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SUMMARY

The formation of potentially reactive thiols has been postulated
to play a role in the nephrotoxicity caused by a number of
glutathione and/or cysteine conjugates. However, the inherent
reactivity of such compounds has preciuded both their identifi-
cation in biological systems and a determination of their actual
toxicity. To this end we have synthesized 6-bromo-2,5-dihy-
droxy-thiophenol as a putative metabolite of nephrotoxic 2-
bromohydroquinone-glutathione conjugates.The compound was
prepared by the addition of sodium thiosulfate to 2-bromo-1,4-
benzoquinone followed by reduction of the S-aryithiosulfate to
the thiophenol. 2,5-Dihydroxy-thiophenol was similarly prepared.
Structural identification was confirmed by mass spectroscopy
and nuclear magnetic resonance spectroscopy. Administration
of 6-bromo-2,5-dihydroxy-thiophenol to rats (0.35 mmol/kg; in-
traperitoneally) caused an increase in blood urea nitrogen and

histological alterations similar to those observed after 2-bromo-
(diglutathion-S-yl)hydroquinone administration. 2,5-Dihydroxy-
thiophenol was also nephrotoxic but at a dose of 0.6 mmoi/kg.
In contrast, no effects on liver pathology were observed after
administration of either 6-bromo-2,5-dihydroxy-thiophenol or 2,5-
dihydroxy-thiophenol and serum glutamate pyruvate transami-
nase levels were normal. Neither 2-, 3-, nor 4-bromothiophenol
had any effect on blood urea nitrogen at doses between 0.2 and
0.8 mmol/kg (intraperitoneally) and no apparent alterations were
seen in kidney slices prepared from bromothiophenol-treated
rats. These findings suggest that the quinone function of 6-
bromo-2,5-dihydroxy-thiophenol is necessary for the expression
of toxicity. In this respect, the lower activity of NAD(P)H quinone
oxidoreductase (EC 1.6.99.2) in renal cortex may be of toxico-
logical significance.

The kidney is a frequent target of toxic chemicals although,
as with most other extrahepatic toxicities, the biochemical
mechanisms of such tissue injury remain to be elucidated (1).
Chloroform nephrotoxicity is probably mediated by its metab-
olism to phosgene, catalyzed by renal and/or hepatic cyto-
chrome P-450 (1-6). In contrast, cephaloridine nephrotoxicity
may be a consequence of lipid peroxidation initiated by the
redox cycling of cephaloridine, catalyzed by renal mitochondrial
P-450 reductase (7-10). However, mechanisms other than those
involving P-450 are capable of mediating chemically induced
nephrotoxicity. In this respect, only detoxifying functions had
until recently been attributed to conjugations with GSH be-
cause these conjugates are usually less toxic than their parent
compounds and are readily excreted in bile or urine as their
corresponding mercapturic acids. However, conjugation with
GSH has now been implicated i1 the activation of a number of
chemicals to mutagenic and carcinogenic electrophiles (11-14)
and evidence is accumulating that GSH conjugates of a variety
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of compounds and/or their corresponding cysteine conjugates
are nephrotoxic (15-17).

We have recently provided evidence that the renal necrosis
observed after bromobenzene administration (18) is probably
mediated by the formation of 2-bromo-(diglutathion-S-yl) hy-
droquinone (19) via the pathway illustrated in Fig. 1. Three
monosubstituted GSH conjugates of 2-bromohydroquinone are
also formed, which exhibit differentially less toxicity than the
disubstituted conjugate. A possible mechanism by which GSH
conjugates elicit toxicity involves metabolism to the cysteine
conjugate and subsequent cleavage by cysteine conjugate S-
lyase to give a potentially reactive thiol. For example S-1,2-
dichlorovinyl-L-cysteine, which is a potent nephrotoxicant (20)
is also an excellent substrate for the enzyme S-lyase (21) and
is metabolized to a sulfur-containing alkylating metabolite that
reacts covalently with tissue components (22-25). Although the
vinyl thiol generated by 8-lyase would be electrophilic and react
covalently with cellular macromolecules, the exact mechanism
of toxicity is still a matter for conjecture because such com-
pounds have yet to be synthesized. 8-Lyase has also been

