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Zinc diethyldithiocarbamate allergenicity:
potential haptenation mechanisms
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Background: Zinc diethyldithiocarbamate (ZDEC) and its disulfide, tetraethylthiuram disulfide
(TETD), are rubber accelerators and contact allergens that cross-react in some individuals.

Objective: This study explored potential protein haptenation mechanisms of ZDEC and its oxidation
products.

Methods: ZDEC oxidation/reduction products and sites of protein binding were assessed using high-
performance liquid chromatography and mass spectrometry. The murine local lymph node assay
(LLNA) was employed to probe haptenation mechanisms of ZDEC by examining its allergenicity
along with its oxidation products and through elimination of oxidation and chelation mechanisms by
substituting cobalt for zinc [cobalt (IT) dithiocarbamate, CoDEC].

Results: Oxidation of ZDEC by hypochlorous acid (bleach, HOCI), iodine, or hydrogen peroxide
resulted in production of TETD, tetraethylthiocarbamoyl disulfide, and tetraethyldicarbamoyl disul-
fide (TEDCD). Albumin thiols reduced TETD with subsequent mixed disulfide formation/haptena-
tion. ZDEC directly chelated the copper ion on the active site of the superoxide dismutase, whereas
CoDEC did not bind to Cu proteins or form mixed disulfides with free thiols. ZDEC, sodium
diethyldithiocarbamate, TEDCD, and TETD were all positive in the LLNA except CoDEC, which
was non-allergenic.

Conclusion: The thiol is the critical functional group in ZDEC’s allergenicity, and haptenation is
predominantly through chelation of metalloproteins and formation of mixed disulfides.

Key words: allergenicity; diethyldithiocarbamate; haptenation; local lymph node assay; mechanism;
oxidation; thiuram. © Blackwell Munksgaard, 2008.
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Dialkyldithiocarbamates and the corresponding
disulfides have diverse applications in industry,
agriculture, and medicine. The most common
industrial use of zinc diethyldithiocarbamate
(ZDEC) is to accelerate vulcanization in rubber
and latex products manufacturing. Significant
amounts of ZDEC and tetraethylthiuram disul-
fide (TETD) have been found in a number of rub-
ber products ranging from shoes, elastic from
underwear, condoms (1), surgical drains (2), and
gloves (3, 4). ZDEC and TETD are well docu-
mented as contact sensitizers in studies in both
animals and humans (5-9). Allergic contact der-
matitis (ACD) associated with exposure to
ZDEC- and TETD-containing products such as

medical examination gloves is widespread (6-8).
Cross-reactivity can occur between dithiocarba-
mates and thiurams, and mixtures of both chem-
icals can be present in the gloves (10). Oxidation
products of these accelerators may also be poten-
tial contact sensitizers because it is common in the
hospital setting to wear rubber gloves while using
strong oxidizing disinfectants, including iodine,
hydrogen peroxide, and bleach.

It is commonly accepted that ZDEC, like many
low-molecular-weight contact allergens, can only
trigger an immune response when bound to a
protein in the form of an immunogenic protein—
hapten complex (11). Haptenation of epidermally
relevant skin proteins by ZDEC has not been
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reported despite the numerous studies on the dis-
position and systemic toxicity of ZDEC, TETD,
and their corresponding analogues (12—14). The
chelating properties of the dithiocarbamate ligand
have been proposed to be responsible for the mod-
ification of some metalloproteins and metalloen-
zymes (15, 16), but these chelation properties have
not been investigated with respect to skin sensiti-
zation. Dithiocarbamates have also been demon-
strated to inhibit cytotoxicity mediated by natural
killer cells, and experimental evidence suggests
that this is through disulfide bond formation with
cellular sulfhydryl components (15).

Despite the reported biological effects and metab-
olites of dithiocarbamates that are quite varied (12),
the mechanism(s) by which ZDEC is able to hapten-
ate proteins resulting in ACD has not been explored.
We hypothesized that the thiol carbamate group
(-C(=S)-S-) of ZDEC is the critical and reactive
functional group responsible for protein haptena-
tion, leading to skin sensitization. A series of experi-
ments were carried out to test the hypothesized
pathways outlined in Fig. 1, which were to oxida-
tively transform ZDEC (pathways I and II) and to
study the fate of ZDEC and the oxidation products
in the presence of metal ions, metalloproteins (path-
ways III and 1V), and protein thiols (pathway V).
ZDEC and its oxidation/transmetallation products

were tested in the local lymph node assay (LLNA) to
probe the contribution of the chemical pathways in
the sensitizing potential of ZDEC.

