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ABSTRACT

Drug-induced liver injury (DILI) is a global medical problem. The risk
of DILI is often related to expression and activities of drug-
metabolizing enzymes, especially cytochrome P450s (P450s). How-
ever, changes on expression and activities of P450s after DILI have
not been determined. The aim of this study is to fill this knowledge
gap. Acetaminophen (APAP) was used as a model drug to induce
DILI in C57BL/6J mice at different ages of days 10 (infant), 22 (child),
and 60 (adult). DILI was assessed by levels of alanine aminotrans-
feraseandaspartate aminotransferase inplasmawithaconfirmation
by H&E staining on liver tissue sections. The expression of selected
P450s at mRNA and protein levels was measured by real-time
polymerase chain reaction and liquid chromatography–tandem
mass spectrometry, respectively. The activities of these P450s were
determined by the formation of metabolites from probe drugs for
each P450 using ultraperformance liquid chromatogra-
phy–quadrupole time of flight mass spectrometry. DILI was induced
at mild to severe levels in a dose-dependent manner in 200, 300, and
400 mg/kg APAP-treated groups at child and adult ages, but not at

the infant age. Significantly decreased expression at mRNA and
protein levels as well as enzymatic activities of CYP2E1, 3A11, 1A2,
and 2C29 were found at child and adult ages. Adult male mice were
more susceptible to APAP-induced liver injury than femalemicewith
more decreased expression of P450s. These results suggest that
altered levels of P450s in livers severely injured by drugs may affect
the therapeutic efficacy of drugs, which are metabolized by P450s,
more particularly for males.

SIGNIFICANCE STATEMENT

The current study in an animal model demonstrates that
acetaminophen-induced liver injury results in decreased expression
and enzyme activities of several examined drug-metabolizing cyto-
chromeP450s (P450s). The extent of such decreases is correlated to
the degree of liver injury severity. The generated data may be
translated to human health for patients who have drug-induced liver
injury with decreased capability to metabolize drugs by certain
P450s.

Introduction

Drug therapy is an important part of the current practical medicine to
treat human diseases, but has a potential risk to develop drug-induced
liver injury (DILI). The incidence data in various populations in Europe

(Sgro et al., 2002), North America (Bell and Chalasani, 2009; Leise
et al., 2014; Vega et al., 2017), and Asia (Shen et al., 2019) indicate that
there are approximately 10–24 new cases of DILI per 100,000 persons
each year. In the over 7.7 billion global individuals in 2019 documented
by the World Population Prospects of the United Nations, the estimated
total cases of DILI may reach to 0.7–1.4 million worldwide. More than
900 drugs have been implicated in causing DILI (Larrey, 2002;
Maddrey, 2005; Hoofnagle et al., 2013). The current drug therapy
approaches do not specially consider whether patients with DILI have
different efficacy and risks for adverse reactions in comparison with
patients who do not have DILI.
Efficacy and adverse reactions of drug therapy largely rely on drug

metabolism in liver. The role of drug metabolism in causing DILI has
been defined (Corsini and Bortolini, 2013). Especially, drug metabolism
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by phase I enzymes of cytochrome P450s (P450s) can lead to formation
of toxic metabolites in liver (Pasanen et al., 1995; Brewer and Chen,
2017; Hassan et al., 2018). One such example is P450-mediated
metabolism of acetaminophen (APAP), a popular analgesic drug. APAP
is the leading cause of acute liver failure in the United States (Fontana,
2008; Yoon et al., 2016). APAP-induced liver injury (AILI) is mainly
due to the formation of a toxic metabolite of N-acetyl-para-benzo-
quinone imine (NAPQI) in liver during APAP metabolism by CYP2E1,
1A2, and 3A4 (Dahlin et al., 1984; Yoon et al., 2016). Increased enzyme
activities of CYP2E1, 1A2, and 3A4 in liver can lead to increased
susceptibility to AILI.
A knowledge gap exists in the current practice of pharmacotherapy on

whether injured liver caused by DILI alters drug metabolism by P450s,
resulting in changes in efficacy and adverse reactions of drug therapy.
We hypothesize that DILI results in altered hepatic expression and
activities of several P450s. To test the hypothesis, the current study used
APAP as a model drug and mouse as the animal model to systematically
determine the impact of AILI on expression and activities of P450s in
liver at different ages. APAP is the leading cause of DILI worldwide, and
its toxicity is dose-dependent (Bunchorntavakul and Reddy, 2013).
Comparing in vivo and in vitro models for AILI, the mouse model has
the most similarity in toxicity initiation with human primary hepato-
cytes, and toxic doses have been well defined (Jaeschke et al., 2014; Xie
et al., 2014). Mouse CYP3A11 contributes to convert APAP to NAPQI
(Guo et al., 2004). In consideration of the changes of expression and
activities of P450s in mouse liver during postnatal maturation (Hart
et al., 2009; Peng et al., 2012), we hypothesized that the consequence of
APAP treatment on P450 expression is in an age-dependent manner. The
current study determined expression and activities of various key drug-
metabolizing P450s (CYP1A2, 2B10, 2C29, 2E1, and 3A11) in mouse
liver at different ages of postnatal day 10 (infant), 22 (child), or 60 (adult)
with different levels of AILI caused by exposure to different doses
of APAP.

Materials and Methods

Chemicals and Reagents. PBS, APAP, resorufin (RSF), and midazolam
(MDZ) were purchased from Sigma-Aldrich (St. Louis, MO). Buffered formalin
(10%) was purchased from Fisher Science (Fair Lawn, NJ). Efavirenz (EFV) was
purchased from TCI American (Portland, OR). 1-OH-MDZ and 8-OH-EFV were
purchased from Toronto Research Chemicals (Ontario, Canada). Rosiglitazone
(RSG), demethyl-RSG, chlorzoxazone (CHZ), 7-ethoxy-RSF, and 6-OH-CHZ
were obtained from Cayman Chemical (Ann Arbor, MI).