ABBREVIATIONS: GSH, glutathione; HPLC, high performance liquid chromatography; BUN, blood urea nitrogen; SGPT, serum glutamate pyruvate

transaminase; IP, intraperitoneal.
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Fig. 1. The metabolism of bromobenzene to nephrotoxic metabolites.
This pathway involves two successive cytochrome P-450-catalyzed ox-
idations to give o-bromophenol and then 2-bromohydroquinone. Oxida-
tion of 2-bromohydroquinone occurs by an as yet unknown mechanism,
followed by conjugation with GSH to give three possible monosubstituted
isomers. These GSH conjugates may undergo further oxidation and
conjugation with a second molecule of GSH to give rise to 2-bromo-
(diglutathion-S-yi)-hydroquinone, a potent nephrotoxicant in rats. Figures
in parentheses represent the dose of each compound required to elicit a
similar degree of nephrotoxicity. i.v., intravenous.

postulated to be involved in the nephrotoxicity of the cysteine
conjugates of chlorodifluoroethylene, chlorotrifluoroethylene
(26, 27), and hexachlorobutadiene (16).

Whether metabolism of 2-bromohydroquinone GSH conju-
gates to reactive thiols contributes to their nephrotoxicity is
not known. Indeed, in most instances in which formation of a
reactive thiol has been postulated to play an important role in
toxicity, the positive identification and a determination of the
toxicity of these putative reactive metabolites are missing. We
therefore now report on the synthesis and toxicity of 6-bromo-
2,5-dihydroxy-thiophenol, a putative metabolite of 2-bromo-
hydroquinone-GSH conjugates. Structure activity studies sug-
gest that the quinone function of this compound is a more
important determinant of toxicity than the thiol group.

Materials and Methods

Chemicals. 2-,3-, and 4-bromothiophenol were obtained from the
Aldrich Chemical Company (Milwaukee, WI). 2-Bromo-1,4-benzoqui-
none was prepared as previously described (19). S-Adenosyl-L-[methyl-
C]methionine (>45mCi/mmol) was purchased from Amersham (Ar-

lington Heights, IL). All other reagents were of the highest grade
commercially available.

Synthesis of 6-bromo-2,5-dihydroxy-thiophenol. 6-Bromo-
2,5-dihydroxy-thiophenol was synthesized by modification of the
method of Alcalay (28) as follows. To a stirred and cooled (ice bath)
solution of sodium thiosulfate pentahydrate (1.8 g; 7.3 mmol) in water
(4 ml) was added dropwise a solution of 2-bromo-1,4-benzoquinone
(0.73 g; 4.3 mmol) in acetic acid (8 ml). The color of the quinone was
discharged almost immediately upon addition. After the addition was
completed, the ice bath was removed and stirring was continued for an
additional 5 min. Concentrated hydrochloric acid (10 M, 9.0 ml) and
water (5 ml) was then added to dilute the solution. A thermometer was
inserted and zinc dust (2.3 g) was added in small portions such that
the temperature was maintained between 40-50°. After addition was
completed, the solution was allowed to cool, with stirring, to room
temperature (approximately 15 min). The solution was then partitioned
between ice-cold water (100 ml) and ether (100 ml). The aqueous layer
was separated and extracted twice with ether (50 ml). The combined
ether extracts were washed twice with ice-cold water (100 ml), dried
over anhydrous magnesium sulfate, filtered, and concentrated under
vacuum with a rotory-evaporator to yield a white solid product. The
product was readily soluble in ether and was crystalized in a minimum
amount of acetone or methylene chloride. The weight of the recrystal-
lized product was approximately 300 mg, which was stored under argon.
This same procedure was used to synthesize 2,5-dihydroxy-thiophenol
using 1,4-benzoquinone as the starting material. The yields for both 6-
bromo-2,5-dihydroxy-thiophenol and 2,5-dihydroxy-thiophenol were
approximately 10%. Melting points were determined using a Thomas
Hoover Uni-melt Capillary Melting Point Apparatus (Arthur H.
Thomas Co., Philadelphia, PA) and the values for 6-bromo-2,5-dihy-
droxy-thiophenol and 2,5-dihydroxy-thiophenol were 143-145° and
110-112°, respectively. A similar melting point for 2,5-dihydroxy-thio-
phenol was reported (118°) (28). The purity of the compounds (>98%)
was further determined by HPLC analysis.

