




are visible in these micrographs, and because such findings are rare in
normal renal tubular epithelia, we conclude that there was an apparent

increase in the mitotic index.
Oxidative Properties of 5-(GSyl)TBHQ, 6-(GSy1)TBHQ, and

3,6-bis-(GSyl)TBHQ. The EÂ½s of 5-(GSyl)TBHQ and 6-(GSy1)-
TBHQ, determined by hydrodynamic voltammetry, were similar to
that of TBHQ (Table 1), indicating that GSH conjugation does not
diminish its redox activity. Consistent with this finding, 5-(GSyl)-
TBHQ and 6-(GSyl)TBHQ catalyze the formation of 8-hydroxydeoxy
guanosine (Table 1). Indeed, 8-hydroxydeoxyguanosine formation
catalyzed by 6-(GSyl)TBHQ is significantly higher than that cata

lyzed by TBHQ. In contrast, the EÂ½of 3,6-bis-(GSyl)TBHQ was
â€”100 mV higher than that of TBHQ (Table 1), and in accord with this

finding, 8-hydroxydeoxyguanosine formation catalyzed by 3,6-bis
(GSyl)TBHQ was significantly lower than that catalyzed by TBHQ
(Table 1).

DISCUSSION

Recently, we have identified 5-(GSyl)TBHQ, 6-(GSyl)TBHQ, and
3,6-bis-(GSyl)TBHQ as in vivo metabolites of TBHQ in the male
F344 rat (32), and now, we report that these thioether metabolites of
TBHQ are toxic to the kidney and bladder when admiisterred to rats
by i.v. injection. Elevations in all biochemical indices of nephrotox
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Fig. 1.Gross morphology of rat kidney and bladder. A, control kidney (left) and kidney
after 3,6-bis-(GSyl)TBHQ (200 @xmol/kgin saline, iv.; right); B, control kidney (left) and
kidney after 6-(GSyl)TBHQ (400 jxmol/kg in 50% DMSO/saline, iv.; right); and C,
bladder after saline control (left) and after 3,6-bis-(GSyl)TBHQ (200 p@mol/kgin saline,
iv.; right).

eosinophilic cells displaying pyknotic nuclei (arrowheads) found
sparingly throughout the outer stripe of the outer medulla. Kidney

histological analysis of 5-(GSyI)TBHQ (400 @tmolIkg)-treated ani
mals did not show evidence of single cell necrosis. Consistent with the
biochemical indices of nephrotoxicity, histological examination of
kidneys from 3,6-bis-(GSyl)TBHQ (200 @tmol/kg)-treated animals
supported the contention that this conjugate was a more potent neph
rotoxicant. Single cell and tubular necrosis involving the proximal
tubule in the outer stripe of the outer medulla was evident in areas
beneath the medullary rays (Fig. 3C, arrowheads). At a higher mag
nification, tubular necrosis was readily evident, and an area of a
denuded basement membrane is indicated (double arrowheads).
Many of the injured proximal tubule cells displayed evidence of
dystrophic calcification, seen as a dark basophilic band beneath the

apical plasma membrane (large arrowheads). Because mitotic figures

I

Fig. 2. Comparative nephrotoxicity of 5-(GSy1)TBHQ (400 @mol/kgin 50% DM501
saline, iv.; 0), 6-(GSyl)TBHQ (400 @xmol/kgin 50% DM50/saline, iv.; S), and
3,6-bis-(GSyl)TBHQ (200 @xmol/kgin saline, iv.; 0) in male Fischer 344 rats, as
determined by measuring the urinary excretion of: A, ALP [control values for
5-(GSyl)TBHQ, 6-(GSy1)TBHQ, and 3,6-bis-(GSyl)TBHQ were 0.46 Â±0.12, 0.46 Â±0.11,
and 0.35 Â±0.02 units/l9 h, respectivelyl; B, y-GT [control values for 5-(GSy1)TBHQ,
6-(GSyl)TBHQ, and 3,6-bis-(GSy1)TBHQ were 7.92 Â±0.92, 7.53 Â± 1.72, and
2.18 Â±0.61 units X l0@/l9 h, respectively]; C, LDH [control values for 5-(GSyl)TBHQ,
6-(GSyl)TBHQ, and 3,6-bis-(GSyI)TBHQ were 0.08 Â±0.02, 0.14 Â±0.02, and
0.04 Â±0.005 units/19 h, respectively]; and D, glucose [control values for 5-(GSy1)TBHQ,
6-(GSyl)TBHQ, and 3,6-bis-(GSy1)TBHQ were 0.97 Â±0.57, 1.61 Â± 0.77, and
0.88 Â±0.07 mg/19 h, respectively]. Values represent the mean Â±SD (n = 4) and are
statistically different from controls at @,P < 0.05.
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Fig. 3. A, outer stripe of the outer medulla (OSOM) from a control F344 rat. Paraffin section stained with hematoxylin and eosin (H&E); X 275. B, OSOM from a F344 rat 19 h
following administration of 6-(GSyl)TBHQ (400 @xmol/kgin 50% DMSO/saline, iv.). Single cell necrosis, as indicated by eosinophilic cells displaying pyknotic nuclei (arrowheads),
is observed sparingly throughout the OSOM. Paraffin section, H&E; X 275. C, OSOM of a F344 rat 19 h following administration of 3,6-bis-(GSyl)TBHQ (200 @xmol/kgin saline,
iv.). Single cell and tubule necrosis, involving the proximal tubule, is evident in areas beneath the medullary rays (arrowheads). A glomerulus at the corticomedullary junction is
indicated (G). Paraffin section, H&E; X 275. D, OSOM of a F344 rat 19 h following administration of 3,6-bis-(GSy1)TBHQ(200 @mol/kgin saline, iv.). Tubule necrosis is evident.
An area of a denuded basement membrane is indicated (double arrowheads). Many of the injured proximal tubule cells display evidence of dystrophic calcification, seen as a dark
basophilic band beneath the apical plasma membrane (large arrowheads). Paraffin section, H&E; X 525.

