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ABSTRACT:

2-Br-(dlglutathion-S-yI)hydroqulnone (2-Br-(dlGSyI)HQ) is a potent

nephrotoxicent, causing glucosuria, enzymurla, proteinuria, eleva-
lions in blood urea nitrogen, and severe histological afterations to
renal proximal tubules at doses of 10-15 gamol/kg. In contrast, 2-Br-
3-(giutathion-S-yl)hydroquinone (2-Br-3-(GSyI)HQ) is substantially

less nephrotoxlc than 2-Br-(dIGSyI)HQ and requires a dose of at
least 50 �tmoI/kg to cause modest elevations In blood urea nftrogen
concentrations. The reason or reasons for this difference in potency
is unclear, but since Inhibition of renal -y-glutamyl transpeptidase (y-

GT) prevents 2-Br-(dIGSyI)HO-medlated nephrotoxiclty, metabolism
of these conjugates by the kidney must play an important role. To

address this question we have compared the metabolism and toxicity
of 2-Br-(dIGSy9HQ and 2-Br-3-(GSyI)HQ In the In situ perfused rat

kidney (ISPRK). Following infusion of 20 amol 2-Br-3-(GSyI)HQ into
the right renal artery of male Sprague Dawley rats, a total of 23.5 ±
1.9% (mean ± SE) of the dose was accounted for In urine and bile
over a period of 180 mm. 2-Bromo-3-(cystein-S-y9hydroquinone and
2-b�mo-3-(N-acetylcystein-�-yI)hydroqulnone were Identified in
urine, and unchanged 2-Br-3-(GSyl)HQ was Identified in urine and

bile. The product arising from the oxidative cyclizatlon of 2-bromo-

3-(cystein-S-glycine)hydroquinone, 2H-(3-glyclne)-7-hydroxy-8-
bromo-1,4-benzothiazlne, was also Identified In urine. In contrast, no
known metabolftes of 2-Br-(dIGSyI)HO were found In the urine or bile

following its infusion (20 �imol) Into the ISPRK, and only minor

amounts of several unidentified metabOlltes, In addition to un-
changed 2-Br-(dlGSyI)HQ, were detected. Toxicity was assessed by
determining mftochondrlal function and the urinary excretion of ‘y-

GT. Neither conjugate aftered mftochondrlal respiratory function or

the activity of succinate dehydrogenase. The kinetics of 7-CT excre-
lion into urine produced from tt* perfused and contralateral kidneys

differed substantially following perfusion with either 2-Br-3-(GSyI)HQ
or 2-Br-(diGSyl)HQ. The susceptibility of Individual ISPRK prepara-
tions to the toxicity of 2-Br-3-(GSyl)HQ correlated with differences In
the overall metabolIsm of 2-Br-3-(GSyI)HQ In that preparations that

excreted more conjugate In the unmetabolized form excreted less

7-GT. Substantial differences In the Intrarenal metabolism and dis-

position of 2-Br-(dlGSyI)HQ and 2-Br-3-(GSyl)HQ may contribute to

their differences In nephrotoxlcity.

Administration of 2-BrHQ� (0.83 mmol/kg, ip) to rats causes
extensive necrosis ofrenal proximal tubules (1). Recent evidence
supports the hypothesis that the nephrotoxicity induced by 2-
BrHQ is due to the formation of 2-Br-(diGSyl)HQ and perhaps,
2-Br-mono-(GSyl)HQ (1-3). Thus, 2-Br-(diGSyl)HQ is about 30
times more toxic than 2-BrHQ and between 5 to 10 fold more
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toxic (on a molar equivalent basis) than 2-Br-mono-(GSy1)HQ’s.
Although the reasons for the differences in potency exhibited by
2-Br-(diGSyl)HQ and 2-Br-mono-(GSy1)HQ’s are unclear, it ap-
pears that a combination of physiological, biochemical, and
electrochemical factors contribute to the toxicity of 2-Br-(di-
GSyl)HQ (3).

-y-GT catalyzes the first step in the metabolism of GSH con-
jugates to their corresponding mercapturic acids. Inhibition of
renal -y-GT with acivicin (AT-125) protected animals against 2-
BrHQ- and 2-Br-(diGSyl)HQ-induced nephrotoxicity (2, 3).
Furthermore, the in vivo covalent binding of 2-Br[14CIHQ to

renal macromolecules was significantly inhibited by pretreatment
of rats with acivicin (4). These data indicate that metabolism of
2-Br-(diGSyl)HQ by renal y-GT is essential for the generation of
reactive metabolites and for the expression of toxicity. The
objectives of this study were therefore to determine whether
differences in the renal metabolism and disposition of 2-Br-
(diGSyl)HQ and 2-Br-3-(GSyl)HQ contribute to their differential
toxicity. As a model for these studies we chose the ISPRK (5) in
which the compound of interest is perfused into one kidney and
urine collected from both the perfused and contralateral kidney,
permitting an estimate ofthe first pass metabolism and clearance
ofthe infused compound. That fraction ofthe perfused dose that
is not cleared or metabolized by the perfused kidney during its
first pass is available to the systemic circulation, and can subse-
quently be eliminated in the bile following hepatic extraction
and metabolism and/or can be delivered in equal amounts to
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both the perfused and contralateral kidney. Results from exper-
iments described in this article suggest that differences in the
renal disposition of 2-Br-(diGSyl)HQ and 2-Br-3-(GSyl)HQ may

play an important role in their differential nephrotoxicity.

