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Abstract
Cutaneous drug reactions (CDR) are responsible for numerous minor to life-threatening complications. Though the exact mechanism

for CDR is not completely understood, evidence suggests that bioactivation of drugs to reactive oxygen or nitrogen species is an important

factor in the initiation of these reactions. Several CDR-inducing drugs having an arylamine functional group, such as sulfamethoxazole

(SMX) and dapsone (DDS), undergo bioactivation to reactive arylhydroxylamine metabolites. These metabolites can generate cellular

oxidative stress by forming reactive oxygen species (ROS). Several studies have demonstrated a higher cytotoxicity with DDS

hydroxylamine (DDS-NOH) compared to SMX hydroxylamine (SMX-NOH). To investigate the role of differential ROS generation

in the higher cytotoxicity of DDS-NOH, hydroxylamine metabolites of SMX and DDS were synthesized and ROS formation by these

metabolites determined. DDS-NOH and its analogues/metabolites consistently resulted in higher ROS formation as compared to SMX-

NOH. However, comparison of the ROS generation and cytotoxicity of a series of arylhydroxylamine analogues of DDS did not support a

simple correlation between ROS generation and cell death. Numerous ROS scavengers were found to reduce metabolite-induced ROS

formation, with differences in the potency between the agents. The decrease in DDS-NOH-induced ROS generation in NHEK with

ascorbic acid, N-acetylcysteine, Trolox, and melatonin was 87, 86, 44, and 16%, respectively. Similarly, the cytotoxicity and adduct

formation of DDS-NOH in NHEK was reduced in the presence of ascorbic acid. In summary, these studies show that arylhydroxylamine

metabolites of SMX/DDS induce ROS generation in NHEK, though such generation is not directly related to cytotoxicity.

# 2005 Elsevier Inc. All rights reserved.
1. Introduction

Sulfamethoxazole (SMX) is an effective therapeutic

agent in the treatment of Pneumocystis carinii pneumonia

(PCP), resulting in the recovery of approximately 75% of

patients suffering from this ailment [1,2]. Dapsone (DDS)

is a useful alternative treatment for PCP, used either alone

or in combination with other agents, in patients that cannot

tolerate SMX [3–5]. Introduction of the use of these agents

for the treatment of PCP in patients infected with the

human immunodeficiency virus (HIV) was associated with

a high level of adverse reactions, including delayed-type

hypersensitivity reactions [6–10]. Numerous studies have

suggested that these idiosyncratic reactions result from

the bioactivation of these agents to arylhydroxylamine

metabolites [11–13].
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The in vitro cytotoxicity of arylhydroxylamine metabo-

lites of SMX (SMX-NOH) and DDS (DDS-NOH) towards

peripheral blood mononuclear cells (PBMCs) has been

proposed as a marker for delayed-type hypersensitivity

reactions associated with these drugs [14–16]. Although

SMX-NOH and DDS-NOH both cause concentration-

dependent increases in cell death, DDS-NOH is signifi-

cantly more toxic [17]. The in vitro cytotoxicity in human

PBMCs exhibits an LC50 of 325 mM for DDS-NOH

and 1752 mM for SMX-NOH. Studies in normal human

epidermal keratinocytes (NHEK) demonstrate an LC50 of

293 mM for DDS-NOH and LC50 of greater than 1500 mM

for SMX-NOH [18]. We have recently observed similar

differences in the cytotoxicity of these two arylhydroxy-

lamines in normal human dermal fibroblasts (unpublished

observations). Differential toxicity is also observed with

methemoglobin formation in vitro, with an EC50 of

26.5 mM for DDS-NOH and of 463 mM for SMX-NOH

in human red blood cells [19].
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Fig. 1. Scheme for ROS generation and increase in oxidative stress by

arylhydroxylamines. DDS-NO, nitroso metabolite of DDS; SMX-NO,

nitroso metabolite of SMX; SOD, superoxide dismutase.
Since exposure of cells to SMX-NOH and DDS-NOH

have been shown to cause a significant depletion of the

major cellular antioxidant (glutathione) [18], ROS accu-

mulation following metabolite exposure may play a causal

role in the cytotoxicity observed with these compounds. As

other xenobiotics have been shown to be cytotoxic due to

their ability to generate reactive oxygen species (ROS)

[20–23], we hypothesized that the differential cytotoxicity

of DDS-NOH and SMX-NOH may be due to differences in

their ability to induce ROS. Arylhydroxylamines such as

SMX-NOH and DDS-NOH auto-oxidize to their respective

nitroso compounds (Fig. 1). During this auto-oxidation,

molecular oxygen reduces to superoxide, which is subse-

quently reduced to hydrogen peroxide (H2O2) either spon-

taneously or catalyzed by superoxide dismutase (SOD).