icily were observed after the administration of 3,6-bis-(GSyl)TBHQ.
Although these parameters were elevated in some rats treated with
5-(GSyl)TBHQ or 6-(GSyl)TBHQ, the group mean was significantly
different from that in control rats for only y-GT and ALP (Fig. 2),
indicating that 3,6-bis-(GSy1)TBHQ is a more potent nephrotoxicant
than 5-(GSyl)TBHQ or 6-(GSyl)TBHQ. This is consistent with the
histological findings; 6-(GSyl)TBHQ caused single cell necrosis only
sparingly throughout the S3-M region (Fig. 3B), whereas cell necrosis
was more severe after the administration of 3,6-bis-(GSyl)TBHQ and
resulted in tubular necrosis (Fig. 3C). The renal site-specific toxicity
of 6-(GSy1)TBHQ and 3,6-bis-(GSyl)TBHQ for the outer stripe of the
outer medulla may be a consequence of the high activity of -y-GT
within the brush-border membrane of proximal tubule cells, which is
in accordance with the site selectivity of other quinone thioethers (27).
The activity of â€˜y-GTmay be necessary for the accumulation of these
conjugates into renal cells (37) and also perhaps for the activation of
the conjugates by facilitating oxidation (27). Pretreatment of rats with
Acivicin to inhibit â€˜y-GTprotects animals from both 2-bromo-bis
(glutathion-S-yl)hydroquinone and 2,3,5-tris-(glutathion-S-yl)hydro
quinone-mediated nephrotoxicity (30, 31).

The finding that 3,6-bis-(GSy1)TBHQ is more toxic than either
5-(GSyl)TBHQ or 6-(GSyl)-TBHQ is consistent with data on the
structure-activity relationship of quinone thioethers. Thus, 2-bromo
bis-(glutathion-S-yl)hydroquinone is a far more potent nephrotoxicant

than 2-bromo-mono-(glutathion-S-yl)hydroquinones; 2,3,5-tris-(glu
tathion-S-yl)hydroquinone is far more toxic than either 2,3-bis-(glu

tathion-S-yl)hydroquinone, 2,5-bis-(glutathion-S-yl)hydroquinone, or
2,6-bis-(glutathion-S-yl)hydroquinone, which were all more toxic
than 2-(mono-glutathion-S-yl)hydroquinone; and 2,3-bis-(glutathion
S-yl)-1,4-naphthoquinone was more toxic than 2-(glutathion-S-yl)-
1,4-naphthoquinone (27). The toxicity of mono-(glutathion-S-yl) con

jugates may be limited by the ability of the corresponding cystein-S

yl-glycine and cystein-S-yl conjugates to undergo an oxidative
intramolecular cyclization reaction, in which the quinone carbonyl
condenses with the cysteinyl amino group and results in 1,4-benzo
thiazine formation (35). This may constitute an intramolecular detox