Structural identification of 6-bromo-2,5-dihydroxy-thio-
phenol and 2,5-dihydroxy-thiophenol. Proton NMR spectra were
obtained on a Varian XL-200 at 200 MHz, using solutions of approxi-
mately 10 mM in CDCl,. Typically, 128 free induction decays of 20,000
points were acquired with a sweep width of 2500 Hz and transformed
without weighting. Mass spectra were obtained on a LKB 9000 mass
spectrometer by electron impact ionization of a sample introduced
directly into the probe.

Toxicity studies. Male Sprague-Dawley rats (100-150 g; Taconic
Farms, Inc., Germantown, NY) were used for all experiments and were
allowed food and water ad libitum before the experiments. 6-Bromo-
2,5-dihydroxy-thiophenol, 2,5-dihydroxy-thiophenol, and the various
bromothiophenols were dissolved in ethanol/phosphate buffered saline
(40:60; v/v). These compounds were injected IP (0.5 ml) into rats and
24 or 48 hr later a sample of blood (400 ul) was taken from the retro-
orbital sinus. Control animals received 0.5 ml of the vehicle. Plasma
was separated by centrifugation and the degree of renal damage was
assessed by measuring BUN levels using Sigma kit 535A according to
Sigma technical bulletin 535 (Sigma Chemical Co., St. Louis, MO).
Hepatic damage was assessed by measuring the level of SGPT activity
using Sigma kit 505P according to Sigma technical bulletin 505. Livers
and kidneys were excised and histology slides prepared and stained
with hematoxylin and eosin by American Histolabs (Rockville, MD).

Determination of renal S-methyl transferase activity. Rats
were killed by cervical dislocation, the kidneys were perfused in situ,
excised, and immediately homogenized with Tris-KCl buffer, pH 7.4
(0.15 M KCJ; 20 mM Tris) and microsomes prepared as described by
Hinson et al. (29). Renal microsomal S-methyltransferase activity was
determined with freshly prepared microsomes only. Incubation mix-
tures consisted of 2 mg/ml microsomal protein, 0.5 mM 6-bromo-2,5-
dihydroxy-thiophenol or 0.5 mM 2,5-dihydroxy-thiophenol, 1 mM S-
adenosyl-L-[methyl-*C]methionine (2200 dpm/nmol) in 0.1 M potas-
sium phosphate buffer, pH 7.9, containing 1 mM EDTA and 0.5%
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Triton X-100 in a total volume of 2 ml. Control incubations were
prepared without substrate but with radiolabeled cofactor. The mix-
tures were incubated at 37° for 30 min and terminated by placing on
ice. A 0.5-ml aliquot from each incubation was immediately extracted
with 3 ml of ether. A 1-ml aliquot of ether was then used for the
determination of radioactivity by liquid scintillation counting. Enzyme
activity is expressed as nmol of ['*C]SCH; formed/mg of microsomal
protein/30 min and results are corrected with the appropriate control
and for incomplete recovery. A second aliquot of ether was evaporated
to dryness under nitrogen and reconstituted in 200 ul of methanol and
analyzed by HPLC. A 50-ul aliquot of methanol was injected onto a
Whatman ODS-3 Partisil reverse phase analytical column and eluted
with a linear gradient of water/methanol/acetic acid (89:10:1, v/v/v)
to water/methanol/acetic acid (0:99:1, v/v/v) over 60 min at a flow rate
of 1 ml/min. The eluate was collected at 30-sec intervals and radioac-
tivity was determined by liquid scintillation counting. Under these
conditions each of the substrates gave rise to a single major radioactive
peak, which presumably corresponded to the S-methyl-'*C-derivative.

