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The effect of acetaminophen (APAP) dose on the cytochrome P450s responsible for its
bioactivation was examined in control mice and mice treated with acetone to induce CYP2EI,
or PB-napthaflavone to induce CYPIA2. In non-induced mice, 150 mg/kg APAP caused
minimal hepatotoxicity and loss of CYP2El- but not CYPl1A2-dependent activity.
In contrast, 400 mg/kg APAP was hepatotoxic and diminished both CYP2E1 and
CYP1A2 activities. In acetone-pretreated mice, the 150 and 400 mg/kg APAP doses
caused similar depletion of CYP2El activity and similar levels of covalent
binding of APAP to liver proteins. In pB-napthaflavone-pretreated mice, CYPIA2
activity was decreased only by the high dose of APAP, and covalent binding was
>2-fold higher at the high APAP dose. The data indicate CYP2E1 is important in
the bioactivation of APAP at the low dose with little additional contribution at
the high dose, whereas CYP1A2 contributes more to the bioactivation and
toxicity APAP at high doses.  © 1994 acagenic press, 1nc.

Acetaminophen (APAP) hepatotoxicity is associated with its P450-dependent
biotransformation to the reactive metabolite, N-acetyl-p-benzoquinone imine
(NAPQI), that is normally eliminated by conjugation with glutathione (GSH). When reserves of
GSH are depleted, NAPQI may react with cellular protein thiols forming either 3-(cystein-S-yl)
APAP protein adduct (3-Cys-A) or oxidized protein thiol and the parent compound (1). APAP
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overdose alters proteins after GSH depletion (2,3) and also causes changes in microsomal
membranes (4).

CYP2E1L, CYP1A2 and CYP3A4 are reported to be responsible for APAP bioactivation
in rodents and man (5-8). Previous work in our laboratory, using human lymphoblastoid cells
transfected with cDNA for the expression of specific human P450 forms demonstrated that
CYP2E1 has a low Km for APAP bioactivation (Km 0.18 mM, Vmax 1.14 pmol 3-Cys-APAP
mg™' cell protein/min). In contrast, CYP1A2 has a higher Km and approximately 40% higher
capacity for total APAP bioactivation (Km 2.5 mM, Vmax 1.59 pmol 3-Cys-APAP mg"' cell
protein/min) (9). These results prompted us to investigate the effect of minimally and severely
hepatotoxic APAP doses in control, CYP2E1-, and CYP1A1/1A2-induced mice. Biochemical and
morphological assessment of liver toxicity, total P450, and CYP2E1- and CYP1A2-specific

metabolism were determined.

METHODS

Animals and Desing: Male B6C3F1 mice from the National Center for Toxicological Research
breeding colony, 10 weeks old and having an average weight of 22 g, were fasted by removing
food at 4:00 pm the day before dosing (18 h prior to dosing). APAP was dissolved in pyrogen-
free saline at 40° C, at concentrations such that 25 pl/gram body weight injected i.p. delivered
the desired dose, i.e. 0, 150 or 400 mg/kg APAP. P450 was induced using methods previously
described by Jeffery (5). Briefly, CYP2E1-dependent metabolism was induced by 0.1% acetone
in the drinking water for 10 days. Acetone was removed 24 h prior to APAP treatment.
CYP1A1/1A2-dependent metabolism was induced with B-napthaflavone (BNF, 80 mg/kg) in corn
oil, administered i.p. for three days. The last injection of BNF was 24 h prior to APAP treatment.
Control mice received either corn oil or tap water. After 4 h mice were bled under CO,
anesthesia, killed by cervical dislocation, and tissues examined for evidence of hepatotoxicity.
Sample Preparation: Blood was allowed to clot at room temperature and serum was stored at
-70°C. Livers were homogenized with a Teflon-coated tissue grinder using a 5:1 v/w ratio of 100
mM Tris-HCl (pH 7.2) containing 50 mM KCIl. Homogenates were centrifuged at 10,000 g for
10 min at 4°C and two 1 ml aliquots of the supernate were removed and stored at -70°C for later
estimation of GSH content. Microsomes were prepared from the remaining supernates (10).
Microsomal protein was determined (11) with bovine serum albumin as a standard.
Hepatotoxicity: Serum ALT was determined using a Baker Encore autoanalyzer and Baker
CentrifiChem ALT optimized reagents (Baker Instrument Co., Allentown, PA; 12). Total hepatic
GSH levels were determined by adding 50 ul of ice cold 50 % sulfosalicylic acid (to denature
and precipitate proteins and prevent autoxidation of the GSH to GSSG) to 1 ml of tissue
homogenate. Samples were centrifuged (10,000g at 4°C for 20 min) and the supernates assayed
according to the method of Tietze (13). Changes in relative liver weight were measured as an
index of treatment-associated hepatomegaly.
P450 Metabolism: Total cytochrome P450 in microsomes was determined using the differential
spectrophotometric method of Omura and Sato (14). CYP2E1-specific activity was determined
in microsomes by assessing N-nitrosodimethylamine-N-demethylase activity (DMN, 15).
CYP1A1/1A2 specific activity was assessed by determining ethoxyresorufin O-deethylase (EROD)
activity by the method of Burke et al. (16). APAP bioactivation was estimated by determining
covalent binding of 3-(cystein-S-yl)APAP (3-Cys-A) to liver proteins in dialyzed (MW cut-off
6,000) liver homogenates. Covalent binding of 3-Cys-A was quantified using a competitive

