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ABSTRACT: Hydroquinone (HQ) is a high-volume commodity chemical used as a reducing agent, antioxidant,
polymerization inhibitor, and chemical intermediate. It is also used in over-the-counter (OTC) drugs as an
ingredient in skin lighteners and is a natural ingredient in many plant-derived products, including vegetables, fruits,
grains, coffee, tea, beer, and wine. While there are few reports of adverse health effects associated with the
production and use of HQ, a great deal of research has been conducted with HQ because it is a metabolite of
benzene. Physicochemical differences between HQ and benzene play a significant role in altering the pharmaco-
kinetics of directly administered when compared with benzene-derived HQ. HQ is only weakly positiviedn
chromosomal assays when expected human exposure routes are used. Chromosomal effects are increased signifi-
cantly when parenteral on vitro assays are used. In cancer bioassays, HQ has reproducibly produced renal
adenomas in male F344 rats. The mechanism of tumorigenesis is unclear but probably involves a species-, strain-,
and sex-specific interaction between renal tubule toxicity and an interaction with the chronic progressive nephr-
opathy that is characteristic of aged male rats. Mouse liver tumors (adenomas) and mononuclear cell leukemia
(female F344 rat) have also been reported following HQ exposure, but their significance is uncertain. Various
tumor initiation/promotion assays with HQ have shown generally negative results. Epidemiological studies with
HQ have demonstrated lower death rates and reduced cancer rates in production workers when compared with both
general and employed referent populations. Parenteral administration of HQ is associated with changes in several
hematopoietic and immunologic endpoints. This toxicity is more severe when combined with parenteral admin-
istration of phenol. It is likely that oxidation of HQ within the bone marrow compartment to the semiquinone or
p-benzoquinone (BQ), followed by covalent macromolecular binding, is critical to these effects. Bone marrow and
hematologic effects are generally not characteristic of HQ exposures in animal studies employing routes of
exposure other than parenteral. Myelotoxicity is also not associated with human exposure to HQ. These differences
are likely due to significant route-dependent toxicokinetic factors. Fetotoxicity (growth retardation) accompanies
repeated administration of HQ at maternally toxic dose levels in animal studies. HQ exposure has not been
associated with other reproductive and developmental effects using current USEPA test guidelines. The skin
pigment lightening properties of HQ appear to be due to inhibition of melanocyte tyrosinase. Adverse effects
associated with OTC use of HQ in FDA-regulated products have been limited to a small number of cases of
exogenous ochronosis, although higher incidences of this syndrome have been reported with inappropriate use of
unregulated OTC products containing higher HQ concentrations. The most serious human health effect related to
HQ is pigmentation of the eye and, in a small number of cases, permanent corneal damage. This effect has been
observed in HQ production workers, but the relative contributions of HQ and BQ to this process have not been
delineated. Corneal pigmentation and damage has not been reported at current exposure levels of <2 mg/m
Current work with HQ is being focused on tissue-specific HQ-glutathione metabolites. These metabolites appear
to play a critical role in the renal effects observed in F344 rats following HQ exposure and may also be responsible
for bone marrow toxicity seen after parenteral exposure to HQ or benzene-derived HQ.

KEY WORDS: hydroquinone,p-benzoquinonep-benzenediol, 1,4-benzenediol, quinol, quinone, benzene,
myelotoxicity, carcinogenicity, developmental toxicity, reproductive toxicity, mutagenicity, genotoxicity,
clastogenicity, aneuploidy, metabolism, pharmacokinetics, depigmentation, ocular toxicity, ocular pigmentation.
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I. INTRODUCTION both redox and acid-base transformations (Fig-

ure 1). The products of these reactions, including

Hydroquinone (HQ;p-benzenediol; CAS# p-benzoquinone (BQ), a semiquinone, and vari-
123-31-9) is a high-volume commodity chemi- ous activated oxygen species, are potentially im-
cal with major uses as a reducing agent in blackportant for the action of HQ in biological systems.
and white photographic developing solutions, as The toxicology of HQ has been investigated in
an antioxidant and polymerization inhibitor, and experimental animal studies by various routes of
as an intermediate in the synthesis of other anti-exposure and im vitro model systems since the
oxidant derivative$? Worldwide annual (1992) late 1800s. These studies have reported effects on
production capacity for HQ is estimated at 35,000 a number of organ systems and cellular processes.
to 40,000 tonnes3 U.S. production is limited to  The U.S. National Toxicology Program (NTP)
three manufacturing sites, although National In- classified HQ as demonstrating “some evidence”
stitute of Occupational Safety and Health (NIOSH) of carcinogenicity in animal studies, based prima-
data indicate that HQ may be employed in manu- rily on kidney adenomas in male Fisher 344 tats.
facturing and end use at 16,000 to 66,000 indi- The International Agency for Research on Cancer
vidual facilities* A minor but important use of (IARC) includes HQ under its Group 3 category,
HQ is in topically applied, over-the-counter and that is, “not classifiable” as to its carcinogenicity
prescription depigmenting skin creams and in otherin humang. The American Conference of Gov-
consumer personal care products. HQ is alsoernmental Industrial Hygienists (ACGIH) classi-
present at significant levels in cigarette smoke fies HQ under its carcinogenicity designation
and in certain fruits and vegetables (in the form of “A3”, that is, carcinogenic in animal studies, un-
its glucose conjugate, arbutin), including pears known relevance in humafsHuman clinical,
and blueberrie%® occupational, and epidemiological studies have

HQ is a water-soluble, crystalline solid. When consistently demonstrated only dermal effects
present in aqueous solution, HQ is susceptible toassociated with excessive use of HQ-containing
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FIGURE 1. Acid-base and oxidation-reduction matrix for hydroquinone (HQ), semiquinone (SQ), and benzo-
quinone (BQ). Electron and proton transfer reactions are shown on vertical and horizontal axes, respectively. Most
stable species under aqueous physiological conditions are indicated in bold; species shown in gray are highly
unfavored. While all possible conversions are shown, in vivo interconversions between HQ, SQ, and BQ likely

proceed via simultaneous electron-proton (i.e., hydrogen atom) transfers (diagonal dashed arrows).

Copyright ©1999, CRC Press LLC — Files may be downloaded for personal use only. Reproduction of this material without

the consent of the publisher is prohibited.