Determination of renal quinone reductase activity. Cytosol
fractions from renal cortex, medullae, and papillae were prepared at 0—
4°. Assays were performed by modification of the procedures of Ernster
(30). The reaction mixture contained, in a final volume of 1 ml, 26 mm
Tris-HCI (pH 7.4), 0.7 mg of bovine serum albumin (Sigma); 5 uM
FAD (Sigma), 0.2 mM 8-NAD(P)H (Sigma), 40 uM menadione as the
electron acceptor in 10 gl of ethanol, and an appropriate amount of
cytosol such that enzymatic activity remained linear for 1 min. Assays
were carried out at 25° in the presence or absence of 10 uM dicoumarol.
The dicoumarol-sensitive portion of the activity was taken as a measure
of the quinone reductase (DT-diaphorase) activity. The initial velocity
of the reduction of menadione was measured spectrophotometrically
by following the oxidation of the pyridine nucleotide at 340 nm. Enzyme
activity (units/mg) is expressed as nmol of NAD(P)H oxidized/min/
mg of protein. All values are corrected for nonenzymatic rates. Under
the above conditions, the dicoumarol-sensitive quinone reductase ac-
tivity represented greater than 98% of the activity assayed.

Results

Structural identification of 6-bromo-2,5-dihydroxy-
thiophenol and 2,5-dihydroxy-thiophenol. Fig. 2A shows
the mass spectrum of 6-bromo-2,5-dihydroxy-thiophenol. The
major ions in this spectrum were m/z 220, 222 (M*); 191, 193
(M~COH); 141 (M—Br); and 113 (M~Br— CO). Fig. 2B shows
the mass spectrum of 2,5-dihydroxy-thiophenol. The major ions
in this spectrum were M/z 142 (M*); 113 (M—COH); and 81
(M—CO-SH). The 'H NMR spectra of the two synthetic
products are shown in Figs. 3 and 4. The spectrum of the
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brominated analog (Fig. 3) has two aromatic protons at 6 6.89
and 6.84 ppm, which exhibit an ortho-coupling of J = 8.5 Hz.
The signals at é 3.69, 5.18, and 5.56 ppm represent the two
hydroxyl substituents and the mercaptan. Because the hydroxyl
substituents are para to each other, the thiol and bromo groups
must be ortho to each other. The spectrum of 2,5-dihydroxy-
thiophenol is shown in Fig. 4 and has three aromatic protons
at & 6.72, 6.84, and 6.95 ppm. The signals at é 3.10, 4.50, and
5.67 ppm represent the two hydroxyl substituents and the
mercaptan. Therefore, based upon both the mass spectrometric
and 'H NMR analyses, the structures of the two chemically
synthesized thiols were confirmed as 6-bromo-2,5-dihydroxy-
thiophenol and 2,5-dihydroxy-thiophenol. *C NMR spectra of
the latter compound were also consistent with this structural
assignment (in CDCl;: C-2, and -5, 149.9, 145.4; C-1, 118.9; C-
3, -4, and -6, 115.3, 115.2, and 112.4). The limited solubility of
6-bromo-2,5-dihydroxy-thiophenol in CDCl; precluded a simi-
lar analysis by *C NMR. Moreover, in a dimethylsulfoxide
solution the brominated compound apparently formed the di-
sulfide. Evidence for disulfide formation was provided by the
'H NMR spectra, which exhibited a change in the chemical
shifts on standing, and the mass spectra, which showed the
parent ion of the disulfide.

Toxicity of 6-bromo-2,5-dihydroxy-thiophenol and
2,5-dihydroxy-thiophenol. Administration of 6-bromo-2,5-
dihydroxy-thiophenol and 2,5-dihydroxy-thiophenol IP to rats
caused a dose-dependent elevation of BUN (Fig. 5). Elevated
BUN concentrations corresponded to histological alterations
in the kidney as evaluated by the method of Reid (18) and as
previously described by us (31). The histopathological altera-
tions in the kidney were similar to those observed after bro-
mobenzene, o-bromophenol, 2-bromohydroquinone, or 2-
bromo-hydroquinone-glutathione conjugate administration.
The alterations were characterized by a striking coagulative
necrosis of the proximal renal tubules in the corticomedullary
region. As shown in Fig. 6, severe necrosis was observed in the
S3 segments of the proximal tubules, which contained eosino-
philic cells with pyknotic nuclei. The collecting ducts and
tubules exhibited occasional hyaline casts whereas some of the
tubules in the mid and outer cortex were markedly dilated and
contained proteinaceous fluid. However, the dose of 2,5-dihy-
droxy-thiophenol required to cause a maximum elevation of