The formed H2O2 undergoes the Fenton reaction to form

highly cytotoxic hydroxide radicals [24,25].
Fig. 2. Identified and potential metabolites of DDS and SMX which may give rise to

while dapsone dihydroxylamine (DDS-diNOH) has not.
We hypothesized that ROS formation is directly corre-

lated to the presence of hydroxylamine (NHOH) functional

groups in the molecule. Thus, compounds having the poten-

tial to form two NHOH functional groups may generate a

higher level of intracellular ROS. As DDS has two primary

amine groups in its molecular structure, while SMX has only

one, the former has the potential to give rise to a metabolite

with two hydroxylamines (Fig. 2). Thus, to probe the

proposed hypothesis, in addition to SMX-NOH and DDS-

NOH, we synthesized three hydroxylamine metabolites/

analogues of DDS: DDS-dihydroxylamine (DDS-diNOH),

4-nitrophenyl-p-tolyl sulfone hydroxylamine (NPTS-NOH)

and monoacetyl dapsone hydroxylamine (MADDS-NOH)

(Fig. 3). The cytotoxicity and ability to form ROS was then

determined for each of these compounds.
2. Materials and methods

2.1. Chemicals and reagents

Chemicals for synthesis, including 4-nitrobenzene sulfo-

nyl chloride, 3-amino-5-methyl-isoxazole, 4-(4-nitrophenyl

sulfonyl)-aniline, 4-nitrophenylsulfone, 4-nitrophenyl-p-

tolylsulfone (NPTS), 4-acetamidophenyl-40-nitrophenyl

sulfone, triethyl phosphite, and platinum oxide, were

obtained from Sigma–Aldrich (St. Louis, MO). Rabbit

anti-sera were raised against SMX- and DDS-keyhole lim-

pet hemocyanine conjugates and characterized as described

previously [18]. Microtiter ELISA plates (96 well) were

obtained from Rainin Instruments (Woburn, MA). Goat anti-

rabbit antibody conjugated with alkaline phosphatase was

purchased from Molecular Probes (Eugene, OR), as was the

fluorescent dye Yo-Yo-1. Bradford assay reagent was pur-

chased from PIERCE (Rockford, IL). Trolox was obtained

from Oxis International Inc. (Portland, OR). All other

chemicals were purchased from Sigma–Aldrich (St. Louis,

MO) or Fisher Scientific (Chicago, IL).
ROS. To date, DDS-NOH and SMX-NOH have been isolated from humans,
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Fig. 3. Structures of dapsone dihydroxylamine (DDS-diNOH), monoacetyldapsone hydroxylamine (MADDS-NOH), and 4-nitrophenyl-p-tolyl sulfone

hydroxylamine (NPTS-NOH).
2.2. Synthesis of arylhydroxylamine metabolites of

SMX and DDS

SMX-NOH and DDS-NOH were synthesized as des-

cribed previously, with modifications to the purification

methods [14,17,26]. Briefly, 4-nitrobenzene sulfonyl chlor-

ide (4-NSC, 1 mol) was mixed with 3-amino-5-methyl-

isoxazole (3-A-5-MI, 1 mol) to obtain the nitro derivative

of SMX (Nitro-SMX) which was recrystallized with ethyl

acetate and toluene (1:1). Nitro-SMX (4 mmol) was

reduced to SMX-NOH using triethyl phosphite and plati-

num oxide in a hydrogenator at 40 psi for 4 h. The

synthesized SMX-NOH was purified by preparative TLC

using hexane:chloroform:methanol (25:69:6). For synthesis

of DDS-NOH, 4-(4-nitrophenyl sulfonyl)-aniline (NPSA,

7.12 mmol) was reduced as described above. For purifica-

tion, DDS-NOH was dissolved in water:ethyl acetate

(50:50) and the mixture acidified by hydrochloric acid in

a separatory funnel. The acidified water layer containing

pure DDS-NOH was separated and then neutralized by

addition of sodium carbonate. DDS-NOH was then

extracted in ethyl acetate from the water layer and evapo-

rated to dryness to obtain a light yellow solid compound.

For the synthesis of DDS-diNOH, NPTS-NOH and

MADDS-NOH, 4-nitrophenylsulfone, 4-nitrophenyl-p-

tolylsulfone (NPTS) and 4-acetamidophenyl-40-nitrophe-

nyl sulfone were reduced using triethyl phosphite and

platinum oxide as a reducing agent in a hydrogenator.

The purity and identity of all metabolites was confirmed by

NMR, MS and HPLC techniques.

