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dent NAS, there is evidence for an operative
ESE in the susceptible exon (25-27). In view
of our results, it is possible that rent1/hUpf1-
mediated events selectively impair utilization
of such vulnerable (ESE-dependent) exons.

References and Notes
. L. E. Maquat, RNA 1, 453 (1995).
. M. W. Hentze, A. E. Kulozik, Cell 96, 307 (1999).
. M. F. Wilkinson, A. B. Shyu, Bioessays 23, 775 (2001).
. ). T. Mendell, H. C. Dietz, Cell 107, 411 (2001).
. B. Li et al., Proc. Natl. Acad. Sci. U.S.A. 99, 5277
(2002).
. O. Muhlemann et al., Mol. Cell 8, 33 (2001).
. H. C. Dietz, R. ). Kendzior jr., Nature Genet. 8, 183
(1994).
8. A. Gersappe, L. Burger, D. J. Pintel, J. Biol. Chem. 274,
22452 (1999).
. J. Wang, ). J. Hamilton, M. S. Carter, S. Li, M. F.
Wilkinson, Science 297, 108 (2002).
10. L. Cartegni, S. L. Chew, A. R. Krainer, Nature Rev.
Genet. 3, 285 (2002).
11. ). Lykke-Andersen, M. D. Shu, J. A. Steitz, Cell 103,
1121 (2000).

N wmiH WN =

o

REPORTS

12. S. M. Elbashir et al., Nature 411, 494 (2001).

13. Materials and methods are available as supporting
online material on Science Online.

14. S. Li, D. Leonard, M. F. Wilkinson, J. Exp. Med. 185,
985 (1997).

15. S. M. Medghalchi et al., Hum. Mol. Genet. 10, 99
(2001).

16. ). Wang, V. M. Vock, S. Lij, O. R. Olivas, M. F. Wilkin-
son, J. Biol. Chem. 277, 18489 (2002).

17. X. Sun, H. A. Perlick, H. C. Dietz, L. E. Maquat, Proc.
Natl. Acad. Sci. U.S.A. 95, 10009 (1998).

18. W. Wang, K. Czaplinski, Y. Rao, S. W. Peltz, EMBO J.
20, 880 (2001).

19. A.B. Maderazo, F. He, D. A. Mangus, A. Jacobson, Mol.
Cell. Biol. 20, 4591 (2000).

20. Single-letter abbreviations for the amino acid resi-
dues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F,
Phe; G, Gly; H, His; 1, lle; K, Lys; L, Leu; M, Met; N, Asn;
P, Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and
Y, Tyr.

21. Y. Weng, K. Czaplinski, S. W. Peltz, Mol. Cell. Biol. 16,
5491 (1996).

22. S.E. Applequist, M. Selg, C. Raman, H. M. Jack, Nucleic
Acids Res. 25, 15 (1997).

23. N. Kudo et al., Proc. Natl. Acad. Sci. U.S.A. 96,9112
(1999).

Modulation of Acetaminophen-
Induced Hepatotoxicity by the
Xenobiotic Receptor CAR

Jun Zhang,* Wendong Huang.* Steven S. Chua, Ping Wei,
David D. Moore}

We have identified the xenobiotic receptor CAR (constitutive androstane re-
ceptor) as a key regulator of acetaminophen metabolism and hepatotoxicity.
Known CAR activators as well as high doses of acetaminophen induced ex-
pression of three acetaminophen-metabolizing enzymes in wild-type but not in
CAR null mice, and the CAR null mice were resistant to acetaminophen toxicity.
Inhibition of CAR activity by administration of the inverse agonist ligand
androstanol 1 hour after acetaminophen treatment blocked hepatotoxicity in
wild type but not in CAR null mice. These results suggest an innovative ther-
apeutic approach for treating the adverse effects of acetaminophen and po-

tentially other hepatotoxic agents.