2,5-Dihydroxy-thiophenol

Mt
142

Fig. 2. Mass spectra of (A) 6-bromo-2,5-dihydroxy-thio-
phenol and (B) 2,5-dihydroxy-thiophenol. Mass spectra
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BUN (0.6 mmol/kg) was approximately twice that of the brom-
140 - inated analog (0.35 mmol/kg).
520 ] In contrast to the severe renal necrosis caused by 6-bromo-
) 2,5-dihydroxy-thiophenol, examination of liver sections from
= 100 these animals showed no apparent alterations in liver pathology
B 80 ] and SGPT levels were in the normal range (data not shown).
g ! However, high doses (nonlethal) of 2,5-dihydroxy-thiophenol
? 60 did cause slight elevations in SGPT values (control, 20.8 + 6.0
g 40 - e . units/liter; 0.6 mmol/kg, 62.0 + 19.8 units/liter).
I e sy tome . Toxicity of isomeric bromothiophenols. The demonstra-
20 1 tion that the dihydroxy-thiophenols were capable of causing a
0+ ' r . . v . . . tissue-specific toxicity led us to subsequently determine those
0.0 0.2 0.4 0.6 0.8 features of the molecule that contribute the most toward its
DOSE (mmol/kg) biological activity. In this respect, either the quinone moiety or

Fig. 5. The in vivo mphrotoxicuty of 2,5-dihydroxy-thiophenol and 6-
bromo-2,5-dihydroxy-thiophenol. The compounds were given by IP injec-
tion in 0.5 mi of ethanol/phosphate-buffered saline (40:60 v/v). After 24
hr a sample of blood was obtained via the retroorbital sinus, plasma was
separated by centrifugation, and renal damage was assessed by meas-
uring BUN concentrations.

the thiol moiety (or both) might be responsible for the observed
nephrotoxicity of the dihydroxy-thiophenols. We therefore ex-
amined the potential toxicity of a series of bromothiophenols,
which differ from the presently synthesized compounds by the
absence of the quinone function. Interestingly, neither 2-, 3-,
or 4-bromothiophenol had any effect on BUN at doses between
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Fig. 6. Kidney sections obtained from rats 24 hr after treatment with (A) the vehicle, ethanol/phosphate-buffered saline (40:60 v/v), (B) 6-bromo-2,5-
dihydroxy-thiophenol (0.35 mmol/kg, IP), and (C) 2,6-dihydroxy-thiophenol (0.6 mmoi/kg, IP). Al sections were stained with hematoxylin and eosin
and the magnification was 50x. Each photograph was taken of the corticomedullary junction. Severe necrosis was observed in the S; segments of
the proximal tubules, which contained eosinophilic cells with pyknotic nuclei (arrows).
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TABLE 1
Lack of in vivo toxicity of various bromothiophenols

Numbers represent mean + SD; n = 6. Various doses of bromothiophenols were administered IP to rats in 0.5 ml of ethanoi/phosphate-buffered saline (40:60, v/v).
Control animals received vehicle only. BUN and SGPT levels were determined 24 and 48 hr after injection.

Dose BUN SGPT
24 48hr 24ne 48
mmoifkg mg/100 mi units liter
4-Br-thiophenot*
0.6 162+1.2 98+1.0 176+ 20 148+20
0.4 146 +23 69+26 248+ 144 16.6 £ 10.5
0.3 18.6 + 3.7 70+33 17.2+ 139 158 + 12.3
0.2 178+ 3.7 9.7+57 358+ 155 108+ 76
3-Br-thiophenol
0.8 199+71 216 £ 105 29.2+19.8 23.1 + 136
04 19.0 £ 2.6 16.0 + 16.1 17.7 £ 148 177+ 95
0.3 222 +10.2 276+ 18.2 76+5.2 159+ 27
0.2 199 +3.2 37.2+86 10.7 £ 5.6 25.1+58
2-Br-thiophenol
0.8 163+ 5.1 18.4 + 15.6 156.1 £ 133 92+ 34
04 165+ 5.4 16.6 + 4.3 6.1+5.0 25.1 £ 6.5
0.3 174+ 6.8 11.1+438 182+ 15 278+43
0.2 149+13 18.1 £ 89 11.0+53 85+20
Control 19.1 £ 5.7 1566 +43 200+ 4.2 17.1+53

* Dose at 0.8 mmoi/kg caused death in five out of six rats within 24 hr.