Materials and Methods
Chemicals

ZDEC, zinc dimethyldithiocarbamate (ZDMC),
sodium diethyldithiocarbamate (NaDEC), TETD,
bovine erythrocyte copper/zinc superoxide dismu-
tase (SOD), acetone, hypochlorous acid (HCIO),
iodine, hydrogen peroxide, trichloroacetic acid
(TCA), formic acid (FA), phosphate-buffered
saline (PBS), acetonitrile (ACN), cobalt (II) chlo-
ride, copper (II) chloride, barium (II) chloride,
5,5'-dithio-bis(2-nitrobenzoic  acid) (DTNB),
reduced glutathione, oxidized glutathione, cyste-
ine, cystine, cysteamine, bovine serum albumin
(BSA), dithiothreitol (DTT), and hexyl cinnamic
aldehyde (HCA) were acquired from Sigma
Aldrich (St Louis, MO, USA). Tritiated thymidine
(H-TdR, specific activity 2 Ci/mmol) was from
Dupont NEN (Waltham, MA, USA) and scintil-
lation fluid from PerkinElmer (Waltham, MA,
USA). Microdialysis tubing (molecular weight
cut-off 3.5 kDa) was from Pierce (Rockford, IL,
USA). All solutions were prepared using nanopure
water (Milli-Q; Millipore, Bedford, MA, USA).

Pr - Protein
[O] - Oxidant
Nu - Nucleophile

Fig. 1. Summary of the chemical oxidation pathways of ZDEC and possible protein haptenation pathways. Oxidation of
ZDEC to TETD (I) with subsequent protein thiol (Pr-SH)-induced reduction of TETD results in protein haptenation via mixed
disulfide formation (V). Oxidative desulfuration (II) produces electrophilic carbonyl centres on TEDCD, which are hypoth-
esized to covalently bind to nucleophilic protein residues. ZDEC reacts directly with metalloproteins by chelating the metal
ions, resulting in strong co-ordinate bonds. Crossed-out arrows represent non-viable pathways as demonstrated by experi-
mental data. CoDEC, cobalt (II) dithiocarbamate; DEC, diethyldithiocarbamate; TEDCD, tetraethyldicarbamoyl disulfide;
TETD, tetraethylthiuram disulfide; ZDEC, zinc diethyldithiocarbamate.
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Cobalt (IT) dithiocarbamate (CoDEC) was syn-
thesized directly from NaDEC and CoCl, using
a previously reported method (17). Tetraethyldi-
carbamoyl disulfide (TEDCD) was prepared from
0.1 g/ml NaDEC with 10% (v/v) HCIO. The
reactants were stirred at 37°C for 15 hr. The resul-
tant precipitate was filtered, washed with ice-cold
water, and dried. High-performance liquid chro-
matography (HPLC) and mass spectrometry
(MS) were used to characterize the product before
use in the LLNA.

Animals

Female BALB/c mice were purchased from
Taconic (Hudson, NY, USA). Animals were
6—8 weeks old upon arrival and allowed to accli-
mate for a minimum of 10 days. Animals were
housed in the Association for Assessment and
Accreditation of Laboratory Animal Care Interna-
tional-accredited animal facility at National Insti-
tute for Occupational Safety and Health (NIOSH),
Morgantown, WV, USA. Animals were housed
under controlled environmental conditions in High
Efficiency Particulate Act (HEPA)-filtered venti-
lated polycarbonate cages on autoclaved hard-
wood beta-chip bedding and provided food and
autoclaved tap water ad libitum. All animal proce-
dures were reviewed and approved by the NIOSH
Animal Care and Use Committee.

Experimental Procedures
Instrumentation

Spectrophotometric characterization of ZDEC,
TETD, free thiols, oxidation reactions, and pro-
tein conjugation was carried out on a Beckman
(Fullerton, CA, USA) DU 800 spectrophotometer
with a VWR Scientific (Niles, IL, USA) circulat-
ing water bath for temperature control.