285



skin lighteners and a unique ocular syndrome in 50 mg/nt¥ has been recommended by NIOSH for
heavily exposed HQ production workers. Several HQ.
reviews of specific aspects of HQ toxicology are Airborne HQ dust levels are routinely moni-
available!®!! In addition, more comprehensive tored in occupational (i.e., HQ manufacturing)
reviews have been published by the World Health settings and generally average approximately 0.10
Organization, the Cosmetic Ingredient Review to 0.50 mg/m!® Prior to the institution of com-
Expert Panel, and other authd#&:'>The present  prehensive dust control measures during HQ
article summarizes the available data on signifi- manufacture and use, air concentrations were
cant aspects of HQ toxicology, addresses newersubstantially higher; approximately 2 to 5 mg/m
information on nephrotoxicity, myelotoxicity, and and up to 20 to 35 mgfin some case$:’ In
macromolecular binding, and critically assesses contrast, ambient air levels of HQ in the vicinity
the potential relevance of vitro and experimen-  of photographic developing operations are much
tal animal data on HQ to humans. lower (<0.01 mg/r§),’® although levels during
An important and controversial issue con- preparation of developing solutions (0.5 to 2.0%
cerns the potential involvement of HQ in the HQ) from dry HQ would probably be higher. The
molecular mechanism of benzene-induced internalized dose of HQ is expected to be minimal
myelotoxicity and leukemia in humans. HQ, along following dermal exposure to HQ during photo-
with phenol, BQ, and several other oxidized and graphic processing due to the low HQ concentra-
ring-opened derivatives is a demonstrated me-tions present in developer solutions and the slow
tabolite of benzene in humans and experimentalabsorption of HQ through mammalian skin.
animals. Much of the basic research on HQ toxi- Estimates of dermal absorption following immer-
cology and its effects on cellular and molecular sion of an adult hand in 5% HQ solution for 1 h
systems has been driven by the hypothesis thaindicated an uptake of only 2Q@ (2.9ug/kg for
HQ, alone or in combination with other benzene a 70-kg manj.Measurement of urinary levels of
metabolites, is involved in the mechanism of ben- HQ in darkroom workers have revealed no in-
zene-induced leukemia. Although full treatment creases compared with unexposed controls, indi-
of this issue is beyond the scope of the presentcating minimal uptake of H&.HQ may also be
article, relevant data from such studies are incor-released directly to the environment as a fugitive
porated into this review where appropriate, and emission during its production and use and in the
their potential significance for direct human ex- effluent of photographic processes, although no
posure to HQ is evaluated. specific data are available to judge the overall
potential for human exposure via these releases.
HQ occurs naturally in the leaves, bark, and
II. HUMAN EXPOSURE TO HQ fruit of a number of plants, some of which are
used as food. In particular, HQ is present in vari-
Typical human occupational exposure sce- ous berries, pears, and other fruits, much of it in
narios for HQ consist primarily of inhalation of the form of the glucose conjugate 4-hydroxy-
particulates and dermal contact with either solid phenylf3-p-glucopyranoside (arbutin). Arbutin is
HQ or agqueous solutions (as in photographic de-expected to readily undergo acid hydrolysis to
velopers). Estimates of the number of workers yield HQ, although whether this process actually
with potential exposure to HQ vary, but range up occurs within the acidic environment of the hu-
to 80 to 100 for actual production, 560,000 for man stomach has not been reported. Arbutin has
industrial uses, and 30,000 for photographic de-been demonstrated to be stable to hydrolysis in
velopment#15 The current Occupational Safety human small intestine preparationwitro and to
and Health Administration (OSHA) Permissible be absorbed intact from the intestinal lumen by
Exposure Limit (PEL) and ACGIH Threshold facilitated transport mechanisiisHowever, di-
Limit Value (TLV) for HQ are both 2 mg/Mn  rect studies in human volunteers did not reveal
(8-h TWA), a value that is widely used in other higher levels of free HQ in urine following
countries as wel.In addition, an IDLH limit of glucronidase treatment, suggesting that arbutin
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may not have been absorbed (and excreted) in2 weeks'. LD, values for HQ by parenteral ad-
tact® ministration have been reported as 160 mg/kg in
In addition to arbutin, free HQ is also present the rat?® 115 mg/kg in the rafand 190 mg/kg in
in coffee beans and certain wheat-based productsthe mous#& by i.p., i.v., and s.c. injection, respec-
It has been speculated that the low levels of HQtively.
detected in the urine of unexposed per¥amsy The effects of acute high-level HQ exposure
be derived from HQ-containing foods, or, alterna- in animal studies are directed primarily toward
tively, from environmental exposure to benzene the central nervous system (CNS). The CNS stimu-
or phenok22Other potential sources of such back- latory effects of large acute doses of HQ were
ground HQ levels include cigarette smoke (110 to first shown in rabbits and frogs by Brieger in
300 ug per cigarette) and ingestion of acetami- 18792 and since have been reproduced in a num-
nophen (which is metabolized to HQ and other ber of species and by various routes of adminis-
productsf One study revealed increases in plasmatration. The signs associated with such acute ex-
and urinary HQ shortly after consumption of a posure include tremor, salivation, hyper-
high-HQ meal and cigarette smoking, but not excitability, incoordination, tonic and clonic con-
following a 1000 mg dose of acetaminophen in vulsions, respiratory failure, coma, and death. The
several human volunteersThese authors also onset of CNS signs is quite rapid, and death gen-
estimated that the typical exposure to HQ from erally occurs within 2 h of exposure of test ani-
food and other uncharacterized sources was apmals. Rapid and complete recovery from the acute
proximately an order of magnitude greater than effects of large, sublethal doses of HQ in experi-
that predicted from occupational exposure during mental animals is also characteristic. In contrast
HQ production or use of photographic develop- to the marked CNS effects of near-lethal doses,
ers. comprehensive functional-observational examina-
tion of Sprague-Dawley (SD) rats administered
HQ at doses of 20, 64, or 200 mg/kg/day (5 days/
lll. ACUTE EFFECTS OF HQ week, p.o.) for 13 weeks revealed only transient
tremors and decreased motor activity at the two
Animal studies indicate that, in most species, higher dose levef8.No neuropathological changes
HQ exhibits relatively low acute toxicity by oraland were noted as a result of this dosing regimen.
dermal routes of exposure. Acute oralg).Balues The molecular mechanism of CNS stimula-
for HQ range from 70 mg/kg in the cat to 550 mg/kg tion by HQ is poorly understood, although aro-
in the guinea pig, with most species exhibiting val- matic phenols are well-known convulsant agéhts.
ues in the upper end of this rarij@’ The higher = HQ is approximately one-third as potent as cat-
sensitivity of the cat may be accounted for by echol (the most potent polyphenol) and equal to
relatively lower levels of glucuronide conjuga- phenol in producing convulsions in rodent mod-
tion activity in the liver and intestinal tra° els3> CNS stimulation is believed to be a direct
The presence of food may decrease the rate andction of HQ, rather than metabolites such as BQ,
extent of absorption of HQ from the Gl tract, as due to the very rapid onset of effects and the lack
LD, values of 310 and 1050 mg/kg have been of similar CNS signs with acute BQ expostfre.
reported for the fasted and unfasted rat, respecEarly studies suggested that HQ and related
tively.?6 A fairly steep dose-response curve for phenols increase the size of end-plate potentials
lethality is typically observed, and equivalent di- in peripheral motor nerve terminals without alter-
vided oral doses of HQ are substantially less toxic ing acetylcholine sensitivit$f, and that HQ does
than large single dosésThe acute dermal L9 not possess anticholinesterase acti¥it. CNS
of HQ (in an unidentified mammalian species) activation mechanism involving both presynaptic
was estimated at 5970 mg/kg, suggesting low and postsynaptic actions has been propésed.
systemic absorption via this rodteThe acute Acute exposure to HQ in humans by acciden-
dermal toxicity in rats and mice is >3840 and tal or deliberate ingestion is also associated with
>4800 mg/kg (respectively), as animals were able CNS and other effects, although the attribution of
to survive these dose levels given repeatedly overspecific signs and symptoms is frequently clouded
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by the presence of other components and by theabsorption of HQ with dermal exposure occurs
difficulty in accurately establishing exposure lev- but is less efficientln vitro studies with mouse
els. Tremor, respiratory difficulty, convulsions, and human skin exposed to aqueous solutions of
and unconsciousness have been reported in peoplelQ indicated permeability constanti ) of
ingesting multi-gram quantities of H®*! For 28x 10%and 4x 10-°cm/h, respectivel§ Barber
example, cyanosis, rapid pulse, and coma wereet al. reporte®, values of 23« 10 with rat skin
reported after deliberate consumption of an esti-and 9.3x 10 cm/h with human skif These
mated 12 g of HQ; the individual apparently re- humarK,values fall in the “very slow” and “slow”
covered from this intoxication within 2 weets.  permeability ranges using the qualitative ranking
Discolored (green) or dark urine has also beensystem described by Marzulli et®alOnly minor
noted in these cases. No fatalities have been resystemic absorption of a dermal dose of HQ ad-
ported after ingestion of HQ itself. Acute gastro- ministered in aqueous solution to mi€eats®! or
enteritis was reported in a large number of men dogs’ was reported. More extensive penetration
consuming drinking water accidentally contami- of HQ across humah®and animdl®® skin when
nated with an unknown amount of photographic applied in an alcohol vehicle has been demon-
developer containing HQ aboard a U.S. Navy strated. Most recently, dermal application of a 2%
ship#? Other toxic signs, including jaundice and HQ cream formulation (dose of 2.5 mg spread
hemolytic anemia, have also been reported, butover 25 cri of skin) in human volunteers was
only following ingestion of HQ in combination associated with bioavailability (based on blood
with other compounds, such as in photographic levels) of ~45% after 24 h, similar to that seen
developerg®-4¢ If not fatal, complete recovery with in vitro human skin preparatioi$Both HQ
from the effects of these combined exposuresand BQ were detected in tirevitro human skin
typically has been reported. preparations. These workers reported an absorp-
tion rate fourfold higher than Barber et al., al-
thoughK, values calculated from these data still
IV. TOXICOKINETICS OF HQ fall within the “slow” permeability rang#.
Tissue to plasma partition coefficients for HQ
The absorption, distribution, metabolism, and were reported by Hill et &kto range from 1.3 to
excretion of HQ has been studied extensively in 2.4, typical for a low-molecular-weight water-
both experimental animal models and human and lipid-soluble xenobiotic. Distribution of HQ
volunteers. These investigations have beenis limited by extensive biotransformation follow-
prompted by the need for relevant data on HQ ing absorption, with differences observed between
itself and by attempts to understand the potentialthe oral and parenteral routes of administration.
involvement of HQ in the toxicity of benzene. After oral administration off{C]-HQ to rats, <1%
Numerous reports indicate that HQ is well ab- of radiolabel in blood was associated with parent
sorbed by the oral route. Single oral doses of upcompound, consistent with extensive first pass
to 350 mg/kg were >90% absorbed in CD and metabolisn?® Greenlee et gt2%3using whole body
F344 rats, with peak blood levels occurring within autoradiography and scintillation counting of tis-
<1 h#-5tSimilar findings were reported with oral sue homogenates, reported concentrations of ra-
exposure of rats to developer solution containing diolabel in bone marrow and thymus 2 h follow-
3% HQ?%? Rapid and substantial oral absorption in ingi.v. administration of 1.2 to 12 mg/kgC]-HQ
humans ingesting foods containing mg levels of to rats. The latter study also demonstrated a time-
HQ has been demonstrateHQ also appears to dependent increase in covalently bound label in
be well absorbed following intratracheal (i.t.) in- liver and bone marrow up to 24 h. In contrast, i.v.
stillation in rats, suggesting that HQ from small administration of ¥C]-HQ to dogs was associ-
(<5 um) particles that reach the alveoli and dis- ated with residual label in the skin, liver, and
solve would be rapidly taken up into the intestine after 24 B, Wide distribution of radio-
blood50:53.54 label to various tissues, particularly liver and kid-
Numerous studies have demonstrated that, inney, was demonstrated with both single and re-
contrast to oral and i.t. administration, systemic peated oral*fC]-HQ dosing regimens in the r&t.
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Relative label in bone and spleen was approxi- were also reported in plasma from rats 1 h after a
mately 10% of that seen in liver 48 h after a single 50 mg/kg oral dose of H&.Following dermal
25 mg/kg oral dose. Administration of 75 mg/kg exposure to a 2% HQ cream formulation for 24 h
of [**C]-HQ to mice by i.p. injection resulted in in humans, urinary metabolites included only
covalent binding to liver, kidney, blood, and bone Phase Il (glucuronide) conjugatés.
marrow macromolecules, with liver having a 10- Parenteral administration of HQ to experi-
fold higher specific activity than bone marrétv. mental animals is also associated with the pres-
While HQ is rapidly and extensively absorbed ence of high levels of urinary sulfate and glucu-
by the oral and i.t. routes, it is rapidly eliminated ronide conjugates. However, additional oxidized
via urine, leaving little residual sequestration or (Phase I) and conjugated (Phase II) products are
binding to tissue (~1 to 3% of total dose). Elimi- observed. 1,2,4-Benzenetriol, presumably formed
nation via expired air is negligible and elimina- from cytochrome P450-mediated oxidation of HQ,
tion via feces is a generally minor pathway for was detected in the urine of rats and rabbits ad-
HQ. Blood elimination half-lives (total radioac- ministered 50 mg/kg by i.p. injectiGAN-Acetyl-
tivity) of 18.7, 14.8 min, and 22.1 min have been (L-cysteinSyl)-HQ was detected in the urine of
reported for i.v., p.o., and i.t. administration of rats 24 h after a 75 mg/kg i.p. dose and during the
[**C]-HQ, respectively, in F344 rats A parent  first 4 h following a 200 mg/kg i.p. dose of H{F8
compound half-life of 9 min was reported with 2-(L-CysteinSyl)-HQ and a number of GSH
i.p. injection in B6C3E mice while 2.7 min conjugates, including 2-glutathio®yl-HQ,
was the mean HQ elimination half-life with i.t. 2,5- and 2,6-diglutathio&yl-HQ, and 2,3,5-
instillation in SD rat$* Some evidence for satu- triglutathionSyl-HQ, were detected in bile from
ration of elimination pathways at high doses of rats in the latter study.Together with urinar-
HQ is available, as a single oral dose of 350 acetyl-(-cysteinSyl)-HQ, these biliary metabo-
mg/kg in the rat was associated with an averagelites represented over 4% of the total HQ dose
urinary excretion of 50% of total dose after 8 h, administered by i.p. injection. Additional data
compared with >80% excretion at 25 mg?kg. indicated that formation of these conjugates was
This trend was particularly evident in females. in part NADPH- and P450-dependent. Major he-
The biotransformation of HQ (Figure 2) has patic P450 isoforms responsible for HQ oxida-
been examined for over a century, with very early tion, based onn vitro studies with human mi-
studies (cited by Garton and WilliafAsidentify- crosomes, appear to be 1A1, 3A4, and ZF4.
ing urinary sulfate and glucuronide conjugates as  These toxicokinetic data clearly indicate that
metabolites. Following single or multiple oral the relative proportion of oxidized and conju-
doses of up to 350 mg/kg HQ in experimental gated metabolites of HQ is both route of exposure
animals, approximately 90% of administered dose and dose dependent. Following oral exposure,
is recovered in the urine as one of these conju-virtually all absorbed HQ is likely to be metabo-
gates (2-to-1 glucuronide/sulfate ratté)¥251Simi- lized via hepatic portal and intestinal sulfate and
lar values are seen after i.t. administrafioifter glucuronide conjugation pathways, although satu-
i.t. instillation, all of the radiolabel in arterial ration may occur with very high oral doses. In
blood represented parent compound at the initialcontrast, parenteral administration may bypass
(5 to 10 s) sample time, suggesting a lack of much of this conjugative capacity, with the result-
significant pulmonary metabolism of H® At ant formation of higher levels of oxidized HQ
later time points (2 to 12 min), levels of glucu- metabolites and GSH conjugates. As discussed
ronide rapidly exceeded free HQ concentrations. later, the GSH metabolites of HQ may be critical
Minor urinary products following oral adminis- to the mechanism of nephrotoxicity observed in
tration include unchanged HQ, a mercapturic acid animal studies, in particular those utilizing the
conjugate -acetyl-L-cysteinSyl]-HQ), and F344 rat. A PBPK model of HQ disposition, which
BQ5! The urinary BQ is likely formedn situ described a wide variety of experimental data,
from autoxidation of HQ rather than biotransfor- predicted that male F344 rats form more glu-
mation. Unchanged HQ, sulfate, glucuronide, and tathione conjugates than male SD rats at equiva-
a putative glutathione (GSH) conjugate of HQ lent dose level§ The model also predicted that
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FIGURE 2. Comprehensive metabolic scheme for HQ. Possible input from arbutin (naturally occurring glucose
conjugate of HQ), benzene, and phenol is also indicated (long dashed line arrows). Derivatives shown in gray are
considered detoxified metabolites. Proposed mechanism of covalent binding and activated oxygen species produc-
tion from HQ-SG-derived conjugates also shown (short dashed line arrows). Enzyme (or process) associated with
each conversion indicated by numbers: (1) spontaneous reaction (slow), cytochrome P450, or various peroxidases;
(2) cytochrome P450 or by reductase; (3) NQO1 or carbonyl reductase; (4) sulfotransferase; (5) glucuronyl
transferase; (6) spontaneous reaction or glutathione-S-transferase; (7) y-GT; (8) dipeptidase; (9) N-acetyltransferase.
(GSH = glutathione.)
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i.p. administration, which bypasses much of the ure 1). Most of these require relatively extreme
glucuronide and sulfate conjugation capability of conditions of pH or redox potential to form and
the Gl tract, should result in greater amounts of thus are unlikely to be present under aqueous
glutathione conjugates than comparable oral dosesphysiological conditions. Others, however, may
With parenteral exposure, increased levels of be formed and exist as either reactive intermedi-
unchanged HQ are likely to be available to extra- ates or relatively stable species that can mediate
hepatic tissues, where non-P450-mediated oxida-toxic effects. Transformations between these spe-
tion of HQ to BQ may occur (particularly in bone cies may occur by either one- or two-electron
marrow). transfers. One-electron redox reactions leading to
Finally, while recent evidence suggests that semiquinones can result in the phenomenon of
interindividual variation in glucuronyl and “redox cycling”, where electrons are transferred
sulfotransferase enzymes in liver and other rel-to molecular oxygen to form superoxide anion.
evant tissues may impact the overall pattern andThis process has been proposed to result in an
extent of HQ metabolism from benzefighese  increased oxidative stress that may be significant
differences may not be as important with direct for quinone toxicity,?#%although evidence is avail-
HQ exposure. This is because intestinal pathwaysable that this process is slow at physiological
provide significant additional glucuronidation pH.2! Semiquinone radicals can also combine to
capacity for the oral routé,/*the most common regenerate HQ and BQ by means of dispropor-
route of HQ exposure in man. For dermal and tionation. Brunmark and Cadenas propd$edi
inhalation routes, hepatic metabolism of HQ is alternative mechanism of redox cycling, in which
unlikely to be a limiting factor for detoxication, as P450-mediated oxidation of HQ accompanied by
lower net absorption of HQ is likely, either be- GSH addition would form benzenetriol-SG, a
cause of slow dermal penetration or because thederivative more likely to participate in cycling
physical characteristics of HQ (i.e., particle size than HQ itself.
of commercially produced material >10t; low Under physiological conditions, one- and two-
volatility) result in lesser amounts absorbed via electron redox reactions of HQ and BQ can occur
inhalation for ultimate presentation to the liver. either spontaneously or via enzyme-mediated pro-
These considerations are important in assessingesses. Slow autoxidation of HQ to BQ in phos-
the potential risk to humans exposed to HQ underphate buffer at physiological pH was reported by
typical exposure scenarios (see under Conclu-Greenlee et af3 a reaction that was substantially
sions). accelerated by superoxide dismutase. As discussed
above, enzymatic conversion of HQ to BQ prima-
rily involves cytochrome P450-mediated oxida-
V. MACROMOLECULAR BINDING AND tion in the liver. However, peroxidases (including
REDOX REACTIONS myeloperoxidase and related enzyme activities)
can mediate this conversion in extrahepatic or-
Covalent reactivity may underlie certain as- gans. One-electron reduction of BQ to the semi-
pects of HQ toxicity, and the macromolecular quinone may occur via cytochrome P450 gr b
binding potential of HQ has been investigated in reductase, while two-electron reduction can be
a number ofn vitro andin vivomodels. Because catalyzed by NADPH:quinone acceptor oxi-
HQ itself lacks a strong electrophilic center, such doreductase (NQOL1; also known as DT-diapho-
binding must be preceded by oxidation to either rase or quinone reductase) or carbonyl reduc-
the semiquinone or to BQ, both of which are tase’®’ Depending on the particular organ or
substantially more reactive toward protein and tissue in which they occur and on local redox
DNA nucleophiles. The redox chemistry of quino- status and metabolite flux, these various meta-
nes has been reviewed comprehensively in a num-bolic conversions can result in either net activa-
ber of articleg>"8The acid-base and redox con- tion or detoxification. This is because factors such
versions of the quinones are closely interrelated, as intracellular pH, ©Otension, and thiol balance
and a total of nine putative ionic and/or radical will influence the direction and extent of these
quinone species combinations are possible (Fig-reactions® It should also be noted that tinevitro
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oxidation and reduction activity of DT-diapho- Protein binding of HQ/BQ has been reported
rase on hydroquinones may be modulated in un-in other model anah vivo systems as well. Cova-
predictable ways by ancillary materials such as lent labeling of protein with{C]-HQ was ob-
Triton X-100, Tween 20, and bovine serum albu- served in mouse bone marrow macrophages in the
min.82 Consequentlyjn vitro studies involving  presence of kD, but not arachidonic aci.In
the redox potential of HQ need to be conducted vitro incubation of HQ with tubulin in the pres-
under very carefully controlled conditions to avoid ence of horseradish peroxidase an@Hesulted
false-positive and false-negative reséltds many in dose-related binding to boti+ and [3- sub-
such studies have not controlled for the impact of units®! Irreversible binding of'fC]-HQ to plasma
these ancillary agents, the significance of certain proteins from F-344 and SD rats and from hu-
in vitro results is unclear. mans decreased dramatically when incubation
As discussed previously, administration of temperature was lowered from°&7to C, sug-
radiolabeled HQ to experimental animals results gesting temperature-dependent biotransformation
in covalently bound protein label in a variety of to a reactive speciésAssays have been devel-
tissues. Peroxidase-mediated binding@-HQ oped to quantitate BQ-derived adducts in hemo-
to albumin was observed with mouse peritoneal globin and albumin from humans and rodéats.
macrophage lysates and with purified prostaglan-Human studies have demonstrated high back-
din-H synthase in the presence ofd# binding ground levels of such adducts, possibly reflecting
was inhibited by cysteine, suggesting the forma- dietary or other environmental souré&Species-
tion of thiol adduct$!# Covalent adducts of HQ and tissue-dependent, BQ-derived protein adduc-
to protein sulfur nucleophiles were measured in tion in blood and bone marrow has been reported
tissues of rats after administration of FiJ.otal in rats and mice treated with single p.o. doses of
adducts were determined as well as individual benzené® Evidence for covalent binding to DNA
bound forms of HQ in which the HQ nucleus was polymerase and topoisomerase Il has also been
substituted with mono-, di-, tri-, or tetra-substitu- obtained for HQ and B&:-:°" Finally, in vitro
ents. The concentration of total adducts was great-inactivation of cytochrome P450, presumably via
est in the liver, followed by kidney and blood. covalent binding of BQ and/or the semiquinone,
However, the pattern of adduct type was highly has been reported with liver microsomes treated
tissue specific, with mono-adducts predominat- with HQ.28%°
ing in the liver and tri- and tetra-adducts predomi- Additional studies have shown DNA adduct
nating in the kidneys. These results are consistenformation following HQ exposure in tissue cul-
with the nephrotoxicity of di- and tri-glutathione ture and cell-free systems, but niot vivo.
conjugates of HQ acting through adduction of Rushmore demonstrated thatvitro incubation
protein sulfhydryl groups (yielding tri- and tetra- of rat bone marrow mitochondria with HQ re-
adducts, respectively). Levels of adducts in kid- sulted in formation of guanine and possibly ad-
ney correlated with acute nephrotoxicity of HQ as enine adducts to mitochondrial DN&:'9* Two
a function of route of administration (i.p. > p.0.) guanine adducts were characterized when puri-
and sex (female F344 rat > male F344 rat) andfied calf thymus DNA was reacted with HE3,
strain (F344 rat > SD rat}.The thiol reactivity of  while three adducts were noted followiimgvitro
bioactivated HQ is reflected in the rapid depletion HQ treatment of bone marrow from B6CG3F
of hepatic GSH in rats following p.o. administra- mice° Rat Zymbal glands incubated with 750 or
tion of 100 or 200 mg/kg HQ and in isolated 1000ug HQ/mI for 48 h displayed a characteristic
hepatocytes exposed to H&?”In contrast, only = DNA adduct pattern and adduct levels of 1080
a modest decrease (0 to 20%) in renal GSH in ratsand 1250 adducts/iGwucleotides, respectively,
was observed after p.o. administration of 400 mg/ as measured b$?P-postlabeling assdy* Dose-
kg HQ#® In vivo HQ treatment also resulted in and time-dependent formation of DNA adducts
enhanced lipid peroxidation based on recovery of detected usingfP-postlabeling was also observed
malondialdehyde in urin®,although no change in HL-60 cells treated with H&>-1®The same
in peroxidized lipid levels in the kidneys was adduct was produced with BQ, although BQ was
found® a more potent adduction agent than HQ in this
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system, suggesting that BQ is the actual reactivevitro. In addition, formation of activated oxygen
species in this proce$s. Addition of HO, or species via HQ oxidation can lead to increased
cumene hydroperoxide potentiated DNA adduct 8-OHdG adduction in DNAnN vitro. However,
formation by HQ in HL-60 cell&® Chemical the demonstrated lack of DNA adduct or 8-OHdG
studies$!® have indicated that the major DNA ad- formation by HQin vivo, coupled with the gener-
duct formed in HL-60 cells by both HQ and BQ ally negative results for HQ mutagenicity in short-
is likely to beN2-(4-hydroxyphenyl)-dG, which  term tests (discussed below), argue against a sig-
differs from the primary guanine adduct formed nificant role for these phenomena in HQ toxicity.
in cell-free systems, that ig'-hydroxy-1N?- In contrast, thiol adduction (either with GSH or
benztheno-2dG 102 with protein sulfhydryl groups) clearly occurs
Formation of modified DNA bases due to following in vivo HQ exposure. This binding
activated oxygen species as opposed to directpotential has implications for the mechanisms of
adduction by HQ metabolites has also been re-HQ-induced clastogenicity, nephrotoxicity, and
ported. Levels of 8-hydroxydeoxyguanosine myelotoxicity.
(8-OHdG), considered indicative of damage from
superoxide and/or hydroxyl radicals, were in-
creased during incubation of HQ and purified calf VI. GENOTOXICITY
thymus DNAS This effect was inhibited in the
presence of tyrosinase or catalase. 8-OHdG for- A voluminous literature exists examining the
mation was also demonstrated in DNA from HL-60 potential genotoxic effects of HQ in a variety of
cells treated with H@'! and time-dependent co- in vitro andin vivo systemsThe results of these
valent DNA adduction has been reported in mix- studies have been tabulated in several previous
tures of calf thymus DNA and HQ in the presence reviews?'-13 While the genotoxicity data base
of prostaglandin-H synthase and either arachi- for HQ is extensive, the results are highly depen-