2.3. Cell culture

Adult normal human epithelial keratinocytes (NHEK) (as

1st passage cells), keratinocyte culture media, trypsin, and

trypsin neutralizing solution were obtained from CAM-

BREX (Walkersville, MD). NHEK were grown as we have

described previously [18]. Briefly, cells were cultured in
75 cm2 flasks using basal media (KBM-2) supplemented

with bovine pituitary extract (7.5 mg/ml), human epidermal

growth factors (0.1 ng/ml), insulin (5 mg/ml), hydrocorti-

sone (0.5 mg/ml), epinephrine, transferrin, gentamicin

(50 mg/ml) and amphotericin (50 ng/ml) at 37 8C in an

atmosphere containing 5% CO2. Media was replaced every

2–3 days. When cell cultures reached near confluency

(70–90%), cells were disaggregated using 0.025% Tryp-

sin/0.01% EDTA in HEPES followed by neutralization with

2 volumes of Trypsin neutralizing solution. Cell suspension

was then centrifuged, followed by washing in basal media

and re-suspension in KGM-2 (supplemented growth med-

ium). Cells were then either subjected to sub-culturing or

cryo-preservation for later experiments. All experiments

were performed using third to fourth passage cells.

2.4. Determination of ROS formation

To investigate the differential oxidative stress induced

by these arylhydroxylamine metabolites, ROS formation

was determined in a cell-free system or in NHEK cells

using the fluorescent dye 20-70-dichlorodihydrofluorescein

diacetate (DCHF-DA) [27–29]. For the cell-free assay,

2.5 mM of metabolite or parent drug were dissolved in

dimethyl sulfoxide (DMSO) and incubated either in

sodium phosphate buffer (9.5 mM, pH 7.4) or sodium

phosphate buffer containing hydrogen peroxide (H2O2,

100 mM) and peroxidase (0.02 U/ml) at room temperature;

followed by addition of 20,70-dichlorodihydrofluorescein

(DCHF) (5 mM). The DCHF used for the cell-free assay

was obtained by alkaline hydrolysis of DCHF-DA [27]. For

the complete hydrolysis of DCHF-DA, 5 mM of DCHF-

DAwas dissolved in DMSO and incubated with 200 mM of

sodium hydroxide (NaOH) for 30 min on ice in a dark

cabinet. At the completion of the incubation period,

250 mM of sodium dihydrogen phosphate (NaH2PO4)

was added to the reaction mixture. Ten microlitres of this

DCHF reaction mixture was added to the final assay
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volume of 200 ml in 96-well plates. The total concentration

of DMSO was not more than 1% (v/v) in the final assay.

ROS formation was measured by the oxidation of DCHF to

20,70-dichlorofluorescein (DCF), producing fluorescence

which was measured every 5 min for 30 min using a

multiwell fluorescence plate reader (Cytofluor1) with an

excitation wavelength of 480 nm and emission wavelength

of 530 nm. The rate of change in DCF fluorescence was

also calculated for these incubations by determining the

rate of increase in fluorescence per minute over the 30 min

period from a plot of fluorescence versus time.

Metabolite-induced ROS formation in NHEK was deter-

mined by adding 105 cells to each well of a 96-well plate and

incubating in 200 ml of KBM-2 media at 37 8C, 5% CO2 for

24 h. After 24 h, KBM-2 was replaced by 200 ml PBS

(10 mM) (PBS composition—0.8% NaCl, 0.02% KCl,

0.01% MgCl2�6H2O, 0.02% KH2PO4, 0.114% Na2HPO4,

0.01% CaCl2�2H2O, pH 7.4). ROS formation was measured

in two different conditions. First (designated as preloaded),

cells were preloaded with DCHF-DA (20 mM) and after

30 min the plate was washed to discard extracellular

DCHF-DA,followedbytheadditionof500 mMofmetabolite

or parent drug dissolved in DMSO. Alternatively, 500 mM of

metabolite or parent drug were added to the cells followed by

theadditionof20 mMDCHF-DA (designatedaspostloaded).

DCF fluorescence was measured as described above.

2.5. Effect of ROS scavengers on metabolite-induced

ROS formation

The effect of melatonin, Trolox, ascorbic acid, and N-

acetylcysteine (NAC) on the ROS formation induced by

these metabolites was determined in NHEK. Briefly, 105

cells were plated as mentioned above. After 24 h, mela-

tonin, Trolox, ascorbic acid or NAC (1 mM) were added to

cells and the plate was incubated for 1 h at 37 8C prior to

addition of metabolites (500 mM) and DCHF-DA

(20 mM). DCF fluorescence was determined as previously

described. Similarly, the effect of these antioxidants in a

cell-free system were evaluated using the cell-free system

described previously.