HPLC analysis was performed on a Shimadzu
Prominence system equipped with an SPD-M10A
photodiode array detector (PDA) (Shimadzu,
Columbia, MD, USA). Separations were per-
formed using a gradient of 5-80% ACN over
20 min at a flow rate of 1 ml/min through
a Supelco Discovery (Bellefonte, PA, USA) C18
column (5 wm particle size, 250 mm x 4.6 mm).
The column was presaturated with ZDMC for all
ZDEC, NaDEC, and TETD analyses as previ-
ously described (1). Absorbance at 260 and
420 nm were monitored, and in some cases, the
maximum spectral scan mode was employed.

All mass spectra were acquired using a Micro-
mass QTOF-II (Waters Corp., Milford, MA,
USA) quadrupole time-of-flight mass spectrome-
ter. Analytes were dissolved in a 50/50 ACN/1%

FA mixture and analysed using positive mode
electrospray ionization (+ESI). Nitrogen was
used as the desolvation gas. Tandem mass spec-
trometry (MS/MS) data were generated via
collision-induced dissociation in argon. The resul-
tant mass spectra for the ZDEC-Cu/Zn-SOD
reaction were charge deconvoluted using maximum
entropy calculations performed in MASSLYNX (Max-
Entl). The output range was 10-35 kDa at a reso-
lution of 1.0 Da/channel.

Chemistry

Oxidation reactions were carried out by mixing
1 wm ZDEC with a 1- to 10-fold excess of oxidant
in 50/50 ACN/H,O with continuous stirring at
37°C. Oxidants used were CIO~, H,0O,, and I,.
Serial spectral scans at 260 nm were performed
to observe the loss of ZDEC, and aliquots of the
reaction solutions were taken for HPLC-PDA
analysis. MS was performed on fractions collected
from the HPLC column after diluting each frac-
tion 10°-fold in 50/50 ACN/0.1% FA.

Formation of mixed disulfides by reduction of
TETD was performed by reacting 0.01 mm cyste-
ine or glutathione with 0.01 mm TETD in 50/50
ACN/H,O with constant stirring for 15 min at
37°C. Fractions from the HPLC column were col-
lected and diluted 10°-fold in 50/50 ACN/0.1% FA
for MS analysis. BSA, which was reduced with
DTT according to a previously used method to
afford a single reduced thiol on the BSA (BSA—
Cys34) (18), was reacted with TETD by incubating
0.8 mg/ml BSA with 0.5 mm TETD in 50 mm
ammonium bicarbonate (NH4HCO;) buffer (pH
7.4) for 1 hr on a shaker at 37°C. HPLC and MS
samples were obtained for the identification and
characterization of diethyldithiocarbamate (DEC)
and DEC—Cys34-BSA mixed disulfides after dial-
ysis (molecular mass cut-off of 3500 Da) in 50 mm
NH4HCOs;. Loss of the BSA-Cys34-DTNB reac-
tivity (18) was also used to determine loss of thiol
reactivity as a result of TETD binding. As controls,
BSA thiol concentrations were determined for (i)
fresh BSA in buffer that was not incubated or dia-
lysed, (ii) BSA (in the absence of TETD) that had
been incubated under the same conditions (as the
TETD-treated BSA) and dialysed, and (iii)) BSA
that had been reduced by DTT and dialysed.

Reaction of ZDEC|TETD with cobalt/copper ions

Transmetallation reactions were performed by
reacting 10 wm ZDEC with a onefold to fivefold
excess of either CoCl, or CuCl, in ACN at room
temperature. Chelation of Co(II) and Cu(Il) ions
with 10 uMm TETD was allowed to proceed for
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2 days in ACN with HPLC-PDA analysis being
performed at intervals. Absorbance measure-
ments were made at 320 nm (CoDEC) and
420 nm (CuDEC). Reactions were performed in
sealed test tubes to avoid loss of ACN. MS was
used to identify the transmetallation and complex-
ation products.

ZDEC—Cu/Zn—SOD reaction

Haptenation of SOD was performed by incubat-
ing 0.16 mg/ml SOD solution with 0.06 mm
ZDEC in 50 mm NH4HCO; buffer (pH 7.4, for
1 hr on a shaker at 37°C). A control consisting
of SOD in the buffer was also incubated. Dialysis
of the reaction solution and control was per-
formed overnight using 3.5 kDa molecular weight
cut-off microdialysis tubing against 2 L of 50 mm
NH4HCO; with two buffer changes. Absorbance
measurements at 420 nm were performed prior to
and after dialysis. HPLC and MS samples were
obtained after dialysis.