0.2 and 0.8 mmol/kg IP (Table 1) and no pathological altera-
tions were seen in kidney slices from bromothiophenol-treated
rats. SGPT values were also within the normal range (see Table
3).

Enzymatic determinants of 6-bromo-2,5-dihydroxy-
thiophenol and 2,5-dihydroxy-thiophenol nephrotoxic-
ity. The amount of a potentially reactive thiol generated from
a cysteine conjugate will be dependent upon a variety of factors,
including the relative activities of N-acetyltransferase(s), de-
acetylase(s), and cysteine conjugate 8-lyase. The thiol may or
may not alkylate tissue components, which may or may not
lead to subsequent necrosis. Alternatively, the thiol can be a
substrate for thiol S-methyl transferase (32-34) to give rise to
the thiomethyl derivative. Such a reaction might be expected
to alter the biological activity of the parent compound. We
therefore measured the activity of freshly prepared renal mi-
crosomal S-methyl transferase toward 0.5 mM 6-bromo-2,5-
dihydroxy-thiophenol and 0.5 mM 2,5-dihydroxy-thiophenol
(Table 2). Enzyme activity toward 2,5-dihydroxy-thiophenol
was 7 times that toward the brominated analog. It should be
noted that the enzyme has a far higher affinity for aromatic
thiols than for aliphatic thiols (32) and the substrate concen-
trations used in the present experiments (0.5 mM) are above
those required for saturation. The formation of the S-methyl
derivatives were further confirmed by HPLC. Thus, analysis of
the ether extract from renal microsomal incubations containing

TABLE 2

Formation of S-methylithioether from 6-bromo-2,5-dihydroxy-
thiophenol and 2,5-dihydroxy-thiophenol in rat renal microsomes
Mixtures contained 2 mg/mi freshly isolated kidney microsomes, 1.0 mm ['“C]S-
adenosyl-L-methionine (2200 dpm/nmole), 1 mm EDTA, and 0.5% Triton X-100 in
the presence and absence of 0.5 mm substrate in 0.1 m potassium phosphate
buffer, pH 7.9, and were incubated at 37° for 30 min. The figures represent the
mean + SD of triplicate incubations.

Substrate S-Methytthioether Formed
nmol/mg/30 min
6-Bromo-2,5-dihydroxy-thiophenol 1.7+ 0.1
2,5-Dihydroxy-thiophenol 11907

either of the dihydroxy-thiophenols and S-adenosyl-L-[methyl-
C]lmethionine, gave rise to a single major radioactive peak,
which presumably corresponded to the S-[methyl-'*C]dihy-
droxy-thiophenol. This radioactive peak was absent in incu-
bations containing boiled renal microsomes (Fig. 7).

The lack of renal toxicity of the isomeric bromothiophenols
suggests that the quinone function of the dihydroxy-thiophen-
ols is an important determinant of their toxicity. We therefore
measured the tissue distribution of renal quinone reductase
activity in order to determine whether possible differences
might contribute to the observed localization of dihydroxy-
thiophenol renal toxicity. Renal quinone reductase activity was
found to be highest in the papilla (269.3 + 5.4 units/mg) and
lowest in the cortex (38.2 + 1.1 units/mg) with intermediate
activity in the medulla (142.4 + 5.7 units/mg) (Table 3).