Materials and Methods

Chemicals. 2-Br-(diGSyl)HQ, 2-Br-(diCYS)HQ, 2-Br-(diNAC)HQ, 2-
Br-3-(GSy1)HQ, 2-Br-3-(CYS)HQ, 2-Br-3-(NAC)HQ, and 2H-(3-glyci-
nyl)-7-hydroxy-8-bromo-l,4-benzothiazine were synthesized in our lab-
oratory and were available from previously published studies (2, 6-8).
Mannitol, magnesium sulfate, citric acid, ammonium acetate, EDTA,
sucrose, propylene glycol, and potassium phosphate were products of
Fisher Scientific (Houston, TX). HEPES, EGTA, BSA, i(-)malic acid,
a-ketoglutarate, ADP, chioral hydrate, and sodium pentobarbital were
obtained from the Sigma Chemical Co. (St. Louis, MO).

Preparation of Anesthetic (Equithesin). A solution (I) of 6 g chioral

hydrate and 2 g MgSO4 was prepared in 72 ml of sterile water. A second
solution (H), containing 8 ml ethanol and 1.5 g sodium pentobarbital in
70 ml of propylene glycol, was stirred on low heat for 2 hr and cooled

for 20 mm. I was slowly added to II, gently stirred for 20 mm, and
ifitered into sterile storage bottles until use.

IN Sits Kidney Perfusion. The technique of Davison (5), with modi-
fications to the method of anesthesia and the composition of perfusing
solution, was used as follows. Male Sprague Dawley rats (350-400 g;
Harlan Sprague Dawley, Houston, TX)were fasted overnight and allowed
water ad libitum prior to experiments� Animals were anesthetized with

equithesin (0.35 ml/100 g, ip) and maintained under anesthesia with a

0.3 ml (im) booster dose every hour. The leftjugular vein was cannulated
with PE-lO tubing and 7% mannitol in phosphate-buffered saline was

perfused through the vein at a flow rate of 0.1 ml/min. The abdomen
was sterilized, opened, and the ureters and bile duct cannulated with PE-
10 tubing� The right renal artery was cannulated with a 30 gauge
hypodermic needle bent to a 90 angle and attached to PE-lO tubing. A
drop of cyanoacrylate glue was applied at the point of needle insertion.
Mannitol (7% in phosphate-buffered saline) perfusion was started im-
mediately (0.1 mi/mm) and the animal permitted to recover for 30 mm,
at which time continuous and normal urine flow rates were observed. 2-
Br-(diGSyl)HQ (20 Mmol in 2 ml 7% mannitol) or 2-Br-3-(GSyl)HQ (20

�amol in 2 ml 7% mannitol) were introduced through the renal cannula
over a 20-mm period at which time mannitol was perfused through the
renal cannula for a further 160 mmn. Urine samples were collected on ice
at 30-mm intervals. Bile samples were collected at hourly intervals.
Control rats were perfused with 7% mannitol in phosphate-buffered
saline for 180 mmn without addition of conjugates.

Analysis of Metabolites. Urine and bile samples were analyzed by
HPLC (Shimadzu LC6A, Columbia, MD) coupled to an electrochemical
coulometric (EC) detector (ESA Coulochem, Model 5100A, Bedford,
MA) (detector 1 = -0.20 V, detector 2 = +0.20 V) and an UV detector

(280 nm; Shimadzu SPD-6AV) connected in series. The mobile phase
was composed of 4 mM Citrate, 8 mM ammonium acetate, 20 mg/liter
EDTA, and 5 or 10% methanol, pH 4.0, for analysis of 2-Br-(diGSyl)HQ
and 2-Br-3-(GSy1)HQ, respectively. Samples were diluted (I :20, v/v) with
the mobile phase, and 20 �il aliquots injected onto an Optisil 5 � C18
reverse phase analytical column (Phenomenex, Torrance, CA) and eluted

at a flow rate of 1 ml/min. Urine collected from each animal prior to
perfusion with the conjugates was used as the chromatographic control.
Under these conditions, authentic 2-Br-(diGSyl)HQ and 2-Br-
(dICYS)HQ eluted with retention times of 11.9 ± 0.2 and 27.6 ± 1.8
mitt, respectively(mean ± SD). 2-Br-(diNAC)HQ was assayed by increas-

ing the methanol content of the mobile phase from 5 to 25% and was
eluted at 12.5 ± 0.08 mmn. 2-Br-3-(CYS)HQ, 2-Br-3-(GSyl)HQ, and 2-
Br-3-(NAC)HQ eluted with retention times of 12.6 ± 0.6, 16.3 ± 0.9,
and 21.6 ± 1.2 mmn, respectively. In order to detect the l,4-benzothiazine
metabolite of 2-Br-3-(GSyl)HQ, undiluted urine was injected directly

onto the analytical column and eluted with methanol/l% acetic acid in
water (10:90 to 100:0 over 60 mm) at a flow rate of 1 mI/mm. 2H-(3-

glycinyl)-7-hydroxy-8-bromo-l,4-benzothiazine eluted at 34. 1 ± 0.23
mm.