Local lymph node assay

To determine the allergenic potency of test chem-
icals, the LLNA was performed according to
the Interagency Coordinating Committee on the
Validation of Alternative Methods (ICCVAM)
standard method (19). After grouping into homo-
geneous groups (n = 5) based on their weight,
mice were dosed with 25 wl of a test chemical
[ZDEC: 0.5%, 1%, and 5%; NaDEC: 0.5%,
2.5%, and 5%; CoDEC: 0.5%, 2.5%, and 7.5%;
TETD: 0.5%, 2.5%, and 7.5%; and TEDCD:
0.5%, 2.5%, and 7.5%; the positive control,
30% HCA or the vehicle (acetone)] applied on
the dorsum of both ears. About 0.2 ml of
20 wCi *H-TdR in 0.01 M PBS was injected into
the tail vein on D6, and after 5 hr, the mice were
euthanized via CO, inhalation. Left and right

Lo
5lJ

5[0]
(CH,CHy),N-C-5-Zn-8-C-N(CH,CHy),

S
ZDEC

BaCl,

draining auricular lymph nodes were excised and
pooled for each animal. Single cell suspensions
were made, and following overnight incubation
in 5% TCA, samples were counted using a Packard
Tri-Carb 2500TR (Meriden, CT, USA) liquid
scintillation analyzer with subtraction of the
background. Stimulation indices (SI) were calcu-
lated by dividing the mean disintegrations per
minute (DPM) per test group by the mean DPM
for the vehicle control group. Three concen-
trations of each test chemical were evaluated by
the linear interpolation approach (20) to obtain
effective concentration (EC3) inducing a threefold
SI over the vehicle control. At 30%, the HCA
positive control resulted in an average SI value
of 9.47.

Statistical analysis

Evaluation of data for whole animal experiments
was conducted with SIGMASTAT 3 from Systat Soft-
ware, Inc. (San Jose, CA, USA). Data were ana-
lysed by one-way anova followed by a post hoc
Bonferroni test, and data were considered signifi-
cant at P < 0.05.

Results
Oxidation of ZDEC

The direct ZDEC oxidation pathways leading to
protein haptenation that were evaluated are
pathways I, II, and Ila in Fig. 1. ZDEC was
reacted with iodine, hydrogen peroxide, and
hypochlorous acid (bleach, HOCI) and found to
be oxidized to TETD and two thiocarbamoyl
disulfides, tetraethylthiocarbamoyl disulfide
(TETCD) and TEDCD. All oxidants reacted rap-
idly with ZDEC to afford the oxidation products
that were common to all oxidants, although the
stoichiometry differed. The oxidative trans-
formation of ZDEC depended on the ratio of

S
i
(CH,CH,),N-C-$-5-C-N(CH,CH,
TETD S

i
(i) (CH,CH,),N-C-5-5-C-N(CH,CH

2)2 3)2

TETCD +BaSO,

"
(i) (CH,CH,),N-C-S-8-C-N(CH,CH,),

TEDCD

Fig. 2. Hydrogen peroxide, iodine, and bleach were all able to oxidize ZDEC. Depending on the ZDEC-to-oxidant ratio, the
products were TETD, TETCD, and TEDCD. BaCl, was used to confirm the oxidative desulfuration on the thiocarbamates.
BaCl,, barium chloride; BaSOy, barium sulfate; TEDCD, tetraethyldicarbamoyl disulfide; TETCD, tetraethylthiocarbamoyl
disulfide; TETD, tetraethylthiuram disulfide; ZDEC, zinc diethyldithiocarbamate.
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Fig. 3. Mass spectrometry of the high-performance liquid chromatography fractions of 1 um ZDEC reacted with a fivefold
excess of HOCI. ZDEC is oxidized to (a) TETCD (m/z 281.09) and (b) TEDCD (m/z 265.11) showing the complete
oxidation (on the S atom) and cleavage of the CS bond to yield a CO on one and both sides of the disulfide bond. HOCI,
hypochlorous acid; TEDCD, tetraethyldicarbamoyl disulfide; TETCD, tetraethylthiocarbamoyl disulfide; ZDEC, zinc

diethyldithiocarbamate.