200 T - 100
@ Kidney Microsomes
-o- DBoiled Microsomes b x

100 S

DPM

Xeeesx Methanol

10 20 30 40 50
FRACTION #

Fig. 7. S-Methylation of 6-bromo-2,5-dihydroxy-thiophenol. Rat renal
microsomes (2 mg/ml) were incubated with 0.5 mm 6-bromo-2,5-dihy-
droxy-thiophenol and 1 mm S-adenosyi-L-[methy/-'*C]methioninein 0.1 M
potassium phosphate buffer (pH 7.9) containing 1 mm EDTA and 0.5%
Triton X-100 at 37° for 30 min. An aliquot of an ether extract from this
incubation was analyzed by HPLC using a Whatman, reverse phase
ODS-3 Partisil column and eluted with a linear gradient of water/metha-
nol/acetic acid (89:10:1, v/v/v) to water/methanol/acetic acid (0:99:1, v/
v/v) over 60 min at a flow rate of 1 mi/min.
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TABLE 3

Rat renal quinone reductase activity

Mixtures contained, in a final volume of 1 mi, 25 mm Tris-HCI (pH 7.4), 0.7 mg of
bovine serum albumin 5 um FAD, 0.2 mm NAD(P)H, 40 um menadione, and an
appropriate amount of 10,000 x g supematant of cortex, meduila, and papillae in
the presence or absence of 10 um dicumarol and were incubated at 25° for 1 min.
The figures represent the mean + SD of triplicate incubations. Enzyme activity is
expressed as nmol of NAD(P)H oxidized/min.

ppnp
units/mg
Cortex 38211
Medulla 1424 £ 5.7
Papillae 2693+ 54

r Br
GS, OH HS, OH
—
HO HO

by — "
56\0@6 /;@su

Fig. 8. The metabolism of 2-bromo-(glutathion-S-yl)hydroquinone(s) to
dihydroxy-thiophenols.

Discussion

In the present study we have synthesized 6-bromo-2,5-dihy-
droxy-thiophenol as a putative metabolite of nephrotoxic 2-
bromohydroquinone-GSH conjugates (Fig. 8). Administration
of purified 6-bromo-2,5-dihydroxy-thiophenol to rats resulted
in a dose-dependent increase in BUN (Fig. 4) and histological
changes in the kidney consistent with those observed after 2-
bromohydroquinone-GSH intoxication (19). Interestingly,
SGPT levels remained within the normal range (data not
shown) and no histopathological alterations in the liver were
observed. The data suggest that bromo-dihydroxy-thiophenols
may contribute to the nephrotoxicity of 2-bromohydroquinone-
GSH conjugates. Indeed, preliminary experiments on the in
vivo disposition of ['*C]2-bromohydroquinone indicate the
presence of thiomethyl metabolites in urine (35). This suggests
that dihydroxy-thiophenols are formed in vivo, probably via the
processing of 2-bromohydroquinone-GSH conjugates through
the mercapturic acid pathway.

In contrast to the nephrotoxicity of 6-bromo-2,5-dihydroxy-
thiophenol, neither 2-, 3-, or 4-bromothiophenol had any effect
on the livers or kidneys of rats at doses between 0.2 and 0.8
mmol/kg (IP) (Table 1). 4-Bromothiophenol at a dose of 0.8
mmol/kg caused five of six rats to die within 24 hr. None of
these deaths, however, were related to either liver or kidney
damage. It appears likely, therefore, that the presence of the
hydroquinone moiety of 6-bromo-2,5-dihydroxy-thiophenol is
essential for the expression of nephrotoxicity inasmuch as
analogs lacking this function are not toxic. By inference, the
thiol group is clearly not a prerequisite for toxicity. Therefore,
it is possible that the entire cascade of the mercapturic acid
pathway metabolites contribute to the toxicity observed after
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administration of the corresponding glutathione conjugates,
including the S-methyl derivative.