ication reaction, because it removes the reactive quinone function
from the molecule. In support of this view, 2-methyl-3-(N-acetylcys
tein-S-yl)-1,4-naphthoquinone, which cannot undergo the cyclization
reaction because the cysteinyl amino nitrogen is blocked by the acetyl
group, is nephrotoxic, whereas 2-methyl-3-(glutathion-S-yl)-l,4-
naphthoquinone, which seems to cyclize readily (38, 39), is not
nephrotoxic. It would seem that the bulky tert-butyl substituent may
limit intramolecular cyclization of 5-(GSyl)TBHQ and 6-(GSyl)-
TBHQ but may favor dimerization and polymerization reactions. The
deposition of polymers in the kidneys (Fig. 1) and the excretion of
dark colored pigments in the urine of rats treated with 5-(GSyl)TBHQ
and 6-(GSy1)TBHQ is consistent with this interpretation. Because similar
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Table I TBHQ thioether-catalyzedformation of8-hydroxvdeoxyguanosineSubstrate8-Hydroxydeoxy@uanosine

< boa
deoxyguanosineTBHQ4.0

Â±0.06 (+ 66mV)@'5-(GSyl)TBHQ3.7
Â±0.58 (+ 81mV)6-(GSyl)TBHQ10.1
Â±l.4l@ (+ 96mV)3,6-bis-(GSyl)TBHQ1.9
Â±0.l9@ (.@ 168mV)Control0.08
Â±0.01
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uent, including BHA and TBHQ, were found to enhance DNA syn
thesis and the development of neoplastic lesions in epithelial cells of
the urinary bladder of initiated rats, whereas phenolic species with
hydroxyl substituents alone, such as catechol, resorcinol, and hydro
quinone, lacked promoting activity in this tissue. Our data and those
of the National Toxicology Program are consistent with these find
ings. Recently, we have described differences in the metabolism of the
GSH conjugates of these compounds (32), which may play an impor
tant role in determining their target organ toxicity.

The bladder toxicity of 3,6-bis-(GSyl)TBHQ resembled that of the
well-known chemotherapeutic agent cyclophosphamide, which causes

hemorrhagic cystitis in laboratory animals and in man. The bladder
toxicity of cyclophosphamide may be mediated by its metabolism to

acrolein, followed by conjugation with GSH, and transport of the conju
gate to the kidney and wine. S-oxidation of the mercaptuiic acid, cata
lyzed by prostaglandin H synthase in the bladder epitheium, may be the
final step in toxicity (43). A similar pathway may be operative in the
bladder toxicity of 3,6-bis-(GSyl)TBHQ. The reservoir function of the
bladder and the residence time of reactive metabolites in the bladder also
may predispose this organ to the toxicity of specific chemicals.

Conjugation of redox-active compounds with GSH may be a com
mon mechanism of nephrotoxicity, and quinone thioethers can possess
as much, if not more, biological reactivity than the parent quinones
(27). The addition of GSH to quinones frequently has little effect on
their redox behavior and in some instances may even facilitate oxi
dation of the quinol. Consisitent with this view, we have shown that
5-(GSyl)TBHQ and 6-(GSyl)TBHQ exhibit oxidation potentials sim
ilar to that of TBHQ (Table 1), and although 3,6-bis-(GSyl)TBHQ
(EÂ½, + 168 mV) exhibits a higher oxidation potential than TBHQ
(EÂ½, +66 mV) the corresponding 3,6-bis-(cystein-S-yl)TBHQ con
jugate will likely exhibit a far lower EÂ½(44, 45). Moreover, TBHQ
and each of the conjugates cause oxidative DNA damage, as evi
denced by their ability to catalyze 8-hydroxydeoxyguanosine forma
tion (Table 1). Schilderman et a!. (46) also have reported the ability of
prostaglandin H synthase to catalyze oxidative DNA damage by
TBHQ. Thus, although BRA and TBHQ are generally considered
nongenotoxic, the present data suggest that these compounds, and
their metabolites, may cause DNA damage indirectly. In addition,
binding of BHA (or its metabolites) to protein has been reported (40,
47), and TBHQ is cytotoxic and clastogenic, and these effects have
been related to its ability to redox cycle (48â€”53).Whether TBHQ and
its thioether metabolites catalyze hydroxyl-radical-mediated DNA
modification in vivo is currently not known, and the role of 8-hy
droxydeoxyguanosine formation in BHA- and TBHQ-mediated tox
icity and carcinogenicity remains to be determined. However, our data
indicate that the redox activity of TBHQ is not impaired by conjuga
tion with GSH.