Animals and Drug Treatment. C57BL/6J mice were obtained from Jackson
Laboratory (Bar Harbor, ME). Mice were bred under standard conditions and
housed in compliance with the animal care guidelines outlined by the American
Association for Animal Laboratory Sciences in the Animal Resources Facility at
the University of Connecticut. All animal procedures were approved by the
University of Connecticut’s Institutional Animal Care and Use Committee. At the
age of 6 weeks, mice were set up into breeding pairs to produce sufficient mice at
postnatal day 10 (infant), 22 (child), or 60 (adult). Given the fact that male mice
are more susceptible to APAP than female mice (Dai et al., 2006), male mice were
used to investigate the role of age- and dose-dependency in AILI in the current
study. In brief, male mice at different ages (postnatal day 10, 22, or 60) were
intraperitoneally administered a single dose of APAP (200, 300, or 400 mg/kg) or
PBS (vehicle control). To study the different effects of AILI by sex, both male and
female mice at day 60 after birth were included. Before 16 hours and after 8 hours
of APAP dosing, mice at days 22 and 60 were fasted with free access to water to
avoid food-induced changes in liver genes (Gavito et al., 2016). All the mice were
sacrificed at 24 hours after APAP treatment to collect blood and liver samples. A
part of the liver was fixedwith 10% formalin buffer for histopathological analysis.
Remaining other liver tissues were snap frozen in liquid nitrogen and then stored
at 280�C for further gene expression analysis.

Plasma Alanine Aminotransferase and Aspartate Aminotransferase
Assay. Blood samples were collected in anticoagulant-coated tubes (Fisher

Scientific) and centrifuged at 3000g for 10 minutes to obtain plasma. Levels of
plasma alanine aminotransferase (ALT) and aspartate aminotransferase (AST)
were measured as biomarkers of hepatocellular injury. Scientific AST/GOT and
ALT/GPT Reagents from Thermo Fisher (Waltham, MA) were used to determine
AST and ALT levels, respectively, with a method described previously (Rudraiah
et al., 2014). A BioTek Power Wave X Spectrophotometer (BioTek, Winooski,
VT) was used to analyze the samples.

H&E Staining. Liver samples were fixed with 10% buffered formalin and
kept at 4�C for H&E staining. The embedding and slicing process of H&E
staining was performed by the Connecticut Veterinary Medical Diagnostic
Laboratory (http://cvmdl.uconn.edu/). Images were taken by a phase-contrast
microscope with a 20� objective lens. The scale bars were added by ImageJ
software.

Quantification of P450 mRNAs by Real-Time Polymerase Chain
Reaction. Total RNAs were isolated from frozen liver tissues using a TRIzol
reagent (Life Technologies, Guilford, CT) according to the manufacturer’s
protocol. RNA concentrations were measured by a NanoDrop spectrophotometer
from NanoDrop Technologies (Wilmington, DE) at 260 nm, and mRNA integrity
was evaluated using an Agilent 2200 Tape Station from Agilent Technologies
(Santa Clara, CA). To obtain cDNAs, 1 mg of total mRNAs were reversely
transcribed to cDNAs using an iScript cDNA Synthesis kit from Bio-Rad
Laboratories (Hercules, CA). Real-time polymerase chain reactions were
performed using a CFX96 Real-Time System from Bio-Rad Laboratories with
the TaqMan gene expression assays for glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH), CYP1A2, 2B10, 2C29, 2E1, and 3A11 fromThermo Fisher. Fold
changes of P450 expression in the APAP-treated groups compared with the PBS
controls at each age were calculated using the 22DDCt method with an internal
normalization to GAPDH. The values were calculated for log2(fold changes).

Quantification of P450 Proteins by Mass Spectrometry. Frozen liver
tissues were chopped and homogenized in a PBS buffer (pH 7.4). Protein samples
were prepared and quantified by a previously described method (Piekos et al.,
2018) using liquid chromatography–tandem mass spectrometry (LC-MS/
MS)–based approach. Briefly, liver microsomes were obtained by centrifugation.
The microsomes were mixed with an internal standard bovine serum albumin
(BSA) and digested by lysyl endopeptidase and trypsin. The digested peptides
were extracted using Waters Oasis HLB columns (Waters Corporation, Milford,
MA) and analyzed on a Triple TOF 56001 mass spectrometer (AB Sciex,
Framingham, MA) coupled with an Eksigent 2D Plus LC System (Eksigent
Technologies, Dublin, CA). The proteomics data obtained from the sequential
window acquisition of all theoretical mass spectra method were analyzed using
the Spectronaut software (version 13.0; Biognosys AG, Schlieren, Switzerland)
with the reference spectral library generated from the previous information-
dependent acquisition searches (Piekos et al., 2018). The peak area of the second
stage of mass spectrometry (MS2)of top three signature peptides of each protein
were used for quantification with the default settings (Biognosys factory setting).
Data were normalized using the “Local Normalization” strategy embedded in the
Spectronaut software.

Quantification of P450 Enzyme Activities by Mass Spectrometry. S9
fractions of liver tissues were isolated by centrifugation with a previously
described method (Piekos et al., 2018). To determine the enzyme activities of
CYP1A2, 2B10, 2C29, 2E1, and 3A11, the reaction rates of 7-ethoxy-RSF to
RSF, EFV to 8-OH-EFV, RSG to demethyl-RSG, CHZ to 6-OH-CHZ, and MDZ
to 1-OH-MDZ were measured, respectively. P450 enzyme activities in the S9
fractions were determined by ultraperformance liquid chromatogra-
phy–quadrupole time of flight mass spectrometry (UPLC-QTOFMS) as pre-
viously described (Tien et al., 2015).

Quantification of In Vitro Metabolism of APAP. Liver microsomes were
isolated from liver tissues by centrifugation with a previously described method
(Piekos et al., 2018). Microsome proteins were determined using a Qubit Protein
Assay Kit (Thermo Fisher Scientific, Rockford, IL). The metabolism of APAP
was initiated by adding 1 ml of 15 mM N-acetyl cysteine and 1 ml of 3 mM
NADPH to 0.5 ml solution containing 3 mgmicrosomal proteins and incubated at
37�C for 10 minutes. One milliliter of 60 mM APAP solution was added
subsequently and incubated at 37�C for 30 minutes. The reaction was terminated
by adding 3 ml of ice-cold methanol. After centrifugation at 2800g for 30 minutes
and filteration through a 0.22mmMillipore filter, a 20-ml aliquot was injected into
a Shimadzu CTO-20A/2-AC HPLC-UV system for quantification of APAP.
Chromatographic separation of metabolites was performed on an Agilent 5
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HC-C18(2) column (4.6� 250 mm, 5 mm; Agilent Technologies). Mobile phase
A consisted of 1% glacial acetic acid in water, and mobile phase B was methanol.
The flow rate of the mobile phase was 0.80 ml/min, and the column temperature
was maintained at 25�C. The absorbance wavelength of photodiode array detector
was 254 nm. The rate of APAP metabolism was calculated by the decreased
amount of APAP divided by the amount of microsomal proteins within the
reaction time.