ZDEC:oxidant as indicated in reaction scheme
shown in Fig. 2. Figure 3 shows the MS results
for the HPLC fractions of 1 um ZDEC that had
been reacted with a fivefold excess of HOCI. Fig-
ure 3a with a m/z of 281.09 shows the complete
oxidation (on the S atom) and cleavage of the C=S
bond to yield a C=O on one side of the disulfide
bond (=TETCD), and Fig. 3b with m/z 265.11
shows the same oxidation on both S atoms of
the C=S bonds on both sides of the disulfide bridge
of TETD (-TEDCD). Thus, excess oxidant resulted
in the extrusion of S from the thiocarbamate bond
as the sulfate ion. Barium chloride (BaCl,) addition
resulted in quantitative formation of the insoluble
barium sulfate (BaSO,) from reaction with free sul-
fateions, thus confirming the complete oxidation on
the S atom and cleavage of the C-S bond. These
results demonstrate that the S atoms of C-S moiety
are vulnerable to oxidation and subsequent substi-
tution by O atoms (Fig. 1, pathway II). Interest-
ingly, direct oxidation of TETD to TETCD or

TEDCD was not observed, suggesting that Zn
may be required to catalyse this reaction (Fig. 1,
pathway Ila).

Mixed disulfide haptenation through
non-enzymatic reduction of TETD

TETD was readily reduced by BSA-Cys34, cys-
teine, glutathione (GSH), and cysteine ethyl ester
(CEE) to afford DEC, a mixed disulfide and the
disulfide of the corresponding thiol (Fig. 1, path-
way V). When the thiols and their corresponding
disulfides were incubated with ZDEC (data not
shown) under the same conditions, there was no
formation of mixed disulfides, indicating that
mixed disulfide hapten formation requires
ZDEC to be initially oxidized to TETD. MS
results (Fig. 4) demonstrate the formation of
DEC-S-S-cysteine with an m/z of 269.19. Other
ions observed in the mass spectrum include DEC
(m/z 148.10), cystine (m/z 241.16), and unreacted
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Fig. 4. Quadrupole time-of-flight mass spectrometry of the TETD—cysteine reaction. Mixed disulfide formation results in the
DEC-cysteine adduct (a) (m/z 269.19). Other ions in the reaction include DEC (m/z 148.10), cystine (1m/z 241.16), and unreacted
TETD (m/z 297.22). Tandem mass spectrometry of the DEC—cysteine adduct ion (m2/z 269.19) as shown in (b) resulted in
fragment ions of both DEC (m/z 148.10) and cysteine (m/z 120.07), confirming the ion as the mixed disulfide. DEC, dieth-

yldithiocarbamate; TETD, tetraethylthiuram disulfide.

TETD (m/z 297.22). MS/MS of the ion at
m/z 269.19 [Fig. 4b] resulted in fragment ions
because of both DEC (m/z 148.10) and cysteine
(m/z 120.07), confirming the ion as the mixed
disulfide. The DEC-cysteine adduct was thus
confirmed as a major product of the thiol-
induced reduction of TETD, suggesting the for-
mation of mixed disulfides between the DEC and
the thiols. The presence of cystine was a result of
the oxidation of cysteine by TETD.

Reaction of TETD with BSA resulted in the
blocking of the reduced Cys34 residue on BSA.
Figure 5(c) shows the reaction between the
reduced BSA-Cys34 with the thiol-specific
reagent, DTNB, to produce chromophore, 2-
nitro-5-thiobenzoic acid, which absorbs at
412 nm. The Cys34 reactivity to DTNB was lost
when BSA was preincubated with TETD at the
physiological pH [Fig. 5(b)]. Appropriate controls
showed that the blockage of Cys34 was only pos-
sible with the disulfide TETD and not DEC. The
Cys34-DEC bond was shown to be strong as there
was still no reactivity to DTNB after extensive

dialysis of the TETD-treated BSA. The BSA-
Cys34 was able to reduce TETD in the same
way as free cysteine, and covalent modification
of the Cys34 by TETD was via mixed disulfide
formation.

Reaction of ZDEC|TETD with cobalt/copper ions

To understand the interaction of ZDEC with
physiologically relevant metal ions, the kinetics
of the complexation reaction between Cu(Il)/
Co(II) and ZDEC/TETD was studied. The prog-
ress of the TETD—-Cu(Il) and TETD-Co(Il) reac-
tions was very slow, taking about 2 days to reach
completion at room temperature compared with
that of ZDEC with both Cu(IT) and Co(II), which
was complete in less than 10 seconds. Yellow- and
green-coloured complexes were obtained with
Cu(II) and Co(II), respectively, when they were
incubated with either ZDEC or TETD. The
CuDEC had an absorbance peak at 420 nm,
whereas the CoDEC complex absorbed at
320 nm. HPLC separation with MS analysis
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Fig. 5. Reaction of Cys34 on BSA with DTNB: (a) 0.5 mm
DTNB, (b) 0.8 mg/ml BSA preincubated with 0.5 mm TETD
reacted with 0.5 mm DTNB, (c) 0.8 mg/ml BSA + 0.5 mm
DTNB. TETD was able to block the free thiol on Cys34.
BSA, bovine serum albumin; DTNB, 5,5’-dithio-bis(2-nitro-
benzoic acid); TETD, tetraethylthiuram disulfide.