2.6. Cytotoxicity of arylhydroxylamine metabolites

and analogues

To assess the relationship between ROS generation and

cytotoxicity of these arylhydroxylamines, the cytotoxicity

of analogues towards NHEK was compared at an equimo-

lar concentration (500 mM). In addition, the effect of

ascorbic acid as an antioxidant on the cytotoxicity was

evaluated. Cytotoxicity was determined using an imperme-

able DNA binding dye, as we have described previously

[18]. Briefly, 105 NHEK cells were plated on 96-well plates

and incubated overnight in 200 ml of KGM-2 media at

37 8C, 5% CO2. After 24 h, KGM-2 was replaced by

KBM-2 and 1 mM ascorbic acid or vehicle and the plate
incubated for 3 h. After this pre-incubation period,

500 mM of metabolite or parent drug was added and cells

were incubated for an additional 3 h. After 3 h incubation

with metabolites, the plate was washed once with KBM-2

followed by the addition of fresh KBM-2 containing 4 mM

of Yo-Yo-1. Fluorescence was measured for 16 h in a

temperature controlled fluorescent plate reader as

described above. After 16 h, Triton-X (0.1%) was added

to all wells and a final reading was taken after a further

incubation of 3 h (total incubation time was 19 h). The

cytotoxicity was determined using the following formula:

% cell death ¼

ðYo � Yo fluorescenceÞ16 h

� ðYo � Yo fluorescenceÞ0 h

ðYo � Yo fluorescenceÞ19 h

� ðYo � Yo fluorescenceÞ0 h

� 100

2.7. Adduct formation by arylhydroxylamine

metabolites in NHEK with and without ROS scavenger

Formation of metabolite-protein adducts in NHEK fol-

lowing incubation with arylhydroxylamine metabolite in

the presence or absence of 1 mM of ascorbic acid was

determined as previously described [18]. Briefly, NHEK

cells (1 � 106 cells) were cultured for 24 h in 50 ml

centrifuge tubes containing 10 ml of KGM-2. Cells were

then incubated for 3 h in the presence or absence of 1 mM

ascorbic acid prior to the addition of metabolite (50 mM).

After 24 h, tubes were centrifuged at 220 � g for 5 min to

pellet the cells. The supernatant containing the medium

was drained off and cell pellets were lysed in 1 ml of

deionized water, using repeated cycles of freezing and

thawing (three times) and ultrasonication, to ensure com-

plete lysis. The cell suspension was then thoroughly vor-

texed and centrifuged at 220 � g for 5 min and the pellet

containing the cell debris discarded. The supernatant con-

taining cellular soluble proteins was collected for protein

assay and subsequent ELISA.

ELISA analysis for detection of covalent adduct forma-

tion was performed as described previously [18], with

minor modifications. Following protein content measure-

ment using the Bradford reagent kit, all samples were

diluted to contain 250 mg/ml protein. An aliquot of

100 ml was adsorbed onto 96-well polystyrene microtiter

plates for 16 h at 4 8C. Wells were washed three times

using Tris–casein buffer (0.5% casein, 0.9% NaCl, 0.01%

Thimerosal, 10 mM Tris–HCl, pH 7.6) and then blocked

with Tris–casein buffer for 1 h. After an additional wash,

wells were incubated for 16 h at 4 8C with 100 ml of anti-

SMX or anti-DDS rabbit serum (1:500 diluted with Tris–

casein buffer). Wells were subsequently washed four times

with Tris–casein buffer and incubated with alkaline phos-

phatase conjugated goat anti-rabbit antibody (1:1000

diluted in Tris–casein buffer) for 2 h at room temperature.

After washing four times with Tris–casein buffer, antibody
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binding was detected with colorimetric alkaline phospha-

tase substrate reagent. After 1 h of incubation at room

temperature, optical density was measured at 405 nm using

a Vmax kinetic micro plate reader (Molecular Devices).

2.8. Statistical analysis

Data is presented as mean (S.D.). Data were analyzed

using the Friedman rank sum test or ANOVA with the

Holm–Sidak test for multiple comparisons, as appropriate.

A value of p < 0.05 was considered significant.
3. Results

3.1. Synthesis of arylhydroxylamine metabolites of

SMX and DDS

The product yield for Nitro-SMX, SMX-NOH and DDS-

NOH were 95, 79 and 78%, whereas the determined

purities were 99, 89 and 88%, respectively. As the obtained

purities for SMX-NOH and DDS-NOH were not optimal

for biological use, metabolites were further purified using

preparative TLC and acidified extraction methods to obtain

a purity of greater than 98% for both metabolites. Synthe-

sized DDS-diNOH, NPTS-NOH and MADDS-NOH were

found to have yields of 83, 93 and 85%, with purities of 96,

99 and 97%, respectively.

