur in human skin, since basal
expression of oxidative enzymes is low or even not
detectable (32). However, PPD is able to induce
CYP1A1 in keratinocytes (95) and PTD was found
to bind to the aryl hydrocarbon receptor and induce
CYP1A activity (94), which was also the case for
acetylated aminofluorene (96). The relevance of
these findings is unclear but may lead to increased
capacities towards other CYP1 substrates.

5. SUMMARY

Human skin exposure to arylamines might
take place by skin contact via hair dyes, rubber
products and azo colorants in various consumer
products. The dermal uptake of aromatic amines
results in variable but significant N-acetylation
in human skin. For the bifunctional aromatic
amine PPD in vitro and in vivo data demonstrated
that monoacetylation is sufficient to abolish its
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sensitization potential. However, up to now it is
not known whether this result can be transferred
to other arylamines. Moreover, N-acetylation
capacities may be saturated or inhibited under
certain circumstances. Available data on NAT1
inhibition by aromatic amines and biochemical
enzyme saturation is indicative for a threshold for
dermally applied NAT substrates up to which the
skin is able to completely deactivate the parent
compound. However, to clearly elucidate the
conditions leading to insufficient detoxification
within skin and subsequent initiation of an adaptive
immune response clearly needs further research.

6. REFERENCES

1. I. Kimber,M. Cumberbatch: Dendritic
cells and cutaneous immune responses
to chemical allergens. Toxicol Appl
Pharmacol 117, 137-46 (1992)

DOI: 10.1016/0041-008X(92)90230-P

2. N. lIram, M. Mildner, M. Prior, P.
Petzelbauer, C. Fiala, S. Hacker, A.
Schoeppl, E. Tschachler,A. Elbe-Buerger:
Age-related changes in expression and
function of Toll-like receptors in human
skin. Development 139, 4210-4219
(2012)

DOI: 10.1242/dev.083477

3.  J.W.Streilein,S.F. Grammer, T. Yoshikawa,
A. Demidem,M. Vermeer: Functional
dichotomy between Langerhans cells that
present antigen to naive and to memory/
effector T lymphocytes. Immunol Rev
117, 159-83 (1990)

DOI: 10.1111/j.1600-065X.1990.tb00572.x

K. Nagao, T. Kobayashi, K. Moro, M.
Ohyama, T. Adachi, D.Y. Kitashima,
S. Ueha, K. Horiuchi, H. Tanizaki, K.
Kabashima, A. Kubo, Y.H. Cho, B.E.
Clausen, K. Matsushima, M. Suematsu,
G.C. Furtado, S.A. Lira, J.M. Farber,
M.C. Udey,M. Amagai: Stress-induced
production of chemokines by hair follicles
regulates the trafficking of dendritic cells
in skin. Nat Immunol 13, 744-752 (2012)
DOI: 10.1038/ni.2353

5. AM.G. Van Der Aar, RM.R. Sylva-
Steenland, J.D. Bos, M.L. Kapsenberg,

314

10.

11.

E.C. De Jong, M.B.M. Teunissen: Cutting
edge: Loss of TLR2, TLR4, and TLR5
on langerhans cells abolishes bacterial
recognition. J Immunol 178, 1986-1990
(2007)

DOI: 10.4049/jimmunol.178.4.1986

V. Flacher, C.H. Tripp, B. Haid, A.
Kissenpfennig, B. Malissen, P. Stoitzner,
J. ldoyaga,N. Romani: Skin Langerin+
Dendritic Cells Transport Intradermally
Injected Anti-DEC-205 Antibodies but Are
Not Essential for Subsequent Cytotoxic
CD8+ T Cell Responses. J Immunol 188,
2146-55 (2012)

DOI: 10.4049/jimmunol.1004120

V. Flacher, C.H. Tripp, P. Stoitzner, B.
Haid, S. Ebner, B. Del Frari, F. Koch,
C.G. Park, R.M. Steinman, J. Idoyaga,N.
Romani: Epidermal Langerhans cells
rapidly capture and present antigens
from C-type lectin-targeting antibodies
deposited in the dermis. J Invest Dermatol
130, 755-62 (2010)

DOI: 10.1038/jid.2009.343

A. Kubo, I. Ishizaki, H. Kawasaki, K.
Nagao, Y. Ohashi, M. Amagai: The
stratum corneum comprises three layers
with distinct metal-ion barrier properties.
Sci Rep 3, 1731 (2013)

DOI: 10.1038/srep01731

R.R. Driskell, B.M. Lichtenberger, E.
Hoste, K. Kretzschmar, B.D. Simons, M.
Charalambous, S.R. Ferron, Y. Herault, G.
Pavlovic, A.C. Ferguson-Smith, F.M. Watt:
Distinct fibroblast lineages determine
dermal architecture in skin development
and repair. Nature 504, 277-81 (2013)
DOI: 10.1038/nature12783

S.B. Hoath, D.G. Leahy: The organization
of human epidermis: functional epidermal
units and phi proportionality. J Invest
Dermatol 121, 1440-6 (2003)

DOI: 10.1046/j.1523-1747.2003.12606.x

D.M. Roberts, R. Heilmair, N.A. Buckley,
A.H. Dawson, M. Fahim, M. Eddleston,
P. Eyer: Clinical outcomes and kinetics
of propanil following acute self-poisoning:

© 1996-2015


http://dx.doi.org/10.1016/0041-008X(92)90230-P
http://dx.doi.org/10.1242/dev.083477
http://dx.doi.org/10.1111/j.1600-065X.1990.tb00572.x
http://dx.doi.org/10.1038/ni.2353
http://dx.doi.org/10.4049/jimmunol.178.4.1986
http://dx.doi.org/10.4049/jimmunol.1004120
http://dx.doi.org/10.1038/jid.2009.343
http://dx.doi.org/10.1038/srep01731
http://dx.doi.org/10.1038/nature12783
http://dx.doi.org/10.1046/j.1523-1747.2003.12606.x

NAT1 in skin and immune cells

12.

13.

14.

15.

16.

17.

18.

a prospective case series. BMC Clin
Pharmacol 9, 3 (2009)
DOI: 10.1186/1472-6904-9-3

J.D. Duan, A.M. Jeffrey,G.M. Williams:
Assessment of the medicines lidocaine,
prilocaine, and their metabolites,
2,6-dimethylaniline and 2-methylaniline,
for DNA adduct formation in rat tissues.
Drug Metab Dispos 36, 1470-5 (2008)
DOI: 10.1124/dmd.107.019950

J.F. Corbett: An historical review of the
use of dye precursors in the formulation
of commercial oxidation hair dyes. Dyes
Pigm 41, 127-136 (1999)

DOI: 10.1016/S0143-7208(98)00075-8

G. Korinth, T. Weiss, S. Penkert,
K.H. Schaller, J. Angerer, H. Drexler:
Percutaneous absorption of aromatic
amines in rubber industry workers:
impact of impaired skin and skin barrier
creams. Occup Environ Med 64, 366-72
(2007)

DOI: 10.1136/0em.2006.027755

Y. lkarashi, M. Kaniwa: Determination
of p-Phenylenediamine and Related
Antioxidants in Rubber Boots by High
Performance Liquid Chromatography.
Development of an Analytical Method
for N-(1-Methyl-Heptyl)-N"-phenyl-p-
phenylendiamine. J Health Sci 46, 467-
473 (2000)

DOI: 10.1248/jhs.46.467

R. Vasold, N. Naarmann, H. Ulrich, D.
Fischer, B. Konig, M. Landthaler, W.
Baumler: Tattoo pigments are cleaved
by laser light-the chemical analysis in
vitro provide evidence for hazardous
compounds. Photochem Photobiol 80,
185-90 (2004)

DOI: 10.1111/j.1751-1097.2004.tb00069.x

I.J. Kang, M.H. Lee: Quantification of
para-phenylenediamine  and heavy
metals in henna dye. Contact Dermatitis
55, 26-9 (2006)

DOI: 10.1111/j.0105-1873.2006.00845.x

R. Wachsmuth, M. Wilkinson: Loss of
eyelashes after use of a tinting mascara

315

19.

20.

21.

22.

23.

24.

25.

containing PPD. Contact Dermatitis 54,
169-70 (2006)
DOI: 10.1111/j.0105-1873.2005.0739b.x

Oecd: Test No. 427: Skin Absorption: in
vivo Method, OECD Guidelines for the
Testing of Chemicals. In: Ed O. f. E. C.-o.
a. Development. OECD Publisher, Paris
(2004)

DOI: 10.1787/9789264071063-en

Oecd: Test No. 428: Skin Absorption: in
vivo Method, OECD Guidelines for the
Testing of Chemicals. In: Ed O. f. E. C.-o.
a. Development. OECD Publisher, Paris
(2004)

DOl not found

Oecd: Guidance Document for the
Conduct of Skin Absorption Studies.
OECD  Environment, Health and
Safety Publications. Series on Testing
and Assessment No. 28. ENV/JM/
MONO(2004)2. In: Ed O. f. E. C.-0. a.
Development. OECD Publishing, Paris
(2004)

DOI not found

Ipcs: Dermal Absorption, International
Programme on  Chemical Safety
(Environmental Health Criteria 235).
In: World Health Organization, Geneva
(2006) DOI not found

G. Korinth, K.H. Schaller, H. Drexler:
Percutaneous absorption of aromatic
amines and the risk assessment resulting
from the dermal pathway. Front Biosci
(Elite Ed) 5, 928-38 (2013)

DOI: 10.2741/E672

T. Platzek: Risk from exposure to
arylamines from consumer products and
hair dyes. Front Biosci (Elite Ed) 2, 1169-
1183 (2010)

DOI: 10.2741/E177

T. Wellner, L. Luersen, K.H. Schaller,
J. Angerer, H. Drexler, G. Korinth:
Percutaneous absorption of aromatic
amines - a contribution for human health
risk assessment. Food Chem Toxicol 46,
1960-8 (2008)

DOI: 10.1016/j.fct.2008.01.036

© 1996-2015


http://dx.doi.org/10.1186/1472-6904-9-3
http://dx.doi.org/10.1124/dmd.107.019950
http://dx.doi.org/10.1016/S0143-7208(98)00075-8
http://dx.doi.org/10.1136/oem.2006.027755
http://dx.doi.org/10.1248/jhs.46.467
http://dx.doi.org/10.1111/j.1751-1097.2004.tb00069.x
http://dx.doi.org/10.1111/j.0105-1873.2006.00845.x
http://dx.doi.org/10.1111/j.0105-1873.2005.0739b.x
http://dx.doi.org/10.1787/9789264071063-en
http://dx.doi.org/10.2741/E672
http://dx.doi.org/10.2741/E177
http://dx.doi.org/10.1016/j.fct.2008.01.036

NAT1 in skin and immune cells

26.