Overdoses of acetaminophen (APAP; also
known as 4'-hydroxyacetanilide, N-acetyl-p-
aminophenol, and paracetamol) are the leading
cause of hospital admission for acute liver fail-
ure in the United States (/). Ingestion of
amounts of APAP only two to three times the
maximum daily recommended dose can cause
hepatotoxicity, and higher doses result in cen-
trilobular necrosis that is potentially fatal (2, 3).
The basis for this toxicity has been well studied.
Particularly at high doses, cytochrome P-450
enzymes—especially CYP1A2, CYP2E], and
isoforms of CYP3A—convert APAP to a reac-
tive quinone form, N-acetyl-p-benzoquinone
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imine (NAPQI) (4~7), that covalently binds to
cellular macromolecules and also causes pro-
duction of reactive oxygen species (8, 9). At
subtoxic doses, NAPQI is inactivated by gluta-
thione S-transferases (GSTs) via conjugation
with reduced glutathione (GSH), but NAPQI
accumulates when GSH levels are depleted.
Among the numerous GST enzymes, the
GSTPi isoforms are particularly effective at
inactivating NAPQI (/0). Their importance in
APAP toxicity was confirmed by the unexpect-
ed demonstration that knockout mice lacking
both GSTPi isoforms are relatively resistant to
APAP hepatotoxicity because of a decreased
rate of GSH depletion (/1).

APAP toxicity is increased in both hu-
mans and rodents by pretreatment with vari-
ous inducers of CYP gene expression, includ-
ing ethanol, an inducer of CYP2E and
CYP3A isoforms (12, 13), and phenobarbital
(PB), a well-known inducer of CYP2B,
CYP3A, and other isoforms (/4, 15). Be-

24. ]. T. Mendell, S. M. Medghalchi, R. G. Lake, E. N.
Noensie, H. C. Dietz, Mol. Cell. Biol. 20, 8944 (2000).

25. A. Gersappe, D. ). Pintel, Mol. Cell. Biol. 19, 1640
(1999).

26. W. Liu, C. Qian, U. Franke, Nature Genet. 16, 328
(1997).

27. M. Caputi, R. J. Kendzior, K. L. Beemon, Genes Dev. 16,
1754 (2002).

28. The authors acknowledge H. Laken, H. Trachsel, M.
Yoshida, J. Lykke-Andersen, J. Steitz, J. Wang, and M.
Wilkinson for valuable reagents. We also thank L.
Mezler for assistance with microscopy and D. Arking
and D. Goh for helpful discussions. Supported by a
grant from the NIH (GM55239) (H.C.D.), the Howard
Hughes Medical Institute (H.C.D.), and the Medical
Scientist Training Program (J.T.M.).

Supporting Online Material
www.sciencemag.org/cgi/content/full/1074428/DC1
Materials and Methods

Fig. $1

28 May 2002; accepted 12 July 2002

Published online 12 September 2002;
10.1126/science. 1074428

Include this information when citing this paper.

cause the xenobiotic receptor CAR has re-
cently been shown to mediate the effects of
PB and other PB-like inducers (16-19), we
examined the effect of PB and the potent
CAR agonist 1,4-bis[2-(3,5-dichloropyridyl-
oxy)]benzene (TCPOBOP) on APAP toxicity
in wild-type and CAR knockout mice. We
treated both strains of mice with inducers or
the vehicle control, followed by APAP (250
mg per kg of body weight) (20). Neither the
inducers alone nor this dose of APAP in-
duced hepatotoxicity, as indicated by either
the serum levels of the liver enzyme alanine
aminotransferase (ALT) or histologic exami-
nation, but animals treated with PB or
TCPOBOP plus APAP showed elevated ALT
levels and hepatic necrosis at 24 hours (Fig.
1, A and B). The CAR null mice showed no
such hepatotoxicity.