donic acid or HO,.1*? dent on exposure routén vitro studies are fre-
In contrast to the clearly demonstrated forma- quently, but not always, positive, while vivo
tion of DNA adducts by HQ exposuie vitro, studies are typically negative unless detoxication

evidence for similar adduction in whole animal pathways are overcome by parenteral administra-
experiments is absent. Using two variations of the tion. With few exceptions, HQ has been shown to
32P-postlabeling assay, Reddy et'alfailed to be inactive as a direct mutagen in various short-
demonstrate adducts in bone marrow, Zymbal term assays. Negative results have been reported
gland, liver, or spleen DNA from female SD rats with various strains d. typhimuriunandE. coli,
after HQ exposure (75 or 150 mg/kg/day, 4 days, with or without metabolic activatiol/'?4in yeast
p.o.). No increase in adducts by postlabeling was(S. cerevisiage strain D4)}'” and in Droso-
seen in kidney DNA from male or female F344 phila.”1?5126In addition, no evidence for mutage-
rats exposed to 50 mg/kg/day HQ, p.o., for 6 nicity was demonstrated in amvivo mouse spot
weeks!* The treatment did, however, decrease test?” and in a dominant lethal assay in male rats
levels of “I-compounds”, which are believed to following p.o. doses of 30, 100, or 300 mg/kg/day
represent adducts formed by endogenous com-HQ for 10 weekg?8
pounds or oxidative metabolism. The same 6-week  Occasional positive results for HQ in reverse
treatment regimen did not result in increased mutation assays have been reported, that is, in a
8-OHdG levels in kidney nuclear DNA of male single strain (TA1535A) ofS. typhimurium
and female F344 rat$> Treatment of male wusing a nonstandard incubation medium (ZLM
B6C3F mice with 75 mg/kg HQ, i.p., and of male medium) without metabolic activatid#, in sev-
SD rats with 250 mg/kg HQ, i.p., also did not eral strains ofS. typhimuriumwithout activa-
result in increased 8-OHdG levels in bone mar- tion,2%1%0in a “fluctuation test” using one strain
row or in liver or kidney DNA, respectivelyl116 of S. typhimuriumonly in the presence of §9
These studies indicate that HQ conversion to and inS. cerevisiaestrain D38 A high potency
the semiquinone and BQ can potentially result in for the induction of mutations leading to 6-thiogua-
covalent adduction to both protein and DNA  nine resistance in Chinese hamster V79 cells by
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HQ has been demonstrated a%d\ recent paper  effective than oral exposure, which was associated
reported increases in mutation to both ouabainwith weak induction of MN8 Some of these stud-
and 6-thioguanine resistance in Syrian hamsteries also examined the proportion of kinetochore-
embryo (SHE) cells exposed to HQ, although the positive and -negative MN, with general indica-
increases were not dose relat®&dln addition, tions that HQ can produce MN by mechanisms
positive results were obtained in forward muta- involving both whole chromosome loss and chro-
tion assays using mouse lymphoma L5178Y cells mosome fragmentatiorié.148.151,156,164-166,169,170,172
exposedn vitro to HQ, with and without meta- Additional experiments have assessed induc-
bolic activationt33 tion of aneuploidy (abnormal chromosome num-

In contrast to the largely negative data for ber) by HQin vitro andin vivo. Doses of 80 to
direct mutagenicity, numerous studies have shown120 mg/kg, i.p., produced hyperploidy in mouse
the effects of HQ on clastogenic, mitotic, and spermatocyte¥?17* while aneuploidy was de-
aneuploidigenic endpoints. These effects are mani-tected in mouse bone marrow cultdfeand hu-
fested as chromosomal aberrations, abnormal mi-man lymphocytésé treated with HQ. In contrast,
toses, formation of micronuclei (MN), aneuploidy, HQ exposure to SHE and yeast cells did not result
DNA strand breakage, and sister chromatid ex-in aneuploidy:®2177 Chromosomal aberrations,
change (SCE). Many of these studies were con-including gaps, breaks, exchanges, dicentrics, and
ducted as part of a large interlaboratory aneuploidy complete fragmentation, resulting in chromosome
screening program conducted by the Europeanmalsegregation and aberrant cells, have been re-
Communities Directorate General Environ- ported for HQin vivo in mouse bone marrow
mental Research Programme, which included HQcells”® and spermatocytes (following i.p. injec-
as one of the core chemicals selected for st4dsp. tion),1”® andin vitro in Aspergillus nidulangs.181
Early reports indicated that HQ disrupts mitosis in CHO ¥ and SHE cell$32DNA strand breaks and
a variety of cell type®¥%13’ These were followed other damage has been noted in a varietin of
by demonstration of the induction of SCE in Chi- vitro systems, including isolated DNAg182-186
nese hamster ovary (CHO) céft8Chinese ham-  rat liver cell nuclei and hepatocyt&$}8#mouse
ster V79 cell$?* SHE cellsi®?and human lympho-  lymphoma cell$® Chinese hamster bone mar-
cytest3*-144Generally positive results were found row!®® and ovary! cells, human lymphocyté&
with or without S9 metabolic activation in these and human lung carcinoma céeftdInduction of
studies. Negative SCE findings have been reportedDNA damagen vitro in human peripheral lym-
in bone marrow cells from mice treated with HQ at phocytes was found to require much higher con-
doses up to 120 mg/kg, i%and in onén vitro centrations of HQ in mitogen-stimulated as com-
study with V79 cell$?° pared to resting celf8* Addition of cytosine