27.

28.

20.

30.

31.

N.J. Hewitt, R.J. Edwards, E. Fritsche, C.
Goebel, P. Aeby, J. Scheel, K. Reisinger,
G. Ouédraogo, D. Duche, J. Eilstein,
A. Latil, J. Kenny, C. Moore, J. Kuehnl,
J. Barroso, R. Fautz,S. Pfuhler: Use of
human in vitro skin models for accurate
and ethical risk assessment: metabolic
considerations. Toxicol Sci 133, 209-217
(2013)

DOI: 10.1093/toxsci/kft080

S. Sieben, J.M. Baron, B. Bloemeke,
H.F. Merk: Multiple cytochrome P450-
isoenzymes mMRNA are expressed in
dendritic cells. Int Arch Allergy Immunol
118, 358-61 (1999)

DOI: 10.1159/000024 135

M. Saeki, Y. Saito, M. Nagano, R. Teshima,
S. Ozawa, J. Sawada: mRNA expression
of multiple cytochrome p450 isozymes in
four types of cultured skin cells. Int Arch
Allergy Immunol 127, 333-6 (2002)

DOI: 10.1159/000057751

V. Luu-The, D. Duche, C. Ferraris, J.-R.
Meunier, J. Leclaire, F. Labrie: Expression
profiles of phases 1 and 2 metabolizing
enzymes in human skin and the
reconstructed skin models Episkin(TM)
and full thickness model from Episkin(TM).
J Steroid Biochem Mol Biol 116, 178-186
(2009)

DOI: 10.1016/j.jsbmb.2009.05.011

C. Gotz, N.J. Hewitt, E. Jermann, J.
Tigges, Z. Kohne, U. Hubenthal, J.
Krutmann, H.F. Merk, E. Fritsche: Effects
of the genotoxic compounds, benzo(a)
pyrene and cyclophosphamide on phase
1 and 2 activities in EpiDerm models.
Xenobiotica 42, 526-37 (2012)

DOI: 10.3109/00498254.2011.643255

C. Gotz, R. Pfeiffer, J. Tigges, V. Blatz,
C. Jackh, E.M. Freytag, E. Fabian, R.
Landsiedel, H.F. Merk, J. Krutmann,
R.J. Edwards, C. Pease, C. Goebel,
N. Hewitt, E. Fritsche: Xenobiotic
metabolism capacities of human skin in
comparison with a 3D epidermis model
and Kkeratinocyte-based cell culture as
in vitro alternatives for chemical testing:

316

32.

33.

34.

35.

36.

37.

38.

activating enzymes (Phase ).
Dermatol 21, 358-63 (2012)
DOI: 10.1111/j.1600-0625.2012.01486.x

S. Van Eijl, Z. Zhu, J. Cupitt, M. Gierula,
C. Gotz, E. Fritsche, R.J. Edwards:
Elucidation of Xenobiotic Metabolism
Pathways in Human Skin and Human
Skin Models by Proteomic Profiling. PLoS
One 7, e41721 (2012)

DOI: 10.1371/journal.pone.0041721

C. Costa, S. Catania, R. De Pasquale, R.
Stancanelli, G.M. Scribano, A. Melchini:
Exposure of human skin to benzo(a)
pyrene: Role of CYP1A1 and aryl
hydrocarbon receptor in oxidative stress
generation. Toxicology 271, 83-6 (2010)
DOI: 10.1016/j.tox.2010.02.014

J. Baron, L. Goh, D. Yao, C. Wolf,T.
Friedberg: Modulation of P450 CYP
3A4-Dependent Metabolism by
P-glycoprotein: Implications for P450
Phenotyping. J Pharmacol Exp Ther 296,
351-358 (2001)

DOI not found

S.K. Katiyar, M.S. Matsui, H. Mukhtar:
Ultraviolet-B exposure of human skin
induces cytochromes P450 1A1 and 1B1.
J Invest Dermatol 114, 328-33 (2000)

DOI: 10.1046/j.1523-1747.2000.00876.x

K. Rolsted, A.M. Kissmeyer, G.M. Rist,
S.H. Hansen: Evaluation of cytochrome
P450 activity in vitro, using dermal and
hepatic microsomes from four species
and two keratinocyte cell lines in culture.
Arch Dermatol Res 300, 11-8 (2008)
DOI: 10.1007/s00403-007-0811-4

J. Bonifas, J. Hennen, D. Dierolf, M.
Kalmes, B. Bloemeke: Evaluation
of cytochrome p450 1 (CYP1) and
N-acetyltransferase 1 (NAT1) activities
in HaCaT cells: implications for the
development of in vitro techniques for
predictive testing of contact sensitizers.
Toxicol In vitro 24, 973-980 (2010)

DOI: 10.1016/}.tiv.2009.12.023

P.M. Vyas,
Koukouritaki,

Exp

S.B.
S.K.