3.2. ROS generation by arylhydroxylamine metabolites

and analogues

In a cell-free system, ROS generation was increased by

all arylhydroxylamines (Fig. 4). The DCF fluorescence in
Fig. 4. Fluorescence of 20,70-dichlorofluorescein (DCF) in the presence of various c

were incubated in phosphate buffer to which 20,70-dichlorodihydrofluoroscein (5

shown are the mean (S.D.) fluorescence of five incubations for each metabolite at 30

for multiple comparisons. *p < 0.05 compared to control, SMX and DDS; **p < 0.

to control, SMX, DDS, SMX-NOH and DDS-diNOH; ****p < 0.05 compared to
the presence of SMX-NOH, DDS-NOH, DDS-diNOH,

NPTS-NOH or MADDS-NOH was increased by 80,

365, 144, 355 and 395%, respectively, as compared to

control. All DDS metabolites/analogues exhibited a higher

level of ROS generation than SMX-NOH. DCF fluores-

cence was not increased in incubations containing the

parent compounds. The rate of change in fluorescence

for each metabolite (which was found to be linear over

the 30-min incubation period) was consistent with the

cumulative fluorescence observed at 30 min (Fig. 5).

To more closely mimic the intracellular conditions and

to increase the catalytic cycle for the redox reaction of the

oxidation of the arylhydroxylamine metabolites, while at

the same time avoiding variability that might arise due to

permeability differences in the metabolites, metabolites

were also incubated in sodium phosphate buffer with

hydrogen peroxide and peroxidase. As expected, in the

presence of peroxidase/H2O2, the basal level of ROS

generation was considerably higher than that observed

in buffer alone. The ROS generation by SMX-NOH,

DDS-NOH, DDS-diNOH, NPTS-NOH and MADDS-

NOH was increased by 55, 135, 75, 165 and 150%,

respectively, as compared to control (Fig. 6). While the

absolute DCF fluorescence in the presence of peroxidase/

H2O2 was markedly elevated compared to the results in the

absence of peroxidase/H2O2 (Fig. 4), the rank order of ROS

generation between metabolites was the same.

In NHEK, ROS formation in the presence of the various

arylhydroxylamines at a concentration of 2.5 mM was not

different from NHEK incubated with vehicle alone (data

not shown), which is likely due to the high level of

antioxidants in these cells (e.g., glutathione and ascorbic

acid). Evaluation of a range of concentrations of SMX-

NOH and DDS-NOH (5, 50 and 500 mM) showed that at a
ompounds in a cell-free system. Parent compounds or metabolites (2.5 mM)

mM) was added. Fluorescence was measured every 5 min for 30 min. Data

min which were analyzed statistically using ANOVAwith Holm–Sidak test

05 compared to control, SMX, DDS and SMX-NOH; ***p < 0.05 compared

control, SMX, DDS, SMX-NOH, DDS-diNOH and NPTS-NOH.
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Fig. 5. Increase of DCF fluorescence per minute in presence of various compounds in a cell-free system. See Fig. 4 for experimental details. Data shown are the

mean (S.D.) of the rate of change in the fluorescence measured over 30 min. Data were analyzed statistically using ANOVA with the Holm–Sidak test for

multiple comparisons. *p < 0.05 compared to SMX-NOH; **p < 0.05 compared to SMX-NOH and DDS-diNOH; ***p < 0.05 compared to SMX-NOH, DDS-

NOH, DDS-diNOH and NPTS-NOH.

Fig. 6. Fluorescence of 20,70-dichlorofluorescein (DCF) in the presence of various compounds and horseradish peroxidase in a cell-free system. Parent

compounds or metabolites (2.5 mM) were incubated in phosphate buffer containing H2O2 (100 mM) and horseradish peroxidase (0.02 U/mL) to which 20,70-
dichloro-dihydrofluoroscein (5 mM) was added. Fluorescence was measured every 5 min for 30 min. Data shown are the mean (S.D.) fluorescence of five

incubations at 30 min. (Note difference in scale from Fig. 4). Data were analyzed statistically using ANOVAwith the Holm–Sidak test for multiple comparisons.
*p < 0.05 compared to control, SMX and DDS; **p < 0.05 compared to control, SMX, DDS, SMX-NOH and DDS-diNOH.
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Fig. 7. Fluorescence of 20,70-dichlorofluorescein (DCF) in NHEK incubated with SMX-NOH and DDS-NOH. Metabolites were added to suspensions of NHEK

in phosphate buffer to which 20,70-dichlorodihydro-fluoroscein diacetate (20 mM) was added. Fluorescence was measured every 5 min for 30 min. Data shown

are the mean (S.D.) fluorescence of three incubations at 30 min and were analyzed by Friedman rank sum test. *p < 0.05 compared to same concentration of