Quantification of Total Liver Proteins. A 5-mg frozen liver sample was
homogenized with 300 ml radioimmunoprecipitation assay (RIPA) buffer
(Thermo Fisher Scientific). After centrifugation at 14,000g for 30 minutes at 4�
C, total protein concentration in the supernatant was determined by a Qubit
Protein Assay Kit (Thermo Fisher Scientific).

Statistical Analysis. The data are presented as means 6 S.D. Statistical
analysis was performed by one-way ANOVA with Dunnett’s post hoc test using
the GraphPad Prism version 7 software program from GraphPad Software, Ln.
(La Jolla, CA). A value of P, 0.05 was considered to be statistically significant.

Results

The normal ALT and AST levels in plasma of adult C57BL/6J mice
collected by cardiac puncture have been defined (Fernández et al., 2010;
Otto et al., 2016). In male adult mice, the upper limit of normal level
(UNL) of ALT is 94 U/l, whereas the UNL of AST is 122 U/l. The grade
of liver injury can be estimated by using the UNL of ALT and AST of
mice and the grading standard of human (Hoofnagle et al., 2013). Grade
0 has a level of ALT or AST within 1.25-fold higher than the UNL. A
level of ALT or AST is considered as grade 1 (mild) between 1.25- and
2.5-fold, grade 2 (moderate) between 2.5- and 5.0-fold, grade 3 (severe)
between 5.0- and 10-fold, and grade 4 (extreme severe and life-threating)
over 10-fold, respectively. The grading system based on ALT and AST
levels for mice is summarized in Table 1. A grading system of liver
injury based on Ishak scores on the morphology changes is shown in
Table 2 (Goodman, 2007).
In this study, malemice at different ages (days 10, 22, or 60 after birth)

were administered a single dose of APAP (200, 300, or 400 mg/kg) to
investigate the role of ontogeny of P450s in the severity of AILI as well
as the impact of AILI on the expression of P450s. To study the sex
differences, mice at day 60 were used. Briefly, both male and female
mice were treated with different doses of APAP (200, 300, or
400 mg/kg). The levels of ALT and AST and the hepatic expression
of P450s were determined.
Age Affected the Severity of AILI in Male Mice. As seen in

Fig. 1A, APAP treatment only led to a higher ALT level in mice at day
10 after birth at the highest dose (400 mg/kg), whereas, even with the
lowest dose of APAP (200 mg/kg), plasma ALT levels in male mice
dramatically increased at days 22 and 60. Moreover, higher ALT levels
were observed in the groups administered higher doses of APAP in the
mice at days 22 and 60. For instance, the mice at day 60 treated with
APAP at 200, 300, or 400mg/kg resulted in ALT levels of 8.57- (grade 3
injury), 10.69- (grade 4 injury), or 14.83-fold (grade 4 injury) of the
UNL, respectively. When treated with the same dose of APAP, the ALT
levels were found to be the highest in themice at day 60 and the lowest in
the mice at day 10. For instance, the ALT levels in the mice treated with
400 mg/kg APAP at days 10, 22, or 60 were 66, 472, or 1394 U/l,
respectively.
Similar findings were observed with AST values (Fig. 1B). Male mice

treated with 200 or 300 mg/kg APAP showed increased AST levels at
days 22 and 60, but not at day 10. APAP treatment at 400 mg/kg led to
AST levels of 2.39- (grade 1 injury), 5.83- (grade 3), or 10.02-fold
(grade 4) of the UNL at days 10, 22, or 60, respectively. At the same age,
AILI was more severe in the group with a higher dose of APAP
exposure. For the mice at day 60, APAP treatment with a dose of 200,
300, or 400 mg/kg resulted in AILI at grade 3, 3, or 4, respectively.

H&E staining is another standard measurement for DILI. The severity
of liver injury was also confirmed by H&E staining in this study. The
characteristics of AILI is predominantly hepatocellular necrosis, fea-
tured as the abruption of the cell membranes and nuclei of hepatocytes
around the central veins. Liver samples from the PBS control and
400 mg/kg APAP-treated groups with the highest ALT or AST levels
were selected for staining. Representative images of the control and
APAP groups are shown in Fig. 1C. No liver injury was observed in any
of the control groups of any age (top row). In the APAP-treated groups
(bottom row), no necrosis could be observed in the infant male mice at
day 10, but ballooning of hepatocytes was found in the child group at
day 22, and large injured areas around the central veins were seen in the
adult group at day 60. The severity of the liver injury was scored by the
Ishak system based on H&E staining following the method described in
Table 2. Consistent with the results in ALT or AST levels, the treatment
with 400 mg/kg APAP led to the most severe injury in male mice at day
60 among the three age groups (Fig. 1C). In detail, for the infant mice at
day 10, the score in the APAP-treated group was 0, which means no
injury happened. For the child mice at day 22, the Ishak score was 2,
suggesting moderate AILI. For the adult mice at day 60, APAP-treated
liver had an Ishak score of 5, suggesting extremely severe AILI. The
in vitrometabolism rate of APAP by liver microsomes from the mice at
day 10 was significantly lower than that of the mice at day 60, indicating
that the differential severity of AILI between the ages was partly due to
age-related differential metabolism of APAP, which was mainly
mediated by CYP1A2, 2E1, and 3A11 (Supplemental Fig. 1).
Overall, older male mice were more susceptible to AILI than younger

ones. The severity of AILI was also dose-dependent.
Effects of AILI on Expression of CYP1A2 in Mouse Liver at