A number ofin vitro studies have demon- arabinoside (a DNA repair inhibitor) increased
strated MN induction in HQ-treated human lym- the sensitivity of mitogen-stimulated cells to HQ,
phocytes#6-149Induction of MN in human lym-  suggesting protection by DNA repair mechanisms
phocytes has not been reported in whole bloodfrom DNA-damaging activated oxygen species.
cultures except at toxic dose lev&IsSMN induc- Recent studies have indicated induction of mono-
tion in vitro has also been reported for fibro- somy and long arm deletion of chromosomes 5
blasts®* and embryonal liver celf$? Chinese  and 7 in human whole blood lymphocyte cultures
hamster V79, XEM2, LUC2, and/or SD1 incubated with HG% These changes are com-
cells}24153-15@nd rat intestinal cell$? Using oral monly observed in benzene-induced myelo-
gavage, s.c., or i.p. dosing regimens, largely dysplastic syndrome (MDS) and leukemia in hu-
positive results have been obtained with HQ in mans!® Additional positive (and occasional nega-
the mouse bone marrow micronucleus as-tive) responses for HQ have been reported in
sayi?5145157-170Trgngplacental induction of MN  various other types of assays, including mitotic
in blood cells from fetal mouse liver following disruption and arre$t6181.197-209nhibition of DNA
exposure of pregnant dams to HQ has been re-and RNA synthesi%,?°1-2%5and induction of un-
ported!’* The lowest positive dose of HQ in these scheduled DNA synthesi&
experiments was approximately 40 to 50 mg/kg, HQ exposure appears to affect the mitotic
and i.p. dosing was found to be substantially more apparatus and/or protein components of the chro-
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mosome. Irons and co-workers first demonstratedof superoxide dismutag& However, other re-
that HQ could inhibit rat tubulin polymerization sults indicated that the presence of oxygen radical
in vitro, that this process required the presence ofscavengers did not reduce HQ-induced phage
O,, and that specific covalent modification of one DNA single strand breakin vitro, '8 while mouse
or two sites within the high-molecular-weight bone marrow cell DNA breakage was induced by
subunit of tubulin was involvet#20’These sites  BQ despite its low oxygen radical-generating po-
were characterized as reactive protein thiols dis-tential?** Finally, in vitro inhibition of DNA and
tinct from the colchicine binding site and possibly RNA polymerases and of DNA topoisomerases
at or near the GTP binding site. Weak inhibition by oxidized HQ metabolites has been re-
of tubulin assemblyn vitro by HQ has also been ported?6.97.100.202,205.215
demonstrated for bovine, but not porcine, tubu- The genotoxicity database for HQ supports a
lin.208209Based on these data, Irons proposed thatlow potential for direct mutagenicity (i.e., induc-
the mitotic effects of HQ were mediated by spon- tion of frame-shift and point mutations) for this
taneous or enzyme-catalyzed oxidation to a reac-compound. A similar conclusion can be made for
tive species, probably BQ, followed by covalent BQ. This suggests that the obseriditro for-
madification of tubulin, inhibition of tubulin po-  mation of DNA adducts by HQ and BQ may be of
lymerization, and disrupted spindle formation. This questionable toxicological significance. In con-
mechanism is supported by evidence indicating trast, both agents have clastogenic and aneugenic
the enhancement of HQ-mediated inhibition of potential and can interfere with the mitotic pro-
microtubule formation during peroxidative me- cess. These effects are likely to be mediated
tabolism?! More recently, Dobo and Eastmdéffd  through the protein thiol binding capability of
demonstrated that prostaglandin-H synthase (PHSBQ, although the involvement of activated
mediated oxidation of HQ increased the incidence oxygen species in certain of these processes may
of kinetochore-positive (i.e., whole chromosome- be important. Other than tubulin, it is not known
containing) MN in Chinese hamster V79 cell which specific proteins may represent the critical
cultures, an effect blocked by GSH. While this targets for this adduction. Alternatively, adduc-
proposed mechanism is reasonable, direct experition/inactivation of DNA polymerase, topoiso-
mental evidence that inhibition of tubulin poly- merase Il, or other relevant enzymes may be sig-
merization leads to aneuploidy and formation of nificant in the mechanism of HQ clastogenicity.
kinetochore-positive MN in susceptible cells fol- In any case, these epigenetic effects appear to
lowing in vivo HQ exposure is lacking. depend heavily on toxicokinetic factors, particu-
In contrast to mitotic disruption, the occur- larly route of exposure, suggesting that exposure
rence of chromosomal fragmentation (indicated thresholds may exist. Despite gaps in knowledge
by the presence of kinetochore-negative MN) and concerning specific mechanisms of clastogenicity
DNA strand breaks cannot be accounted for by and aneuploidy for HQ, modeling of dose re-
inhibition of tubulin polymerization. These ef- sponse data from mice given HQ i.p. indicate a
fects have instead been attributed to either directvery good linear fit between 25 to 75 mg/kg using
damage to DNA from reactive oxygen species, a linear quadratic model with a no-observed ef-
covalent DNA adduct formation via BQ or the fect level at 12.5 mg/k§° The model suggests a
semiquinone, or inhibition of enzymes involved no-effect threshold between 12.5 and 25 mg/kg
in nucleic acid metabolism. The presence of cata-i.p. Because oral exposure is much less effective
lase resulted in partial inhibition of kinetochore- at inducing such effects, the threshold for an oral
negative MN formation by HQ in Chinese ham- no-effect level would be expected to be higher
ster V79 cell cultures, suggesting the involvement than the i.p. no-effect level.
of H,O, and other activated oxygen specfés.
In addition, Cu*mediated autoxidation of HQ
with consequent reactive oxygen species forma-VIl. NEPHROTOXICITY AND RENAL
tion resulted in enhancement of DNA strand CARCINOGENESIS
breaks219-212GSH was found to enhance the HQ-
mediated induction of double-strand DNA breaks Early studies examining single or repeated
in vitro, an effect that was reduced in the presencedose toxicity of HQ in experimental animals did
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not reveal marked evidence of nephrotoxicity, considered to represent dose-related primary kid-
although comprehensive evaluations of renal func- ney toxicity due to HQ exposure.
tion were generally not performed in these stud- Sex-, strain-, and species-related differences
ies. For example, feeding of SD rats with up to in HQ-induced nephrotoxicity have also been
1% HQ in the diet for 2 years did not result in examined in numerous studies. A single oral dose
histopathological alterations in the kidney, while of 400 mg/kg HQ to F344 rats resulted in in-
administration of 100 mg/kg/day, p.o., to dogs for creased urinary excretion of alanine aminopepti-
6 months produced neither histopathology nor dase,N-acetyl glucosaminidase, alkaline phos-
changes in urine chemistry valiéd hese same phatase,y-GT, and glucose, all indicative of
investigators reported no urinary alterations in proximal tubule damag®? Increases in creati-
male human volunteers ingesting 300 to 500 mg/nine and BUN were also seen in female rats.
day (4.3 and 7.1 mg/kg/day, respectively, for a Interestingly, the increases were more pronounced
70-kg man) for 3 to 5 months. Christian reported for female rats, in contrast to the higher suscepti-
only a mild increase in relative (to body) kidney bility of male rats to histologically demonstrable
weights, with no accompanying pathological nephrotoxicity with subchronic HQ administra-
changes, in rats administered 1% or 0.4% HQ intion.”22°Similar changes were not seen in SD rats,
the drinking water for 8 or 15 weeks, respec- or in B6C3FK mice, except for increased BUN in
tively.?” Woodard exposed several dogs to daily both sexes of mice administered 350 mg/kg#Q.
oral doses of HQ of 25 or 50 mg/kg for more than Urine osmolality tended to be lower and urine
2 years, but did not report any clinical or gross volume higher than in controls for both F344 and
pathological findings consistent with renal im- SD rats. Microscopic analysis of urine demon-
pairment® In one study, chronic exposure (length strated increased epithelial cell counts for F344
unspecified) of rats and mice to 50 to 100 mg HQ/ rats. These studies provide further confirmation
kg/day was reported to cause “dystrophic changes”of the high susceptibility of this rat strain to HQ-
in kidney and other orgad¥ In addition, daily induced nephrotoxicity.
i.p. injection of BQ (2 mg/kg/day) or benzenetriol In addition to the sex- and strain-specificity
(6.25 mg/kg/day) but not HQ (10 mg/kg/day) for of kidney effects, the expression of kidney toxic-
6 weeks produced histologically demonstrable ity depends upon route of administration and age
kidney damage in mic&’ of the animal. In a 13-week dermal toxicity and
In 1979, the NTP initiated testing on HQ that cell proliferation study, the male F344 rat-spe-
included subchronic (90-day) and chronic (2-year, cific kidney effects observed in earlier oral stud-
with a 15-month interim sacrifice) toxicity stud- ies were abserit! HQ was applied as an oil-in-
ies in F344/N rats and B6C3mice. The results  water emulsion at a maximum level of 5%,
of these studies have been published as a monoeorresponding to a dose of approximately 75 mg/
graph and summarized in a peer-reviewed litera-kg/day. The lack of observed effect is most readily
ture reporf.?'8 In the subchronic study, animals explained by low dermal absorption of HQ.
were administered HQ in corn oil by gavage at However, other toxicokinetic factors may be in-
dose levels of 0, 25, 50, 100, 200, or 400 mg/kg/ volved, as applied dermal doses of HQ (in etha-
day (5 days/week). Mortality in the highest dose nol) of up to 3840 mg/kg/day for 14 days in F344
group was 100 and 80% for rats and mice, respec+ats was also not associated with gross indicators
tively. Moderate to marked nephrotoxicity, char- of nephrotoxicity (i.e., body weight changes and
acterized by tubular cell degeneration and regen-gross kidney pathology)At this high-dose level
eration in kidney cortex, was noted in the majority and with this dosing vehicle, HQ was detected in
of male and female rats at 200 mg/kg/day and inurine in this study, suggesting substantial dermal
1 of 10 female rats at 100 mg/kg/day. The lesionsabsorption. Similarly, the histopathology and cell
present in male rats were graded as more severgroliferation seen after 6-week gavage adminis-
than those in females. No renal lesions were ob-tration to young adult male F344 rats was not
served in rats at 50 mg/kg/day or lower or in mice present in 1-year-old rats on the same treatment
at any dose level. Relative kidney weights were regimen, consistent with a possible age-related
not reported in this study. These effects were difference in susceptibilit§??
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The evidence for nephrotoxicity following oral the most potent, and the fully substituted 2,3,5,6-
exposure to HQ has stimulated much research ortetraglutathionSyl-HQ exhibiting no activity??®
mechanism of action. These efforts have prima- Maximum damage was localized to the P3 seg-
rily focused on the sex- and species-dependencanent of the proximal tubule. Nephrotoxicity due
of the phenomenon and on the possible involve-to GSH conjugates of HQ was blocked by pre-
ment of GSH conjugates of HQ as initiators of treatment of animals with AT-125 (Acivicin, a
nephrotoxicity (Figure 3). Mono-, di-, and tri- potent inhibitor ofy-GT).?22 This enzyme cata-
GSH conjugated HQ metabolites have been de-lyzes the cleavage of glutamic acid from GSH
tected in rat bile following i.p. injection of H®. conjugates to yield a cysteinyl-glycine conjugate
Direct parenteral administration of di- and tri- and is present at high activity in proximal tubule
GSH conjugates to rats resulted in proximal tu- epithelium.
bule necrosis and nephropathy, with the 2,3,5- Hill et al 224 demonstrated a decrease in state
triglutathionSyl-HQ (tri-G-HQ) derivative being 3 mitochondrial respiration in rats administered
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FIGURE 3. Summary of proposed mechanisms of hydroquinone (HQ) nephrotoxicity following p.o. administration
and oxidation to semiquinone (SQ) and/or benzoquinone (BQ) in liver and kidney. Note dual pathways of formation
of putative nephrotoxic HQ-glutathione (HQ-SG) and HQ-cysteine (HQ-Cys) conjugates. HQ-SQ and HQ-Cys can
be formed in the liver and intestine, respectively, and then transported in blood to the kidney. Alternatively, each
derivative can be formed directly in the kidney from HQ via SQ/BQ.
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tri-G-HQ, although it was unclear whether this mal tubule cells, HQ-GSH conjugates or their
change represented a cause or effect of subsey-GT/dipeptidase cleavage products can be oxi-
qguent nephrotoxicity. Using the situ perfused  dized either spontaneously or (more likely) via
rat kidney (ISPRK) model, Hikt al??>showed a  enzymatic processes to yield reactive species such
time-dependent release W{5T into the urine of  as BQ- and/or semiquinone-conjugates. These de-
rats infused with 2-glutathioB8-yl-HQ or tri-G- rivatives may either directly adduct renal cell
HQ. A greater retention of tri-G-HQ within the macromolecules or undergo redox cycling to pro-
kidney was found, leading to speculation that the duce reactive oxygen species that can also cause
oxidative metabolism of the conjugate resulted in macromolecular damage. Alternatively, HQ-GSH
formation of reactive derivatives that subsequently conjugates may be excreted as detoxified urinary
bound to kidney macromolecules. Additional stud- mercapturates following sequential processing by
ies have shown that mono- and di-G-substitutedy-GT, dipeptidase, ard-acetylase. Thus, the sex-
HQ derivatives readily undergo autoxidation to , strain-, and species-specific characteristics of
tri-G-HQ under physiological conditioi% HQ nephrotoxicity may be due to differences in
In vitro studies have revealed thétacetyla-  the relative balance between toxifying and detoxi-
tion of 2-(L-cysteinSyl)-HQ to form the  fying metabolic pathways in the proximal tubule
mercapturate was less active in the male than incell, which in turn may be governed by genetic
the female F344 rat or in the male SD rat, a factors.
nephrotoxicity-resistant strafi’ Formation of the Some uncertainty still remains concerning the
mercapturate is considered a detoxication reac-mechanism of nephrotoxicity following higher-
tion, as it oxidizes less readily to putative reactive dose HQ exposure in experimental studies. For
products than does the cysteine conjugate. Maleexample, although HQ thiol adducts have been
F344 rats exhibited a moderate decrease in GSHlemonstrated following oral dosing, HQ-GSH
and cysteine concentrations in kidney following conjugate formation has not been conclusively
400 mg/kg HQ p.o., while male SD rats did ffot. demonstrated in orally dosed rats. Covalent pro-
Studies of differences in species susceptibility to tein adducts in the kidney derived from HQ have
nephrotoxicity induced by i.v. injection of tri-G- been detected and quantified but not character-
HQ indicated that only male F344 rats and guineaized, and their precise role in kidney toxicity re-
pigs developed proximal tubule dysfunction, while mains to be determined. In addition, macromo-
females of these species and both sexes of BALB/decular changes consistent with oxidative damage
and B6C3E mice and of hamsters were resis- occurring within proximal tubule cells have not
tant??® Some correlations between the activities been reported.
of y-GT, N-acetylase, anN-deacetylase and spe- The NTP also conducted a chronic study, in
cies susceptibilities were noted. which rats were administered 0, 25, or 50, and
The overall mechanistic database for HQ mice 0, 50, or 100 mg/kg/day (5 days/week) of
points to the involvement of GSH-HQ conjugates HQ by gavage in deionized water for 103 weeks.
and a critical influence of sex-, strain-, species-, An interim sacrifice of 10 animals per group was
dose-, and route-specific factors in the pathogen-performed at 65 weeks. Unlike the subchronic
esis of nephrotoxicity. The current para- studies, no clear evidence of chemically induced
digmt10.11,114.225.228 g gests that oral HQ exposure nephrotoxicity was apparent in HQ-treated rats or
is followed by rapid and extensive sulfate and mice. In contrast, evidence of chronic nephropa-
glucuronide conjugation in liver and intestine and thy was present in nearly all control and dosed
elimination of these detoxified metabolites via rats at 103 weeks. While this syndrome (also
urine. Saturation of this process by high oral dosestermed “spontaneous nephropathy” or “chronic
or partial bypass via parenteral administration leadsprogressive nephropathy”; CPN) is common in
to the formation of various GSH conjugates in the aged male rats, the severity of the lesion was
liver, which are either excreted via bile or enter greatest in males from the 50 mg/kg/day HQ-
the circulation. These conjugates enter proximal treated group. This trend was also apparent in
tubule cells either directly from the blood or fol- male rats at the 65-week interim sacrifice, al-
lowing reabsorption from the urine. Within proxi- though no alterations in urinalysis parameters
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consistent with nephropathy were apparent at thisferent from control. These lesions were described
time point. Histopathological findings associated as “discrete masses of epithelial cells arranged in
with this nephropathy included degeneration and solid clusters or nests separated by a scant stroma.
regeneration of tubular epithelium, tubular atro- Hyperplasia of tubular epithelium, a potential
phy and dilation, the presence of hyaline casts inpreneoplastic lesion, was also noted in two male
tubule lumen, glomerulosis, interstitial fibrosis, high-dose rats. None of the tumors were reported
and inflammation. High-dose male rats with to be grossly observable. Adenomas were not
marked levels of nephropathy also exhibited pap- observed in female F344 rats or in either sex of
illary hyperplasia of the transitional epithelium B6C3F mice. Based on these findings, NTP con-
covering renal papillae and cysts. Due to the lack cluded that there was “some evidence” of carci-
of hyaline droplets, cast formation in the loop of nogenic activity for HQ in the male rat. Tumor
Henle, and mineralization, the kidney lesions were formation was suggested to be chemically in-
not considered related to,,-globulin nephropa-  duced but independent of the nephrotoxicity ob-
thy. Elevated relative (to body) kidney weights served in the subchronic studiés.
were also observed for high-dose male rats at the  Renal adenomas were also reported in male
65- and 103-week sacrifices. Dose-related in- F344 rats fed 0.8% HQ in the diet for 2 years,
creases in the severity of chronic nephropathywith an incidence rate of 47% (14/389.The
were not seen in female rats and except for a highhigher incidence in this study was attributed to
incidence of chronic renal inflammation in all the larger average daily dose (50 vs. 351 mg/kg/
groups mice did not exhibit kidney lesions. day) in these animals when compared with the
In another chronic study conducted by differ- NTP study. Renal papillary hyperplasia, consid-
ent investigators (Shibata et al.), an increase inered indicative of advanced CPN, was seen in
the severity of chronic nephropathy, in addition to 37% of male rats, while all male rats exhibited
papillary and tubular hyperplasia, was noted in renal tubular hyperplasia. Adenomas were also
male F344 rats fed 0.8% HQ in the diet for 104 reported in 3 of 30 male B6C3hice, although
weeks??° This dietary level corresponded to an this incidence rate was not significantly different
average dose of 351 mg/kg/day based on meafrom control. Increased relative (to body) kidney
sured food consumption, substantially higher than weights were noted in both sexes of rats and in
that used in the NTP study. An increased inci- female mice, while absolute kidney weights were
dence of mild nephropathy was seen in femaleincreased only in male rats. Based on these data,
F344 rats, with an average HQ intake of 386 mg/ Shibata and co-workers concluded that HQ was
kg/day. Renal changes in male and female BGC3F clearly carcinogenic in male rats and that this
mice fed 0.8% HQ, with average doses of 1046 effect was probably linked to CPN. However,
and 1486 mg/kg/day, respectively, consisted of aunlike the NTP investigators, they suggested an
30% incidence of tubular hyperplasia without involvement of free radicals and/or quinone me-
nephropathy in males; interim tissue examina- tabolites in the carcinogenic mechanism.
tions were not conducted. Relative (to body) kid- The NTP and Shibata et al. conclusions re-