confirmed formation of CuDEC and CoDEC,
irrespective of whether the metal ion was incu-
bated with ZDEC or TETD. A fast transmetalla-
tion reaction where Zn was substituted with either
Cu(IT) or Co(II) was the predominant reaction for
ZDEC. Where TETD was used, instead, it is pos-
sible that the disulfide bond on TETD was ame-
nable to reduction with either residual Cu(l) or
Co(II), thus availing two DEC ligands that che-
lated the metal ions.

on ZDEC. The apoenzyme (metal free) did not
react with ZDEC under similar conditions, sug-
gesting that adduct formation between ZDEC
and SOD was via the chelation of the SOD copper
ion. Modification of the copper-containing active
site of the monomeric SOD by ZDEC was con-
firmed by positive ESI-MS after dialysis against
the NH4HCO; buffer (pH 7.4). As shown in Fig. 6
a and b, deconvolution of the multiply charged
mass spectra of SOD and ZDEC-treated SOD
yields molecular masses of 15 588 and 15 736 Da,
respectively. This mass shift of 149 Da, absent in
the control SOD (which was dialysed but not trea-
ted with ZDEC), corresponds to the addition of
one DEC to the SOD. The fact that chelation of
the SOD copper by ZDEC resulted in a stable hap-
ten—protein complex was also evident by the yellow
colour of the SOD-DEC adduct, which persisted
after extensive dialysis. Subsequent absorbance
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Fig. 6. Deconvolution of the multiply charged mass spectra of SOD and ZDEC-treated SOD. Incubation of (a) 0.16 mg/ml
SOD and (b) 0.16 mg/ml SOD + 0.06 mm ZDEC in an ammonium carbonate buffer (pH 7.4) with subsequent dialysis yielded
molecular masses of 15 588 and 15 736 Da, respectively. The mass shift of 149 Da, absent in the control SOD, was consistent
with the addition of 1 mol of DEC to the monomeric SOD. DEC, diethyldithiocarbamate; SOD, superoxide dismutase; ZDEC,
zinc diethyldithiocarbamate.
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measurements after dialysis did not show any sig-
nificant removal of the DEC from the SOD. There
was no change in reactivity of the reduced SOD
thiols to DTNB when it was used to probe the
possibility of a reaction between the ZDEC and
the sulfyhydryl groups (Cys6 and Cyslll) on
SOD. These findings were in agreement with our
observation of the lack of reactivity of ZDEC and
cysteine, glutathione or BSA—Cys34.

LLNA: allergenicity assessment of ZDEC and
its derivatives

Reaction products of ZDEC oxidation and trans-
metallation were identified and dermal sensitiza-
tion by these products evaluated using the LLNA.
No overt irritation, as indicated by ear swelling
and redness, was observed following application
of the highest soluble concentrations of the test
chemicals (5% for ZDEC and NaDEC and
7.5% for TETD, TEDCD, and CoDEC).
Exposed animals showed neither significant
changes in body weight and behaviour nor clinical
signs, suggesting that exposure did not induce sys-
temic toxicity. The EC3 values were calculated
from the SI values (20). ZDEC, TETD, NaDEC,
and TEDCD induced dose-dependent lymph node
cell proliferation (Fig. 7). CoDEC, which was
used to prevent transmetallation of DEC onto
metalloproteins or oxidation to form mixed disul-
fides with proteins (Fig. 1, pathway III), did not

produce statistically  significant (P = 0.17)
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Fig. 7. Lymph node cell proliferation measured as stimula-
tion index (SI). ZDEC, NaDEC, TETD, and TEDCD
induced dose-dependent responses, which were statistically
significant with P values 0.04, 0.003, 0.035, and 0.0004,
respectively. CoDEC, however, did significant stimulate
lymph node cell proliferation in 0.5%, 2.5%, and 7.5% dosed
mice (P = 0.17). CoDEC, cobalt (II) dithiocarbamate;
NaDEC, sodium diethyldithiocarbamate; TEDCD, tetrae-
thyldicarbamoyl disulfide; TETD, tetraethylthiuram disul-
fide; ZDEC, zinc diethyldithiocarbamate.

