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Abstract

Skin is a major target organ for allergic reactions to small molecular weight compounds. Drug allergic reactions may be life-threatening such as
in the case of anaphylactic reactions or bullous drug reactions and occur in about 5% of all hospitalized patients. Allergic contact dermatitis has an
enormous influence on the social life of the patient because it is the most frequent reason for occupational skin diseases and the treatment and
prevention of this disease cost approximately € 3 billion per year in Germany.

The different proposed pathophysiological pathways leading to a drug eruption are discussed in this paper. All major enzymes which are
involved in the metabolism of xenobiotica were shown to be present in skin. Evidence supporting the role of metabolism in the development of

drug allergy and allergic contact dermatitis is demonstrated in the example of sulphonamides and fragrances.

© 2007 Elsevier Inc. All rights reserved.
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Introduction reactions may be life-threatening and occur in about 5% of all

Skin is a major target organ for allergic reactions to small
molecular weight compounds. These allergic reactions can be
precipitated as urticaria, angioedema, purpura, vasculitis,
exanthema, or bullous drug reactions such as fixed drug
eruption, erythema excudativum multiforme, Stevens-Johnson-
Syndrome, or even toxic epidermal necrolysis. Drug allergic
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hospitalized patients. Up to 81% of all hospitalized patients
suffer from pharmaceutical side effects and 26% of all adults
suffer from an allergic or pseudoallergic drug eruption during
the course of their lives (Friedman et al., 1994; Greenberger,
2006; Weiss, 1992).

Allergic or hypersensitivity reactions are the result of an
immune response and therefore require a sensitization of the
immune system followed by the formation of specifically reacting
T-lymphocytes or antibodies such as IgE-antibodies in the case of
anaphylaxis. Idiosyncrasy describes a qualitatively abnormal,
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unexpected response to small molecular weight compounds such
as drugs, differing from its pharmacological actions and therefore
may resemble hypersensitivity (DeSwarte and Patterson, 1997).
In this review, we will focus on hypersensitivity or allergic
reactions to small molecular weight compounds.

In a prospective study over the time period of 6 months,
undesirable skin reactions to drugs were seen in 3.6/1000
hospitalized patients (Fiszenson-Albala et al., 2003). The best
epidemiological data exist for anaphylactic reactions to P-
lactam antibiotics. Various studies report between 0.7 and 0.8%
allergic reactions due to (-lactam antibiotics, including
anaphylaxis. Deadly incidents due to anaphylaxis were reported
in 1 in 50,000 to 1 in 100,000 treatment cases. In the U.S., 400—
800 deaths/year were caused by anaphylaxis (Weiss, 1992).
Retrospective, population-based studies of bullous drug aller-
gies reported an incidence of bullous drug reactions in 1.2/
1,000,000 inhabitants/year in France and 0.93/1,000,000
inhabitants/year in Germany (Mockenhaupt, 2005).

Autoimmune diseases and infections are a risk factor to
adverse drug reactions. This is especially true in HIV-infections.
Eighty percent of HIV positive patients receiving trimethoprim
and sulfamethoxazole develop a drug-related allergy, while only
1-3% of HIV-negative patients develop an allergy to trimetho-
prim and sulfamethoxazole (Gruchalla and Pirmohamed, 2006).
Similarly, 30% of patients suffering from cystic fibrosis develop
a sensitization to piperacillin, cefoxidin, or ticarcillin, while
infectious mononucleosis predisposes patients to developing an
amoxicillin induced drug rush (Gruchalla and Pirmohamed,
2000).

Allergic contact dermatitis is normally not a life-threatening
disease. However, it is the most frequent reason for occupa-
tional skin diseases and has an enormous influence on the
patient’s social life. Therefore, in Germany the health assurance
system for the treatment and prevention of occupational
diseases (“Berufsgenossenschaften”), spends around € 3 billion
per year for the treatment and prevention of allergic contact
dermatitis.

Skin possesses several immunocompetent cells like the
antigen-presenting Langerhans cells as well as xenobiotic
metabolizing enzymes that process chemical compounds into
chemically active components. It is proposed that the combina-
tion of these two mechanisms makes the skin a target organ for
allergic reactions to small molecular weight compounds.