Different Ages. Among the three age groups, the basal mRNA
expression of CYP1A2 was the highest in the mice at day 60 followed
by the mice at day 22 (Fig. 2A). After the same doses of APAP
treatment, themRNA expression of CYP1A2was also higher in themice
at days 22 and 60 than the mice at day 10 (Fig. 2A). APAP treatment
significantly decreased the mRNA expression of CYP1A2 in all age
groups. Comparedwith the age-matched controls, themRNA expression
of CYP1A2 was 85% lower in the APAP treatment mice at day 60.
Consistent with the most severe AILI at day 60, the extent of repression
of CYP1A2 expression was the largest among the three ages with the
same doses of APAP treatment.
The relative protein levels of CYP1A2 were measured in randomly

selected male mouse livers from control (0 mg/kg) and APAP-treated
(400 mg/kg) mice at each age (n5 3 to 4). Consistent with the CYP1A2
mRNA expression, the basal protein expression of CYP1A2 was also
higher in older mice (Fig. 2B). Moreover, a higher protein expression of
CYP1A2 was observed in the APAP-treated older age groups compared
with the dose-matched mice at day 10. A significant decrease of
CYP1A2 protein expression was found in the APAP-treated mice
receiving 400 mg/kg at ages of days 22 and 60 in comparison with age-
matched controls (Fig. 2B). The changes of CYP1A2 protein were
directly related to the APAP treatment because the total amount of
proteins per gram liver tissue (Supplemental Fig. 2A) and microsomal
recovery (Supplemental Fig. 2B) were unchanged and expression of the
housekeeping protein GAPDH was unaffected by APAP treatment
(Supplemental Fig. 2C).
The enzyme activity of CYP1A2 was determined by a UPLC-

QTOFMS method using the formation rates of RSF from 7-ethoxy-RSF
in the liver S9 samples of four randomly selected mice from the control
and 400 mg/kg APAP-treated groups. The basal activity of CYP1A2
was higher in the livers of mice at days 20 and 60 compared with the
mice at day 10 (Fig. 2C). No differences in the enzyme activity of
CYP1A2 were found between control and APAP-treated groups in the
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mice at day 10. However, after the APAP treatment, the mice at days 60
and 22 had lower CYP1A2 enzyme activity than the age-matched
control groups (Fig. 2C).
Overall, APAP treatment decreased the expression of CYP1A2 at

mRNA and protein levels as well as enzyme activity in the liver of mice
at different ages.
Effects of AILI on Expression and Activity of CYP2B10 in

Mouse Liver at Different Ages. As seen in Fig. 3A, the basal mRNA
expression of CYP2B10 was lower in the mice at day 22, but higher in
the mice at day 60 compared with the mice at day 10. Differential effects
of APAP treatment on the expression of CYP2B10 at the three age
groups were observed. Mice at day 10 receiving higher doses of APAP
treatment (300 and 400 mg/kg) exhibited decreased mRNA expression
of CYP2B10 in liver, whereas increased mRNA expression of
CYP2B10 by APAP was seen in the liver of mice at days 22 and 60.
The relative protein levels of CYP2B10 were measured in randomly

selected male mouse livers from control (0 mg/kg) and APAP-treated
mice (400 mg/kg) at each age (n5 3 to 4). Inconsistent with CYP2B10
mRNA expression, the basal protein expression of CYP2B10 was
significantly decreased in the mice at day 60 compared with the mice at
day 10 (Fig. 3B). Different effects of APAP treatment on the expression
of CYP2B10were found betweenmRNA and protein levels. Themice at
day 22 treated with APAP had lower protein expression of CYP2B10,
whereas mRNA levels were higher (Fig. 3). Comparable protein levels
of CYP2B10 were observed in the mice at days 10 and 60 between
APAP-treated and age-matched controls (Fig. 3B).
The enzyme activity of CYP2B10 was determined by an UPLC-

QTOFMS–based method using the formation rates of 8-OH-EFV in
liver S9 samples from the control and APAP-treated mice at 400 mg/kg
(n5 4). The basal activity of CYP2B10was higher in liver of themice at
days 22 and 60 comparedwith themice at day 10 (Fig. 3C). In contrast to

the effect of APAP on CYP2B10 mRNA expression, the activity of
CYP2B10 was significantly decreased by APAP in the mice at day 60
(Fig. 3C). No statistical differences were seen between the control and
APAP-treated mice at days 10 and 22.
Overall, APAP treatment of mice had a suppression or induction

effect on the expression of CYP2B10 that is age-dependent. There is
a discrepancy on the impact of APAP on CYP2B10 expression at levels
of mRNA, protein, and enzyme activity.
Effects of AILI on Expression and Activity of CYP2C29 in

Mouse Liver at Different Ages. As seen in Fig. 4, the expression of
CYP2C29 was measured in male mice at three ages and different
doses of APAP. At the ages of days 22 and 60, the basal mRNA
expression of CYP2C29 was 8- and 4-fold, respectively, higher than
that in the mice at day 10 (Fig. 4A). Treatment with APAP decreased
the mRNA expression of CYP2C29 at each age (Fig. 4A). In the mice
at day 10, mRNA level of CYP2C29 was significantly decreased in
the APAP-treated mice at all three doses in comparison with the
controls. For the mice at day 22, mRNA level of CYP2C29 was
repressed in the mice treated with 400 mg/kg APAP compared with
age-matched controls. Although the mRNA expression of CYP2C29
was decreased in a dose-dependent manner in the mice at day 22, that
was still 3-fold higher after APAP treatment than the control mice at
day 10 (Fig. 4A).
The relative protein levels of CYP2C29 were measured in randomly

selected male mouse livers from control (0 mg/kg) and APAP-treated
mice (400 mg/kg) at each age (n 5 3 to 4). Consistent with the basal
CYP2C29 mRNA expression, the protein expression of CYP2C29 was
increased dramatically at day 22 and kept steady at day 60 compared
with the mice at day 10 (Fig. 4B). APAP treatment also significantly
decreased the protein expression of CYP2C29 in the mice at days 22 and
60. Although the expression of CYP2C29 at protein level was decreased

TABLE 1

Grading for liver injury

Grade 0 Grade 1 Grade 2 Grade 3 Grade 4

ALT levela

Fold (� URL) ,1.25 1.25–2.5 2.6–5.0 5.1–10.0 .10.0
Male (U/l) ,117 117–235 236–470 471–940 .940
Female (U/l) ,110 110–220 221–440 441–880 .880
AST levela

Fold (� URL) ,1.25 1.25–2.5 2.6–5.0 5.1–10.0 .10.0
Male (U/l) ,152 152–305 306–610 611–1220 .1220
Female (U/l) ,220 220–440 441–880 881–1760 .1760

URL, upper reference limit.
aValue of lower limit was included, whereas value of upper limit was not included.