Assessment of Renal Mitochondrial Function. Isolation of Mitochon-

dna. After completion of each experiment, kidneys were perfused, via
the aorta, with buffer containing 220 mM mannitol, 70 mM sucrose, 2

mM HEPES, 1.0 mM EGTA and 0.5 mg/mI BSA, pH 7.4 (MSHEA
buffer) (9). The kidneys were immediately removed and placed in ice-
cold MSHEA buffer. All subsequent steps were carried out at 4C.
Kidneys were cut longitudinally and the papillae removed and discarded.
The remainder of the kidney was mmn�ed and homogenized in MSHEA
buffer(l:l0, w/v) with a Potter-Elvehjem homogenizer using 4-5 strokes
at approximately 1,200 rpm. Isolated renal mmtochond#{241}awere prepared

accordingto the method ofWeinberg and Humes(lO). Functional studies
were performed only on freshly isolated mmtochond#{241}a.

Mitochondria/Respiratory Function. Oxygen consumption was meas-
ured polarographically at 25#{176}Cusing a YSI Model 53 Biological Oxygen
Monitor (Yellow Springs, OH). Respiration was measured in a closed 1
ml glass chamber equipped with a 0.025” platinum/silver electrode (YSI
Model 5331 Oxygen Probe) and a magnetic stirring bar. The incubation
media contained 220 mM manmtol, 70 mM sucrose, 10 mM potassium
phosphate(pH 7.4), 0.5 mg/mi BSA, 1.0 mM EGTA, and the respiratory
substrates, malic acid (5.0 mM) and a-ketogjutarate (5.0 mM). Experi-
ments were initiated by adding 0.3-0.8 mg (25-50 �l) mmtochondrial
suspension to the incubation medium within the chamber. One mmn after
the addition of mmtochondn�, 10 Ml of ADP (25 mM) was added to
initiate state 3 respiration. State 3 respiration, state 4 respiration, RCRS,

and the ADP/O ratio were measured as determinants ofthe effects of 2-
Br-(diGSyi)HQ and 2-Br-3-(GSyi)HQ on mmtochond#{241}alrespiratory func-
tion. State 4 respiration was measured as the rate ofoxygen consumption
following ADP depletion. RCR is defined as state 3 respiration/state 4
respiration. The ADP/O ratio represents the ratio of added ADP to the
quantity of oxygen consumed and provides an indirect estimate of the
amount ofATP synthesized pergram-atom ofoxygen consumed. Oxygen

consumption calculations were based on oxygen solubility in the buffer
at 25#{176}Cof 480 natom of oxygen/mi (1 1). Respiratory rates are reported
as natom equivalents of oxygen consumed per mg of protein per mmn.
The yield of mmtochondrial protein was unaffected by perfusion of
kidneys with either 2-Br-(diGSyl)HQ or 2-Br-3-(GSy1)HQ.

Succinaze Dehydrogenase Activity. Succinate dehydrogenase was as-
sayed by the procedure ofSottocasa et a!. (12), in which enzyme activity
is measured by following the reduction of cytochrome c at 550 nm in
the presence of succinate. Protein was determined by the method of
Lowry et a!. (1 3) using BSA as the standard.

Determination of Proximal Tubular Toxicity. Excretion of the brush-
border enzyme �y-GT is an early and sensitive indicator of quinone-
thioether-mediated nephrotoxicity (6). Therefore, to assess the adverse
effects 2-Br-(diGSyi)HQ and 2-Br-3-(GSyi)HQ in the ISPRK, 5 or 10 �d
aliquot of each urine sample was assayed for y-GT activity as described

in Sigma Technical Bulletin 545 �y-GT activity was measured with
glutamyi-p-nitroaniline as the substrate. One unit of ‘y-GT is defined as
1 nmoi ofp-nitroaniline formed per mm at 25#{176}C.

Statistics. Statistical significance was determined by one-way analysis
ofvariance followed by the Student Newman-Keuls test. For the ISPRK
studies, differences in the excretion of ‘y-GT were analyzed (log data) as
a randomized block factorial design. Individual comparisons were ana-
iyzed with an applied significance level ofp < 0.05. Significance between

time zero and subsequent time points, and between the perfused and
contralateral kidneys at each time point, were determined by Dunn’s
Multiple Comparison test.

Results

Metabolism of 2-Br-(diGSyl)HQ in the ISPRK. Metabolites
of 2-Br-(diGSyl)HQ were found in urine excreted from the
infused kidney only within the first 30 mm following infusion of
the conjugate into the ISPRK (fig. 1). However, none of the
electroactive peaks observed by HPLC-EC analysis eluted with
retention times corresponding to either 2-Br-(diCYS)HQ or 2-
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Fia. 1. HPLC-ECprofiles ofO-30 mm urine producedfrom an ISPRK

infused with (A) 20 #{252}nol2-Br(diGSyl)HQ or (B) 7% mannitol (control).