Xenobiotica metabolizing enzymes of the skin and their role
in allergic reactions to small molecular weight compounds

A small molecular hapten by itself cannot be recognized as
an antigen. In order to be recognized and processed as an
antigen, it needs to be attached to a peptide or protein. Drugs
and other xenobiotics entering the body will be activated by
metabolic conversion. The enzymes involved in this metabo-
lism are cytochrome P450 (CYP) isoenzymes, glucuronosyl
transferase, flavin-containing monooxygenase, N-acetyl-trans-
ferase and monoamine oxidase (Guengerich, 2006).

It is proposed that CYP enzymes are involved in the
pathophysiology of allergic drug reactions. One evidence for

this involvement is the observation that in many allergic drug
reactions, liver—kidney—microsomal antibodies are detected
that bind to CYPs located at the microsomal membrane (Beaune
etal., 1987; Cribb et al., 1997). CYPs are not only located in the
liver, but are also present in the skin—the main target organ of
drug allergic reactions. Therefore the extrahepatic metabolism
in the target organ may be important (Ahmad et al., 1996;
Ahmad and Mukhtar, 2004).

Studies on enzymatic dependent metabolism of xenobiotics
in extrahepatic tissues revealed a monooxygenases-dependent
catalytic activity in murine and human skin. The catalytic
activity could be induced and/or inhibited by different
xenobiotics including drugs (Bickers and Kappas, 1978;
Bickers et al., 1982; Levin et al., 1972; Merk et al., 1987).
The presence of multiple CYP enzymes in the skin was shown
on an mRNA and protein levels (Baron et al., 2001). Reverse
transcription-polymerase chain reaction (rtPCR) revealed con-
stitutive expression of cytochromes 1A1, 1B1, 2B6, 2E1, and
3AS5 in keratinocytes and showed an expression of cytochrome
3A4 after incubation with dexamethasone. The expression of
cytochrome 1Al was enhanced on the mRNA level after
induction with benzanthracene (Baron et al., 2001; Du et al.,
2006). mRNA data were confirmed on the protein level by
immunoblots and immunohistology which showed expression
of cytochrome P450 1A1, 2B6, 2El, and 3A. Constitutive
activity of CYP 1A1, 2B, 2E1, and 3A enzymes was measured
by catalytic assays (Baron et al., 2001). Also flavin-containing
monooxygenases were found in normal human epidermal
keratinocytes (NEHK)—in particular the FMO3 (Janmohamed
et al., 2001; Vyas et al., 2006a, 2006b). Furthermore,
transferases mediating the second phase of xenobiotic metabo-
lism such as glutathione-S-transferases, N-acetyl-transferases,
or UDP-glucuronosy! transferases were detected in the skin
(Kawakubo et al., 2000; Lilienblum et al., 1986; Mukhtar and
Bresnick, 1976).

Further studies showed that monooxygenases and transport-
associated proteins such as multidrug resistance-associated
transport proteins (MRPs) play complementary parts in drug
disposition by biotransformation (phase I) and anti-transport
(phase III) and act synergistically as a drug bioavailability
barrier. RtPCR analysis of membrane-associated transport
proteins revealed constitutive expression of MRP 1 and 3—6
in human epithelial keratinocytes, demonstrating that normal
human keratinocytes express a cell-specific pattern of efflux
transport proteins (Baron et al., 2001). Using real-time PCR,
RT-PCR, cDNA microarray, immunostaining and efflux assays,
it was shown that stimulation of NHEK and primary human
dermal fibroblasts with interleukin-6 (IL-6), in combination
with its soluble alpha-receptor, or oncostatin M (OSM) resulted
in an upregulation of MRP expression and activity (Dreuw et
al., 2005). These results suggest a regulating control between
the transformation of small molecular weight compounds and
inflammatory skin disorders.