SMX-NOH.
concentration of 500 mM, DDS-NOH formed a substan-

tially higher amount (4.5-fold) of ROS (1079% increase

as compared to control) compared to 500 mM of SMX-

NOH (237% increase as compared to control). At lower

concentrations, 5 mM and 50 mM, there was no signifi-

cant difference in ROS formation between DDS-NOH

and SMX-NOH (Fig. 7). When each of the arylhydrox-

ylamines was added to NHEK at a concentration of

500 mM, all metabolites/analogues of DDS induced a

similar level of ROS, which was at least two-fold higher

than that induced by SMX-NOH (Fig. 8). Importantly, at

the concentrations examined, none of the metabolites

induced significant cell death within the 30 min time

frame of ROS generation assessment (data not shown).

Though DDS-diNOH consistently resulted in a lower

level of ROS generation than other metabolites/analogues

of DDS in a cell-free system, it induced a similar level of

ROS in NHEK. While the ROS measured was slightly

higher using postloaded DCHF than preloaded DCHF,

the pattern between metabolites was similar in both

paradigms.

3.3. Effect of various ROS scavengers on ROS

formation by SMX-NOH and DDS-NOH in NHEK

To further probe the role of ROS generation in the

differential cytotoxicity of SMX-NOH and DDS-NOH,

we assessed the ability of various antioxidants to suppress
the generation of ROS induced by arylhydroxylamine

metabolites (Fig. 9). The reduction in DDS-NOH and

SMX-NOH induced ROS generation in NHEK with trolox

was found to be 44 and 43%, respectively. In contrast,

melatonin did not reduce ROS generation compared to

incubation of either metabolite alone. Ascorbic acid

reduced DDS-NOH- and SMX-NOH-induced ROS gen-

eration by 87 and 69%, respectively. NAC was also found

to markedly attenuate arylhydroxylamine-induced ROS

generation. The effect of these antioxidants on ROS gen-

eration in a cell-free system paralleled that observed in

NHEK (data not shown).

3.4. Cytotoxicity of arylhydroxylamine metabolites

and analogues

Cytotoxicity of the compounds toward NHEK was

evaluated in presence and absence of ascorbic acid

(Fig. 10). As previously observed, DDS-NOH was found

to cause a higher level of cell death compared to SMX-

NOH at an equimolar concentration (500 mM). Among the

other arylhydroxylamine analogues of DDS, NPTS-NOH

was found to be highly toxic compared to all other arylhy-

droxylamine metabolites evaluated. Ascorbic acid attenu-

ated, but did not completely block, the cytotoxicity of

DDS-NOH and NPTS-NOH towards NHEK. Interestingly,

neither MADDS-NOH or DDS-diNOH was cytotoxic at

this concentration.
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Fig. 8. Fluorescence of 20,70-dichlorofluorescein (DCF) in NHEK preloaded/postloaded with DCHF-DA exposed to various metabolites and analogues. NHEK

cells were preloaded or postloaded with 20,70-dichlorodihydro-fluoroscein diacetate (20 mM) and exposed to metabolites (500 mM) in phosphate buffer.

Fluorescence was measured every 5 min for 30 min. Data shown are the mean (S.D.) fluorescence of three incubations at 30 min and were analyzed statistically

using ANOVAwith the Holm–Sidak test for multiple comparisons. *p < 0.05 compared to control, SMX, DDS and SMX-NOH under same condition; yp < 0.05

compared to control, SMX and DDS under same condition.

Fig. 9. ROS generation in NHEK incubated with SMX-NOH or DDS-NOH in presence and absence of ROS scavengers. ROS scavengers, Trolox, melatonin,

ascorbic acid and NAC (1 mM), were added to 105 NHEK prior to addition of metabolites (500 mM) and DCHF-DA (20 mM). Data presented represent the

mean (S.D.) fluorescence at 30 min of three experiments with four replicates of each condition in each experiment. Data were analyzed statistically using