EC active peaks I, II, ifi, and V represent metabolites of unknown
identity. Peak IV corresponds to the parent compound, 2-Br-(di-
GSyi)HQ. Chromatographic conditions of the assay are described in
Materials and Methods.

Br-(diNAC)HQ. The compound that eluted at 7.1 mm was
present in control urine. The four compounds eluting at 6.5 (I),
9.1 (II), 10.0 (ifi), and 20 mm (V) were only present in urine
from 2-Br-(diGSyl)HQ--infused kidneys and therefore probably
represent metabolites of unknown structure. Neither 2-Br-(di-
GSy1)HQ nor any known or unknown metabolites were observed
in urine excreted from the contralateral kidney, or from the bile.
The amount of 2-Br-(diGSyl)HQ (IV) detected in the urine
constituted only 3.12 ± 0.15% of the administered dose (mean
± SE, N = 4).

Metabolism of 2-Br-3(GSy1)HQ in the ISPRK: Urinary Me-
tabolites. Under the conditions of the HPLC-EC analysis, four
electroactive compounds with retention times of 10.3 (I), 12.4
(II), 14.5 (III), and 20.4 (IV) mm were observed in urine excreted
from the perfused (right) kidney of rats treated with 20 �mol 2-
Br-3-(GSyl)HQ (fig. 2). The component eluting at 5 mm was a
constituent of control, untreated rat urine. By comparing the
retention times and EC properties of the urinary metabolites to
those of authentic standards, metabolites II, III, and IV were
identified as 2-Br-3-(CYS)HQ, 2-Br-3-(GSyl)HQ, and 2-Br-3-
(NAC)HQ, respectively. HPLC-UV analysis of urine confirmed
the presence ofthe cysteine and mercapturate metabolites (I and
II, fig. 3) but lacked sufficient sensitivity to detect 2-Br-3-
(GSyl)HQ. In addition, the UV absorbing compound that eluted
at 33.4 mm (V, fig. 3) did not exhibit a response on the electro-
chemical detector. The retention time and UV spectrum of this

I I I I I
5 10 15 20 25

TIME (mm)
FIG. 2. HPLC-ECprofiles ofO-30 mm urineproducedfrom the (A)

perfused, and (B) contralaterai kidneys ofthe ISPRK infused with 20

��mol 2-Br-3(GSyl)HQ.

Peak I represents a metabolite of unknown identity, but may be 2-Br-
3-(cystein-S-ylgiycine)hydroquinone (see text); II, 2-Br-3-(CYS)HQ; Ill,
2-Br-3-(GSyl)HQ; and IV, 2-Br-3-(NAC)HQ. Chromatographic condi-
tions of the assay are described in Materials and Methods.

compound was identical to that of authentic 2H-(3-glydnyi)-7-
hydroxy-8-bromo-1,4-benzothiazine (8). Additional minor UV
absorbing peaks eluting between 50-55 mm (VI) were observed

and probably represent polymers formed from the oxidative
coupling of the l,4-benzothiazine (fig. 3). The “unknown” elec-
troactive compound eluting at 10.3 mm (I, fig. 2) was unstable,
the intensity of the signal slowly decreased upon consecutive

reanalysis. This metabolite probably represents 2-Br-3-(cystein-
S-yiglycine)hydroquinone since concomitant with the decrease

in the intensity of this compound, an increase in the amount of
the corresponding l,4-benzothiazine was observed.

Quantitation of metabolites excreted in the urine produced by
both the perfused and contralateral kidneys is shown in table 1.
The mercapturic acid was identified as the major metabolite of
2-Br-3-(GSyl)HQ excreted in urine, with smaller amounts of 2-
Br-3-(CYS)HQ, 2-Br-3-(GSy1)HQ, and the 1,4-benzothiazine cx-

creted principally via the perfused kidney. There was no differ-
ence in the time course of 2-Br-3-(NAC)HQ excretion into urine
produced from either the perfused or contralateral kidneys (fig.
4). Only 2-Br-3-(NAC)HQ was excreted in urine beyond the first
60 mm of the perfusion; neither 2-Br-3-(CYS)HQ, 2-Br-3-
(GSyi)HQ, nor the l,4-benzothiazine were observed in urine
samples collected between 60-180 mm. Between 20-27% of the
administered dose of 2-Br-3-(GSy1)HQ was identified as known
metabolites. 2-Br-3-(GSy1)HQ was the major compound excreted
in bile (I, fig. 5). The metabolites eluting at 19.2 mm (II) and
23.2 mm (III) did not cochromatograph with any ofthe authentic
standards. The major difference between individual preparations

ofthe ISPRK was in the overall metabolism of 2-Br-3-(GSyI)HQ,
as indicated by the fraction of 2-Br-3-(GSy1)HQ excreted un-
changed (see below).