In addition, expression of transport proteins involved in the
uptake of xenobiotics has been detected on the mRNA and
protein levels in human keratinocytes, revealing a different
expression pattern as compared to primary liver cells (Schiffer
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et al., 2003). The transporters studied included the subtypes A,
B, C, D, and E of the organic anion transporting polypeptide
(OATP) family, which are responsible for the uptake of various
anionic and neutral molecules and especially organic cations,
including drugs. Constitutive expression of OATP-B, OATP-D,
and OATP-E was shown in NHEK using RT-PCR and northern
blot analysis, as well as in human skin tissue shown by tissue
blot hybridization and immunohistochemistry (Schiffer et al.,
2003). Expression of OATP-A and OATP-C was not detected in
any of the keratinocyte samples. In contrast, liver tissue showed
a significant expression of OATP-A and OATP-B as well as
OATP-C, a weak expression of OATP-D, and no expression of
OATP-E (Schiffer et al., 2003). Using an uptake-transport assay,
uptake of known and well-characterized OATP substrates like
estradiol-17beta-glucuronide and estrone sulfate was inhibited
in normal human epidermal keratinocytes by specific inhibitors
such as taurocholate, verifying the functional capacity of the
expressed OATPs. Even though the substrate specificity of the
OATP isoforms is only partially known, these findings support
the concept that uptake of large organic cations like drugs or
allergic contact dermatitis antigens in keratinocytes is an active
transport process mediated by members of the OATP family.

These data confirm that NHEK expresses a specific profile of
xenobiotica-metabolizing enzymes and transporters involved in
drug influx and efflux. This may be important for the processing
and presentation of small molecular weight compounds
including drugs like carbamazepine, sulfonamides, or contact
allergens such as fragrances (Wolkenstein et al., 1998; Reilly et
al., 2000; Sieben et al., 2001; Merk et al., 2002).

Sulfonamides

The sulfonamides are antibiotics which are associated with
serious hypersensitivity adverse reactions including bullous
drug allergic reactions such as TEN. We isolated lesional
lymphocytes from a patient who suffered from a drug-induced
allergic erythema excudativum multiforme. Interestingly, these
T-lymphocyte clones only reacted to sulfamethoxazole after
incubation with appropriate antigen-presenting cells, sulfa-
methoxazole, and liver microsomes which possess CYP-
dependent enzyme activity (Hertl et al., 1995). Sulfonamides
are metabolized by N-acetyltransferases to acetylated deriva-
tives which are not sensitizing. However, alternatively sulfona-
mides such as sulfamethoxasole are activated by CYPs to
arylhydroxylamine derivatives which can be converted sponta-
neously to nitroso sulfamethoxazole metabolites (Naisbitt et al.,
2002; Vyas et al., 2006a). The incubation of NEHK with the
arylhydroxylamine metabolites of sulfamethoxazole resulted in
the formation of metabolite-protein adducts (Reilly et al., 2000).
Furthermore, confocal laser microscopic studies reveal covalent
binding of sulfonamide-metabolite-protein to the membrane of
keratinocytes in close proximity of the HLA-ABC proteins
(Roychowdhury et al., 2005). More recent studies suggest that
most likely FMO3 plays an important role in the bioactivation
of sulfonamides in NHEKs. Methimazole, a prototypical
substrate of the FMOs, attenuated the protein haptenation
observed in NHEKSs exposed to sulfamethoxazole or dapsone.

Inhibitors of CYPs such as aminobenzotriazoles and 1-
dichloroethylene did not reduce protein haptenation of
sulfamethoxazole (Vyas et al., 2006a, 2006b).

Pichler et al. proposed an alternative pathomechanism
leading to allergic drug reactions (Pichler, 2004). Studies on
cloned T-cells revealed that they may be stimulated by
glutaraldehyde-fixed AG-presenting cells. No activation of T-
cells occurred after short pulsing with small molecular weight
compounds such as sulfamethoxasole, lidocaine, carbamaze-
pine, lamotrigine, phenindione, and p-phenylendiamin (Naisbitt
etal., 2005; Sanderson et al., 2006a, 2006b; Sieben et al., 2002).
These results suggest that T-cell activation to small molecular
weight compounds is possible without prior antigen processing
and metabolism to highly reactive species which are needed for
covalent binding. This proposed pathomechanism may be
important for immune response after sensitization and therefore
may have an impact on the diagnosis of drug allergic reactions.
However whether this pathomechanism plays a role in
sensitization to small molecular weight compounds is open. In
the murine system, sensitizations were only inducible with
oxidized metabolites (Hopkins et al., 2005; Naisbitt et al., 2003,
2005).

A model for nevirapine sensitization showed that metabolites
other than those detected by T-cells might play a role in drug
sensitization (Chen et al., 2006; Popovic et al., 2006). This
model revealed that sensitization was primarily induced by a
cytochrome P450-dependent 12-hydroxy-metabolite of nevir-
apine. Interestingly, the active pharmaceutical ingredient (API),
but not the metabolite was cognized by T-cell clones isolated
after sensitization. Thus, sensitization might not only be caused
by metabolites of an API but also by the API itself. APIs that are
recognized by sensitized T-cells do not necessarily reveal the
conditions leading to the sensitization (Popovic et al., 2006).

