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A B S T R A C T

Benzoquinone (BQ) and benzoquinone derivatives (BQD) are used in the production of dyes and
cosmetics. While BQ, an extreme skin sensitizer, is an electrophile known to covalently modify proteins
via Michael Addition (MA) reaction whilst halogen substituted BQD undergo nucleophilic vinylic
substitution (SNV) mechanism onto amine and thiol moieties on proteins, the allergenic effects of adding
substituents on BQ have not been reported. The effects of inserting substituents on the BQ ring has not
been studied in animal assays. However, mandated reduction/elimination of animals used in cosmetics
testing in Europe has led to an increased need for alternatives for the prediction of skin sensitization
potential. Electron withdrawing and electron donating substituents on BQ were assessed for effects on BQ
reactivity toward nitrobenzene thiol (NBT). The NBT binding studies demonstrated that addition of EWG
to BQ as exemplified by the chlorine substituted BQDs increased reactivity while addition of EDG as in the
methyl substituted BQDs reduced reactivity. BQ and BQD skin allerginicity was evaluated in the murine
local lymph node assay (LLNA). BQD with electron withdrawing groups had the highest chemical potency
followed by unsubstituted BQ and the least potent were the BQD with electron donating groups. The BQD
results demonstrate the impact of inductive effects on both BQ reactivity and allergenicity, and suggest
the potential utility of chemical reactivity data for electrophilic allergen identification and potency
ranking.

ã 2015 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Allergic contact dermatitis (ACD) is a prevalent occupational
disease caused by a wide range of chemicals (Payne and Walsh,
1994; Roberts et al., 2011). ACD which is estimated to affect 1–4%
(Smith and Hotchkiss, 2001) of the general world-wide population,
accounts for 30–>50% of occupational skin disorders depending on
the industry. Over 13 million workers in the US are believed to be at
risk from exposure to potential skin sensitizers and the level of
compensation due to occupational contact dermatitis has been

estimated to be greater than $1 billion/yr (Mathias and Morrison,
1988). ACD is also a significant health hazard of concern to
developers of cosmetic, personal care, chemical, pharmaceutical,
and medical device products (Mckim et al., 2010; Roberts and
Aptula, 2008).

Existing animal based assays such as the murine local lymph
node assay (LLNA) (Basketter et al., 2000), which is based on the
proliferation of lymph node cells in the induction phase or the
mouse ear swelling test (MEST) (Gad, 1994) and the guinea pig
maximization test (GPMT) (GPMT, 2002) which are based on the
observation of the allergic responses in the elicitation phase of ACD
are widely used to identify skin sensitizing chemicals and to
measure the relative sensitization potential of contact allergens.
Predictive animal tests such as the LLNA that have the capacity to
identify sensitizers before they are placed on the market have been
highly successful (Basketter and Maxwell, 2007). However, the
mandated reduction/elimination of animals testing for cosmetics
use in Europe has led to an increased need for alternatives methods
for prediction of skin sensitization potential (Roberts et al., 2007).
Most researchers moved to the LLNA due to its animal welfare
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benefits while efforts to develop robust alternative non-animal test
methods still continue. For example, a published dataset consisting
of quantitative test results for compounds tested in the LLNA is
being used to develop and evaluate (validating or invalidating)
alternative approaches (Roberts et al., 2011).

Hundreds of chemicals, belonging to different reaction mecha-
nistic domains, have been shown to possess the ability to induce
skin sensitization. One group of these chemicals is benzoquinone
(BQ) and the benzoquinone derivatives (BQD). While BQ and BQD
are used in the production of dyes (Boga et al., 2013; Shimada et al.,
2015) they can be reduced to hydroquinones which are used in
cosmetics (Dlova et al., 2015; Matsubayashi et al., 2002; Shin and
Park, 2014; Uddin et al., 2011), leading to potential skin exposure.
BQ is an extreme skin sensitizer EC3 = 0.013% (EC3 is the estimated
concentration that produces a 3 fold increase in lymph node cell
proliferation over the vehicle control) (Roberts and Aptula, 2009)
but the effects of inserting substituents on the BQ ring have not
been studied in animal assays. BQ and BQD are known to covalently
modify proteins via the Michael addition (MA) reaction and/or
through nucleophilic vinylic substitution (SNV), depending on
whether it is attached to either electron donating groups (EDGs) or
electron withdrawing groups (EWGs) that are good leaving groups
(Mbiya et al., 2012).

The seven BQD test chemicals studied with expected sites of
nucleophilic attack on the ring are shown in Figure 1. The reported
(Mbiya et al., 2012) reactivity constants (ka) for BQ and BQD were
used to predict the LLNA EC3 values for the BQD after which LLNA
studies were then performed for BQ and BQD to determine the EC3
values. LLNA studies also served to test the predictive power of the
reactivity data thus evaluating the potential utility of the reactivity
approach as an alternative method for skin sensitization testing.

2. Experimental

2.1. Chemicals

100 mM phosphate buffer (pH 7.4) was made using mono-
sodium phosphate and disodium phosphate, acetic acid, sodium
acetate, acetonitrile (ACN), 4-nitrobenzenethiol (NBT). All test

chemicals were purchased from Sigma Chemical Co. (St. Louis, MO)
unless otherwise stated.

3. Methods

3.1. Approach for QSAR analysis

The ka values reported in Mbiya et al., (2012), where BQ and
BQD were reacted with NBT, were adopted. The structures of test
compounds are given in Fig. 1 and the arrows indicate the reaction
sites. The log P values were calculated from structure using
ADMET1 (MedChem-Designer) Version: 2.0 software (Dearden,
2007).

3.2. Local lymph node assay

Female BALB/c mice were purchased from Taconic (Hudson, NY,
USA). Animals were 6–8 weeks old upon arrival and allowed to
acclimate for a minimum of 10 days. Animals were housed in the
Association for Assessment and Accreditation of Laboratory
Animal Care International-accredited animal facility at National
Institute for Occupational Safety and Health (NIOSH), Morgan-
town, WV, USA. Animals were housed under controlled environ-
mental conditions in High Efficiency Particulate Act (HEPA)-
filtered ventilated polycarbonate cages on autoclaved hardwood
beta-chip bedding and provided Teklad 7913 food and autoclaved
tap water ad libitum. All animal procedures were reviewed and
approved by the NIOSH Animal Care and Use Committee.

The LLNA was performed according to the Interagency
Coordinating Committee on the Validation of Alternative Methods
(ICCVAM) standard method (Haneke et al., 2001) to determine the
allergenic potency of test chemicals. The LLNA test was conducted
in three independent blocks, each of which contained solvent
controls, assay of 2 BQD and BQ as the positive control. After
randomly grouping mice into groups (n = 4), mice were dosed with
25 mL/ear of a test chemical in acetone olive oil (AOO; 4:1). The
negative vehicle control group was dosed with AOO. The vehicle
and test chemicals were applied on the dorsum of both ears. Two
hundred mL of 20 mCi 3H-thymidine in 0.01 M phosphate buffered

Fig. 1. BQ and BQD test chemicals and their corresponding observed EC3 values. The arrows are the sites of nucleophilic attack.
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