TABLE 2

Ishak evaluation system

Periportal or periseptal
injury

Confluent necrosis Focal (spotty) lytic injury Portal inflammation

Absent 0 Absent 0 Absent 0 None 0
Mild 1 Focal confluent necrosis 1 One focus or less per

10� objective
1 Mild, some or all portal

areas
1

Mild/moderate 2 Zone 3 necrosis in some areas 2 Two to four foci per
10� objective

2 Moderate, some or
all portal areas

2

Moderate 3 Zone 3 necrosis in most areas 3 Five to 10 foci per
10� objective

3 Moderate/marked,
all portal areas

3

Severe 4 Zone 3 necrosis 1 occasional
portal-central (P-C) bridging

4 More than 10 foci per
10� objective

4 Marked, all portal areas 4

Severe Zone 3 necrosis 1 multiple P-C bridging 5
Severe Panacinar or multiacinar necrosis 6
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by APAP in the mice at days 22 and 60, it was still much higher than in
the control mice at day 10 (Fig. 4B).
The enzyme activity of CYP2C29 was determined by an UPLC-

QTOFMS method using the formation rates of demethyl-RSG in liver
S9 samples from the control and APAP-treated mice at 400 mg/kg (n5
4). Consistent with the basal expression of CYP2C29 at mRNA and
protein levels, the enzyme activity of CYP2C29 was increased in the
mice at day 22 compared with the mice at day 10 (Fig. 4C). After APAP
treatment, the mice at day 60 had a lower enzyme activity of CYP2C29
than the age-matched controls (Fig. 4C).
Overall, APAP treatment resulted in decreased expression of

CYP2C29 at levels of mRNA, protein, and enzyme activity at each age.
Effects of AILI on Expression and Activity of CYP2E1 in Mouse

Liver at Different Ages. The expression of CYP2E1 at the levels of
mRNA, protein, and enzyme activity was also measured in this study.
For the basal mRNA expression of CYP2E1, slightly higher expression
was found in the mice at day 22 and a dramatically elevated level was
seen in the mice at day 60 with 4-fold higher than the mice at day 10
(Fig. 5A). Generally, APAP treatment decreased the mRNA expression
of CYP2E1 at all ages. The mice at day 10 treated with 400 mg/kg APAP
had a significantly lower mRNA expression of CYP2E1, whereas only
lower doses of APAP treatment (200 and 300 mg/kg) decreased the
mRNA expression of CYP2E1 in the mice at day 60 (Fig. 5A). However,
APAP treatment at each dose repressed themRNA expression of CYP2E1
in the mice at day 22 compared with the age-matched controls (Fig. 5A).
The relative protein levels of CYP2E1 were measured in control

(0 mg/kg) and APAP-treated (400 mg/kg) mice at each age (n5 3 to 4).

Similar to the basal mRNA expression of CYP2E1, the protein levels
were also higher in the mice at days 22 and 60 than day 10 (Fig. 5B).
Consistent with the decreased mRNA expression of CYP2E1 by APAP
treatment, reduced protein expression of CYP2E1 was also observed in
the mice at day 22 (Fig. 5B). Moreover, significantly lower protein
expression of CYP2E1 was found in the mice at day 60 treated with
APAP compared with the age-matched controls (Fig. 5B).
The enzyme activity of CYP2E1 was determined by an UPLC-

QTOFMS method using the formation rates of 6-OH-CHZ in liver S9
samples from the control and APAP-treated mice at 400 mg/kg (n5 4).
Consistent with the basal mRNA and protein expression of CYP2E1, the
enzyme activity was also higher in the mice at days 22 and 60 compared
with the mice at day 10 (Fig. 5C). A trend of decrease of enzyme activity
of CYP2E1 was found in the mice at days 22 and 60 treated with
400 mg/kg APAP compared with age-matched controls (Fig. 5C).
Overall, APAP treatment reduced the expression of CYP2E1 at the

levels of mRNA, protein, and enzyme activity at each age.
Effects of AILI on Expression and Activity of CYP3A11 in

Mouse Liver at Different Ages. The basal expression of CYP3A11 at
mRNA level was higher in the older mice at days 22 and 60 with a 2- and
8-fold increase, respectively, than the mice at day 10 (Fig. 6A). This is
reflective to a normal ontogenic expression pattern for CYP3A11 during
postnatal liver maturation. In general, APAP treatment resulted in
decreased mRNA expression of CYP3A11, which was correlated with
the severity degree of tissue injury. In the mice at day 10, CYP3A11
mRNA expression was decreased only in the 400 mg/kg APAP-treated
mice (Fig. 6A). In the mice at day 22, CYP3A11 mRNA levels were

Fig. 1. Impact of APAP treatment on liver
injury in male mice at different ages. Male mice
at different ages (postnatal day 10, 22, or 60)
were treated with APAP at a series of doses (0,
200, 300, or 400 mg/kg). Blood samples and
liver tissues were collected at 24 hours after the
treatment. (A) Left panel: plasma ALT activ-
ities; right panel: grades of liver injury defined
based on ALT levels. (B) Left panel: plasma
AST activities; right panel: grades of liver
injury defined based on AST levels. (C) Left
panel: representative images of liver sections
stained with H&E from mice treated with
400 mg/kg APAP and age-matched controls
(0 mg/kg); right panel: grades of liver injury
defined based on Ishak scores. Scale bar, 100
mm. Data are shown as means 6 S.D. (n 5
4–6) and analyzed by one-way ANOVA with
Dunnett’s post hoc test. *P , 0.05; ***P ,
0.001 vs. age-matched controls.
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decreased in all APAP-treated mice compared with the controls, but by
less than 2-fold. In the mice at day 60, CYP3A11 mRNA decreased
more than 2-fold in all APAP-treated mice compared with the controls,
which is correlated to the AILI severity.
The relative protein levels of CYP3A11 were measured in control

(0 mg/kg) and APAP-treated (400 mg/kg) mice at each age (n5 3 to 4).