Fragrances

In most western countries, sensitization rates are highest to
nickel, followed by fragrances (De Groot and Frosch, 1997).
Their ubiquitous distribution leads to unavoidable exposure.
Fragrances are not only present in cosmetic products but also in
household products, medications, food, paper, and paints. There
are several examples where fragrances are oxidized to become
the nominative antigen. This may occur by spontaneous
oxidation as in the case of D-limonene, linalool (Karlberg et
al., 1994, 1988; Matura et al., 2002; Skdld et al., 2004), or by
enzymatic metabolism, for example, cinnamic alcohol or
eugenol (Basketter, 1992; Betrand et al., 1997; Sieben et al.,
2001; Smith et al., 2000). Sieben et al. have observed that the T-
cell stimulation of eugenol- or isoeugenol-sensitized patients
was increased in the presence of antigen-modified human liver
microsomes (CYP) or recombinant CYP 1A1 in five of seven
cases (Sieben et al., 2001). This suggests that metabolically
active enzymes such as CYPs may be involved in the activation
of fragrances and that the study of those enzymatic pathways
may be important e.g. to recognize potentially strong antigens
by appropriate in vitro cell systems or knowledge-based expert
systems such as TOPS-MODE (topological substructural
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molecular descriptors) in combination with DEREK, which
represents the knowledge archive (Estrada et al., 2004).

Recently we studied a diene which was predicted by expert
systems as a non- or low-sensitizing compound. However in
sensitizing experiments in mice and guinea pigs revealed it to be
a strong sensitizer (Nilsson et al., 2005; Andresen Bergstrom et
al., 2006). The incubation of this compound with CYP enzymes
present in the skin resulted in the formation of epoxide derivates
(Bergstrom et al., 2007). This prompted us to establish a skin-
specific CYP cocktail which reflected the relative proportion of
different CYP enzymes present in the human skin (Bergstrom et
al., 2007). Incubation of human monocyte-derived antigen
presenting cells with the compounds or its epoxide derivatives
revealed especially the exocyclic epoxide metabolite and, to a
lesser extent, the diene-induced expression of proinflammatory
cytokines including interleukin 8 in these cells. This prediction
regarding the sensitizing properties of these derivatives was
mirrored in the local lymph-node assay in mice which also
revealed the epoxide derivatives as the main sensitizers
(Bergstrom et al., 2007).

Outlook

Currently, three developments are under investigation to
explain pathophysiology of allergic reactions to small molecular
weight compounds. These approaches might influence our
diagnostic and therapeutic abilities:

1. Establishment of animal models enable examination of the
primary sensitization phase — as applied in diagnostics of
sensitized patients — and also comparison of the secondary
inducers of the reaction as well as analysis of sequences of
allergic reaction (Nierkens and Pieters, 2005; Popovic et al.,
2006; Shenton et al., 2004; Uetrecht, 2006). These models
demonstrated the role of e.g. regulating T-cells in allergic
drug reactions or autoimmune drug reactions (Layland et al.,
2004; Masson and Uetrecht, 2004). Furthermore, these
models allow the control of therapeutic concepts, like in
TEN (Azukizawa et al., 2006).

2. The ability to use human monocyte-derived antigen-present-
ing dendritic cells creates the capability to test immunogeni-
city of small molecular substances. The metabolism of these
substances can be altered by establishing artificial metaboliz-
ing systems (Bergstrom et al., 2007).

3. Recent pharmacogenetic studies have revealed individual
risk factors such as HLA-association (Pirmohamed, 2006;
Pirmohamed and Atuah, 2006; Alsbou et al., 2006). A better
assessment of risk factors would enable the development of
improved individual therapy and therefore contribute to an
increase in drug safety. These studies might also increase our
knowledge about pathophysiological mechanisms.

References

Ahmad, N., Mukhtar, H., 2004. Cytochrome P450: a zarget for drug
development for skin diseases. J. Invest. Dermatol. 123, 417-425.

Ahmad, N., Agarwal, R., Mukhtar, H., 1996. Cytochrome P-450 and drug
development for skin diseases. Skin Pharmacol. 9, 231-241.