533



Vol. 203, No. 1, 1994 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

ELISA based on antiserum specific for 3-Cys-APAP (9,17,18).

Statistical Analysis: Differences between experimental groups were evaluated using a SAS
General Linear Models program (SAS Institute, Cary, NC). Results were evaluated by multiple
analysis of variance with post-hoc evaluation of differences by Student-Newman-Keuls test (P
< 0.05).

RESULTS

In mice that were not dosed with APAP, neither acetone-pretreatment nor PNF-
pretreatment alone was associated with hepatotoxicity (Table 1). Acetone pretreatment induced
CYP2E! but not CYP1A?2 activity (Table 2). Similarly, BNF pretreatment induced CYP1A2 but
not CYP2E1 activity (Table 2).

In mice that were not pretreated with BNF or acetone, the 150 mg/kg APAP dose caused
minimal hepatotoxicity as reflected by a 25% drop in hepatic GSH, and insignificant increases
in liver/body weight ratios and ALT (Table 1). The 400 mg/kg APAP dose caused severe
hepatotoxicity as indicated by a 56% increase in relative liver weight, a >95% decrease in hepatic
GSH, and a >100-fold increase in ALT (Table 1). Both acetone pretreatment and PNF
pretreatment increased APAP hepatotoxicity; this effect was most pronounced at the 150 mg/kg
dose (Table 1).

Table 1. Effect of Acetone or B-Napthaflavone
Pretreatment on APAP Toxicity in Mice at 4 h

Pre- APAP Liver/body Hepatic Serum

treatment  (mg/kg) Ratio' GSH? ALT?

None 0 354 £034 a* 386+0.11 ab 157+0.03 a
None 150 396 £ 033 a 288+0.19 ¢ 1.67 002 a
None 400 555+059 b 0.04+001 d 3.56 £ 0.11 b
BNF 0 422+053 a 4152115 a 1.83£0.04 a
BNF 150 6.65+ 144 ¢ 344+052 be 2771013 ¢
BNF 400 869+070 d 0071022 d 367+ 024 b
Acetone 0 384+£026 a 3441046 bec 1.79+003 a
Acetone 150 415+028 a 2981022 ¢ 206 +0.65 d
Acetone 400 563+046 b 0021001 d 352+£015 b

Liver weight/ body weight ratio times 100, mean + S.D.

Total GSH = nmol/g liver, mean + S.D.

Log serum ALT, IU/L serum, mean + S.D.

Data based on four animals per point. Values followed by different
letters are significantly different (p < 0.05).
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Table 2. Effect of APAP on P450 Activities in
Acetone or B-Napthaflavone Pretreated Mice at 4 h

Pre- APAP Total CYP1Al/1A2 CYP2EI
treatment (mg/kg) P450' Activity Activity
(EROD)? (DMN)?
None 0 0.46 + 0.10 bc’ 682+088 d 099+020a
None 150 033+£011 bed 705+159 d 0771004 2ab
None 400 022+003 d 470+ 053 d 0.7710.07 a,b
BNF 0 095 +£0.08 a 1479+ 0.88 a 116 £ 032 a
BNF 150 1.01 £ 0.26 a 1937+399b 056+0.04b
ANF 400 049 £0.17 b 11.52+£0.94 ¢ 041 +£0.10b
Acetone 0 0.42 + 006 be 610+ 1.56d 191 £0.11 ¢
Acetone 150 029 £ 0.08 c,d 530+ 050d 1.27 +£023 a
Acetone 400 020+ 0.06 d 523x0404d 1.16 £ 0.15a

Total P450 = nmol/mg microsomal protein, mean + S.D.