Toxicity of 2-Br-(diGSyl)HQ and 2-Br-3-(GSyI)HQ in the
ISPRK. Urine was produced by control, mannitol-perfused kid-
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FIG. 3. HPLC-UVprofile ofurine producedfrom an ISPRK infused
with (A) 20 �imol 2-Br-3-(GSyI)HQ or (B) 7% mannitol (control).

Peak I represents 2-Br-3-(CYS)HQ; II, 2-Br-3-(NAC)HQ; V, 2H-(3-
giycinyl)-7-hydroxy-8-bromo-l,4-benzothia#{241}ne; and VI, polymers de-
rived from the oxidative coupling of 2H-(3-glycinyi)-7-hydroxy-8-bromo-
1,4-benzothiazine. Chromatographic conditions of the assay are de-
scribed in Materials and Methods.

TABLE 1

jLkLJL�LLP±i

TIME (mm)

neys at a rate of 57 ± 5 and 46 ± 4 d/min (mean ± SE, N = 3,
collection time 180 mm) for the perfused and contralateral
kidneys, respectively. Urine flow rate decreased slightly to 40 ±

7 and 40 ± 7 jzl/min (mean ± SE, N = 4) in 2-Br-3-(GSy1)HQ-
perfused kidneys and to 45 ± 4 and 29 ± 6 z1/min (mean ± SE,
N= 4) in 2-Br-(diGSyl)HQ perfused kidneys. We have previously
shown that the urinary excretion of the brush-border enzyme �y-
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GT is a sensitive indicator of 2-Br-(diGSyl)HQ-mediated dam-
age to renal proximal tubular epithelium (6). We therefore mon-
itored the excretion of this enzyme into urine as a marker of
proximal tubular injury to the ISPRK. The time course of�y-GT
excretion was dependent upon the conjugate infused. Thus,
equivalent amounts of ‘y-GT were excreted into urine produced
by both the perfused and contralateral kidneys following infusion
of 2-Br-(diGSyl)HQ (fig. 6). In contrast, infusion of 2-Br-3-
(GSyl)HQ resulted in significantly greater excretion of-y-GT into
urine produced from the right (perfused) kidney (fig. 6). In
addition, the total amount of �y-GT excreted by both kidneys
was greater in response to 2-Br-(diGSyl)HQ than to 2-Br-3-

(GSyl)HQ, indicating that the former was more toxic to the
ISPRK than the latter. Finally, there was an inverse correlation
(y = 40.7 - 4.4 �-2, ,.2 1.0) between the total amount of 2-Br-
3-(GSy1)HQ excreted “unchanged” by the ISPRK and the total
amount of -y-GT excreted in urine (fig. 7).

Effects of 2-Br-(diGSyl)HQ and 2-Br-3-(GSy1)HQ on Mito-
chondrial Respiratory Function in the ISPRK. Neither 2-Br-
(diGSyl)HQ nor 2-Br-3-(GSyl)HQ had any adverse effects on
renal mitochondrial respiratory function during the time course
of these experiments. State 3 and state 4 respiration, RCRS, and
ADP/O ratios were all unaffected in mitochondria isolated from
the ISPRKs (table 2). Succinate dehydrogenase activity deter-

mined in mitochondria isolated from both the perfused and

contralateral kidneys remained at control values (table 2).

Discussion

2-Br-(diGSyl)HQ is an extremely potent renal proximal tubu-
lartoxicant, whereas 2-Br-mono-(GSyl)HQ’s are significantly less

toxic (2, 3). The reason or reasons for this difference in potency
are unclear. In the present study we utilized the ISPRK model
to determine whether differences in the renal metabolism and
disposition of2-Br-(diGSyl)HQ and 2-Br-3-(GSyl)HQ contribute
to their differential nephrotoxicity. Following infusion of 20
�imol 2-Br-3-(GSyl)HQ into the ISPRK, 2-Br-3-(CYS)HQ, 2-Br-
3-(NAC)HQ, and 2H-(3-glycinyl)-7-hydroxy-8-bromo-l ,4-ben-
zothiazine were all detected within 30 mm as urinary metabolites,
along with unchanged 2-Br-3-(GSyl)HQ. Beyond 60 mm, only
the mercapturate could be identified in urine. l,4-Benzothiazine

formation represents a novel pathway of quinone-thioether me-
tabolism that diverges from the classical route of mercapturic
acid biosynthesis following the conjugation of xenobiotics with

GSH (8). The identification of 2H-(3-glycinyl)-7-hythoxy-8-
bromo-l,4-benzothia#{241}ne in urine produced from kidneys per-
fused with 2-Br-3-(GSy1)HQ provides the first evidence for the
occurrence of this pathway in vivo. It appears that removal of

Quantitation of2-Br-3-(GSy1)HQ and its metabolites excreted in urine produced by theperfused and contralateral kidneys
and 2-Br-3-(GSyl)HQ in bile

Figures are expressed in nmoi and represent the mean ± SE of four perfusions. Metabolites and unchanged 2-Br-3-(GSyl)HQ were quantified in
urine collected at 30 mmn intervals for 180 mmn. Since no material was excreted in the final 60 mmn the data represent the amount of 2-Br-3-
(GSyi)HQ and its metabolites excreted within 120 �nin.