ney weights were increased in both sexes of ratsgarding HQ-induced renal toxicity and tumori-
and in female mice. The results of urinalysis were genesis have been criticized based on both meth-
not reported. The overall findings regarding CPN odological concerns (e,dghe potential renal effects
were generally consistent with those of the NTP of a concurrent sialodacryoadenitis infection
study. within the test colony in the NTP study) and
Both the NTP and Shibata studies provided overall interpretation of the databa8#-22923The
evidence for renal carcinogenesis in male ratspossible relationships between proximal tubule
chronically exposed to HQ. In addition to in- cell degeneration and regeneration, CPN, and re-
creased severity of CPN, male F344 rats in thenal adenomas in F344 rats exposed to HQ have
NTP study exhibited 7% (4/55) and 15% (8/55) been examined recently by means of a reevalua-
incidences of tubular adenomas in the low- and tion' of the pathology data from the NTP chronic
high-dose groups, respectively, although the inci- study and additional experimentation. The reevalu-
dence in low-dose rats was not significantly dif- ation indicated that 36 of 51 high-dose (50 mg/kg/
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day) male rats had pathological alterations con- cytotoxicity and cell replacement, consistent with
sistent with either severe or end-stage CPN. Inan epigenetic mechanism.
addition, 11/51 high-dose rats exhibited foci of The nature of the causal relationship, whether
atypical tubular hyperplasia, considered to be adirect or indirect, between HQ exposure, CPN,
preneoplastic lesion, compared with the originally and induction of renal tubule adenomas in F344
reported NTP incidence of 1/55. The reassess-rats is currently unclear. In one recent model, HQ
ment of tumor data also resulted in revised renalis proposed to act at two stages; to accelerate the
tubule adenoma incidences of 3/49 and 7/51 innormal evolution of CPN in the rat from mild to
low- and high-dose male F344 rats, respectively, end-stage, and to increase tubule cell prolifera-
when compared with 4/55 and 8/55 in the original tion, particularly that associated with progression
report. The key finding of this reevaluation was from CPN to tubular hyperplasia and renal ad-
the high correlation between the presence (occur-enoma formatio?!! This model is based on the
rence and location) of hyperplasia or adenomasbetter correlation of incidence of hyperplasia with
and that of severe to end-stage grade CPN, sugseverity of CPN than with dose of HQ, and on
gesting that HQ acts in an epigenetic manner todata showing the presence of atypical hyperplasia
accelerate the spontaneous CPN process. and adenomas in low-dose male rats in the ab-
It is widely accepted that compensatory cell sence of enhanced CPN. Clearly, questions re-
proliferation in general can increase the risk of main to be answered concerning the molecular
tumorigenesis. To further clarify this issue for mechanism(s) by which HQ might promote, ac-
HQ and renal carcinogenesis, the time- and dose-celerate, or synergize spontaneous CPN and cause
dependence and anatomic localization of cell pro-increased cell proliferation. Despite these uncer-
liferation in the proximal and distal tubules of tainties, the overall genotoxicity, nephrotoxicity,
F344 rats were examined in animals administeredand mechanistic database supports a species-de-
oral doses of HQ at 0, 2.5, 25, or 50 mg/kg/day for pendent, epigenetic mechanism for HQ-induced
up to 6 week&?° Increased cell proliferation is renal carcinogenesis. The possible implications
characteristic of CPRP! and the selected dose of these findings for human renal carcinogenesis
levels and dosing protocol were designed to mimic due to direct HQ exposure are discussed later in
those employed during the initial period of the this article.
NTP chronic study. As measured by BrdU incor-
poration, cell proliferation in the P1 and P2 seg-
ments of kidney tubules was increased over con-VIll. OTHER DATA RELATED TO
trol values for male F344 rats after 6, but not 3, CARCINOGENESIS
weeks of HQ exposure at the 50 mg/kg/day level.
Interestingly, this finding contrasts with the ex- In addition to the renal tumorigenic effects
tensive damage seen in the P3 segment of ratsliscussed above, long-term bioassays with HQ
exposed via parenteral injection to tri-G-HQ and have provided some indication for liver and fore-
other GSH-HQ conjugaté®suggesting that HQ- stomach neoplasia and mononuclear cell leuke-
induced nephrotoxicity and accelerated CPN may mia in rodents. In the 2-year NTP bioassay, male
proceed by different mechanisms. Degenerativeand female mice exhibited significantly increased
and regenerative foci and interstitial inflamma- relative liver weights at 15 months, while hepatic
tion were also observed in these animals by his-fatty change and cytomegaly were present in male
topathologic examination. A nonsignificant trend mice in the 100 mg/kg/day group at this time
toward increased proliferation was seen in male point’218 After 2 years, the incidence of liver
rats at 25 mg/kg/day. In contrast, no significant adenomas was increased in both sexes of mice at
changes in these parameters were observed ahe 50 and 100 mg/kg/day dose levels. However,
lower dose levels in male rats or at any dose levelthe incidences of these lesions were highest in the
in female F344 or either sex of SD rats. The delay 50 mg/kg/day group, suggesting a lack of clear
in appearance of cell proliferation is indicative of dose response. Hepatic carcinomas occurred at a
a compensatory response to slowly developinglower incidence in male mice given HQ com-
nephropathy characterized by proximal tubule pared with the control, while there was no differ-
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ence in the incidence of carcinomas between fe-4 weeks?3 Taken together, these results do not
male mice given HQ and their control group. support a significant potential for HQ to induce
Thus, when adenomas and carcinomas were comgastrointestinal neoplasia in rodent bioassays.
bined, only the female mice were considered to  An increased incidence of mononuclear cell
have an increased incidence of liver tumors. Basedeukemia was noted in the NTP bioassay for HQ
on these data, NTP concluded that there was “somén female F344/N rats after administration of 50
evidence” for carcinogenic activity in the female mg/kg, p.o., for 2 year&!8 Staging of the sever-
mouse’. ity of the leukemia in the 22 affected animals,
Shibata et a?° reported increased relative based on histopathological alterations in the spleen,
liver weight and incidence of hepatocellular hy- indicated 1, 7, and 14 rats with Stage 1, 2, or 3
pertrophy, altered foci, and adenomas in male butleukemia, respectively. These data led NTP to
not female mice fed 0.8% HQ in the diet (average classify HQ as having “some evidence” of carci-
dose 1486 mg/kg/day). The basis for the inconsis-nogenicity in the female rat. Concern has been
tency in the sex-specific incidence rates for he- raised over the leukemogenic effect of HQ as
patic adenomas between the two studies is un-reported in the NTP study because of the well-
clear. As in the NTP study, hepatocellular known phenomenon of benzene-induced leuke-
carcinomas were not increased for male or femalemia in humans. However, benzene itself does not
mice in the bioassays reported by Shibata €Pal. induce mononuclear cell leukemia in r&fsand
In addition, hepatic neoplastic lesions were not no similar effects were observed in the Shibata
observed in rats in either study, and HQ exposureHQ bioassay?23° despite much higher dose lev-
was found to decrease the number of foci of cel- els. Mononuclear cell leukemia in rats is consid-
lular alteration in livers of both male and female ered to originate in the spleéhand not the bone
rats. These inconsistencies and negative findingsmarrow, which is considered to be the origin of
have prompted other investigators to conclude benzene-induced leukemia. No specific evidence
that the evidence for HQ-induced hepatic neopla- for bone marrow alterations consistent with a leu-
sia is only equivocaf-23° kemogenic process was reported in either study.
The study of Shibata et &P also reported a It should be noted that the reported historical
significant increase in squamous cell hyperplasiacontrol incidence of mononuclear cell leukemia
(but not carcinoma) of the forestomach in male observed in NTP bioassays using female F344
and female mice. This effect was not observed inrats increased progressively during the 1980s.
the NTP 2-year bioassawlthough inflammation  This trend, in addition to the isolated nature of the
and epithelial hyperplasia were noted in rats andNTP finding, weakens the strength of evidence
mice at 200 and 400 mg/kg/day, respectively, in for a significant leukemogenic potential for HQ.
the NTP preliminary subchronic studies. In con- Various tumor initiation and/or promotion
trast, administration of 0.5% HQ in the diet of assays have also been conducted with HQ, with
Syrian golden hamsters for 20 weeks did not re- generally negative results. An early study involv-
sult in histopathological forestomach changes oring a single application of 20 mg HQ (in acetone)
an increase in mitotic labeling index of forestom- to mouse skin, followed by promotion with cro-
ach epithelial cell&*?HQ (0.8% in the diet for 51  ton oil, did not reveal initiating activit§#® HQ
weeks) also did not enhance forestomach or glan-was also negative as a promoter in a mouse skin
dular stomach neoplasia in F344 rats given a singlecarcinogenesis model following initiation with
initiating dose ofN-methyl-N'-nitro-N-nitroso- dimethylbenzanthraceri&. Both a lack of pro-
guanidinez® but did slightly increase the inci- moting activity and an ability to partially inhibit
dence of esophageal carcinomas following initia- benzop]pyrene-initiated skin carcinogenesis have
tion by methyIN-amylnitrosaminé* No histo- been demonstrated for H&.Dietary exposure to
pathological changes or increases in forestomachHQ (1.5%) also inhibited pancreatic lesions (com-
epithelial cell DNA synthesis were observed in bined preneoplastic and neoplastic) following
male F344 rats fed 0.8% HQ in the diet for administration ofN-nitrosobis(2-oxopropyl)
8 weeks®3® Only mild forestomach hyperplastic amine?*® Administration to F344 rats of a nitro-
responses were present in rats fed 2% HQ forsamine initiator, followed by 0.8% HQ in the diet
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for 32 weeks did not result in the development of IX. MYELOTOXICITY AND
bladder hyperplasia or neoplastaHQ neither IMMUNOTOXICITY
initiated nor promotedN-butyl-N-(hydroxy-
butyl)nitrosamine initiated bladder carcinogenesis Early animal studies provided limited evi-
when given at 0.2% for 22 weeks to male F344 dence that prolonged, high-dose HQ administra-
rats that had one ureter ligatedMale F344/Du  tion might affect blood cells and/or bone marrow.
Crj rats were fed 0.8% HQ diets for 30 weeks Hematological changes were reported in cats
following exposure toN-bis(2-hydroxypropyl) following parenteral administration of single
nitrosamine as an inducer of lung tum#fsHQ doses of 60 to 100 mg/kg HQ (cited by Von
did not promote lung tumors or enhance the inci- Oettingef*), and after p.o. exposure to 15 mg/
dences of thyroid, kidney, or urinary bladder tu- kg/day for 40 days in raf8* Woodard reported
mors that were observed following exposure to histopathological changes in bone marrow and
the initiator alone. spleen from dogs fed 25 or 50 mg/kg/day for 819
In contrast to these negative findings, rats days?® Severe toxicity and decreased bone mar-
treated withN-ethyl-N-hydroxyethylnitrosamine  row cellularity was observed in rats fed 5% HQ in
followed by 0.8% HQ in the diet for 32 weeks did the diet for 9 week® however, results at this
display a significant increase in renal micro- dose level are confounded by severe body weight
adenomas and renal cell tumors when comparedoss. Decreased red blood cell (RBC) counts, but
with the nitrosamine alorf®.However, similar  not hematocrit or colony forming cells in bone
HQ treatment without initiator did not result in marrow, were seen in mice given HQ in the drink-
renal changes. Boyland et?al.reported an in-  ing water (average dose 16.9 mg/kg/day) for 28
creased incidence of bladder carcinomas in micedays?>?> Administration of HQ (10 mg/kg/day,
implanted with HQ/cholesterol pellets in the uri- i.p., 6 weeks) to rats produced decreased RBC
nary bladder for 25 weeks, although the relevancecounts and bone marrow cellularifyIn the single
of this model for determination of overall carci- available experimental animal inhalation study
nogenic potential is questionable. Bladder tum- reported in the literature, rats exposed to HQ at an
origenesis has not been reported in any long-termair level of 10 mg/r# 4 h/day for 17 weeks exhib-
bioassay with HQ. ited normocytic anemia and RBC count changes
Several studies have employed “medium- (additional details not reporte#)ln contrast, other
term” liver carcinogenesis bioassays or related studies, including longer-term bioassays employ-
protocols to examine initiation and promotion ing standard protocols, have not indicated major
effects of HQ. Stenius reported an increase ineffects of HQ on bone marrow or hematologic
N,N'-diethylnitrosamine (DEN)-induceg-GT- parameterg?220.253
positive hepatic foci in partially hepatectomized While some evidence for HQ myelotoxicity
rats following 7 weeks exposure to 100, but not is available from animal bioassays, as discussed
200, mg/kg/day HQ p.&" In contrast, DEN ini-  above, the majority of data on this issue are de-
tiation, followed by partial hepatectomy and di- rived fromin vivomechanistic studies on benzene
etary administration of 2% HQ to rats for 6 weeks, myelotoxicity and leukemogenesis and the postu-
resulted in a significant decrease in glutathi@ne- lated involvement of benzene metabolites (includ-
transferase (GST)-positive hepatic foci as com- ing HQ) in this phenomend*?%>Some investi-
pared with DEN treatment alod®. Other data  gations have employed overall measures of bone
indicate that HQ does not selectively damage GST-marrow cellularity or various versions of “colony-
positive hepatocyte’? Finally, a recent studsp forming unit” (CFU) assays to detect toxic effects
examining hepatic tissue from a previous HQ directed toward specific subpopulations of he-
carcinogenicity bioass& indicated that pro- matopoietic cells. Tunek et #F reported a de-
longed (2-year) dietary exposure of F344 rats to crease in bone marrow granulopoietic cellularity,
2% HQ resulted in decreased numbers and area os measured by total cell or by CFU-culture (CFU-
GST-positive hepatic foci. These findings gener- C) assay results, in male NMRI mice given 6
ally support the conclusion that HQ lacks signifi- daily s.c. injections of 80, but not 50 mg/kg HQ.
cant hepatocarcinogenic activity in rodetits. Wierda and Iror8” found that two daily s.c. or
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i.v. injections of 100 mg/kg HQ in C57BL/6 mice duced maturation of human HL-60 cells to granu-
also reduced spleen and bone marrow cellularitylocytes was blocked by HQ pretreatm&itEx-
when cells were harvested 24 h later. In contrast,posure of the mouse myeloblastic cell line 32D to
only mild, transient suppression of bone marrow low micromolar concentrations of HQ resulted in
cellularity was observed in male B6G3fice stimulation of granulopoiesis to the myelocyte
administered repeated (two times/day) i.p. dosesstage, but not beyor#-266Recent work has also
of 100 mg/kg HQ for up to 36 day®.0Onein vivo demonstrated increased apoptosis in HL60 cell
study indicated increased levels of granulocyte- cultures and human CD834ells from bone mar-
macrophage colony-forming cells (GM-CFC) in row following in vitro treatment with 50uM
bone marrow from mice given twice-daily i.p. HQ>*22¢7in addition to inhibition of apoptosis in
injections of 75 mg/kg HQ for 11 days, without mouse 32D cell cultures at HQ concentrations of
an accompanying decrease in marrow cellular-1 to 6JuM.2%8 Recently, it has been proposed that
ity.25® HQ administered to C57BL/6J mice was HQ acts synergistically with GM-CSF to induce
reported to induce differentiation of myeloblasts proliferation of progenitor cells that would not
but to block maturation at the myelocyte st&je. normally be recruited by the cytokine, possibly
In vitro work has also shown effects of HQ on via activation of secondary gene expression sig-
certain parameters associated with myelopoeisisnals?54
and myelocytic colony growth. DNA synthesis in In vitro work has also indicated suppression
mouse bone marrow cells, but not in an isolated of erythropoiesis by HQ. Decreased incorpora-
cell-free system, was significantly decreased by tion of iron into erythrocytes has been reported
incubation with 24uM HQ2% Boyd et akS! ex- following s.c. or i.p. injection of 100 mg/kg HQ
posed mouse CFU-GM cultures to micromolar in mice?6°-272 The effect of HQ on growth of
concentrations of HQ and observed suppressionburst-forming unit, erythroid (BFU-E), colony-
of colony growth. Dose-related inhibition of granu- forming unit, erythroid (CFU-E), and CFU-C
locyte/macrophage colony-stimulating factor colonies from mouse bone marrow revealed CFU-
(GM-CSF) induced colony formation in both E activity to be most sensitive, with suppression
B6C3F mouse and human bone marrow cell cul- observed at low micromolar concentratiéffs.
tures, and in purified human hematopoietic pro- Dose-dependent inhibition of CFU-E and BFU-E
genitor cells, was produced by co-incubation with was observed in HQ-treated SW and C57B1/6J
up to 50uM HQ.2%2 These studies also demon- mouse and human bone marrow cells, respec-
strated an increased effect of HQ on bone marrowtively.?4275 A decrease in the ratio of bone mar-
cultures with ambient (19%) as opposed to physi- row cell surface antigens associated with the eryth-
ologic (5%) Q concentrations, suggesting the roid line to those associated with granulocytic
importance of oxidative reactions. Granulocytic cells, consistent with a shift in the differentiation
progenitor cells were more sensitive to HQ inhi- pattern, was reported in human CD34 hematopoi-
bition than were myeloid progenitors in mouse etic precursor cells treated with i HQ 276
cultures, while a similar differential susceptibility In addition to potential direct effects on eryth-
was not observed in human cell cultures. In con- ropoietic and granulopoietic progenitor cells, nu-
trast, preincubation of C57BL/6 mouse and of merous studies have examined HQ action on bone
human CD34bone marrow cells with HQ gener- marrow stromal cells. These cells, which include
ally results in stimulation of CFU-GM colony macrophages and supporting fibroblastic cells,
formation?63.264 influence hematopoiesis by providing both a sup-
Some studies have explored the possible ef-porting physical framework and a variety of cell-
fects of HQ on differentiation and/or apoptosis of specific cytokines and growth factors (e.g., colony-
bone marrow cells. HQ-induced alterations in stimulating factors, interleuking}7:278 Such
myelocytic differentiation have been examined in studies typically have employed co-culture mod-
human HL-60 promyelocytic leukemia cell cul- els of adherent stromal and nonadherent progeni-
tures. Treatment with HQ (1 to.BM) produced a  tor cells. Gaido and Wieréa first demonstrated
dose-related suppression of monocytic, but notthe ability of low micromolar levels of HQ to
granulocytic differentiatiod®® Retinoic acid-in-  inhibit both the formation of stromal cell colonies
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and the ability of stromal cells to support CFU- Formation of HQ-derived oxidation products
GM colony growth. The latter effect was partially can lead to covalent protein binding in hemato-
reversed by pretreatment with indomethacin, sug- poietic cells and bone marrow cultures. Schlosser
gesting the involvement of prostaglandin syn- et al® incubated“C-labeled HQ with a mouse
thetase in this proces$¥. Reconstituted culture peritoneal macrophage lysate and observed an
experiments indicated that the macrophage wasH,O,-dependent protein binding of HQ-derived
the more sensitive component of the bone marrowradiolabel; binding was inhibited by cysteine and
stroma, while fibroblastoid cells were unaffected by the peroxidase inhibitor aminotriazole but not
by HQ exposuréd This study also showed a by hydroxyl radical scavengers. These workers
reduction of interleukin-1 (IL-1) activity in HQ-  also reported HQ-derived covalent binding to both
treated stromal cultures. This effect was later protein and DNA with purified PHS in the pres-
shown to be due to inhibition of processing of ence of either arachidonic acid oj®J, a reaction
pre-IL-1a to the mature cytokin®? possibly via  inhibited by indomethacifi83112 Concomitant
inhibition of the enzyme calpain 3% Inhibition exposure of human HL-60 cells to HQ angDk