DMN = nmol/mg microsome protein/min, mean * S.D.

EROD = pmol/mg microsome proteir/min, mean + S.D.

Data based on four animals per point. Values followed by different letters
are significantly different (p < 0.05).

P

APAP alone caused a dose responsive decrease in total P450; 28% at the 150 mg/kg dose
and 52% at the 400 mg/kg dose (Table 2). There was a 22% loss of CYP2E1 activity at both
the 150 mg/kg and 400 mg/kg APAP dose. In contrast, there was no loss of CYP1A1/1A2
activity at the 150 mg/kg dose, but a 31% loss at the 400 mg/kg APAP dose (Table 2).

Among acetone-pretreated mice, there was a decrease in CYP2E] activity that was similar
34 - 39% at the 150 and 400 mg/kg APAP doses (Table 2). Among BNF-pretreated mice, there
was a decrease in both total P450 and CYP1A1/1A2 activity at the 400 mg/kg dose (Table 2).

In mice that received the low dose of APAP the relative amounts of covalent binding to
hepatic protein as 3-Cys-A protein adduct 4 h after dosing were; acetone-pretreated >> BNF
pretreated >> control. At the high APAP dose, BNF pretreated mice formed more adduct than

either acetone-pretreated or control mice; BNF > acetone pretreated = control (Table 3).

DISCUSSION

Acetaminophen decreased total P450 and P450-dependent metabolism consistent with
previous reports (19, 20). Although CYP2E1, CYP1A2 and CYP3A4 have been reported to be

responsible for APAP bioactivation (5-8), the possible effect of APAP on 3A4 metabolism was
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Table 3. Effect of Acetone or B-Napthaflavone Pre-treatment on the Covalent
Binding of APAP in Liver at 4 h

Pre- APAP Covalent Binding®
treatment (mg/kg)

None 0 0.00

None 150 0.73 £ 0.23
None 400 2.38 £0.54
ANF 0 0.00

BNF 150 1.47 £ 0.52*
BNF 400 3.54 £ 0.61**
Acetone 0 0.00

Acetone 150 225 + 0.69%**
Acetone 400 2.85+0.24

®  Values are APAP bound as 3-Cys-A adduct, nmol/mg protein, duplicate
determinations, mean * S.D. of 3 animals/point.

*  Significantly different than control mice at same dose (P < 0.001).

**  Significantly different than control and acetone mice at same dose (P < 0.001).

**% Significantly different than control and 8NF mice at same dose (P < 0.001).

not examined in the work reported here as narigenin, a 3A4-specific inhibitor (21) does not
inhibit the hepatotoxicity of APAP in the B6C3F1 male mouse (unpublished observation,
Snawder & Roberts). The total P450 levels and substrate-specific activities in Table 2 are down-
modulated by APAP treatment and up-modulated by pretreatments to induce CYP2E1 or
CYP1A2. However, the affect of APAP dose on the pattern of substrate-specific activities (i.c.,
similar loss of CYP2E1 activity at the low and high APAP doses, but greater loss of
CYP1A1/1A2 activity at the high APAP dose) demonstrates a loss of activity by the P450 forms
participating in the oxidation of APAP (Tables 2 & 3). DMN activity, a marker of CYP2E!
metabolism (15), was inhibited by 150 mg/kg APAP; but 400 mg/kg APAP did not further lower
the activity of this enzyme. EROD activity, a CYP1A1/1A2-dependent metabolism (16), was not
affected by the low dose of APAP but was lowered by 400 mg/kg APAP (Table 2).