Consistent with higher basal mRNA expression of CYP3A11 in themice
at days 22 and 60, the protein expression of CYP3A11was also higher in
the mice at days 22 and 60 compared with day 10 (Fig. 6B). Similar to
the effect of APAP on the mRNA expression of CYP3A11, the APAP
treatment also resulted in a significantly decreased protein expression of
CYP3A11 in the mice at days 22 and 60. Especially, the protein level of
CYP3A11 in the mice at day 60 with APAP treatment was decreased to
a similar level as the controls at day 10 (Fig. 6B).

Fig. 2. Effects of APAP treatment on the expression of CYP1A2. Male mice at
different ages (postnatal day 10, 22, or 60) were treated with APAP at a series of
doses (0, 200, 300, or 400 mg/kg). Liver tissues were collected at 24 hours after the
treatment. (A) Hepatic mRNA expression of CYP1A2 (n 5 4–6). The fold changes
of relative mRNA expression compared with the control mice at day 10 were
calculated using the 22ΔΔt method after normalization with GAPDH. (B) The protein
expression of CYP1A2 in liver microsomes from the mice treated with 0 or
400 mg/kg APAP (n 5 3 to 4). The relative protein expression of CYP1A2 was
determined by LC-MS/MS with normalization to external added BSA. (C) Enzyme
activity of CYP1A2 in liver S9 fractions of mice treated with 0 or 400 mg/kg APAP
(n 5 4). Formation rates of 7-ethoxy-RSF to RSF were determined by UPLC-
QTOFMS. Data are presented as means 6 S.D. Statistical significance was
determined by one-way ANOVA with Dunnett’s post hoc test. *P , 0.05; **P ,
0.01; ***P , 0.001 vs. age-matched controls; ###P , 0.001 vs. 0 mg/kg APAP
treatment at day 10.

Fig. 3. Effects of APAP treatment on the expression and activity of CYP2B10.
Male mice at different ages (postnatal day 10, 22, or 60) were treated with APAP at
a series of doses (0, 200, 300, or 400 mg/kg). Liver tissues were collected at 24
hours after the treatment. (A) Hepatic mRNA expression of CYP2B10 (n 5 4–6).
The fold changes of relative mRNA expression compared with the control mice at
day 10 were calculated using the 22ΔΔt method after normalization with GAPDH.
(B) The protein expression of CYP2B10 in liver microsomes from the mice treated
with 0 or 400 mg/kg APAP (n 5 3 to 4). The relative protein expression of
CYP2B10 was determined by LC-MS/MS with normalization to external added
BSA. (C) Enzyme activity of CYP2B10 in liver S9 fractions of mice treated with
0 or 400 mg/kg APAP (n 5 4). Formation rates of 8-OH-EFV were determined by
UPLC-QTOFMS. Data are presented as means 6 S.D. Statistical significance was
determined by one-way ANOVA with Dunnett’s post hoc test. *P , 0.05; **P ,
0.01; ***P , 0.001 vs. age-matched controls; #P , 0.05; ##P , 0.01; ###P , 0.001
vs. 0 mg/kg APAP treatment at day 10.
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The enzyme activity of CYP3A11 was determined by an UPLC-
QTOFMS method using the formation rates of 1-OH-MDZ in liver S9
samples from the control and APAP-treated mice at 400 mg/kg (n5 4).
Consistent with the mRNA and protein expression of CYP3A11, the
basal enzyme activity of CYP3A11 was increased with age and
decreased by APAP treatment (Fig. 6C).
Overall,APAP treatment reduced the expressionofCYP3A11at the levels of

mRNA, protein, and enzyme activity at each age in a dose-dependent manner.

Impact on APAP Treatment in Mice by Sex. We then investigated
whether sex affected the severity of AILI and the consequence of AILI
on the expression of P450s. In this study, both male and female mice at
day 60 were used, and the mRNA expression of CYP3A11 was
determined.
As seen in Fig. 7, APAP treatment significantly increased the levels of

ALT and AST in both sexes, indicating that AILI occurred. After

Fig. 4. Effects of APAP treatment on the expression and activity of CYP2C29. Male
mice at different ages (postnatal day 10, 22, or 60) were treated with APAP at a series
of doses (0, 200, 300, or 400 mg/kg). Liver tissues were collected at 24 hours after the
treatment. (A) Hepatic mRNA expression of CYP2C29 (n5 4–6). The fold changes of
relative mRNA expression compared with the control mice at day 10 were calculated
using the 22ΔΔt method after normalization with GAPDH. (B) The protein expression
of CYP2C29 in liver microsomes from the mice treated with 0 or 400 mg/kg APAP
(n 5 3 to 4). The relative protein expression of CYP2C29 was determined by LC-MS/
MS with normalization to external added BSA. (C) Enzyme activity of CYP2C29 in
liver S9 fractions of mice treated with 0 or 400 mg/kg APAP (n 5 4). Formation rates
of demethyl-RSG were determined by UPLC-QTOFMS. Data are presented as means
6 S.D. Statistical significance was determined by one-way ANOVA with Dunnett’s
post hoc test. *P , 0.05; **P , 0.01; ***P , 0.001 vs. age-matched controls; #P ,
0.05; ###P , 0.001 vs. 0 mg/kg APAP treatment at day 10.