S. Roychowdhury,
R.N. Hines,

© 1996-2015


http://dx.doi.org/10.1093/toxsci/kft080
http://dx.doi.org/10.1159/000024135
http://dx.doi.org/10.1159/000057751
http://dx.doi.org/10.1016/j.jsbmb.2009.05.011
http://dx.doi.org/10.3109/00498254.2011.643255
http://dx.doi.org/10.1111/j.1600-0625.2012.01486.x
http://dx.doi.org/10.1371/journal.pone.0041721
http://dx.doi.org/10.1016/j.tox.2010.02.014
http://dx.doi.org/10.1046/j.1523-1747.2000.00876.x
http://dx.doi.org/10.1007/s00403-007-0811-4
http://dx.doi.org/10.1016/j.tiv.2009.12.023

NAT1 in skin and immune cells

39.

40.

41.

42.

43.

Krueger, D.E. Williams, W.M. Nauseef,
C.K. Svensson: Enzyme-mediated
protein haptenation of dapsone and
sulfamethoxazole in human keratinocytes:
II. Expression and role of flavin-containing
monooxygenases and peroxidases. J
Pharmacol Exp Ther 319, 497-505 (2006)
DOI: 10.1124/jpet.106.105858

S.Y. Buckman, A. Gresham, P. Hale,

G. Hruza, J. Anast, J. Masferrer,
A.P.N.A.M.R. Pentland: COX-2
expression is induced by UVB

exposure in human skin: implications
for the development of skin cancer.
Carcinogenesis 19, 723-9 (1998)

DOI: 10.1093/carcin/19.5.723

L. Hu, H. Edamatsu, N. Takenaka,
S. lkuta,T. Kataoka: Crucial Role of
Phospholipase C{varepsilon} in Induction
of Local Skin Inflammatory Reactions in
the Elicitation Stage of Allergic Contact
Hypersensitivity. J Immunol 184, 993-
1002 (2010)

DOI: 10.4049/jimmunol.0901816

K.L. Blacker, E. Olson, D.A. Vessey, T.D.
Boyer: Characterization of Glutathione
S-Transferase in  Cultured Human
Keratinocytes. J Investig Dermatol 97,
442-446 (1991)

DOI: 10.1111/1523-1747.ep12481276

H. Raza, Y.C. Awasthi, M.T. Zaim,
R.L. Eckert,H. Mukhtar: Glutathione
S-Transferases in Human and Rodent
Skin: Multiple Forms and Species-
Specific Expression. J Investig Dermatol
96, 463-467 (1991)

DOI: 10.1111/1523-1747.ep12470150

T. Hu, Z.S. Khambatta, P.J. Hayden, J.
Bolmarcich, R.L. Binder, M.K. Robinson,
G.J. Carr, J.P. Tiesman, B.B. Jarrold, R.
Osborne, T.D. Reichling, S.T. Nemeth,
M.J. Aardema: Xenobiotic metabolism
gene expression in the EpiDerm in vitro
3D human epidermis model compared to
human skin. Toxicol In vitro 24, 1450-63
(2010)

DOI: 10.1016/.tiv.2010.03.013

317

44.

45.

46.

47.

48.

49.

C. Gotz, R. Pfeiffer, J. Tigges, K. Ruwiedel,
U. Hubenthal, H.F. Merk, J. Krutmann,
R.J. Edwards, J. Abel, C. Pease, C.
Goebel, N. Hewitt,E. Fritsche: Xenobiotic
metabolism capacities of human skin in
comparison with a 3D-epidermis model
and keratinocyte-based cell culture as
in vitro alternatives for chemical testing:
phase Il enzymes. Exp Dermatol 21,
364-9 (2012)

DOI: 10.1111/j.1600-0625.2012.01478.x

P.E. Kudlacek, R.J. Anderson, D.K.
Liebentritt, G.A. Johnson,C.J. Huerter:
Human skin and platelet minoxidil
sulfotransferase activities: biochemical
properties, correlations and contribution
of thermolabile phenol sulfotransferase.
J Pharmacol Exp Ther 273, 582-90
(1995)

DOI not found

D.W. Hein, M.A. Doll, T.D. Rustan, K.
Gray, Y. Feng, R.J. Ferguson, D.M. Grant:
Metabolic activation and deactivation of
arylamine carcinogens by recombinant
human NAT1 and polymorphic NAT2
acetyltransferases. Carcinogenesis 14,
1633-8. (1993)

DOI: 10.1093/carcin/14.8.1633

D. Hickman, J. Pope, S.D. Patil, G. Fakis,
V. Smelt, L.A. Stanley, M. Payton, J.D.
Unadkat,E. Sim: Expression of arylamine
N-acetyltransferase in human intestine.
Gut 42, 402-9 (1998)

DOI: 10.1136/gut.42.3.402

A. Husain, D.F. Barker, J.C. States, M.A.
Doll, D.W. Hein: Identification of the major
promoter and non-coding exons of the
human arylamine N-acetyltransferase 1
gene (NAT1). Pharmacogenetics 14, 397-
406 (2004)