2-Br-3-(GSy1)HQ and Mctabolites Perfused Contralateral Bile Dose

%

2-Br-3-(CYS)HQ 484 ± 46 4 ± 4 0 2.4 ± 0.3

2-Br-3-(NAC)HQ 171 1 ± 162 1948 ± 354 0 18.3 ± 2.5

2H43-giycinyl)-7-hythoxy-8-bromo- 147 ± 22 7 ± 3 0 0.8 ± 0.1
l,4-benzothiazine

2-Br-3-(GSyI)HQ 131 ± 52 19 ± 8 243 ± 88 2.0 ± 0.3
Total 23.5 ± 1.9
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FIG. 4. Time course of2-Br-3-(NAC)HQ excretion in urine produced
from the peifused (S) and contralateral (0) kidneysfollowing infusion of

20 ��mol 2-Br-3-(GSyl)HQ in the ISPRK.
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the reactive quinone function via intramolecular cyclization

constitutes a detoxication reaction (14). Thus, the corresponding
homocysteine conjugates of 2-BrHO, which contain an addi-
tional methylene group to effectively prevent cyclization, remain
nephrotoxic (14). In support of this view, only the N-acetylcys-
teine conjugate of menadione and not the GSH conjugate was
cytotoxic when incubated with rat kidney cortical epithelial cells
(15). The differences between the mercapturate and GSH con-
jugate ofmenadione are probably due to the ability ofthe former
to undergo cyclization and l,4-benzothiazine formation follow-
ing metabolism by #{176}y-GT(15). Since this reaction eliminates the
reactive quinone function from the molecule it prevents redox
cycling ofthe conjugate. In contrast, the presence ofthe N-acetyl
group in the mercapturic acid conjugate prevents condensation
of the cysteinyi amino group with the quinone carbonyl group,

800 600 400 200 0

METABOLISM OF 2-Br-(diGSyl)HQ AND 2-Br-3-(GSyI)HQ 507

0

U

m
I..

r�i

I I I I
0 10 20 30

TIME (mm)
FIG. 5. HPLC-ECprofiles ofbile (0-30 mm) producedfrom an ISPRK

infused with (A) 20 ��mol 2-Br-3-(GSy1)HQ or (B) 7% mannitol (control).

Peak I represents 2-Br-3-(GSyi)HQ, and peaks II and III represent
metabolites of unknown identity. Chromatographic conditions of the
assay are described in Materials and Methods.
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FIG. 6. Time course ofihe urinary excretion of’y-GTfollowing infusion
ofihe ISPRK with 20 ��mol ofeither (A) 2-Br-3-(GSyl)HQ or (B) 2-Br-

(diGSyl)HQ

‘y-GT activity was determined in urine produced from both the

perfused (0) and contralateral (#{149})kidneys. �y-GT excretion from control
(7% mannitol perfused) kidneys is also presented for comparison (�, 0).
Dagger indicates rate of�y-GT excretion during 30-mm collection period
significantly different (p < 0.05) from contralateral kidney. Asterisk
indicates rate of ‘y-GT excretion during 30-mm collection period signif-
icantly different (p < 0.05) from mannitol-perfused control kidneys.

2-Br-3-(glutathion-S-yl)hydroquinone
(nmol exacted unchanged)

FIG. 7. Correlation between the amount of2-Br-3-(GSyI)HQ excreted
unchanged by each preparation ofihe ISPRK, and toxicity as assessed

by the excretion of’y-GT by the directly perfused kidney.
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TABLE 2

Effects of2-Br-(diGSyl)HQ (20 �imol) and 2-Br-3-(GSyl)HQ (20 �tmol) on mitochondrial respiratory andfunction and succinate dehydrogenase
activity

All values represent the mean ± SE (N = 3). No statistically significant diffe rence between �nitoc hondria isolated from control and perfused or
contralateral kidneys were observed.

RCR
State3

Respirationa
State4

Respiration
.

ADP/O Ratio
b

SDH

2-Br-(diGSyl)HQ
Control kidney 4.83 ± 0.6 90.4 ± 4.84 19.2 ± 1.52 2.97 ± 0.05 167 ± 20

Perfused kidney 4.96 ± 1.18 86.7 ± 0.58 19.2 ± 3.58 3.03 ± 0.10 175 ± 10
Contralateralkidney 4.86±0.99 95.1±2.49 20.9±3.10 3.10±0.09 188±34

2-Br-3-(GSyi)HQ
Controikidney 5.11 ±0.12 78.0± 10.0 15.3± 1.8 3.23±0.05 129± 7
Perfusedkidney 4.83±0.50 67.3± 11.6 13.7± 1.3 3.17±0.07 102± 7
Contralateralkidney 5.09±0.59 77.0±6.35 16.0±3.1 3.20±0.09 114± 8

a State 3 and state 4 respiration are expressed as natom equivalents ofoxygen/mg protein/mm.
b Succinate dehydrogenase (SDH) activity is expressed as nmoi cytochrome c reduced/mm/mg protein.

and this conjugate therefore retains the ability to redox cycle
with the concomitant generation of reactive oxygen species (15).