We have shown that 5-(GSyl)TBHQ, 6-(GSyl)TBHQ, and 3,6-bis
(GSyl)TBHQ, which are in vivo metabolites of TBHQ (32), are
nephrotoxic, as evidenced at the biochemical level and by histological
examination of kidney tissue. We propose that the cytotoxicity of
these GSH conjugates may be related to the ability of their metabolites
to redox cycle and/or to form macromolecular adducts, and that
conjugation with GSH serves to target TBHQ to the kidney. Our data
are in agreement with a role for GSH conjugates in the nephrocarci
nogenicity of TBHQ and BHA seen on long-term dosing, which may
be a result of their moderate cytotoxicity. In addtion, 3,6-bis-(GSyl)
TBHQ was toxic to the rat urinary bladder.
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a 8-Hydroxydeoxyguanosine was determined by incubating deoxyguanosine with ci

ther TBHQ or the glutathion-S-yl-ten-butylhydroquinones (1 mas) in sodium phosphate
buffer (0.1 M,pH 7.4) containing 0.1 mt@iFeCI3 0.5 nmi EDTA, and 5 mat H202 for 10
mm. Reactions were terminated by addition of 2 ross deferoxamine. Deoxyguanosine and
8-hydroxydeoxyguanosine were determined by HPLC-UV/electrochemical detection us
ing conditions described in â€œMaterialsand Methods.â€•

b The E1,@ values (mV) of tert-butylhydroqwnone and tert-butylhydroquinone
thioethers were determined by HPLC with electrochemical (coubometric)response detec
tion. The detector was equipped with eight porous graphite electrodes in series. A
potential of â€”150 mV was applied to the first electrode to effect complete reduction of
the injected compounds. The applied potential at the following electrodes was varied
from â€”150 to + 445 mV. Peak areas were measured at each potential and expressed as
a percentage of the maximum response obtained.

(. Significantly different from values obtained with TBHQ at P < 0.01.

deposits were not seen in other tissues, this suggests that concentration
and metabolism of the conjugates in the kidney are necessary for polym
erization to occur. Our findings are consistent with reports on the forma
tion of 2'2'-dihydmxy-3'3'-di-tert-butyl-5'5'-dimethoxydiphenyl metab

olites during the metabolism of 3-BHA (40, 41), indicating that it can
form intermediates that are susceptible to dimerization and polymeriza
tion. The formation of such pigments may, in the short term, serve as a
detoxication reaction, consistent with the moderate acute toxicity of both
5-(GSyl)TBHQ and 6-(GSyI)TBHQ. In contrast, the persistence of in
soluble pigments in the kidney and/or bladder may cause tubular obstruc

tion and irritation, which could contribute to the chronic toxicity of
TBHQ. Indeed, the moderate nephrotoxicity of TBHQ-GSH conjugates

suggests that they possess attributes necessary to induce cell proliferation
without severe organ dysfunction. Although neither BRA (1.8 mmol/kg,

i.p.) nor TBHQ (1.0 mmol/kg, i.p.) caused any significant changes in
y-GT, ALP, LDH, glucose, or blood urea nitrogen following a single
administration (data not shown), a constant sublethal but moderately
toxic insult to cells could lead to increased repair and cell turnover and to
the promoting effects documented in long-term feeding studies with
BHA and TBHQ (1 1). Our studies suggest that the renal carcinogenicity
of BHA in rats might be related to the renal toxicity of its metabolites.

Whereas the urinary concentration of y-GT was the most sensitive
marker of the renal toxicity of 2,3,5-tris-(glutathion-S-yl)hydroqui

none, as demonstrated by elevations after 2 h at a dose as low as 7.5
@.tmol/kg (42), urinary -y-GT was only doubled 19 h after 3,6-bis

(GSyl)TBHQ (200 @mol/kg).The relatively high excretion of LDH in
urine suggests that 3,6-bis-(GSy1)TBHQ not only affects the brush
border membrane of renal proximal tubules but also areas of the
urinary tract downstream from this region, such as the bladder. A

striking finding in this study was the increase in bladder wet weight

and severe hemorrhaging of the bladder after 3,6-bis-(GSyl)TBHQ
administration. Several studies have shown that BHA and TBHQ
modify second-stage carcinogenesis in the bladder, probably by in
creasing DNA synthesis, hyperplasia, and tumor formation (see â€œIn
troductionâ€•).This series of events suggests a mechanism of carcino
genesis in which the initial step would involve cytolethality in the
target tissue caused by metabolites such as 3,6-bis-(GSyl)TBHQ.
Interestingly, studies in our laboratory, with GSH conjugates of hy
droquinone, at doses that caused severe acute nephrotoxicity, never

revealed any adverse effects on the bladder. Consistent with this,
studies conducted by the National Toxicology Program showed that
hydroquinone was a nephrocarcinogen in the F344 rat in the 2-year

bioassay, but no effects on the bladder were noted (29). Kurata et a!.
(12) reported that only phenolic antioxidants with a tert-butyl substit
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