Alsbou, M., Rice, A., Alfirevic, A., Park, B.K., Pirmohamed, M., 2006. Effect of
carbamazepine on expression of the HSP-70 genes in B cells from
hypersensitive patients. 2nd International Drug Hypersensitivity Meeting,
pp. 24-25. Abstract No. 25.

Andresen Bergstrom, M., Luthman, K., Nilsson, J.L.G., Karlberg, A.-T., 2006.
Conjugated dienes as prohaptens in contact allergy: in vivo and in vitro
studies of structure-activity relationships, sensitizing capacity and metabolic
activation. Chem. Res. Toxicol. 19, 760—769.

Azukizawa, H., Kosaka, H., Sano, S., Itami, S., Katayama, 1., 2006. Animal
models of toxivc epidermal necrolysis. 2nd International Drug Hypersensi-
tivity Meeting, p. 15. Abstract No. 9.

Baron, J.M., Héller, D., Schiffer, R., Frankenberg, S., Neis, M., Merk, H.F.,
Jugert, F.X., 2001. Expression of multiple cytochrome p450 enzymes and
multidrug resistance-associated transport proteins in human skin keratino-
cytes. J. Invest. Dermatol. 116 (4), 541-548 (Apr).

Basketter, D.A., 1992. Skin sensitization to cinnamic alcohol: the role of skin
metabolism. Acta. Derm.-Venereol. 72, 264-265.

Beaune, P., Dansette, P.M., Mansuy, D., Kiffel, L., Finck, M., Amar, C., Leroux,
J.P., Homberg, J.C., 1987. Human anti-endoplasmic reticulum autoanti-
bodies appearing in a drug-induced hepatitis are directed against a human
liver cytochrome P-450 that hydroxylates the drug. Proc. Natl. Acad. Sci.
U. S. A. 84, 551-555.

Bergstrom, M.A., Ott, H., Carlsson, A., Neis, M., Zwadlo-Klarwasser, G., Merk,
H.F., Karlberg, A.T., Baron, J.M., 2007. A skin-like cytochrome P450
cocktail activates prohaptens to contact allergenic metabolites. J. Invest.
Dermatol. 127, 1145-1153.

Betrand, F., Basketter, D.A., Roberts, D.W., Lepoittevin, J.P., 1997. Skin
sensitization to eugenol and isoeugenol in mice: possible metabolic
pathways involving ortho-quinone and quinone methide intermediates.
Chem. Res. Toxicol. 10, 335-343.

Bickers, D.R., Kappas, A., 1978. Human skin aryl hydrocarbon hydroxylase-
induction by coal tar. J. Clin. Invest. 62, 1061-1068.

Bickers, D.R., Dutta-Choudhury, T., Mukhtar, H., 1982. Epidermis: a site of
drug metabolism in neonatal rat skin. Mol. Pharmacol. 21, 239-247.

Chen, J., Gou, H., Mannargudi, M., Uetrecht, J.P., 2006. Role of reactive
metabolites in Nevirapine-induced skin rash. 2nd International Drug
Hypersensitivity Meeting, pp. 35-36. Abstract No. 35.

Cribb, A.E., Pohl, L.R., Spielberg, S.P., Leeder, J.S., 1997. Patients with
delayed-onset sulfonamide hypersensitivity reactions have antibodies
recognizing endoplasmic reticulum luminal proteins. J. Pharmacol. Exp.
Ther. 282, 1064—1072.

De Groot, A.C., Frosch, PJ., 1997. Adverse reactions to fragrances. Contact
Dermatitis 36, 57—-86.

DeSwarte, R.D., Patterson, R., 1997. Drug allergy. In: Patterson, R., Grammer,
L.C., Greenberger, P.A. (Eds.), Allergic Diseases. Lippincott-Raven,
Philadelphia, pp. 317-412.

Dreuw, A., Hermann, H.M., Heise, R., Joussen, S., Rodriguez, F., Marquardt, Y.,
Jugert, F.X., Merk, H.F., Heinrich, P.C., Baron, J.M., 2005. Interleukin-6-
type cytokines upregulate expression of multidrug resistance-associated
proteins in NHEK and dermal fibroblasts. J. Invest. Dermatol. 124 (1),
28-37 (Jan).