DOI: 10.1097/01.fpc.0000114755.08559.6e

M.T. Kloth, R.L. Gee, E.M. Messing,S.
Swaminathan: Expression of
N-acetyltransferase (NAT) in cultured
human uroepithelial cells. Carcinogenesis
15, 2781-7 (1994)

DOI: 10.1093/carcin/15.12.2781

© 1996-2015


http://dx.doi.org/10.1124/jpet.106.105858
http://dx.doi.org/10.1093/carcin/19.5.723
http://dx.doi.org/10.4049/jimmunol.0901816
http://dx.doi.org/10.1111/1523-1747.ep12481276
http://dx.doi.org/10.1111/1523-1747.ep12470150
http://dx.doi.org/10.1016/j.tiv.2010.03.013
http://dx.doi.org/10.1111/j.1600-0625.2012.01478.x
http://dx.doi.org/10.1093/carcin/14.8.1633
http://dx.doi.org/10.1136/gut.42.3.402
http://dx.doi.org/10.1097/01.fpc.0000114755.08559.6e
http://dx.doi.org/10.1093/carcin/15.12.2781

NAT1 in skin and immune cells

50.

51.

52.

53.

54.

55.

56.

A.F. Badawi, A. Hirvonen, D.A. Bell, N.P. 57.

Lang, F.F. Kadlubar: Role of aromatic
amine acetyltransferases, NAT1 and
NAT2, in carcinogen- DNA adduct
formation in the human urinary bladder.

Cancer Res 55, 5230-7 (1995) 58.

DOI not found

N. Sadrieh, C.D. Davis, E.G. Snyderwine:
N-acetyltransferase expression and
metabolic activation of the food- derived
heterocyclic amines in the human mammary
gland. Cancer Res 56, 2683-7 (1996)

DOI not found

A.E. Cribb, D.M. Grant, M.A. Miller, S.P.  59.

Spielberg: Expression of monomorphic
arylamine N-acetyltransferase (NAT1) in
human leukocytes. J Pharmacol Exp Ther
259, 1241-6 (1991)

DOI not found

A. Ward, D. Hickman, J.W. Gordon,
E. Sim: Arylamine N-acetyltransferase
in human red blood cells. Biochem

Pharmacol 44, 1099-104 (1992) 60.

DOI: 10.1016/0006-2952(92)90373-Q

Y. Kawakubo, H.F. Merk, T.A. Masaoudi,
S. Sieben, B. Bloemeke: N-Acetylation
of Paraphenylenediamine in Human Skin
and Keratinocytes. J Pharmacol Exp Ther
292, 150-5 (2000) no DOI available on
crossref.org and journal homepage) Link
to the full text:

DOI not found 61.

G.J. Nohynek, D. Duche, A. Garrigues,
P.A. Meunier, H. Toutain, J. Leclaire:
Under the skin: Biotransformation of para-
aminophenol and para-phenylenediamine
in reconstructed human epidermis and

human hepatocytes. Toxicol Lett 158, 62.

186-212 (2005)
DOI: 10.1016/j.toxlet.2005.03.014

L. Liu, C.R. Wagner, P.E. Hanna: Human
arylamine N-acetyltransferase 1: in
vitro and intracellular inactivation by
nitrosoarene metabolites of toxic and
carcinogenic arylamines. Chem Res

Toxicol 21, 2005-16 (2008) 63.

DOI: 10.1021/tx800215h

318

D.M. Grant, F. Lottspeich, U.A. Meyer:
Evidence for two closely related isozymes
of arylamine N- acetyltransferase in
human liver. FEBS Lett 244, 203-7. (1989)
DOI: 10.1016/0014-5793(89)81193-7

P. Bhaiya, S. Roychowdhury, P.M. Vyas,
M.A. Doll, D.W. Hein,C.K. Svensson:
Bioactivation, protein haptenation, and
toxicity of sulfamethoxazole and dapsone
in normal human dermal fibroblasts.
Toxicol Appl Pharmacol 215, 158-67
(2006)

DOI: 10.1016/j.taap.2006.02.006

C. Goebel, N.J. Hewitt, G. Kunze, M.
Wenker, D.W. Hein, H. Beck,J. Skare:
Skin  metabolism of aminophenols:
Human keratinocytes as a suitable in
vitro model to qualitatively predict the
dermal transformation of 4-amino-2-
hydroxytoluene in vivo. Toxicol Appl
Pharmacol 235 114-123 (2009)

DOI: 10.1016/j.taap.2008.11.014

C. Goebel, J. Troutman, J. Hennen,
H. Rothe, H. Schlatter, G.F. Gerberick,
B. Bloemeke: Introduction of a
methoxymethyl side chain into
p-phenylenediamine  attenuates its
sensitizing potency and reduces the
risk of allergy induction. Toxicol Appl
Pharmacol (2013)

DOI: 10.1016/j.taap.2013.11.016

J.J. Yourick, R.L. Bronaugh: Percutaneous
penetration and metabolism of 2-nitro-p-
phenylenediamine in human and fuzzy rat
skin. Toxicol Appl Pharmacol 166, 13-23.
(2000)