2-Br-3-(NAC)HQ was the major metabolite excreted in urine.
Approximately equal amounts were excreted by both the per-
fused and contralateral kidneys (table 1). In contrast, 2-Br-3-
(GSyl)HQ, 2-Br-3-(CYS)HQ, and the 1,4-benzothiazine were

excreted primarily by the perfused kidney. These data suggest
that most ofthe 2-Br-3-(CYS)HQ and l,4-benzothiazine present
in urine produced from the directly perfused kidney arise via
first pass metabolism of 2-Br-3-(GSyl)HQ. In contrast, 2-Br-3-

(NAC)HQ is formed predominantly from systemic metabolism.
Indeed, 2-Br-3-(GSy1)HQ was detected in bile (fig. 3) indicating
that 2-Br-3-(GSyl)HQ, which escapes first pass metabolism and
clearance by the perfused kidney, may be metabolized to 2-Br-
3-(NAC)HQ in extrarenai tissues (liver, intestines, etc.) and

eventually delivered by the blood to both kidneys. Only small
quantities of 2-Br-3-(GSy1)HQ appear to reach the contralateral
(nonperfused) kidney, since only minor amounts of metabolites
are detected in urine produced from this kidney (table 1).

The identification of 2-Br-3-(GSy1)HQ in bile deserves further

comment. The ability of the liver to conjugate GSH to electro-
philes is well established (16, 17). However, it is not clear whether
the liver is capable ofextracting intact GSH conjugates from the
blood. The presence of 2-Br-3-(GSyl)HQ in the bile indicates
that the liver can certainly extract GSH conjugates from the
blood. Additional evidence for this was provided by Davison et

a!. (18) who recovered about 8% ofthe dose of propachlor-CISH
in the bile after portal administration of the conjugate to rats.
Koob and Dekant (19) have also reported the excretion of 1-
(glutathion-S-yl)-pentachlorobutadiene in bile following its per-
fusion into the isolated rat liver.

The metabolism and disposition of 2-Br-(diGSyl)HQ was sub-
stantially different from that of 2-Br-3-(GSy1)HQ since neither
2-Br-(diCYS)HQ nor 2-Br-(diNAC)HQ were found in the urine
or bile following infusion of 2-Br-(diGSyl)HQ into the ISPRK.
Minor amounts of several unidentified metabolites and some
unchanged 2-Br-(diGSyl)HQ were found in urine. It is likely that
the unknown metabolites represent mixed thioethers of 2-Br-
(diGSyl)HQ in which one of the OSH moieties undergoes selec-

tive metabolism in preference to the second GSH moiety. How-
ever, since we do not possess authentic samples ofsuch potential
mixed thioethers, the identity of these unknown metabolites
remains to be determined. Only 3. 1 ± 0.2% and 2.0 ± 0.3% of
the administered dose of2-Br-(diGSyl)HQ and 2-Br-3-(GSy1)HQ

respectively, was recovered unchanged, indicating that nearly all
of the administered dose of both conjugates was metabolized.
These data are consistent with the kinetics ofthe ‘y-GT-mediated
metabolism of 2-Br-3-(GSyl)HQ and 2-Br-(diGSyl)HQ. Thus,
each conjugate was infused into the kidney over a 20-mm period.
This results in the delivery of 2-Br-3-(GSyl)HQ and 2-Br-(di-
GSyI)HQ to the kidney at a rate of 1 zmol/min. The V� for
the ‘y-GT-catalyzed metabolism of 2-Br-3-(GSy1)HQ and 2-Br-
(diGSyl)HQ are 14 and 9 pmol/min/umt respectively for the
hydrolysis reaction, and 277 and 1 1 pmol/min/unit respectively

for the transpeptidation reaction (7). Since each kidney contains

roughly 4 x l0� units ‘y-GT, the perfused kidney has the capacity

to metabolize between 5.6-1 10 �mol/min of 2-Br-3-(GSyl)HQ,
and 3.6-4.4 �tmol/min of 2-Br-(diGSyl)HQ. The lower value for
both these estimates is several fold higher than the infused dose.
Although nearly all of the conjugates are metabolized by the
ISPRK, only 21.5% of the dose of 2-Br-3-(GSyl)HQ was re-
covered as known metabolites (table 1), whereas no known
mercapturic acid metabolites of 2-Br-(diGSyl)HQ were identi-
fled. Moreover, since unknown metabolites of 2-Br-(diGSyl)HQ
in urine could only be observed following HPLC-EC analysis,
which is approximately an order of magnitude more sensitive

than HPLC-UV analysis, this suggests that the fraction of the
dose of2-Br-(diGSyl)HQ that is metabolized and retained by the
kidney is higher than the fraction of 2-Br-3-(GSyl)HQ retained
by the kidney. Studies with radiolabeled material will be required
to identify metabolites retained by the kidney. However, our
findings with 2-Br-3-(GSyl)HQ and 2-Br-(diGSyl)HQ are con-
sistent with those reported by Elce (20). Following the adminis-
tration of radiolabeled 2-hydroxy-l-(glutathion-S-yl)-estradiol to
rats, only 15% ofthe dose was recovered in urine and 5% in the
feces after several days (20).