Du, L., Neis, M.M., Ladd, P.A., Lanza, D.L., Yost, G.S., Keeney, D.S., 2006.
Effects of the differentiated keratinocytes phenotype on expression levels of
CYP1-4 family genes in human skin cells. Toxicol. Appl. Pharmacol. 213,
135-144.

Estrada, E., Patiewicz, G., Gutierrez, Y., 2004. From knowledge generation to
knowledge archive. J. Chem. Inf. Comput. Sci. 44, 688—698.

Fiszenson-Albala, F., Auzerie, V., Mahe, E., Farinotti, R., Durand-Stocco, C.,
Cricks, B., Descamps, V., 2003. A 6-months prospective survey of
cutaneous drug reactions in a hospital settino. Br. J. Dermatol. 149,
1018—-1022.

Friedman, P.S., Pirmohamed, M., Park, K., 1994. Investigations of mechanisms
in toxic epidermal necrolysis induced by carbamazepine. Arch. Dermatol.
130, 598-604.

Greenberger, P.A., 2006. Drug allergy. J. Allergy Clin. Immunol. 117,
S464-S470.

(2007), doi:10.1016/j.taap.2007.01.004

Please cite this article as: Merk, H.E., et al., Skin: Major target organ of allergic reactions to small molecular weight compounds, Toxicol. Appl. Pharmacol.



http://dx.doi.org/10.1016/j.taap.2007.01.004

H.F. Merk et al. / Toxicology and Applied Pharmacology xx (2007) xxx—xxx 5

Gruchalla, R.S., Pirmohamed, M., 2006. Antibiotic allergy. N. Engl. J. Med.
354, 601-609.

Guengerich, F.P., 2006. VolCytochrome P450s and other enzymes in drug
metabolism and toxicity. AAPS J. 8 (1), EI01-E111 (Article 12; S).

Hertl, M., Jugert, F., Merk, H.F., 1995. CD8+ dermal T cells from a
sulphamethoxazole-induced bullous exanthem proliferate in response to
drug-modified liver microsomes. Br. J. Dermatol. 132, 215-220.

Hopkins, J.E., Naisbitt, D.J., Humphreys, N., Dearman, R.J., Kimber, 1., Park,
B.K., 2005. Exposure of mice to the nitroso metabolite of sulfamethoxazole
stimulates interleukin 5 production by CD4" T-cells. Toxicology 206,
221-231.

Janmohamed, A., Dolphin, C.T., Phillips, L.R., Shephard, E.A., 2001.
Quantification and cellular localization and expression in human skin of
genes encoding flavin-containing monooxygenases and cytochrome P450.
Biochem. Pharmacol. 62, 777-786.

Karlberg, A.T., Bohlinder, K., Boman, A., Hachsell, U., Hermansson, J.,
Jacobsson, S., Nilsson, J.L.G., 1988. Identification of 15-hydroperoxyabie-
tic acid as a contact allergen in Portuguese colophony. J. Pharm. Pharmacol.
40, 42-47.

Karlberg, A.T., Shao, L.P., Nilsson, U., Gifvert, E., Nilsson, J.L.G., 1994.
Hydroperoxides in oxidized d-limonene identified as potent contact
allergens. Arch. Dermatol. Res. 286, 97—103.

Kawakubo, Y., Merk, H.F., Masaoudi, T.A., Sieben, S., Blomeke, B., 2000. N-
acetylation of paraphenylenediamine in human skin and keratinocytes.
J. Pharmacol. Exp. Ther. 292 (1), 150—155.

Layland, L.E., Wulferink, M., Dierkes, S., Gleichmann, E., 2004. Drug induced
autoantibody formation in mice: triggering by primed CD4+CD25— T cells,
prevention by primed CD4+CD25+ T cells. Eur. J. Immunol. 34, 36—46.

Levin, W., Conney, A.H., Alvares, A.P., Merkatz, 1., Kappas, A., 1972. Induction
of benzo(a)pyrene hydroxylase in human skin. Science 176, 419-420.

Lilienblum, W., Irmscher, G., Fusenig, N.E., Bock, K.W., 1986. Induction of
UDP-glucuronyl-transferase and arylhydrocarbon-hydroxylase activity in
mouse skin and in normal and transformed skin cells in culture. Biochem.
Pharmacol. 35, 35-42.

Masson, M.J., Uetrecht, J.P., 2004. Tolerance induced by low dose D-
penicillamine in the brown Norway rat model of drug-induced autoimmu-
nity is immune-mediated. Chem. Res. Toxicol. 17, 82-94.