Among genes associated with APAP tox-
icity, PB or TCPOBOP treatment modestly
suppressed CYP2El mRNA levels but in-
duced CYP1A2, CYP3All, and GSTPi
mRNAs in wild-type animals (Fig. 1C). We
observed neither suppression of CYP2E!I nor
induction of the other enzymes in CAR null
mice. The strong induction of GSTPi expres-
sion by PB or TCPOBOP treatments in wild-
type mice suggests that GSH depletion could
contribute to the xenobiotic-induced toxicity,
and wild-type mice pretreated with PB or
TCPOBOP showed about a 50% decrease in
hepatic GSH 2 hours after administration of
APAP (Fig. 1D). To rule out the possibility
that the CAR knockout animals are somehow
resistant to NAPQI, we directly injected the
metabolite into the livers of both wild-type
and CAR null mice, and serum ALT levels
increased in both by a factor of 5 to 10 (21).
Hence, both increased NAPQI production
and GSH depletion may contribute to xeno-
biotic-induced APAP toxicity.

To determine whether CAR null mice are
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Fig. 2. CAR~ mice are resistant to APAP toxicity. (A) CAR*/* and CAR™~ animals were given 250-,
500-, or 800-mg/kg doses of APAP. Blood samples were collected 5 or 24 hours later, and serum
ALT levels were measured (n = 5 to 7). At the higher doses, CAR™~ animals were significantly less
sensitive than wild-type animals to APAP toxicity (with APAP at 500 mg/kg, P = 0.019 for 5 hours
and P = 0.026 for 24 hours; with APAP at 800 mg/kg, P = 0.016 for 5 hours and P = 0.0008 for
24 hours). (B) Total liver RNA was prepared from CAR*/* and CAR™~ livers treated with APAP (500
mg/kg) at 0 and 2 hours as indicated. Total RNA (10 pg) from different samples was subjected to
Northern blot analysis with the indicated probes. The same blot was stripped and reprobed with
B-actin as a loading control. Quantitation of mRNA levels by densitometry showed that induction
of CYP1A2, CYP3A11, and GSTPi was about 2.8-, 4.4-, and 3.9-fold, respectively.

also resistant to toxic doses of APAP, we
treated wild-type and knockout animals with
the analgesic at 500 and 800 mg/kg. At 5 and
24 hours, the CAR knockout animals showed
lower serum ALT levels than the wild-type
animals (Fig. 2A). This resistance suggests
that the CAR null animals may lack a xeno-
biotic response to the drug itself. To avoid
complications associated with the extensive
necrosis observed at later times, we examined

CYP1A2, CYP3Al11, and GSTPi expression
2 hours after administration of APAP (500
mg/kg). Even at this early time, expression of
all three mRNAs was increased in wild-type
but not in CAR null mice (Fig. 2B). The
resistance of CAR null animals to APAP
toxicity was also demonstrated by the ab-
sence of the initial stages of both hepatocel-
lular damage and GSH depletion observed
with the wild-type animals (fig. S1). Thus,

6000
Q 4000
2
—
|
<C 2000
0 {
PB  PB+
APAP

Fig. 3. Sensitivity to APAP of mice expressing
human CAR. Mice expressing hCAR (n = 3) were
pretreated with PB or vehicle alone for 3 days and
administered a 250-mg/kg dose of APAP by in-
traperitoneal injection. Serum was collected and
ALT levels were measured after 24 hours.

loss of CAR function results in resistance to
APAP toxicity that is associated with absence
of the induction of APAP-metabolizing en-
zymes. Because neither APAP nor NAPQI
functions as a CAR agonist (21), this activa-
tion may be similar to that of PB, which is
based on induction of nuclear translocation
rather than direct ligand binding (/8, 22, 23).