Fig. 5. Effects of APAP treatment on the expression and activity of CYP2E1. Male
mice at different ages (postnatal day 10, 22, or 60) were treated with APAP at
a series of doses (0, 200, 300, or 400 mg/kg). Liver tissues were collected at 24
hours after the treatment. (A) Hepatic mRNA expression of CYP2E1 (n5 4–6). The
fold changes of relative mRNA expression compared with the control mice at day 10
were calculated using the 22ΔΔt method after normalization with GAPDH. (B) The
protein expression of CYP2E1 in liver microsomes from the mice treated with 0 or
400 mg/kg APAP (n 5 3 to 4). The relative protein expression of CYP2E1 was
determined by LC-MS/MS with normalization to external added BSA. (C) Enzyme
activity of CYP2E1 in liver S9 fractions of mice treated with 0 or 400 mg/kg APAP
(n 5 4). Formation rates of 6-OH-CHZ were determined by UPLC-QTOFMS. Data
are presented as means 6 S.D. Statistical significance was determined by one-way
ANOVA with Dunnett’s post hoc test. *P , 0.05; **P , 0.01; ***P , 0.001 vs.
age-matched controls; #P , 0.05; ##P , 0.01; ###P , 0.001 vs. 0 mg/kg APAP
treatment at day 10.
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treatment with the same doses of APAP, alteration magnitudes of ALT
and AST changes were greater in the males than females. Consistent
with grading of liver injury based on ALT or AST levels, H&E staining
results showed more severe injury induced by 400 mg/kg APAP in male
mice than in female mice (Fig. 7C).
The expression of mRNA level of CYP3A11 was compared to their

sex-match controls (Fig. 7D). Accompanied with AILI, the hepatic
mRNA expression of CYP3A11 was decreased in both males and

females. The same doses of APAP treatment resulted in lower mRNA
expression in males than in females. After the same doses of APAP
treatment, the mRNA expression of CYP3A11 in the male mice, which
had more severe liver injury, was decreased even more than that in
female mice.
Overall, APAP treatment led to severe liver injury and lower mRNA

expression of CYP3A11 in male more than in female mice.

Discussion

The current study confirmed the role of ontogeny of P450s in the
severity of AILI at different ages and investigated the age-dependent
differences on the consequences of AILI on the hepatic expression and
activities of P450s in mice. In this study, the mice at day 10, which had
lower basal expression levels of P450s, were observed to be less
susceptible to AILI in comparison with the mice at days 22 and 60.
CYP1A2, 2B10, 2C29, 2E1, and 3A11 were selected because they are
the major P450s in mice correlated to the human P450s responsible for
drug metabolism. Decreased expression levels of P450s (except
CYP2B10) by AILI were also observed in mice at different ages.
Susceptibility to APAP toxicity has been studied in various species

(McGill et al., 2012; Jaeschke et al., 2014). Mice are more vulnerable to
AILI compared with rats (McGill et al., 2012). Importantly, mice are
identified as a more clinically relevant model of AILI than rats because
of similar mechanisms of toxicity, including severe mitochondrial
dysfunction accompanied by high oxidative stress, in mice and humans
(Jaeschke et al., 2014). In addition, cell models are not suitable to study
age-related effects. Thus, it is reasonable to use the mouse model in the
present study. In this study, mice at days 10, 22, and 60 were selected to
mimic the stages of infant, child, and adult in humans, respectively,
based on our previous studies related to the ontogenic expression of
P450s (Hart et al., 2009; Peng et al., 2012).
Intensity of liver injury is dose-dependent (Jaeschke, 2015). Gener-

ally, the doses of 200–500 mg/kg APAP are used to treat adult mice to
cause AILI (Harrill et al., 2009; Imaeda et al., 2009). In this study, three
doses of APAP (200, 300, and 400 mg/kg) were selected based on
previous studies. The results of ALT andAST levels in plasma as well as
H&E staining confirmed an injury of liver in adult mice as expected.
Mice at younger ages were reported to be more resistant to AILI
(Adamson et al., 1991). In the present study, the resistance to AILI in the
mice at the infant age was further confirmed. For details, the treatment
with APAP at 200, 300, and 400 mg/kg did not induce liver injury in the
mice at day 10, whereas the same doses of APAP caused mild to severe
liver injury in the mice at day 22 and severe to life threatening liver
injury in the mice at day 60. Consistent with literature, lower expression
levels of selected P450s were observed in the liver of mice at younger
ages in the current study. The resistance to AILI in the mice at day 10 is
partly due to the lower activities of CYP1A2, 2E1, and 3A11, which are
responsible for metabolism of APAP to a toxic metabolite NAPQI. The
differences in the capability of metabolism of APAP in themice between
days 10 and 60 have been confirmed by a lower rate of in vitro
metabolism of APAP by microsomal proteins from the mice at day 10
compared with the mice at day 60 (Supplemental Fig. 1).
Previous studies have reported altered expression of P450s by APAP

treatment at subtoxic doses and overdoses (Gill et al., 2017; Jeong et al.,
2019; Ohtsuki et al., 2019). However, contradictory results were
observed in these studies. The influence of APAP treatment at infant
age on the expression of P450s is also unclear. In HepaRG cells, a high
concentration of APAP was found to down-regulate the mRNA
expression of CYP1A2, 2E1, and 3A4 (Gill et al., 2017), whereas, in
in vivo studies, treatment of mice with 300 mg/kg APAP increased the
expression of CYP1A2 (Chowdhary et al., 2017). In the present study,

Fig. 6. Effects of APAP treatment on the expression and activity of CYP3A11.
Male mice at different ages (postnatal day 10, 22, or 60) were treated with APAP at
a series of doses (0, 200, 300, or 400 mg/kg). Liver tissues were collected at 24
hours after the treatment. (A) Hepatic mRNA expression of CYP3A11 (n 5 4–6).
The fold changes of relative mRNA expression compared with the control mice at
day 10 were calculated using the 22ΔΔt method after normalization with GAPDH.
(B) The protein expression of CYP3A11 in liver microsomes from the mice treated
with 0 or 400 mg/kg APAP (n 5 3 to 4). The relative protein expression of
CYP3A11 was determined by LC-MS/MS with normalization to external added
BSA. (C) Enzyme activity of CYP3A11 in liver S9 fractions of mice treated with
0 or 400 mg/kg APAP (n 5 4). Formation rates of 1-OH-MDZ were determined by
UPLC-QTOFMS. Data are presented as means 6 S.D. *P , 0.05; ***P , 0.001
vs. age-matched controls; ##P , 0.01; ###P , 0.001 vs. 0 mg/kg APAP treatment at
day 10.
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lower expression levels of CYP1A2, 2C29, 2E1, and 3A11 were seen in
the mice with AILI at days 22 and 60, which is consistent with the
previous in vitro study. A subtoxic dose of APAP was found to elevate
the expression of hepatic CYP2E1 and CYP3A proteins in adult rats
(Kim et al., 2007). However, in the current study, APAP-treated mice at
day 10 had decreased expression of all selected P450s although no liver
injury was evident. This may be due to different species as well as
different ages of rodents used. In the previous study, adult rats were used

to investigate the impact of subtoxic doses of APAP, whereas infant
mice groups were selected as no liver injury was induced by APAP.
Importantly, the present results were consistent with the study in
HepaRG cells, which is a good in vitro model to mimic the APAP
treatment in humans (McGill et al., 2011; Xie et al., 2015).
In addition, differences in susceptibility to APAP and its consequence

on P450 expression were investigated in different sexes in the current
study. APAP treatment at three doses elevated the ALT and AST levels