Recently we demonstrated in vitro a relatively high Km for human CYP1A2 and a low
Km for CYP2E1 for bioactivation of APAP (9). The 0.18 mM Km for human CYP2ET1 is in the
proximity of the 0.14 mM peak serum APAP concentration expected 2 h after a human
therapeutic dose of two 500 mg APAP tablets (Figure 1, 22). The 2.5 mM Km for human
CYP1A2 is relevant to drug levels seen in patients at high risk of severe hepatotoxicity. These

at risk patients characteristically have serum APAP concentrations above 1.3 mM 4 h after an
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Figure 1. Relationship between low (150 mg/kg; 0.99 mmol/kg) and high (400 mg/kg; 2.65
mmol/kg) doses of APAP used in mice extrapolated to 4 h based on a half-life of 1 h and serum
concentrations of APAP associated with therapeutic doses and risk of severe hepatotoxicity in
humans extrapolated back to 1 h based on a half-life of 3 h in humans (21,22). The Km for
bioactivation of APAP by human CYPIA2 (2.5 mM) and human CYP2E] (0.18 mM) were
determined in vitro using human lymphoblastoid cells expressing cDNA for human CYP2E! or
CYP1A2 with detection of covalently bound APAP by immunoassay (9).

acute overdose (23). Assuming a 3 h half-life for APAP in humans (22,23), serum values above
1.3 mM at 4 h would correspond to serum values above 2.6 mM at 1 h after overdose.

In the animal model used for this work, overnight fasted B6C3F1 male mice, APAP has
a half-life of 1 h, and maximal immunohistochemically demonstrable hepatic centrilobular
3-Cys-A adducts occur within the first 2 h after APAP dosing, prior to significant depletion of
total hepatic GSH (24). The low dose of APAP (150 mg/kg; 0.99 mmol/kg) was selected to
produce in vivo APAP concentrations that would favor metabolism by CYP2E! during the 4 h
period of the experiment. Similarly, the high dose (400 mg/kg APAP; 2.65 mmol/kg) was
selected to favor metabolism by CYP1A2. The relationship of the high and low doses of APAP
used in mice to human therapeutic and hepatotoxic doses is shown in Figure 1.

APAP overdose has been reported to cause alterations in the microsomal membrane of
rats. Araya et al. (4) found that APAP altered the fluorescence polarization of dansylchloride-
labelled microsomes. Concurrent with the change in polarization, was a loss of P450-dependent
ethoxybenzamide deethylation. The authors concluded that APAP-overdose perturbs the
association of the P450-membrane complex. Placke ef al. (25) also reported morphological

changes in endoplasmic reticulum that were evident in electron micrographs of APAP-dosed mice.
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The observed loss of total P450 reported in Table 2, is consistent with such changes in
morphology. Comparison of absorbance spectra of reduced, CO-treated microsomes from control
and APAP-dosed mice demonstrated a relative loss of P450 chromophore and an increase in P420
chromophore as a consequence of in vivo APAP treatment (data not shown). Absorbance at ~420
nm is typical of heme proteins lacking a cysteinyl axial ligand and could be attributable either
to modification of cysteine in the active site by NAPQI or to configurational changes that would
displace the thiolate ligand (26).

Birge er al. (27) reported that while APAP did not decrease total P450, it did cause a
decrease in NADPH:P450 reductase. Patten ef al. (28) reported that addition of NADPH:P450
reductase and cytochrome b5 is required for maximal DMN activity from TK 143 microsomes
with vaccinia-expressed CYP2EL. Collectively, these observations suggest that the decrease in
CYP2El-dependent DMN activity may be in part attributable to effects of APAP on the
NADPH:P450 reductase.

When CYP2E! was induced by acetone, the low (150 mg/kg) dose of APAP resulted in
high levels of hepatic adducts (2.25 nmol 3-Cys-A/mg protein) at a time when GSH was depleted
only 13% relative to controls {Tables 1&3). This level of adduct formation is 95% of the (2.38
nmol/mg) adduct level observed in non-induced controls that received the high (400 mg/kg)
APAP dose causing 99% GSH depletion (Tables 1&3). These findings are consistent with the
reported low Km for human CYP2E] (9) and with reports of increased susceptibility to the
hepatotoxic effects of APAP in individuals with poor nutrition and compromised GSH reserves
and induced CYP2E! such as alcoholics (29), and in individuals taking drugs known to induce
CYP2EI1 such as patients receiving isoniazid to control active tuberculosis (30).

This work reports that APAP causes a dose-dependent loss of form-specific P450
activities. This observation reflects the enzyme kinetics of the two major P450’s metabolizing
APAP in this animal model, CYP2E1 and CYP1A2. These data indicate that CYP2E1 may be
chiefly responsible for APAP bioactivation at therapeutic concentrations whereas CYP1A2 may
play a greater role in the bioactivation and toxicity at high APAP doses. Further, the data suggest
that APAP may influence the efficacy or toxicity of drugs metabolized by CYP2E1 and CYP1A2.
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