of processing of pre-IL{3, and of the required resulted in cytotoxicity and covalent protein bind-
converting enzyme, in a human myeloid tumor ing.2®* While the thiol reactivity of BQ and/or the
cell line has been reporté¥#:?® Incubation of  semiquinone likely underlies HQ-derived cova-

human peripheral monocytes withu HQ re- lent binding in bone marrow, the specific targets
sulted in substantially decreased It-and -PB of this binding, whether small molecule or protein
secretion and RNA and protein synthe&sin based, are unidentified. A recent report indicated

ICg, Of 25 puM for inhibition of RNA synthesis that i.v. administration of HQ-GSH conjugates
was demonstrated for HQ in mouse peritoneal (postulated to form via reaction of BQ and GSH
macrophage¥”’ in bone marrow) to rats resulted in decre&$eel
The oxidation of HQ to reactive products (i.e., incorporation into erythrocytes?
semiquinone and/or BQ) either spontaneously or  Studies using mouse bone marrow stromal
via metabolism within the bone marrow compart- cell cultures have indicated a 16-fold greater bind-
ment has been postulated to represent a criticaing of 1*C-HQ to macrophage than to fibroblast
step in the mechanism of HQ (and benzene)protein, consistent with the higher sensitivity of
myelotoxicity?®® Macrophage myeloperoxidase macrophages to H&? The relatively high level
activity, which is also present in early bone mar- of HQ-derived covalent binding in macrophages
row progenitor cellg$®has been implicated in the was attributed to a higher level of peroxidase
metabolic sequence leading to such reactive prod-activity and/or a lower level of NQO1 activity in
ucts. Alternatively, the enzyme(s) responsible for these cells when compared with fibroblasts. As
this tissue-specific biotransformation may be eosi- discussed previously, NQOL is a detoxifying en-
nophil peroxidase or the peroxidase function of zyme that reduces BQ to HQ. Additional studies
prostaglandin H-synthetase (PH)?% Pirozzi have confirmed these relative enzyme activity
et al?®! observed indomethacin inhibition of differences and have demonstrated that, in con-
arachidonic acid-mediated oxidation of HQ to trast, GSH levels between these two cell types are
BQ by purified PHS. In contrast, no similar inhi- not significantly different® The potential signifi-
bition was found for ED,-mediated oxidation by  cance of NQO1 activity in HQ myelotoxicity was
either PHS or myeloperoxidase. Conversion of further assessed in studies showing that bone
HQ to BQ by purified human myeloperoxidase in marrow stromal cells from DBA/2 mice have a
the presence of J@, has been demonstrat®d.  lower basal NQO1 activity and are more suscep-
Recent data have demonstrated the presence dible to HQ cytotoxicity than cells derived from
polymorphisms in the lung myeloperoxidase en- the more resistant C57BL/6 str&fiCorrelations
zyme?*3 Although the occurrence of similar ge- between relative susceptibility to HQ and NQO1
notypic variations in bone marrow myelo- content of bone marrow cells have also been dem-
peroxidase have not been reported, such poly-onstrated for rats and mié®.In addition, induc-
morphisms could influence the expression of tion of both NQO1 and GSH in mouse bone
myelotoxicity following parenteral HQ exposure marrow cells by 1,2-dithiole-3-thione (D3T) was
in animal models. found to protect against HQ cytotoxicity, while
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addition of dicoumarol, a NQO1 inhibitor, poten- may be mediated by decreased IL-1 release from
tiated these effec®® Protective effects were re- stromal macrophages, leading to inhibition of IL-4
ported in human ML-1 and HL-60 myeloid cell production by stromal fibroblastg.
lines treated with D3T and HQ, and in DBA/2 In vitro mitogen-induced proliferation of
mice fed D3T in the diet prior to isolation of the mouse, rat, and human B- and T-lymphocytes
bone marrow anith vitro challenge with H@?9:300 was inhibited in a dose-related manner by Q.
Some direct human data on the importance of HQ was found to block IL-2-dependent prolifera-
NQO1 as a protective factor are also available.tion of human T-lymphoblast®s vitro without
Recent studies have demonstrated that individu-affecting either IL-2 production, IL-2 receptor
als with anNQO16°C - T mutation, which re-  binding, cell viability, or GSH level®? possibly
sults in a “null” phenotype, may be more suscep- via interference with iron metabolism and ribo-
tible to benzene-induced hematotoxicity. nucleotide reductase activiti:311 Expression of

Finally, other aspects of oxidative metabo- transferrin receptors, an early cellular event me-
lism in bone marrow have been suggested to bediated by IL-2, was inhibited by HQ in human
altered by HQ treatment. Laskin et& demon- T-lymphoblast$!?Thiol reagents were not effec-
strated that marrow cells from BALB/c mice ex- tive in reversing the effect of HQ on T-lympho-
posed to HQ (100 mg/kg, i.p., three daily doses) blast proliferation, while transfection of the M2
released significantly more nitric oxide on stimu- subunit of ribonucleotide reductase did provide
lation by various inflammatory mediators than protection3® Mild inhibition of pre-B cell prolif-
cells from control mice, an effect proposed to be eration when co-cultured with bone marrow stro-
significant to HQ myelotoxicity. Studies in hu- mal cells was observed with M HQ, probably
man HL-60 cells indicated that,8,, superoxide  due to inhibition of IL-7 production by the stro-
anion, and nitric oxide levels were all increased mal cells3** A 55% decrease in interferon gamma
by HQ treatment in the presence of phorbol ester,(IFNy) production, without concomitant reduc-
suggesting an enhancement of oxidative stress bytion in cell viability, was observed in mouse spleen
HQ.3%3 cell cultures exposed to 50M HQ for 1 h315

A number of studies have also explored the Exposure of the mouse fibroblast L-929 cell line
effects ofin vitro HQ exposure on immune cells to HQ also resulted in inhibition of IFMB pro-
and immunological parameters in various model duction3® Recent work has shown reversible in-
systems. Early studies demonstrated inhibition of hibition of the NFkB transcription factor by iM
lectin-stimulated lymphocyte blastogenesis and HQ in human CD4T-cell cultures!’
agglutination following pretreatment with micro- The effects ofin vitro HQ exposure on ph-
molar levels of HG%":2%4Based on the lack of a agocytic and cytotoxic immune cell function have
concurrent decrease in energy production and thealso been explored. Dose-dependent inhibition
protection from inhibition by thiol reagents, this (1 to 10uM range) of mouse spleen natural killer
effect was attributed to cytoskeletal disruption in (NK) cell activity in vitro by HQ has been dem-
lymphocytes due to the microtubule sulfhydryl onstrated!® Lewis et alt® reported inhibition of
reactivity of HQ3% Parenteral treatment of C57BL/ H,O, production and cytolytic activity in mouse
6 mice with HQ (100 mg/kg, two daily doses for peritoneal macrophages treated with HQ, without
3 days) resulted in decreased spleen and boneoncomitant disruption of general cellular func-
marrow cellularity, in addition to decreased de- tions. Additional experiments revealed concen-
velopment of viable, plaque-forming cells derived tration-dependent inhibition of Fc receptor-medi-
from these tissuel? These results suggested a ated phagocytosim vitro in peritoneal macro-
reduction in the level of B-lymphocyte progenitor phages?®® The ability of human HL-60-cell-de-
cells in bone marrow by HQ. A 50% decrease in rived granulocytes to phagocytize sheep RBCs
RNA synthesis was reported in mouse splenic and to reduce nitroblue tetrazolium (indicators of

lymphocytes treated with 10 to 30M HQ.2%3 immune functionality) was also diminished by
Inhibition of maturation of pre-B cells was dem- HQ pretreatment®®
onstrated in B6C3Fmouse bone marrow cultures It is clear from the extensive database dis-