ANOVA with the Holm–Sidak test for multiple comparisons. *p < 0.05 compared to metabolite without scavenger.
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Fig. 10. Cytotoxicity of various compounds in presence and absence of ascorbic acid in NHEK. 105 NHEK cells were plated on 96-well plates and 1 mM

ascorbic acid or vehicle was added to cells 3 h prior to addition of 500 mM of metabolite or parent drug. After 3 h incubation with metabolites, the plate was

washed with KBM-2 followed by the addition of fresh KBM-2 containing 4 mM of Yo-Yo-1. Fluorescence was measured for 16 h in a temperature controlled

fluorescent plate reader followed by the addition of Triton-X (0.1%) for 3 h. The %cytotoxicity was determined as described in Section 2.6. Data presented

represent the mean (S.D.) fluorescence of five replicates of each condition. Data were analyzed statistically using Friedman rank sum test. *p < 0.05 compared

to metabolite without ascorbic acid.
3.5. Adduct formation by arylhydroxylamine

metabolites in NHEK with and without ROS scavenger

Compared with SMX-NOH, DDS-NOH formed a higher

amount of metabolite-protein adduct when incubated with

NHEK (Fig. 11). Ascorbic acid significantly reduced, but

did not prevent, the adduct formation for both of these

hydroxylamine metabolites in NHEK cells.
4. Discussion

As several studies have suggested that the in vitro

cytotoxicity of the arylhydroxylamine metabolites of sul-

fonamides may serve as an indicator of predisposition to

hypersensitivity reactions to these compounds [15,30,31],

it is of interest to note that DDS-NOH has consistently been

found to be more cytotoxic in vitro than SMX-NOH in cells

from normal subjects and those with a history of hyper-

sensitivity to sulfonamides [17,32]. Importantly, the lim-

ited number of direct comparisons have found that SMX is

associated with a higher frequency of hypersensitivity

reactions than DDS [5,33,34]. The basis for the differential

cytotoxicity between metabolites is unclear. Studies com-

paring the methemoglobin forming ability of these two

arylhydroxylamines in purified hemoglobin suggest that

DDS-NOH more readily oxidizes to reactive species [19].

Hence, we postulated that differences in ROS generation
between the metabolites may explain the observed differ-

ences in cytotoxicity.

As shown in Fig. 2, both SMX and DDS possess

arylamine functional groups that are capable of undergoing

catalytic oxidation to the corresponding arylhydroxyla-

mine; both of which have been confirmed as metabolites

in man after administration of the respective parent com-

pound [35–40]. In contrast to SMX, DDS possesses a

second arylamine group that may undergo oxidation to

yield a di-arylhydroxylamine. As some cells (e.g., NHEK)

in which DDS-NOH has been shown to exhibit a higher

level of cytotoxicity have been demonstrated to be capable

of bioactivating SMX and DDS to their respective arylhy-

droxylamine metabolites, the potential exists for further

oxidation of DDS-NOH to its di-arylhydroxylamine. As

such a metabolite would possess two functional groups

capable of giving rise to ROS (Fig. 1), this is a potential

mechanism for the enhanced toxicity of DDS-NOH in this

cell type. Hence, in addition to SMX-NOH and DDS-

NOH, we synthesized this potential metabolite of DDS. To

assess the impact of functional groups that alter the reac-

tivity of the arylhydroxylamine, we also examined two

additional metabolites/analogues of DDS-NOH. MADDS-

NOH is a metabolite of DDS that has been isolated in man

[35], as well as being formed in vitro in liver microsomes

[41]. NPTS-NOH is an analogue of DDS-NOH in which

the opposing amine has been replaced by a methyl group

(Fig. 3).
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Fig. 11. Metabolite-protein adducts formation by SMX-NOH and DDS-NOH in presence and absence of ascorbic acid (AA) in NHEK. 106 NHEK cells were

grown for 24 h in 50 ml centrifuge tubes containing 10 ml of complete growth medium (KGM-2). Cells were then incubated for 3 h in presence or absence of

1 mM ascorbic acid (AA) prior to the addition of metabolite (50 mM). After 24 h, tubes were centrifuged and the cell pellets were lysed in 1 ml of deionized

water. Adducts for SMX-NOH and DDS-NOH were determined by the ELISA technique as described in Section 2.7. Data presented represent the mean (S.D.)

optical density of five replicates of each condition. Data were analyzed statistically using ANOVA with the Holm–Sidak test multiple pairwise comparisons.
*p < 0.05 compared to NHEK without metabolite; #p < 0.05 compared to NHEK + metabolite without ascorbic acid.
As demonstrated in Figs. 4–6, there are clear differences

in the ability of these metabolites/analogues to induce ROS

generation in a cell-free system. Consistent with our hypoth-

esis, ROS generation in the presence of DDS-NOH was

substantially greater than that seen with SMX-NOH.

MADDS-NOH and NPTS-NOH exhibited a similar level

of ROS generation as that seen with DDS-NOH, while the

di-arylhydroxylamine analogue induced a level of ROS

more similar to that seen with SMX-NOH. This suggests

that a second hydroxylamine functional group attenuates

rather than enhances the formation of ROS.