Matura, M., Goossens, A., Bordalo, O., Garcia-Bravo, B., Magnusson, K.,
Wrangsjo, K., Karlberg, A.-T., 2002. Oxidized citrus oil (R-limonene)—A
frequent skin sensitizer in Europe. J. Am. Acad. Derm. 47, 709-714.

Merk, H., Mukhtar, H., Kaufmann, I., Das, M., Bickers, D.R., 1987. Human
hair follicle benzo(a)pyrene and benzo(a)pyrene 7,8-diol metabolism:
effect of exposure to a coal tar-containing shampoo. J. Invest. Dermatol.
88, 71-76.

Merk, H.F., Dorfmiiller, A., Sachs, B., Baron, J.M., 2002. Delayed
hypersensitivity reactions. ACI Int. 14, 194-198.

Mockenhaupt, M., 2005. Schwere Hautreaktionen der Haut. Hautarzt 56,
24-31.

Mukhtar, H., Bresnick, E., 1976. Glutathione-S-epoxide transferase in mouse
skin and human foreskin. J. Invest. Dermatol. 66, 161-164.

Naisbitt, D.J., Farrell, J., Gordon, S.F., Maggs, J.L., Burkhart, C., Pichler, W.J.,
Pirmohamed, M., Park, B.K., 2002. Covalent binding of the nitroso
metabolite of sulfamethoxazole leads to toxicity and major histocompa-
tibility complex-restricted antigen presentation. Mol. Pharmacol. 62 (3),
628—-637.

Naisbitt, D.J., Britschgi, M., Farrell, J., Wong, G., Depta, J.P.A., Chadwick,
D.W., Pichler, W.J., Pirmohamed, M., Park, B.K., 2003. Hypersensitivity
reactions to Carbamazepine: characterisation of the specificity, phenotype,
and cytokine profile of drug-specific T cell clones. J. Pharmacol. Exp. Ther.
63, 732-741.

Naisbitt, D.J., Farrell, J., Chamberlain, PJ., Hopkins, J.E., Berry, N.G.,
Pirmohamed, M., Park, B.K., 2005. Characterisation of the T-cell response
in a patient with phenindione hypersensitivity. J. Pharmacol. Exp. Ther. 313,
1058-1065.

Nierkens, S., Pieters, R., 2005. Murine models of drug hypersensitivity. Curr.
Opin. Allergy Clin. Immunol. 5, 331-335.

Nilsson, A.-M., Andresen Bergstrom, M., Luthman, K., Nilsson, J.L.G.,
Karlberg, A.-T., 2005. A conjugated diene identified as a prohapten: contact
allegenic activity and chemical reactivity of proposesd epoxide metabolites.
Chem. Res. Toxicol. 18, 308-316.

Pichler, W.J., 2004. Immune mechanisms of drug hypersensitivity. Immunol.
Allergy Clin. North Am. 24, 373-397.

Pirmohamed, M., 2006. Genetic factors in the predisposition to drug-induced
hypersensitivity reactions. AAPS J. 8 (1), E20—E26 (Article 3; S).

Pirmohamed, M., Atuah, K.N., 2006. Pharmacogenetics and adverse drug
reactions. In: Lee, A. (Ed.), Adverse Drug Reactions. Pharmaceutical Press,
London, pp. 43-73. 2. Aufl.

Popovic, M., Caswell, J., Uetrecht, J.P., 2006. A study of the sequence of events
involved in nevirapine-induced skin rash in brown norway rats. 2nd
International Drug Hypersensitivity Meeting, pp. 13—14. Abstract No. 6.

Reilly, T.P., Lash, L.H., Doll, M.A., Hein, D.W., Woster, P.M., Svensson, C.K.,
2000. A role for bioactivation and covalent binding within epidermal
keratinocytes in sulphonamide-induced cutaneous drug reactions. J. Invest.
Dermatol. 114, 1164-1173.

Roychowdhury, S., Vyas, PM., Reilly, T.P.,, Gaspari, A.A., Svensson, C.K.,
2005. Characterisation of the formation and localisation of sulfamethoxazole
and dapsone-associated drug-protein adducts in human epidermal keratino-
cytes. J. Pharm. Exp. Ther. 314, 43-52.