pretreated with HQ (0.fuM, 1 h)3% This effect  cussed above that HQ exposunevitro or in
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whole animal systems using parenteral routes canty, which is essentially the same as that seen in
affect numerous hematopoietic and immunologic non-pregnant animals given similar exposures to
parameters. It is also likely that oxidation of HQ acutely toxic dose levels of HQ. Fetotoxicity,
within the bone marrow compartment to the semi- primarily manifested as growth retardation, may
qguinone or BQ, followed by covalent macromo- be seen at high-dose levels that also induce mater-
lecular binding, is critical to these effects (Fig- nal toxicity. However, reproductive and/or terato-
ure 4). Whether myelotoxicity is mediated by genic effects are not prominent, even at high-
effects of HQ on mitosis or other cellular pro- exposure levels.
cesses (or both) is not known. While specific In vitro effects of HQ on various develop-
mechanisms have still not been elucidated, themental parameters have been examined. HQ pro-
molecular effects of HQ metabolites appear to duced embryotoxicity but no statistically signifi-
involve a combination of inhibition and enhance- cant increase in malformations in a chick embryo
ment of different metabolic and cellular differen- assay at doses of up to d@/egg??* Treatment of
tiation pathways in bone marrow, leading to an whole-rat embryos in culture with HQ at 10, 50,
overall imbalance in the hematopoietic process. 100, or 200uM concentrations resulted in 0%
Primary among these specific effects are stimula-viability at the two higher levels, but no effects at
tion of progenitor cell proliferation to the promy- 10 or 50uM.3?? Similar exposure of rat embryo
elocyte stage, inhibition of progenitor cell prolif- cultures to 45 or 6&M HQ produced growth
eration to the erythroblast stage, and disruption ofretardation, while the higher concentration also
cytokine production by marrow stromal cells. resulted in certain structural defects (hind limb
Thus, an imbalance, manifested as a relative in-absence and tail abnormalitiés).
crease in granulocytic ontogenesis at the expense  Certain early studies, using nonstandard pro-
of erythropoietic (and, possibly, monocytic and tocols, did suggest a potential for reproductive
lymphocytic) development evolves. In addition, effects of HQ at high-dose levels. Increased fetal
functional effects on certain immune cells may resorption rates were reported in pregnant female
occur. rats fed a total dose of 0.5 g HQ in the diet over
Mechanistic studies with HQ and its metabo- an unspecified length of tin¥é* Administration
lites have provided much information regarding of 200 mg/kg/day HQ, p.o., to female rats for
the myelotoxicity in these experimental systems. 14 days resulted in inhibition of estrus but also
However, many of these studies have been de=significant toxicity (clonic seizures, respiratory
signed to examine the potential involvement of effects, 30% mortality}?® Interruption of estrus
HQ in benzene myelotoxicity and/or leukemia, was reported in female rats following s.c. injec-
making it difficult to judge the relevance of these tion of 10 mg/kg/day HQ for 11 day¥.Male rats
data for HQ toxicity per se. As discussed previ- injected s.c. with 100 mg/kg/day HQ for 51 days
ously, toxicokinetic and species-specific factors exhibited inhibition of spermatogenesis, testicu-
are critical to assessing the pattern of HQ toxicity lar changes, and decreased ferti#f{in contrast,
in mammalian systems, and thresholds for certainAmes et aP?é reported no effects on reproductive
effects are likely. Several authors have addressegarameters in female rats fed 0.3% HQ in the diet
this issue in deta#32° It must also be empha- for 10 days prior to mating. Kavlock et %l.
sized that bone marrow and hematologic effectsreported reproductive effects in pregnant female
are generally not characteristic of HQ exposure in SD rats treated with 100, 333, 667, or 1000 mg/kg
animal bioassays employing routes of exposureof HQ, p.o., on gestational day (gd) 11. Except for
other than parenteral. In addition, myelotoxic the low dose level, the other dose levels ap-
changes have not been reported in humans as aroached or exceeded the reported oral,l€v-
result of long-term occupational HQ exposure. els for rats. Decreased maternal weight and total
litter mass, and increased perinatal loss, were
XI. REPRODUCTIVE AND observed with the two highest dose levels, while
DEVELOPMENTAL EFFECTS decreased litter size was noted at 1000 mg/kg.
In contrast to these studies, the results of
The overalin vitro and animal toxicity data- standardized teratogenicity and reproduction
base indicates that HQ may cause maternal toxic-bioasssays for HQ have generally revealed a lack
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of effect, even at high-dose levels. Teratogenic A number of occupational epidemiologic stud-
effects were not observed in offspring of pregnant ies have been conducted on worker cohorts with
female SD rats following dermal HQ exposure of potential exposure to HQ, primarily via inhala-
up to 810 mg/kg/day on gd 6 to ¥9In a domi- tion of dust and direct dermal contact. No evi-
nant lethal assay in mice, males were exposed tadence for systemic toxic effects was reported in a
HQ at doses of up to 300 mg/kg/day (5 d/week, 10 cohort of HQ production workers with potentially
weeks, p.o.) and then mated to untreated femalessignificant airborne HQ dust (up to 30 m§m
No treatment-related effects on fertility rates, and BQ vapor (up to 1 mgAnexposuré3® No
implantations, fetal survival, or other reproduc- increase over control in the measured outcomes
tive parameters on offspring were noté&dDe- of mortality, cancer incidence, or sickness/ab-
velopmental toxicity of HQ was investigated in sence were observed in epidemiological studies
female New Zealand White rabbits dose with 25, of laboratory film processors with potential expo-
75, or 150 mg/kg HQ, p.o., on gd 6 to 3#B. sure to numerous chemicals, including H@ir-
Slightly decreased maternal body weights and borne HQ levels for these workers were much
food consumption were noted at the two higher lower than for production workers; typically <0.01
dose levels. No statistically significant teratoge- mg/nm? during the period 1940 to 1964. Over 400
nic alterations were observed in offspring from workers were followed for up to 16 years in this
treated rabbits when compared with control. A study. A study of over 9000 plant workers at a
similar decrease in maternal body weight and lack major U.S. producer of HQ revealed significantly
of teratogenic changes were obtained in femalelower incidences of mortality due to a number of
SD rats treated with 30, 100, or 300 mg/kg HQ, diseases, including cancer, when compared with
p.o., on gd 6 to 159 A two-generation study in  general population controt® A similar result
SD rats did not demonstrate selective reproduc-was reported for the subset of workers with pri-
tive effects at HQ dose levels of up to 150 mg/kg/ mary exposure to HQ, although actual HQ air
day33? levels were not reported. Finally, a recent com-
prehensive mortality and exposure study of 879
male and female workers involved in HQ produc-

XIl. EFFECTS OF HQ EXPOSURE IN tion and use over a 50-year period did not reveal

MAN statistically significant increases in deaths from a
number of malignant and nonmalignant disease