DOI: 10.1006/taap.2000.8962

T. Hu, R.E. Bailey, S.W. Morrall, M.J.
Aardema, L.A. Stanley, J.A. Skare:
Dermal penetration and metabolism of
p-aminophenol and p-phenylenediamine:
application of the EpiDerm human
reconstructed epidermis model. Toxicol
Lett 188, 119-29 (2009)

DOI: 10.1016/j.toxlet.2009.03.019

H.S. Chun, P.A. Kuzmicky, N.Y. Kado,
R.H. Rice: Toxicity of Trp-P-2 to cultured

© 1996-2015


http://dx.doi.org/10.1016/0006-2952(92)90373-Q
http://dx.doi.org/10.1016/j.toxlet.2005.03.014
http://dx.doi.org/10.1021/tx800215h
http://dx.doi.org/10.1016/0014-5793(89)81193-7
http://dx.doi.org/10.1016/j.taap.2006.02.006
http://dx.doi.org/10.1016/j.taap.2008.11.014
http://dx.doi.org/10.1016/j.taap.2013.11.016
http://dx.doi.org/10.1006/taap.2000.8962
http://dx.doi.org/10.1016/j.toxlet.2009.03.019

NAT1 in skin and immune cells

64.

65.

66.

67.

68.

69.

70.

human and rat keratinocytes. Chem Biol
Interact 127, 237-53 (2000)
DOI: 10.1016/S0009-2797(00)00182-4

J. Bonifas, S. Scheitza, J. Clemens,
B. Bloemeke: Characterization of
N-acetyltransferase 1 activity in human
keratinocytes and modulation by para-
phenylenediamine. J Pharmacol Exp
Ther 334, 318-26 (2010)

DOI: 10.1124/jpet.110.167874

C.C.Lin,S.T.Kao, G.W. Chen,J.G. Chung:
Berberine decreased N-acetylation of
2-aminofluorene through inhibition of
N-acetyltransferase gene expression in
human leukemia HL-60 cells. Anticancer
Res 25, 4149-55 (2005)

DOI not found

J. Lichter, A. Heckelen, K. Fischer,
B. Bloemeke: Expression of
N-acetyltransferase in monocyte-derived
dendritic cells. J Toxicol Environ Health A
71, 960-4 (2008)

DOI: 10.1080/15287390801989135

N.J. Butcher, K.F. llett, R.F. Minchin:
Substrate-dependent regulation of
human arylamine N-acetyltransferase-1
in cultured cells. Mol Pharmacol 57, 468-

73 (2000)

DOI: 10.1124/mol.57.3.468

N.J. Butcher, K.F. llett, R.F. Minchin:
Inactivation of human  arylamine
N-acetyltransferase 1 by the

hydroxylamine of p-aminobenzoic acid.
Biochem Pharmacol 60, 1829-36 (2000)
DOI: 10.1016/S0006-2952(00)00501-3

N.J. Butcher, A. Arulpragasam, R.F.
Minchin: Proteasomal degradation of
N-acetyltransferase 1 is prevented by
acetylation of the active site cysteine:
a mechanism for the slow acetylator
phenotype and substrate-dependent
down-regulation. J Biol Chem 279,
22131-7 (2004)

DOI: 10.1074/jbc.M312858200

A. Risch, V. Smelt, D. Lane, L. Stanley, W.
Van Der Slot, A. Ward,E. Sim: Arylamine
N-acetyltransferase in erythrocytes of

319

71.

72.

73.

74.

75.

76.

77.

78.

cystic fibrosis patients. Pharmacol Toxicol
78, 235-40 (1996)
DOI: 10.1111/j.1600-0773.1996.tb00211.x

Y. Cui, A.P. Spann, L.H. Couch, N.V.
Gopee, F.E. Evans, M.l. Churchwell, L.D.
Williams, D.R. Doerge, P.C. Howard:
Photodecomposition of Pigment Yellow
74, a pigment used in tattoo inks.
Photochem Photobiol 80, 175-184 (2004)
DOI: 10.1562/2004-04-06-RA-136.1

E. Engel, A. Spannberger, R. Vasold,
B. Koenig, M. Landthaler, W. Baumler:
Photochemical cleavage of a tattoo
pigment by UVB radiation or natural
sunlight. J Dtsch Dermatol Ges 5, 583-
589 (2007)

DOI: 10.1111/j.1610-0387.2007.06333.x

R. Vasold, E. Engel, B. Konig, M.
Landthaler, W. Baumler: Health risks of
tattoo colors. Anal Bioanal Chem 391,
9-13 (2008)

DOI: 10.1007/s00216-008-1978-z

E. Engel, R. Vasold, F. Santarelli, T.
Maisch, N.V. Gopee, P.C. Howard,
M. Landthaler, W. Baumler: Tattooing
of skin results in transportation and
light-induced decomposition of tattoo
pigments--a first quantification in vivo
using a mouse model. Exp Dermatol 19,
54-60 (2010)

DOI: 10.1111/1.1600-0625.2009.00925.x

E.K. Edwards, Jr., E.K. Edwards: Contact
urticaria and allergic contact dermatitis
caused by paraphenylenediamine. Cutis
34, 87-8 (1984) DOI not found