The concentration of metabolite needed to induce a

measurable increase in ROS in NHEK was considerably

higher than that needed in a cell-free system (Fig. 7). This

observation is expected, since cellular antioxidants serve as

an important defence mechanism and rapidly detoxify

cellular generated ROS. At a concentration of 500 mM,

DDS-NOH produced substantially more ROS than that

seen with SMX-NOH. Comparison of all examined meta-

bolites at this concentration in NHEK demonstrated that

each of the arylhydroxylamine metabolites/analogues of

DDS formed a significantly higher amount of ROS as

compared to SMX-NOH (Fig. 8). Though the ROS gen-

eration induced by DDS-diNOH was consistently lower

than that seen with other metabolites/analogues of DDS in

each of the cell-free systems, it resulted in a similar level of
ROS generation in NHEK. This observation may be

explained by differences in cellular distribution between

the metabolites or the presence of an as yet unidentified

enzymatic oxidation of the arylhydroxylamines.

As a component of assessing the role of ROS generation

on the differential cytotoxicity of the metabolites exam-

ined, we evaluated the ability of several ROS scavengers to

attenuate arylhydroxylamine-induced ROS generation in

NHEK exposed to either SMX-NOH or DDS-NOH. In

particular, trolox, melatonin, ascorbic acid and NAC,

which have demonstrated antioxidant properties and sca-

venge various free radicals [42–47], were assessed for their

ability to attenuate metabolite-induced ROS generation.

The lack of effect of melatonin was somewhat surprising

(Fig. 9), but may be due to its ability to induce superoxide

dismutase [48–50]. The induction of superoxide dismutase

leads to increased formation of H2O2 and subsequently to

elevated levels of hydroxyl radicals in the cells. This pro-

oxidant activity might counteract the generalized antiox-

idant activity of melatonin and thus reduce its intracellular

ROS scavenging activity.

If the ROS generation is responsible for the differential

cytotoxicity in NHEK cells for DDS-NOH and SMX-

NOH, then the reduction in free radical formation should

lead to reduced cytotoxicity. As ascorbic acid was found to

be the most potent antioxidant reducing ROS generation,
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we determined the cytotoxicity of the arylhydroxylamines

toward NHEK cells in the presence and absence of ascorbic

acid (Fig. 10). The percent cell death induced by these

metabolites was not found to correlate with ROS genera-

tion. In particular, though DDS-diNOH and MADDS-

NOH induced a similar level of ROS in NHEK as that

seen with DDS-NOH and NPTS-NOH, neither of these

former metabolites induced significant cell death at a

concentration of 500 mM. At this same concentration,

DDS-NOH and NPTS-NOH were clearly cytotoxic. More-

over, though DDS-NOH and NPTS-NOH induced a similar

level of ROS in NHEK (Fig. 8), the later was substantially

more cytotoxic than DDS-NOH (71% versus 39% mean

cell death). The difference in relative potencies for ROS

generation and cell death between these metabolites sug-

gests that differences ROS generation does not explain the

relative cytotoxicity of arylhydroxylamine metabolites.

However, the fact that cell death was decreased under

conditions of reduced ROS generation for DDS-NOH

and NPTS-NOH (i.e., in the presence of ascorbic acid),

suggests that ROS may play some role in the cell death

observed with these metabolites.

Since previous studies have demonstrated that SMX-

NOH and DDS-NOH result in the formation of metabolite-

protein adducts in NHEK, we determined whether or not

ascorbic acid would reduce the covalent adduct formation.

As illustrated in Fig. 11, ascorbic acid was able to reduce

the adduction that occurred with direct addition of meta-

bolite. As previous studies have demonstrated that ascorbic

acid blocks the auto-oxidation of these arylhydroxyla-

mines, this data supports the suggestion that formation

of the nitroso enhances the covalent binding of these

metabolites. However, the ability to detect adducts despite

concentrations of ascorbic acid shown previously to pre-

vent auto-oxidation, suggests alternative pathways for

covalent adduction to cellular proteins.

In summary, our studies do not support the hypothesis

that the formation of ROS serves as a primary means for

induction of cell death by arylhydroxylamine metabolites

of sulfonamides in NHEK. While there are clear differ-

ences in the ROS generation observed with SMX-NOH and

DDS-NOH, studies with structural analogues of DDS-

NOH demonstrate that ROS formation and cytotoxicity

are not directly correlated for these compounds. Elucida-

tion of the mechanism of cell death induced by these agents

will be necessary to identify the basis for the differential

potency observed. While our studies do not support a

simple connection between cell death and ROS generation

induced by these metabolites, they should not be construed

to suggest that the increase in ROS generation in such cells

is unimportant. Indeed, induction of oxidative stress may

result in the release or surface expression of important

danger signals that are critical in the provocation of an

immune response—an essential step in the immune-

mediated idiosyncratic toxicity observed with these drugs.

Studies probing this potential are ongoing.
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