The urinary excretion of the brush-border (luminal) enzyme
-y-GT is a sensitive indicator of quinone-thioether-mediated
nephrotoxicity (6). The kinetics ofy-GT excretion into the urine
differed substantially in response to 2-Br-(diGSyl)HQ and 2-Br-
3-(GSyl)HQ (fig. 6). Following perfusion with 2-Br-3-(GSyl)HQ,
‘y-GT excretion was higher in urine produced from the perfused
(right) than the contralateral (left) kidney. This was not unex-
pected since 2-Br-3-(GSyl)HQ was infused directly through the
right renal artery, and the effective dose delivered to the contra-
lateral kidney would therefore be lower than the dose delivered
to the perfused kidney. Preparations of the ISPRK, that metab-
olized higher amounts of 2-Br-3-(GSy1)HQ (as determined by
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1. 5. 5. Lau, T. J. Monks, and J. R. Gillette: Identification of 2-
bromohydroquinone as a metabolite of bromobenzene and o-

the amount of the conjugate excreted intact) exhibited greater
toxicity (fig. 7). In contrast to 2-Br-3-(GSy1)HQ, perfusion with
2-Br-(diGSyl)HQ resulted in similar amounts of ‘y-GT excretion
by both the perfused and contralateral kidney (fig. 6). This
suggests that either sufficient amounts of 2-Br-(diGSyi)HQ es-

cape metabolism and excretion by the perfused kidney to pro-
duce toxicity in the contralateral kidney, or that metabolites of
2-Br-(diGSyi)HQ are delivered via the systemic circulation to
the contralateral kidney in sufficient quantities to induce toxicity.
Consistent with this finding, metabolism of 2-Br-3-(GSyl)HQ in
the ISPRK appears rapid. As noted above, only the mercapturate
is excreted in urine beyond 60 mm of the initiation of perfusion

and the limiting factor for the elimination of the mercapturate
is likely to be its affinity for the organic anion transporter.
Moreover, based upon the kinetics of the -y-GT-mediated me-

tabolism of the conjugates (see above) less 2-Br-3-(GSyi)HQ
should escape passage through the perfused kidney and subse-
quent delivery to the contralateral kidney than would equimolar
concentrations of 2-Br-(diGSyi)HQ. No metabolites of 2-Br-
(diGSyl)HQ were detected in either the bile or the urine excreted
from the contralateral kidney, and only 3% ofthe dose was found
in the urine excreted by the perfused kidney. Therefore, most of

the dose of 2-Br-(diGSyi)HQ is retained in the animal. This is
consistent with the finding that 2-Br-(diCYS)HQ has a lower
oxidation potential than 2-Br-3-(CYS)HQ and is therefore more
likely to be oxidized to a reactive quinone than 2-Br-3-(CYS)HQ
(7). The amount of 2-Br-(diGSyl)HQ and/or its reactive metab-

olite or metabolites delivered to the systemic circulation is un-
known but appears sufficient to cause toxicity to the nonperfused
kidney.

The relatively rapid excretion of ‘y-GT into urine after perfu-
sion with either 2-Br-(diGSyl)HQ or 2-Br-3-(GSyl)HQ suggests
that disruption of the brush-border membrane might be impor-
tant in the development of toxicity. In contrast, mitochondria
have been identified as a primary target for nephrotoxic aliphatic
GSH and cysteine conjugates (21-23) and mitochondrial func-
tion was inhibited in in vitro incubations of 2-BrHQ with rabbit
renal proximal tubule suspensions (24-26). We therefore meas-

ured the effect of 2-Br-(diGSyi)HQ and 2-Br-3-(GSyl)HQ on
mitochondria isolated after completion ofthe perfusions. Neither
2-Br-(diGSyl)HQ or 2-Br-3-(GSy1)HQ had any adverse effect on
renal mitochondrial respiratory function or succinate dehydro-
genase activity (table 2). These results are consistent with those
obtained in vivo. Mitochondria isolated after administration of
nephrotoxic doses of 2-Br-(diGSyl)HQ to rats maintain respira-
tory function despite significant elevations in blood urea nitrogen
concentrations (27). In contrast, the urinary excretion of �y-GT
is a rapid event following 2-Br-(di-GSy1)HQ administration (27).

In summary, we have found differences in both the metabolism
and disposition of2-Br-(diGSyl)HQ and 2-Br-3-(GSy1)HQ in the
ISPRK. Such differences may contribute to the differential tox-
icity ofthese conjugates observed both in vivo and in the ISPRK
reported herein. The toxicity of 2-Br-3-(GSy1)HQ to each prep-
aration of the ISPRK correlated inversely with the amount of
parent compound recovered in the urine and bile. The identifi-
cation of 2H43-glycinyl)-7-hydroxy-8-bromo-l,4-benzothiazine
in the urine of kidneys perfused with 2-Br-3-(GSy1)HQ also
provides the first evidence for the occurrence of this metabolic
pathway in vivo.
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