A. Systemic Effects categories®” No cumulative exposure-related

trends in selected causes of mortality were found.
With the exception of ocular and dermal ef- Overall death rates and cancer incidence were
fects (described below), there are no clearly dem-significantly decreased in HQ-exposed workers
onstrated impacts of prolonged HQ exposure in when compared with an employed referent popu-
humans. No adverse hematological or urinary lation, demonstrating that the improved outcome
changes were observed in two male volunteersin HQ workers was not related to the healthy
ingesting daily doses of 500 mg/day HQ for worker effect. These studies provide substantial
5 months, or in 17 male and female volunteers evidence for a lack of systemic toxic (including
ingesting 300 mg/day for 3 to 5 montfi$solated  carcinogenic) effects from long-term occupational
case reports have postulated the occurrence okxposure to HQ.
health effects due to HQ exposure without any A few studies have reported systemic effects
specific causal evidence. For example, a recentin workers with potential exposure to HQ. Choudat
report described hepatotoxicity in a darkroom and co-workerS®8 reported an increase in respira-
worker and attributed this finding to inhalation to tory symptoms (i.e., cough in a smoky atmo-
HQ “fumes” or dusg3 Little-to-no HQ is present, sphere and hay fever) in workers exposed by
however, in ambient air during such uses, and noinhalation to a combination of HQ, trimethyl-HQ,
data were reported to implicate HQ (other than its and retinene-HQ (relative and absolute concen-
presence in developer fluid) or to discount other trations of each compound not specified). De-
more likely cause¥:33 creased pulmonary function test results (i.e.,
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decreased forced expiratory volume and vital ca- ceeding from slight, diffuse light brownish stain-
pacity) and elevated serum IgG were reported.ing to marked globular, dark brown staining of
Based on these data, the authors concluded thathe interpalpebral zone with increasing time and
HQ may induce respiratory and immunological intensity of HQ exposure. The corneal lesions
changes in exposed workers, although the mixedwere noted to include horizontal brown pigmented
exposure scenario complicates interpretation oflines (Stahli's lines), vertical striations in
their findings. Nielsen et ¥ reported a relative  Descemet’s membrane, and diffuse brown cor-
risk of 3.4 for malignant melanoma in a cohort of neal staining. In severe cases, a grayish-white
836 Danish lithographers, about 200 of whom scarlike tissue was found to replace some or all of
reported regular use of photographic chemicals,the cornea. A histopathological study has described
including HQ. Exposure to numerous other in- degenerative corneal changes in several cases of
dustrial chemicals, including dyes, solvents, met- HQ-induced ocular changes that occurred in a
als, and acids, was also reported by these investiGerman plant manufacturing H®. While the
gators. No quantitative exposure data for HQ or adverse effects associated with the conjunctival
any other agent were provided. The authors sug-lesions were largely cosmetic in nature, changes
gested HQ as a possible causative agent in melain visual acuity as a result of corneal damage were
noma, based on its “biological effect upon the noted. These were found to range from mild de-
melanocyte.” However, malignant melanoma has ficiencies in night vision, to excessive internal
not been reported in other, more carefully con- scattering and reflection of light within the cor-
trolled, HQ occupational epidemiological studies nea, to near blindness in the most extreme cases.
or as a consequence of excessive use of HQ-conReversibility of the conjunctival, and to a lesser
taining skin preparations. In addition, animal stud- extent, the corneal pigmentation was noted after
ies (discussed below) generally demonstrate mel-reduction in HQ exposure and during long-term
anocyte cytotoxicity with HQ treatment, including follow up33 In some cases, however, corneal
an inhibitory effect on growth of implanted mela- changes were seen to persist and even increase
nomas in mice. These results are difficult to recon- after cessation of exposufé.
cile with the authors’ proposal. Excess melanomas  Ogelsby et al’ studied the characteristics of
were reported among laboratory employees, assoplant exposures that were associated with devel-
ciated with risk factors, including chemist duties opment of ocular effects in workers. Because the
and working with high explosives, sources of ion- synthetic process involved sequential oxidation
izing radiation, or “volatile photographic chemi- of aniline to BQ followed by reduction to HQ, it
cals”349 However, no specific exposure data were was assumed that exposure to both BQ vapor
given in this report and, based on its physical char-(known to be a potent eye irritant) and HQ dust
acteristics, it would not be appropriate to include may have been relevant. Development of the syn-
HQ in the latter risk category. drome of ocular effects appeared to require pro-
longed exposure, with initial pigmentation typi-
cally appearing no earlier than 2 to 3 years after
B. Ocular Effects initiation of heavy HQ and BQ exposure. Severe
corneal damage was generally associated only
While isolated reports of the human ocular with continuous exposure of >5 years. Despite
effects of HQ in occupational settiri¢js*? had long-term exposure, certain individuals were found
appeared earlier, a comprehensive description ando be relatively free of ocular pigmentation, sug-
study of this phenomenon did not occur until the gesting the influence of additional environmental
1940s. At that time, a number of cases of conjunc-and/or individual susceptibility factors in the de-
tival and corneal pigmentation appeared amongvelopment of these effects. Correlation of ambi-
workers at a large production facility, where HQ ent airborne levels of BQ vapor and HQ dust for
manufacture had begun in 1988 These cases various plant operations with the severity of ocu-
were described in a series of publications by lar changes eventually led to establishment of
Sterner, Oglesby, and AndersbF#>344 The 0.1 ppm and 2 mg/fras exposure limits for these
conjunctival lesions have been described as pro-contaminants, respectivel§? In addition, other
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industrial hygiene measures and engineering con-and eventually produced a degeneration of mel-
trols were instituted in the HQ production pro- anocytes.
cess. Similar ocular lesions have not been de-  These findings are consistent with a hypoth-
scribed among end users or consumers of HQ oresis that HQ is an inhibitor of tyrosinase,
BQ or products containing these materials. the enzyme involved in conversion of tyrosine to
Although both HQ and BQ have been impli- L-dopa and then to dopaquinone, the initial steps
cated in causing ocular effects, the mechanism ofin melanin formatio§>>-35” A 90% inhibition of
this phenomenon remains unclear. Acute oculartyrosinase activity in black goldfish skin
toxicity studies with HQ in rabbits and dogs have homogenates was observed following incubation
generally shown only mild irritant and reversible with 0.9 M HQ, although higher concentrations
corneal impact&34’With the exception of a single  resulted in moderate activation of the enzyfie.
report3*® attempts to reproduce the conjunctival HQ was also shown to directly inhibit purified
and corneal pigmentation in animal models have tyrosinase from human melanoma cell lifgs.
been unsuccessful. It is generally accepted thatMore recent work with purified tyrosinase has
these effects are due to a direct action of HQ demonstrated that, in the presence of catalytic
and/or BQ on the eye rather than an indirect effectamounts ofi.-dopa, HQ actually competes with
of systemic intoxicatiof** The most likely pos-  tyrosine as a substrate for the enzyme in a reac
sibility is that the corneal and conjunctival pig- tion that can result in formation of tri-
mentation represents formation and deposition of hydroxybenzene and hydroxybenzoquinéiie.
oxidized HQ- and BQ-derived polymers, These products may undergo further metabolism
quinhydrone (a molecular dimer of BQ and HQ), and/or spontaneous conversion to toxic and/or
and/or modified ocular proteid®=242In any case, reactive species; however, such additional me-
the effectiveness of industrial hygiene measurestabolites have not been identified followimg
and medical surveillance efforts in HQ produc- vivo exposures to HQ. The effectiveness of tyro-
tion is indicated by the lack of literature reports of sinase substrates as depigmenting agents has been
new cases of HQ-induced ocular effects in hu- suggested to be related to the extent of their fur-
mans over the last several decades. ther conversion to such metabolités Recent
work indicates that inhibition of GSH synthesis
results in potentiation of the depigmenting action
C. Dermal Effects of HQ on black guinea pig skin, presumably by
increasing the level of oxidative species that would
HQ is only a mild skin irritant when tested normally be trapped by the intracellular thig.
using classic acute dermal irritation bioassays. A number of studies have examined the ef-
However, subchronic exposure to HQ may lead to fects of HQ on melanomas vivo and on melan-
reduced pigmentation on both animal and humanotic cell linesin vivo, both as mechanistic inves-
skin. The first indication of this potential came tigations and as a means of testing the utility of
from early animal toxicology studies, where oral HQ as a possible chemotherapeutic agent. Cyto-
administration of HQ and other phenolics to black- toxicity in mouse melanoma cell cultures treated
haired cats or mice resulted in reduced pigmenta-with HQ was reported by H2 Abramowitz and
tion of fur after 6 to 8 and 4 to 20 weeks, respec- Chavirf®*found complex changes in cyclic nucle-
tively.349350Similar results were reported with s.c. otide levels and tyrosinase activities of mouse B-
injections of HQ in black goldfisf?’352 Subse- 16, S-91, and HP tumors exposeditro to HQ.
quent work demonstrated skin pigmentation re- A 30-fold lower EL), for inhibition of tritiated
duction in black guinea pigs following daily topi- thymidine incorporation was found for HQ in
cal application of 1 to 10% HQ in an ointment melanotic when compared with nonmelanotic cell
formulation for up to 1 mont#335 The higher  lines, suggesting the participation of tyrosinase
concentration preparations were also associatednhibition in cytotoxicity?®® These investigators
with skin irritation and inflammatory reactions. postulated active oxygen species generated exter-
The latter study showed that HQ application causednally to the cell as the actual cytotoxic agents.
a reduction in melanin content of melanosomes Another study using melanotic, amelanotic, and
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nonmelanotic cell lines demonstrated that HQ acterized by collections of dark papules or macules
cytotoxicity is dependent on tyrosinase, but not against lighter colored skin (colloid milium), with
melanin, content of the céfIn contrast, a series  histopathological analysis of the affected skin
of phenols (including HQ) that are substrates for revealing parallel bundles of ochre-colored elastoid
tyrosinase were found to be cytotoxic to both fibers (ochronosis). Development of the condi-
melanotic and nonmelanatic cell lines, suggesting tion is accelerated and aggravated by sunlight, by
that tyrosinase may not be involved in the cyto- the presence of other active derivatives (e.g., re-
toxic mechanisni¢”-2¢8The reasons for these con- sorcinol and phenol), and by the use of penetrat-
flicting results have not been determined. Finally, ing vehicles®! After cessation of exposure to HQ
treatment with nine daily s.c. injections of 80 and sunlight, the effects are at least partially re-
mg/kg HQ significantly decreased tumor forma- versible.
tion and increased survival of BALB/c mice given Despite governmental controls on the maxi-
melanoma implants, consistent with a specific mum level of HQ permitted in these products, an
cytotoxic effect on melanocytes vivo.36° epidemiological study conducted in South Africa
Intentional use of HQ formulations for skin 15 years after these initial reports indicated a
lightening in humans began in the 1950s, follow- prevalence rate of 69% for exogenous ochronosis
ing anecdotal reports from the southern U.S. of among users of skin lightenéf8These data have
depigmentation occurring as a side effect of an resulted in calls for the banning of HQ-based skin
HQ-containing preparation designed as a sun-creams as over-the-counter cosmetic prepara-
screert’® Early controlled clinical studies sug- tions38-385A small number of cases of exogenous
gested that daily dermal application of creams ochronosis attributed to the use of HQ-based prod-
containing 1.5% or greater concentrations of HQ ucts have also been reported in the U.S. and coun-
were effective in producing at least mild cosmetic tries other than South Afric8l-8-3%2Paradoxical
skin depigmentation after approximately 1 month pigmentation of the nails has also been reported
of use?’1-374 although some clinicians reported as a side effect of the chronic use of FH&$**In
negative results for HQ in the absence of addi- contrast, ochronosis or hyperpigmentation has not
tional ancillary components® The incidence of  been reported during the manufacture or the use
skin irritation and inflammation associated with of HQ in occupational settings. Occasional re-
this treatment appeared to increase substantiallyports of leukoderma and/or contact dermatoses
with HQ concentrations above 2 to 3%. Occa- are also encountered, primarily associated with
sional hypersensitivity reactions have also beenuse of photographic developé&?&:0
noted, although HQ is not a consistent sensitizer =~ The mechanism of ochronotic skin changes
in human or animal studiés’é following prolonged dermal HQ exposure is un-
Since the 1950s, HQ-containing creams have clear. The presence of melanocytes appears to be
been employed in clinical dermatology for treat- required for ochronosis to occtit.Findlay ini-
ment of hypermelanosis, senile lentigo, vitiligo, tially proposed that, with constant exposure, mel-
and melasm&’ Prolonged use of over-the-counter anocytes might eventually become resistant to the
preparations containing higher concentrations of uptake and inhibitory effects of HQ (termed “mel-
HQ or continued use of HQ-based skin lighteners anocyte recovery”), leading to increased produc-
in the presence of skin inflammation or dermatitis tion of melanirg”® This would be accompanied by
has resulted in a small number of reports of ad-increased transfer of HQ into the dermis, with
verse skin reactions in the U.S. Reports of reac-deposition of oxidized pigments and/or damage
tive skin hyperpigmentation following excessive to connective tissue fibers. Penné&ygroposed
use of these products appeared in South Africathat, in analogy to the mechanism of endogenous
during the 1970%4378This phenomenon was first ochronosis in alkaptonuria, HQ may inhibit ho-
reported by Findlay and co-workers following the mogentisic acid oxidase in the skin, leading to
extensive use of skin creams with high HQ con- deposition of homogentisic acid-based pigments.
tents (6 to 8%37°%8In some cases hyperpigmen- Other hypotheses include activation of tyrosinase
tation can appear as colloid milium or exogenous at high HQ concentrations, leading to increased
ochronosis. Clinically, these conditions are char- melanin productior?? formation of oxidized,
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colored hydroxylated indoleg¢ uptake of mela-  these effects, it is valuable to discuss the evidence
nin by macrophages in the derri%or degenera-  for and against common underlying mechanisms
tion of dermal collagen leading to the deposition of action for HQ. Such an assessment is critical to
of pigmented fiberd® extrapolation of animal (anih vitro) results to
Despite the occasional appearance of clinicalman and for predicting risk of HQ exposure in
case reports in the published literature, significant humans. One critical question involves the nature
side effects from the use of skin preparations of the chemical species responsible for the effects
containing HQ are uncommon and generally as- observed in each organ system. Is HQ both nec-
sociated with improper or excessive use. In the essary and sufficient to produce an effect or are
U.S., dermatological and cosmetic creams con-other metabolites or reaction products required?
taining 2% or less of HQ are considered safe for The database available to evaluate this issue is
use in skin depigmentation (with avoidance of extensive and generally points to BQ and the
sunlight and discontinuance after 2 montfis}9° semiquinone as the primary mediators of HQ tox-
Extensive reviews of HQ toxicity as related to icity, while evidence for the involvement of acti-
cosmetic and dermatologic applications have beenvated oxygen species in HQ toxicity is less com-
published213:371,379,380 pelling. More specifically, the covalent reactivity
of BQ and the semiquinone with cellular nucleo-
philes (particularly thiol groups) is likely to me-
XIll. CONCLUSIONS: IMPLICATIONS diate the majority of HQ'’s effects. Despite this
FOR HUMAN HEALTH EFFECTS generalization, the actual molecular targets for
each tissue- and organ-specific effect of HQ ap-
As with all xenobiotics, the potential risk to pear to be quite unique. Thus, formation of toxic
humans from occupational, environmental, and HQ-GSH conjugates that impair mitochondrial
consumer exposure to HQ is a function of both function may underlie kidney toxicity, while co-
the extent of exposure and the inherent toxicity of valent modification of proteins and thiol-contain-
the chemical. Thus, risk characterization relies on ing biomolecules involved in mitosis and hemato-
scientific judgment based on a consideration of poiesis may be important in myelotoxicity. A
both exposure assessment and dose-responsexception to this model concerns the acute CNS
analysis. This can be a highly uncertain undertak- effects of HQ, which are probably dependent on
ing with major areas of uncertainty rising from the parent molecule itself.
animal-to-human extrapolation, and extrapolation Because HQ does not appear to be a direct
with respect to dose level, route, and rate of dosegenotoxicant or mutagen, epigenetic factors, such
administration. In the case of HQ, much informa- as toxicokinetic and other species-, strain-, and
tion is available on mode of action and route of sex-related differences will determine the speci-
exposure- and species-dependent differences iricity of toxic effects and will impact the predic-
toxicokinetics and toxic effects; these address sometion of human risk. In the case of renal toxicity
of the uncertainties and provide insight into the following high-level HQ exposure, the rate of
overall risks associated with HQ exposure in hu- oxidative metabolism of HQ to BQ in the liver
mans. It is clear that the potential human effectsand kidney, the rate of formation and release of
of direct HQ exposure must be distinguished from HQ-GSH conjugates from the liver and subse-
those of indirect exposure via metabolism of ben- quent uptake by the kidney, tissue-specific
zene. These issues are considered in the followingGSH contents, and relative levels of detoxifying
discussion, in light of the current extensive knowl- enzymes (e.g., glucuronyltransferases, sulfotrans-
edge base for HQ. Other published articles andferases, and NQO1) will all determine the spe-
reviews have also explored these issues to variougies-specific exposure threshold for this effect.
extents11,254,337,406 As discussed previously, the male F344 rats
HQ appears to more or less specifically affect appears to be most susceptible to HQ-induced
the kidney and hematopoietic systems in experi- nephrotoxicity and renal adenoma induction. This
mental animals and the skin and eye in humansstrain exhibits high background rates of CPN and
(Table 1). In view of the apparent diversity of of cell proliferation in kidney tubule cells, condi-
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tions that are expected to enhance the renal eftions in the activity of UDP-glucuronosyl trans-
fects of compounds such as HQ. The evidenceferase (UGT), which catalyzes formation of HQ-
discussed earlier indicates that the nephrotoxicity glucuronide, have also been reported in human
induced by short-term HQ exposure in experi- liver.”? The presence of the low-activity forms of
mental animals is mechanistically distinct from these enzymes, particularly UGT, in subgroups of
the enhancement of CPN and cell proliferation individuals could hypothetically result in decreased
seen after chronic exposure. These data indicateconjugation and urinary excretion, and the higher
likely epigenetic mechanisms for these effects, distribution of parent molecules to peripheral tis-
with acute effects dependent on toxicokinetic fac- sues such as kidney and bone marrow. This could
tors and chronic changes on species-specific dif-in turn result in enhanced toxicity. However, be-
ferences in cellular responses to continuing pro- cause of the demonstrated high metabolic capac-
liferative stimulation. Based on the absence of ity of these systems (especially in the intestiAé),
evidence for similar predisposing factors in other there is likely to be adequate detoxication activity
species, the lack of demonstrated renal effects inpresent for all except “null” genotypes for these
humans exposed to significant levels of HQ, and loci. Itis unclear whether such genotypes exist for
the minimal direct mutagenic potential of HQ, it these enzymes in humans. Similar arguments for
is unlikely that nephrotoxicity or renal carcino- increased susceptibility could be made in the case
genesis represent relevant risk extrapolation end-of genetic variations resulting in increased activ-
points for HQ in man. ity of bone marrow myeloperoxidase or kidney
Similar arguments can be made for the ob- y-GT, or decreased activity of bone marrow NQO1.
served myelotoxic effects of HQ in experimental In the absence of molecular epidemiological data
systems, where the mouse (and mouse bone maren the existence, tissue specificity, and metabolic
row cells) appears to be most susceptible. Thecapacity of these possible variants, and on tissue
basis for this sensitivity is not known, but prob- levels of HQ and metabolites in individuals ex-
ably involves relative differences in activating posed directly to HQ, such arguments are specu-
and detoxifying enzymes within specific bone lative. However, this is clearly an area that de-
marrow cell types$® In addition, for myelo-  serves further investigation.
toxicity, toxicokinetic considerations become criti- In discussing the potential for HQ-induced
cal in determining the likelihood of effects in myelotoxicity in humans, comparisons with ben-
man. The majority of data on this phenomenon zene are inevitable. As stated earlier, much of the
have been derived from animal studies employing available data on mechanisms of HQ-induced
parenteral routes of exposure. As has been demeffects in bone marrow are derived from studies
onstrated, this technical approach, while experi- examining mechanisms of benzene toxicity, rather
mentally convenient, results in lower overall HQ than as a result of concern over direct HQ expo-
detoxification (via conjugation) by the liver and sure. Benzene is a potent myelotoxin in experi-
increased levels of unchanged HQ available to themental animals and causes pancytopenia, MDS,
bone marrow for activation by myeloperoxidase aplastic anemia, and acute myelogenous leuke-
and other oxidative enzymes. This would not be mia in mar?>® Early work demonstrated that ben-
expected to occur under reasonably anticipatedzene myelotoxicity is probably due to the pres-
conditions of human exposure, where respiratory,ence of a metabolite, rather than the parent
dermal, and oral routes would predominate. compound, in bone marrow. HQ has long been
One issue that deserves further scrutiny in known to be a metabolite of benzene, formed
predicting the possible effects of direct HQ expo- following oxidation of phenol produced from the
sure in man is that of individual susceptibility. initial P450-mediated oxidation of benzene. Sig-
Many of the enzymes involved in HQ metabolism nificant levels of HQ are present in bone marrow
are polymorphic in animals and/or humans. For following acute inhalation exposure of rats to
example, phenol sulfotransferase, the enzymebenzené® In addition, structurally similar DNA
likely involved in HQ sulfation and detoxication, adducts are formed in bone marrow following
exists in two forms, a high activity themostable eitherin vitro HQ orin vivo benzene exposure in
and a lower activity thermolabile forfhVaria- mice 103
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While metabolism is clearly important in ben- of exposure dependent, and is typically low after
zene myelotoxicity, no single benzene metabo- nonparenteral HQ administration.
lite, including phenol, HQ, or BQ, has exhibited If the level of HQ in the bone marrow is a
the potency and level of myelotoxic effect of critical determinant of bone marrow toxicity, then
benzene itself in animal studies. Eastmond €fal. plausible explanations for the distinct spectrum of
first demonstrated that coadministration of phe- myelotoxic effects of benzene follow. One could
nol and HQ by i.p. injection in B6C3Hmice predict that, with low benzene exposure, little
resulted in dose-related decreases in bone marrovoverall metabolism to HQ occurs. The HQ that is
cellularity comparable to those noted with ben- formed would be readily removed by conjugation
zene exposure. Phenol was also found to enhancand urinary excretion, leaving little to ultimately
peroxidase-dependent HQ metabolism to BQ andreach the bone marrow. In contrast, high-level
subsequent covalent protein binding. These au-benzene exposure would lead to very elevated
thors proposed that phenol-mediated stimulation levels of HQ in bone marrow and significant he-
of HQ metabolism by myeloperoxidase in bone matopoietic cell death, potentially leading to aplas-
marrow was responsible for this phenomenon andtic anemia. At intermediate benzene exposure lev-
that such a mechanism might underlie benzeneels, a complex series of myelodysplastic effects
myelotoxicity. Since that report, other studies (e.g., clastogenicity, clonal selection, altered cell
have generally corroborated these findings. physiology) would result, some or all of which
Coadministration with phenol has been found to might represent a preleukemic condition. The
decrease the metabolic clearance ofHipd to specific dose ranges associated with each level of
exacerbate the inhibition of erythrocyte iron up- effect might be influenced by an individual's
take271.272 formation of macromolecular ad- overall genotype for the relevant enzymes (in-
ducts84106.111.409generation of activated oxygen cluding CYP450) involved in benzene metabo-
specieg!®and MN inductioff? encountered with  lism.
HQ exposure alone. Stimulation of HQ metabo- In conclusion, review of the overaf vitro,
lism by myeloperoxidase has also been demon-experimental animal, and human toxicological and
strated for B&'! and additional phenolic com- epidemiological databases strongly suggests that
pounds!t? direct HQ exposure under current occupational

Becuase phenol is metabolized to HQ in the and environmental conditions poses little risk.
liver, the lack of myelotoxicity associated with Several recent quantitative risk assessments for
p.o. administration of phenol alone in experimen- HQ, using worst case scenarios, have concluded
tal animal studies is surprising. Toxicokinetic that such exposure is well below levels conserva-
models have been developed to account for thistively estimated to be associated with health ef-
finding 320413 These models predict that route of fects in humang.4 This conclusion is further
exposure differences and competitive hepatic supported by the lack of evidence for HQ toxicity
oxidative and conjugative metabolism between in occupational cohorts in a number of well-con-
benzene and phenol result in a higher net HQducted epidemiological and clinical studies and
delivery to bone marrow following benzene as as a result of consumption of foods containing
opposed to phenol administration. Assuming that significant levels of HQ. In addition, the major
myeloperoxidase action on HQ is critical to effects of HQ reported in animal studies (i.e.,
myelotoxicity, that phenol stimulates HQ oxida- renal toxicity and myelotoxicity) are of uncertain
tion, and that relatively similar phenol levels are relevance to humans, because of the dependence
present in bone marrow following either phenol of these endpoints on toxicokinetic and species-
or benzene administration, then this explanation specific factors. While hypothetical genetic poly-
is tenable. This paradigm also has bearing on themorphisms in relevant metabolic enzymes could
myelotoxicity associated with direct HQ expo- heighten the risk of renal toxicity or myelotoxicity
sure. Because phenol is not a metabolite of HQ,in specific exposed individuals, there are no data
the degree of myelotoxicity will depend only on available to indicate that this actually occurs. Fi-
the level of unchanged HQ present in bone mar-nally, concerns related to the possibility that ef-
row. As indicated earlier, this parameter is route fects similar to those reported in vitro and
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animal studies with benzene may occur following
direct HQ exposure are likely to be exaggerated
due to the major toxicokinetic and toxicodynamic
differences between these substances. Only in the
improbable case of simultaneous parenteral or
very high-level oral exposure to HQ and phenol
(or related compounds) might the effects of co-
exposure reported in experimental studies be po-
tentially significant to man.
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