Sanderson, J.P., Naisbitt, D.J., Farrell, J., Drummond, N., Mathews, K.L.,
Pirmohamed, M., Clarke, S.E., Park, B.K., 2006a. Dendritic cell metabolism
of sulfamethoxazole leads to increased CD40 expression. 2nd International
Drug Hypersensitivity Meeting, p. 16. Abstract No. 10.

Sanderson, J.P., Naisbitt, D.J., Park, B.K., 2006b. Role of bioactivation in drug-
induced hypersensitivity reactions. AAPS J. 8 (1), ES5-E64 (Article 7; S).

Schiffer, R., Neis, M., Holler, D., Rodriguez, F., Geier, A., Gartung, C.,
Lammert, F., Dreuw, A., Zwadlo-Klarwasser, G., Merk, H.F., Jugert, F.K.,
Baron, J.M., 2003. Active influx transport is mediated by members of the
organic anion transporting polypeptide family in human epidermal
keratinocytes. J. Invest. Dermatol. 120 (2), 285-291 (Feb).

Shenton, J.M., Chen, J., Uetrecht, J.P., 2004. Animal models of idiosyncratic
drug reactions. Chem. -Biol. Interact 150, 53—70.

Sieben, S., Hertl, M., Al Masaaoudi, P., Merk, H.F., Blomeke, B., 2001.
Characterization of T cell responses to fragrances. Toxicol. Appl. Pharmacol.
172, 172—-178.

Sieben, S., Kawakubo, Y., Massaoudi, T.A., Merk, H.F., Blomeke, B., 2002.
Delayed-type hypersensitivity reaction to paraphenylendiamine is mediated
by 2 different pathways of antigen recognition by specific a3+human T-cell
clones. J. Allergy Clin. Immunol. 109, 1005-1011.

Skold, M., Borje, A., Harambasic, E., Karlberg, A.-T., 2004. Contact allergens
formed on air exposure of linalool. Identification and quantification of
primary and secondary products and the effect on skin sensitization. Chem.
Res. Toxicol. 17, 1697—-1705.

Smith, C.K., Moore, C.A., Elahi, N.E., Smart, A.T.S., Hotchkiss, A.M., 2000.
Human skin absorption and metabolism of the contact allergens, cinnamic
aldehyde, and cinnamic alcohol. Toxicol. Appl. Pharmacol. 168, 189—199.

Uetrecht, J., 2006. Role of animal models in the study of drug-induced
hypersensitivity reactions. AAPS J. 7 (4), E914-E992 (Article 89; S).

Vyas, P.M., Roychowdhury, S., Khan, F.D., Prisinzano, T.E., Lamba, J.,
Schuetz, E.G., Blaisdell, J., Goldstein, J.A., Munson, K.L., Hines, R.N.,
Svensson, C.K., 2006a. Enzyme-mediated protein haptenation of dapsone
and sulfamethoxazole in human keratinocytes: I. Expression and role of
cytochrome P450. J. Pharmacol. Exp. Ther. 319 (1), 488—-496.

Vyas, P.M., Roychowdhury, S., Koukouritaki, B., Hines, R.N., Krueger, S.K.,
Williams, D.E., Nauseef, W.M., Svensson, C.K., 2006b. Enzyme-mediated
protein haptenation of dapsone and sulfamethoxazole in human keratino-
cytes: II. Expression and role of flavin-containing monooxygenases and
peroxidases. J. Pharmacol. Exp. Ther. 319 (1), 497-505.

Weiss, MLE., 1992. Drug allergy. Med. Clin. North Am. 76, 857—-882.

Wolkenstein, P., Tan, C., Lecoeur, S., Wechsler, J., Garcia-Martin, N., Charue,
D., Bagot, M., Beaune, 1998. Covalent binding of carbamazepine reactive
metabolites to P450 isoforms present in the skin. Chem. -Biol. Interact. 113,
39-50.

(2007), doi:10.1016/j.taap.2007.01.004

Please cite this article as: Merk, H.E., et al., Skin: Major target organ of allergic reactions to small molecular weight compounds, Toxicol. Appl. Pharmacol.



http://dx.doi.org/10.1016/j.taap.2007.01.004

	Skin: Major target organ of allergic reactions to small molecular weight compounds
	Introduction
	Xenobiotica metabolizing enzymes of the skin and their role in allergic reactions to small mole.....
	Sulfonamides
	Fragrances
	Outlook
	References