changes in lymphocyte proliferation at 0.5%,
2.5%, and 7.5% concentrations. Figure 8§ summa-
rizes the structural formulae of the test chemicals
used for comparison and their activity in the
LLNA as judged by *H-TdR incorporation and
the derived EC3 values. Comparison of the sensi-
tizing potential of CoDEC and TEDCD to the
known sensitizers ZDEC and TETD (based on
EC3 values), respectively, identified CoDEC as
a non-sensitizer and TEDCD as a stronger sensi-
tizer than TETD (P = 0.02).

Discussion

The use of gloves in occupational settings often
exposes the vulcanization accelerators within the
glove matrix to oxidizing chemicals with potential
resultant chemical transformation of the acceler-
ators. Thus, oxidation products of these accelera-
tors need to be considered when examining
potential pathways of allergenicity. A recent study
(18) in our laboratory demonstrated that mercap-
tobenzothiazole (MBT, a thiol-based vulcaniza-
tion accelerator)-containing gloves exposed to
bleach result in the conversion of MBT to the
disulfide. Both chemistry (protein binding) and
animal allergenicity studies point to the disulfide
as the active allergenic form of MBT (18, 21).
Similar to the potential for oxidation of MBT,
the quantitative oxidation of ZDEC (to TETD,
TETCD, and TEDCD) using I,, H,O,, and HCIO
was observed.

The LLNA results, together with the chemical
reactivity data, suggest that ZDEC may haptenate
proteins either directly or indirectly through
NaDEC, TETD, or TEDCD. The observed oxi-
dation of ZDEC to TETD, TETCD, and TEDCD
provides indirect pathways through which ZDEC
can haptenate proteins. As outlined in Fig. 1,
pathway V, TETD can be reduced by both free
and protein thiols resulting in mixed disulfide for-
mation and release of a DEC molecule. The reduc-
tion of TETD in blood plasma has been
previously reported (22). The role of mixed disul-
fide formation in protein haptenation leading to
skin sensitization has only been investigated in
a few cases with MBT (18), lipoic acid (23), and
diallyl disulfide from garlic (24). BSA, which is
80% homologous to human serum albumin
(HSA), was used as an analytical tool to examine
protein—-TETD disulfide formation. Approxi-
mately 40% of extravascular HSA is located in
the skin (25), but it is probably not the only der-
mal protein that can be haptenated through for-
mation of disulfide bonds.

Hepatic metabolism of TETD has been
reported in the literature as it is used clinically
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Fig. 8. Structural formulae of the test chemicals used for comparison of their activity in the LLNA as judged by *H-TdR
incorporation and the derived EC3 values. ZDEC, NaDEC, TEDCD, and TETD were all sensitizers. CODEC did not elicit
a significant lymph node cell proliferative response at the concentration tested. CoODEC, cobalt (II) dithiocarbamate; EC,
effective concentration; *H-TdR, tritiated thymidine; LLNA, local lymph node assay; NaDEC, sodium diethyldithiocarba-
mate; TEDCD, tetraethyldicarbamoyl disulfide; TETD, tetraethylthiuram disulfide; ZDEC, zinc diethyldithiocarbamate.

(as disulfiram) for the treatment of alcoholism (14,
26-31). Oxidative desulfuration, similar to the
direct oxidation performed with ZDEC in this
study, was observed with rat and human liver
microsomes in the presence of reduced nicotin-
amide adenine dinucleotide phosphate (26). The
release of DEC from TETD with its subsequent
bioactivation through metabolic pathways affords
an electrophilic sulfoxide capable of covalently
modifying lysine and histidine residues on pro-
teins (27, 28). While hepatic metabolism may not
be indicative of the same metabolic processes
occurring in the skin, multiple human P-450
enzymes (CYP3A4, CYP1A2, CYP2A6, and
CYP2D6) present in both organs (32) are able to
metabolize DEC methyl ester, a metabolite of
TETD, to S-methyl-N,N-diethylthiolcarbamate
sulfoxide (27). Thus, the potential for ZDEC