Fig. 7. Sex differential impacts of APAP
treatment on mouse liver. Both male and female
mice at day 60 after birth were treated with
different doses of APAP (0, 200, 300, or
400 mg/kg). Blood and liver tissues were
collected at 24 hours after the treatment. (A)
Left panel: plasma ALT activities; right panel:
grades of liver injury defined based on ALT
levels. (B) Left panel: plasma AST activities;
right panel: grades of liver injury defined based
on AST levels. (C) Upper panel: representative
images of liver sections stained with H&E from
mice treated with 400 mg/kg APAP and sex-
matched controls (0 mg/kg); lower panel:
grades of liver injury defined based on Ishak
scores. Scale bar, 100 mm. (D) The fold
changes of relative CYP3A11 mRNA expres-
sion compared with the sex-matched controls
calculated using the 22ΔΔt method after nor-
malization with GAPDH. Data are presented as
means 6 S.D. *P , 0.05; **P , 0.01;***P ,
0.001 vs. sex-matched controls.
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in both male and female mice (Fig. 7, A and B). Liver injury was also
confirmed byH&E staining, and severe injury was seen in all the APAP-
treated mice (Fig. 7C). Compared with male mice, lower levels of ALT
and AST as well as relatively less severe injury were found in female
mice treated with the same doses of APAP, indicating that male mice are
more vulnerable to AILI than female mice. This finding is consistent
with previous studies (Du et al., 2014).
Although the mechanisms of AILI have been well established, the

underlying mechanism of altered expression of P450s by APAP
treatment has not been elucidated. Events involved in the regulation of
P450s may play roles in the altered expression of P450s by APAP. For
instance, necrosis causing cell mass loss may be responsible for the
decrease of P450 expression. In AILI, necrosis mainly happened around
a central vein area of the liver, where P450s are primarily expressed
(Kietzmann, 2017; Kitaoka et al., 2018). Further immunostaining
experiment may be required to test the zonation changes of P450s with
APAP treatment. In addition, endoplasmic reticulum stress (Nagy et al.,
2007), which activates gene expression in AILI, represses the expression
of CYP3A4 in HepG2 cells (Vachirayonsti et al., 2015). Treatment with
interleukin-6 has a similar effect, indicating the potential relationship
between inflammation and P450 expression. Further knock-in and
knock-down experiments may need to investigate the signaling path-
ways involved. Recent research demonstrated that microRNAs (miR-
NAs) may contribute to the altered expression of P450s in AILI.
Elevated expression of miRNAs, e.g., miR-122-5p and miR-378a-5p, in
AILI contributed to altered expression of CYP1A2, 2E1, and 3A4 in
HepRG2 cells (Gill et al., 2017). Knockdown of long noncoding RNAs
HNF1a-AS1 and HNF4a-AS1 alters susceptibility to APAP-induced
cytotoxicity in HepaRG cells (Chen et al., 2020). The roles of noncoding
RNAs (including miRNAs and long noncoding RNAs) in the alterations
of P450 expression by APAP should be investigated in future studies. In
addition to APAP, many other drugs can result in DILI by various
mechanisms. Impact on P450 expression by DILI should be studied with
more drugs than APAP.
Currently, there is no discussion in the clinical setting on how to

handle coadministered drugs in patients who experience AILI. Very
likely, the current practice is to stop all drugs when AILI happens.
However, such a decision is not based on sound science but instead on
a logical concern by clinicians that patients with liver injurymay have an
altered capacity to metabolize drugs. Many patients with AILI may have
chronic conditions, such as diabetes, hypertension, hyperlipidemia, and
depression, under control by multiple medications. P450s play an
important role in metabolism of drugs to treat many chronic diseases.
Management of these diseases requires a long period of treatment with
medications, even the lifetime. Understanding how expression and
activities of the P450s are altered under an AILI condition is clinically
critical. The data in this manuscript may stimulate more studies on how
to make evidence-based decisions on dosage of drugs in management of
various conditions in patients who experience AILI.
In conclusion, the present study indicates that adult mice are more

vulnerable to AILI compared with infant mice, which may be due to the
higher expression levels of P450s at the adult age. It is also demonstrated
that AILI results in reduced expression of P450s (except CYP2B10) in
mice, which may influence the metabolism and toxicity of drugs that are
substrates for these enzymes when coadministered with APAP.
Moreover, male mice are more susceptible to AILI than female mice.
Further studies are needed to explore the underlying mechanisms of
reduction of P450s by AILI.
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Supplemental Fig. S1. Metabolism rate of APAP by liver microsomes isolated from

mouse livers at day 10 and 60. Metabolism rate of APAP was determined by HPLC-UV (n

= 3). Data were presented as mean ± SD, **p<0.01.
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Supplemental Fig. S2. Effects of APAP-treatment on the quantification of proteins.

Male mice at different ages (postnatal day 10, 22, or 60) were treated with APAP at 0 or

400 mg/kg. Liver tissues were collected at 24 hrs after the treatment. (A) Total amount of

proteins per gram liver with 0 or 400 mg/kg APAP treatment (n = 3). Total amount of

proteins was determined by a Qubit Protein Assay Kit. (B) Microsomal proteins in the mice

with 0 or 400 mg/kg APAP treatment (n = 3). Amount of microsomal proteins per gram liver

was determined by a Qubit Protein Assay Kit. (C) The hepatic expression of GAPDH

protein in the mice with 0 or 400 mg/kg APAP treatment (n = 3-4). The protein expression

of GAPDH was determined by LCT-MS with normalization to external added BSA. Data

were presented as mean ± SD.