The mechanism of toxicity of the dihydroxy-thiophenols is
not known but is probably related to their oxidation to the
corresponding quinones. However, the mechanism of this oxi-
dation is unclear. Oxidation could conceivably give rise to either
the 1,4-quinone or a 4-hydroxy-1,2(thio) quinone (Fig. 9). In
either case, if the nonenzymatically mediated oxidation of the
dihydroxy-thiophenols were responsible for their nephrotoxic-
ity, their effects might be expected to be more general in nature.
The kidney-specific toxicity of the corresponding GSH conju-
gates may be a consequence of their selective accumulation by
renal proximal tubular cells, mediated by y-glutamyl transpep-
tidase (19). In support of this idea, the rate and extent of uptake
of 2-bromo-(diglutathion-S-yl)hydroquinone into renal slices is
greater than either of the three monosubstituted isomers (36).
Whether a specific renal transport system exists for the uptake
of dihydroxy-thiophenols is not known. Thus, the oxidation of
the dihydroxy-thiophenols is probably enzymatically mediated
rather than a nonspecific auto-oxidative process. In this re-
spect, the electron transfer reactivity of these polyphenols may
be controlled largely by enzyme-dependent activation require-
ments rather than by the oxidizability of the substrate. The
kidney-specific toxicity of the dihydroxy-thiophenols could
then be explained on the basis of the tissue distribution of the
enzyme(s) responsible for catalyzing the oxidation of the hy-
droquinone to the quinone and/or the lack of quinone detoxi-
fication enzymes. With respect to the former possibility we
have initially characterized an enzyme that catalyzed the acti-
vation of 2-bromohydroquinone to covalently bound material
(37). This enzyme exhibits a higher activity in the kidney than
in the liver. We are currently attempting to purify this enzyme.
With respect to the latter possibility, it may be relevant that
the toxicity of the GSH conjugates of 2-bromohydroquinone
and of the dihydroxy-thiophenols is localized to the cortico-
medullary junction. We have shown the differential distribution
of quinone reductase activity through the kidney (Table 3).
Activity was found to be highest in the papilla and lowest in
the cortex. Because the quinone moiety of the dihydroxy-
thiophenol appears essential for the expression of toxicity, the
differential distribution of quinone reductase activity could also
be of toxicological significance.

Although the presence of the halogen atom in 6-bromo-2,5-
dihydroxy-thiophenol is not a prerequisite for toxicity, the dose
of 2,5-dihydroxy-thiophenol required to produce a similar tox-
icity is approximately twice that of the brominated compound.
The reason for this difference is unclear, although, paradoxi-

Br

SOWO]
. ©

HS P M __ 19 i

@ r AND OTHER POSSIBLE

HO DIMERIC PRODUCTS

Fig. 9. Possible products of 6-bromo-2,5-dihydroxy-thiophenol oxidation.
The dihydroxy-thiophenols could 1) undergo oxidation to the correspond-
ing quinone(s) 2) undergo disulfide formation with either (a) a second
molecule of dihydroxythiophenol, (b) glutathione, or (c) protein sulfhydryl
groups, or 3) form the S-methyl derivative via the activity of thiol S-
methyitransferase.
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cally, the electron-withdrawing property of the halogen might
be expected to make the hydroquinone less susceptible to
oxidation. Another factor contributing to the more potent
nephrotoxicity of 6-bromo-2,5-dihydroxy-thiophenol relative to
2,5-dihydroxy-thiophenol may be related to their different rates
of S-methylation. Thus, although the thiol group may not be
essential for toxicity it may contribute to the ease of oxidation
of the hydroquinone, because the dose of 6-bromo-2,5-dihy-
droxy-thiophenol required to produce toxicity (0.35 mmol/kg)
is less than that of 2-bromohydroquinone (0.8 mmol/kg) (38).
Methylation of the thiol group might be expected to decrease
its redox-enhancing effect. In this respect, the electrophilic
nature of the halogen in conjunction with its bulk may explain
why 2,5-dihydroxy-thiophenol methylates much faster than
does 6-bromo-2,5-dihydroxy-thiophenol (Table 2). That is, the
effect of the halogen is both electronic and steric.

6-Bromo-2,5-dihydroxy-thiophenol is one of several thiols
that could form from the metabolism of the various isomeric 2-
bromohydroquinone-GSH conjugates (Fig. 8) and in the pres-
ent study it has served as a model to demonstrate that these
putative metabolites do indeed exhibit toxicological activity.
Attempts to synthesize the dihydroxy-dithiophenols and dihy-
droxy-glutathionyl-thiophenol are warranted in order to deter-
mine their relative toxicity. In conclusion, we have shown that
6-bromo-2,5-dihydroxy-thiophenol causes kidney-specific tox-
icity in rats. The reason for this tissue-specific toxicity is not
known but may be related to its enzymatic oxidation. Dihy-
droxythiophenols may contribute to the nephrotoxicity caused
by GSH conjugates of 2-bromohydroquinone.
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