The marked species differences in responses
of xenobiotic receptors to various stimuli (/8,
19, 24) raise the important question of whether
the effects observed with murine CAR can also
be observed with human CAR (hCAR). To test
this, we generated a line of transgenic mice
specifically expressing hCAR in the liver by
using a construct based on the albumin promot-
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Fig. 4. Hepatoprotection by androstanol treatment. (A) CAR*/* or CAR™~
animals were given a 500-mg/kg dose of APAP by intraperitoneal injection,
with or without an additional injection of androstanol (An; 100 mg/kg) 1, 3,
or 5 hours later. Serum ALT levels were measured 24 hours later (n = 5 to

er (fig. S2A) (20). We bred these hCAR-ex-
pressing animals with CAR knockout mice to
produce “humanized” mice expressing only
hCAR in the liver, which are analogous to
previously described mice expressing only the
human xenobiotic receptor PXR (pregnane X
receptor) (25). Treatment of mice expressing
hCAR with the general CAR activator PB in-
duced expression of CYP1A2 and CYP3All
mRNAs (27) and resulted in increased sensitiv-
ity to APAP (Fig. 3). Treatment of these mice
with APAP at 500 mg/kg also increased expres-
sion of CYP1A2, CYP3All, and GSTPj,
which indicates that hCAR is activated by
APAP (fig. S2B).

Transactivation of target genes by mouse,
but not human, CAR can be blocked by the
inverse agonist androstanol (26). Androstanol
treatment not only prevents induction but also
decreases basal expression of CAR target genes,
including CYP3411 (27). Preliminary results
demonstrated that androstanol pretreatment de-
creased APAP toxicity in wild-type mice. Be-
cause of the potential therapeutic implications,
we were interested in whether androstanol ad-
ministration after APAP treatment would have a
similar effect. We gave single injections of an-
drostanol at various times after administration of
APAP (500 mg/kg) to wild-type or CAR null
mice. Wild-type mice treated with the inverse
agonist 1 hour after APAP administration
showed a nearly complete absence of hepato-
toxicity (Fig. 4). This hepatoprotective effect is
mediated by CAR, because androstanol treat-
ment did not block toxicity in identically treated
CAR knockout animals (Fig. 4). Even 3 hours
after APAP treatment, when modest levels of
hepatic necrosis are already evident in APAP-
treated mice (fig. S1A), androstanol treatment of
the wild-type mice resulted in somewhat lower
serum ALT levels relative to untreated wild-
type animals. The protective effect of androsta-
nol at 1 and 3 hours was very similar to that of
the antioxidant N-acetylcysteine, which is used
therapeutically to treat APAP overdose (fig. S3).

REPORTS

An 5h

The serum ALT levels in the CAR™~ animals
treated with both androstanol and APAP were
higher than those of the CAR null mice treated
with APAP alone (Fig. 4A). Because androsta-
nol reportedly is a weak PXR agonist (24), this
increase may be due to an activation of PXR that
becomes evident in the absence of functional
CAR. Treatment of wild-type mice with the
strong PXR agonist 5-pregnen-3B-ol-20-one-
160c-carbonitrile resulted in an increase in sen-
sitivity to APAP comparable to that observed
with TCPOBOP pretreatment (27). Relative to
the wild-type control, androstanol treatment had
no protective effect when administered 5 hours
after APAP treatment.

We conclude that CAR is a central mediator
of APAP toxicity in mice and potentially also in
humans. CAR apparently is not involved in the
toxicity associated with ethanol-dependent in-
duction of CYP2E1 and other targets (12, 13),
because CAR activation modestly decreased
CYP2E1 mRNA levels. However, activation of
either mouse or human CAR by appropriate
inducers, including APAP itself, increased pro-
duction of APAP-metabolizing enzymes and in-
creased toxicity. Fatal outcomes have been re-
ported for the combination of PB and APAP in
humans (28, 29). Current therapeutic approach-
es to APAP toxicity are primarily based on
treatments with reducing agents to replenish
GSH levels (30, 31). The results described here
suggest a new strategy based on CAR inverse
agonists. A potential problem with this strategy
is that the androstane inverse agonists that po-
tently inhibit murine CAR have only a very
limited effect on the human receptor (26). How-
ever, it is an exciting possibility that the identi-
fication of potent and specific new inverse ago-
nists for human CAR may provide a clinically
useful means to treat toxicity of APAP and
potentially other hepatotoxic agents.
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