E. Temesvari: Contact urticaria from
paraphenylenediamine. Contact
Dermatitis 11, 125 (1984)

DOI: 10.1111/j.1600-0536.1984.tb00944 .x

B. Bloemeke, T. Pietzsch,H.F. Merk:
Elicitation response  characteristics
to mono- and to N,N'-diacetyl-para-
phenylenediamine. Contact Dermatitis
58, 355-8 (2008)

DOI: 10.1111/j.1600-0536.2008.01347 .x

S. Sieben, Y. Kawakubo, T.A.
Masaoudi, H.F. Merk, B. Bloemeke:

© 1996-2015


http://dx.doi.org/10.1016/S0009-2797(00)00182-4
http://dx.doi.org/10.1124/jpet.110.167874
http://dx.doi.org/10.1080/15287390801989135
http://dx.doi.org/10.1124/mol.57.3.468
http://dx.doi.org/10.1016/S0006-2952(00)00501-3
http://dx.doi.org/10.1074/jbc.M312858200
http://dx.doi.org/10.1111/j.1600-0773.1996.tb00211.x
http://dx.doi.org/10.1562/2004-04-06-RA-136.1
http://dx.doi.org/10.1111/j.1610-0387.2007.06333.x
http://dx.doi.org/10.1007/s00216-008-1978-z
http://dx.doi.org/10.1111/j.1600-0625.2009.00925.x
http://dx.doi.org/10.1111/j.1600-0536.1984.tb00944.x
http://dx.doi.org/10.1111/j.1600-0536.2008.01347.x

NAT1 in skin and immune cells

79.

80.

81.

82.

83.

84.

Delayed-type hypersensitivity reaction to
paraphenylenediamine is mediated by 2
different pathways of antigen recognition
by specific alphabeta human T-cell clones.
JAllergy Clin Immunol 109, 1005-11 (2002)
DOI: 10.1067/mai.2002.123872

S. Sieben, Y. Kawakubo, B. Sachs, T. Al
Masaoudi, H.F. Merk, B. Bloemeke: T cell
responses to paraphenylenediamine and
to its metabolites mono- and diacetyl-
paraphenylenediamine. Int Arch Allergy
Immunol 124, 356-58 (2001)

DOI: 10.1159/000053756

P. Aeby, T. Sieber, H. Beck, G.F.
Gerberick, C. Goebel: Skin Sensitization to
p-Phenylenediamine: The Diverging Roles
of Oxidation and N-Acetylation for Dendritic
Cell Activation and the Immune Response.
J Invest Dermatol 129, 99-109 (2009)
DOI: 10.1038/jid.2008.209

M. Krasteva, B. Bons, C. Ryan, G.F.
Gerberick: Consumer Allergy to Oxidative
Hair Coloring Products: Epidemiologic
Data in the Literature. Dermatitis 20, 123-
41 (2009)

DOI:

A. Zeller, S. Pfuhler: N-acetylation of
three aromatic amine hair dye precursor
molecules eliminates their genotoxic
potential. Mutagenesis (2013)
DOI: 10.1093/mutage/get053

N. Atmane, J. Dairou, A. Paul, J.M. Dupret,
F. Rodrigues-Lima: Redox regulation
of the human xenobiotic metabolizing
enzyme arylamine N-acetyltransferase
1 (NAT1). Reversible inactivation by
hydrogen peroxide. J Biol Chem 278,
35086-92 (2003)

DOI: 10.1074/jbc.M303813200

J. Dairou, E. Petit, N. Ragunathan,
A. Baeza-Squiban, F. Marano, J.M.
Dupret, F. Rodrigues-Lima: Arylamine
N-acetyltransferase activity in bronchial
epithelial cells and its inhibition by cellular
oxidants. Toxicol Appl Pharmacol 236,
366-71 (2009)

DOI: 10.1016/j.taap.2009.02.010

320

85.

86.

87.

88.

89.

J. Dairou, F. Malecaze, J.M. Dupret,
F. Rodrigues-Lima: The xenobiotic-
metabolizing enzymes arylamine
N-acetyltransferases in  human lens
epithelial cells: inactivation by cellular
oxidants and UVB-induced oxidative
stress. Mol Pharmacol 67, 1299-306
(2005)

DOI: 10.1124/mol.104.009738

J. Dairou, N. Atmane, F. Rodrigues-Lima,
J.M. Dupret: Peroxynitrite irreversibly
inactivates the human xenobiotic-
metabolizing enzyme arylamine
N-acetyltransferase 1 (NAT1) in human
breast cancer cells: a cellular and
mechanistic study. J Biol Chem 279,
7708-14 (2004)

DOI: 10.1074/jbc.M311469200

A.J. Russell, |.M. Westwood, M.H.
Crawford, J. Robinson, A. Kawamura,
C. Redfield, N. Laurieri, E.D. Lowe,
S.G. Davies, E. Sim: Selective small
molecule inhibitors of the potential
breast cancer marker, human arylamine
N-acetyltransferase 1, and its murine
homologue, mouse arylamine
N-acetyltransferase 2. Bioorg Med Chem
17, 905-18 (2008)