and TETD bioactivation within the skin cannot
be totally excluded. However, the contributory
effect of epidermal bioactivation to ZDEC and
TETD allergenicity may be minimal given the fact
that after reduction of TETD, thiol methyltrans-
ferase (TMT)-mediated methylation of one of the
thiols on DEC is required prior to sulfoxidation
(28). The role of TMT has been outlined in liver
(33), but to date, no TMT activity has been
reported in the skin (32). The other prevalent met-
abolic (hepatic) mechanism, which avails an alkyl
isothiocyanate capable of acylating nucleophilic
protein residues (34), is not possible with ZDEC
in both the liver and the skin because of hindrance
by the two ethyl groups on the nitrogen atom.
Decomposition or metabolism to isothiocynates
is only possible when one of the ethyl groups is
substituted by a hydrogen atom (35).
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The inclusion of CoDEC in the LLNA and
reaction of SOD with ZDEC were important in
the exploration of transmetallation as a protein
haptenation mechanism (Fig. 1, pathway IV).
Cobalt, copper, and iron exist in the physiological
environment either as free or as bound ions, which
can readily transmetallate with zinc on ZDEC.
The specificity of the chelation of copper bound
on the active site of the monomeric SOD when
reacted with ZDEC combined with lack of ZDEC
reactivity with reduced Cys6 and Cysl11 on SOD
supports yet another haptenation mechanism.
Dialysis did not remove either the DEC or the
Cu(II) ion as a DEC—Cu(II) complex, demonstrat-
ing the strength of the DEC—Cu(II) bond as well
as the stability of the co-ordination between
Cu(Il) and the four histidines (His44, His46,
His61, and His118) on SOD. Previous SOD inhi-
bition studies have also suggested the stability of
the SOD-DEC adduct where the CuDEC could
not be extracted from the inactivated SOD with
organic solvents (36, 37). In a recent review, co-
ordinate bonds have been described to have bond
strengths (200420 kJ/mol) comparable to cova-
lent bonds (38). Chelation of Cu(II) on SOD was
not observed when CoDEC was used instead of
ZDEC, suggesting that CoDEC is a stable com-
plex with limited reactivity in the presence of com-
peting metal ions. The lack of an observable
CoDEC-induced immune proliferative response
in the LLNA is in agreement with the chemistry
of CoDEC in the presence of SOD and confirms
that ZDEC’s allergenicity requires haptenation
either through metalloprotein chelation or
through one of its oxidation products.

It is appealing to simply explain the greater
potency of TEDCD (EC3 = 1.70) relative to
TETD (EC3 = 5.4) in terms of a more prevalent
nucleophile—electrophile interaction. TETD can
only modify proteins through mixed disulfide for-
mation with cysteinyl residues, which are less
abundant compared with nucleophilic lysines
and arginines, or possibly through metabolism
to a sulfoxide intermediate. Oxidative desulfura-
tion on the thiocarbamate of TETD seems to
impart greater potency relative to TETD, while
transmetallation of Zn(II) with Co(II) results in
a less reactive CoDEC complex. Paradoxically,
TEDCD, while displaying greater potency in the
LLNA than TETD, was not subject to haptena-
tion through mixed disulfides or metal chelation
as attempts to either reduce the disulfide bond on
TEDCD or chelate the Cu(Il) and Co(II) ions
were not successful. This was in agreement with
previous studies (39) where carbamoyl disulfides
were shown to be poor ligands relative to thiurams
with the central S=S bond in carbamoyl disulfides

being much stronger than the corresponding S=S
bond in thiuram disulfides. It is worth pointing
out that apart from demonstrating the greater
potency of TEDCD and enhanced stability of
the TEDCD disulfide bond, a direct TEDCD-
protein reaction (to albumin) was not observed.
Further investigations on CYP-mediated sulfox-
idation of TEDCD (27) are warranted and would
be insightful in determining whether TEDCD is
a direct hapten or a prohapten, requiring meta-
bolic activation to exert its immunogenicity.

In conclusion, formation of mixed disulfides,
chelation of metals on metalloproteins, and pos-
sibly nucleophilic addition of amino acids onto
electrophilic carbamoyl compounds following
metabolism are probable protein haptenation
mechanisms in ZDEC allergenicity. Given the
current data, the relatively greater potency of
ZDEC versus TETD in the LLNA may be
because of both covalent binding through its
oxidative products and direct non-covalent
co-ordinate binding.
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