DOI: 10.1016/j.bmc.2008.11.032

N. Ragunathan, J. Dairou, B. Pluvinage,
M. Martins, E. Petit, N. Janel, J.M.
Dupret, F. Rodrigues-Lima: Identification
of the xenobiotic-metabolizing enzyme
arylamine N-acetyltransferase 1 (NAT1)
as a new target of cisplatin in breast
cancer cells: molecular and cellular
mechanisms of inhibition. Mol Pharmacol
73, 1761-68 (2008)

DOI: 10.1124/mol.108.045328

H.G. Neumann: Monocyclic aromatic
amino and nitro compounds: toxicity,
genotoxicity and carcinogenicity,
classification in a carcinogen category.
The MAK collection Part I: MAK value

Documentations. DFG, Deutsche
Forschungsgemeinschaft; WILEY-VCH
Verlag 21 (2005)
DOI not found

© 1996-2015


http://dx.doi.org/10.1067/mai.2002.123872
http://dx.doi.org/10.1159/000053756
http://dx.doi.org/10.1038/jid.2008.209
http://dx.doi.org/10.1093/mutage/get053
http://dx.doi.org/10.1074/jbc.M303813200
http://dx.doi.org/10.1016/j.taap.2009.02.010
http://dx.doi.org/10.1124/mol.104.009738
http://dx.doi.org/10.1074/jbc.M311469200
http://dx.doi.org/10.1016/j.bmc.2008.11.032
http://dx.doi.org/10.1124/mol.108.045328

NAT1 in skin and immune cells

90. D. Kim, F.P. Guengerich: Cytochrome
P450 activation of arylamines and
heterocyclicamines. Annu Rev Pharmacol
Toxicol 45, 27-49 (2005)

DOI:  10.1146/annurev.pharmtox.45.120
403.100010

H.G. Neumann: Aromatic amines in
experimental cancer research: tissue-
specific effects, an old problem and new
solutions. Crit Rev Toxicol 37, 211-36
(2007)

DOI: 10.1080/10408440601028603

J.A. Skare, N.J. Hewitt, E. Doyle, R.
Powrie, C. Elcombe: Metabolite screening
of aromatic amine hair dyes using in vitro
hepatic models. Xenobiotica 39, 811-825
(2009)

DOI: 10.3109/00498250903134443

Sccs: Opinion on toluene-2,5-diamine
and its sulfate, 26-27 June 2012 (2012)
DOl not found

Y.L.Cheung, J. Snelling, N.N. Mohammed,
T.J. Gray, C. loannides: Interaction with
the aromatic hydrocarbon receptor,
CYP1A induction, and mutagenicity of a
series of diaminotoluenes: implications
for their carcinogenicity. Toxicol Appl
Pharmacol 139, 203-11 (1996)

DOI: 10.1006/taap.1996.0159

Y.-J.So,C.-Y.Shin,M.Song,Y.-A.Rha,J.-C.
Ryu: Gene expression profiling of hair-
dying agent, para-phenylenediamine, in
human keratinocytes (HaCaT) cells. Mol
Cell Toxicol 7, 339-346 (2011)

DOI: 10.1007/s13273-011-0043-8

A.D. Ayrton, M. Mcfarlane, R. Walker, S.
Neville, C. loannides: The induction of
P450 | proteins by aromatic amines may
be related to their carcinogenic potential.
Carcinogenesis 11, 803-9 (1990)

DOI: 10.1093/carcin/11.5.803

91.

92.

93.

94.

95.

96.

Abbreviations: AA: aromatic amines; OECD:
organisation for economic co-operation and
development; XME: xenobiotic metabolizing
enzymes; CYP: cytochrome p450; GST:
glutathione  S-transferase; UGT: uridine
diphosphate —glucuronosyltransferases;

321

SULT: sulfotransferases; NAT:
N-acetyltransferase; AHT: 2-hydroxy-4-amino-
toluene; PPD: p-phenylenediamine; PAP:
p-aminophenol; ME-PPD: 2-methoxymethyl-
p-phenylenediamine; 2NPPD: 2-nitro-p-
phenylenediamine; MAPPD:  monoacetyl-
PPD; DAPPD: diacetyl-PPD; APC: antigen
presenting cells; PABA: p-aminobenzoic acid;
MHEAP: 2-methyl-5-hydroxyethylaminophenol
Key Words: N-Acetyltransferase, Skin,
Immune Cells, Aromatic Amine, Review

Send correspondence to: BrunhildeBloemeke,
Department of Environmental Toxicology,
University Trier, Universitaetsring 15, 54296
Trier, Germany, Tel: 0049-651-201-3781,
Fax: 0049-651-201-3780, E-mail: bloemeke@
uni-trier.de

© 1996-2015


http://dx.doi.org/10.1146/annurev.pharmtox.45.120403.100010
http://dx.doi.org/10.1146/annurev.pharmtox.45.120403.100010
http://dx.doi.org/10.1080/10408440601028603
http://dx.doi.org/10.3109/00498250903134443
http://dx.doi.org/10.1006/taap.1996.0159
http://dx.doi.org/10.1007/s13273-011-0043-8
http://dx.doi.org/10.1093/carcin/11.5.803

