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ABSTRACT

Acetaminophen (APAP)-induced liver injury (AILI) is the leading
cause of acute liver failure in the United States, but its impact on
metabolism, therapeutic efficacy, and adverse drug reactions
(ADRs) of co- and/or subsequent administered drugs are not fully
investigated. The current work explored this field with a focus on
the AILI-mediated alterations of cytochrome P450–mediated drug
metabolism. Various levels of liver injury were induced in mice by
treatment with APAP at 0, 200, 400, and 600 mg/kg. Severity of liver
damage was determined at 24, 48, 72, and 96 hours by plasma lev-
els of alanine aminotransferase (ALT), aspartate aminotransferase
(AST), microRNA miR122, and tissue staining. The expression and
activities of CYP3A11, 1A2, 2B10, 2C29, and 2E1 were measured.
Sedation efficacy and ADRs of midazolam, a CYP3A substrate,
were monitored after APAP treatment. ALT, AST, and miR122
increased at 24 hours after APAP treatment with all APAP doses,
whereas only groups treated with 200 and 400 mg/kg recovered
back to normal levels at 72 and 96 hours. The expression and activ-
ity of the cytochromes P450 significantly decreased at 24 hours

with all APAP doses but only recovered back to normal at 72 and 96
hours with 200 and 400, but not 600, mg/kg of APAP. The altera-
tions of cytochrome P450 activities resulted in altered sedation effi-
cacy and ADRs of midazolam, which were corrected by dose
justification of midazolam. Overall, this work illustrated a low cyto-
chrome P450 expression window after AILI, which can decrease
drugmetabolism and negatively impact drug efficacy and ADRs.

SIGNIFICANCE STATEMENT

The data generated in the mouse model demonstrated that expres-
sion and activities of cytochrome P450 enzymes and correlated
drug efficacy and ADRs are altered during the time course of liver
repair and regeneration after liver is injured by treatment with
APAP. Dose justifications based on predicted changes of cyto-
chrome P450 activities can achieve desired therapeutic efficacy
and avoid ADRs. The generated data provide fundamental knowl-
edge for translational research to drug treatment for patients dur-
ing liver recovery and regeneration who have experienced AILI.

Introduction

Acetaminophen (APAP)-induced liver injury (AILI) is a widely
impacting health issue in the United States. Overdose of APAP is

responsible for nearly 50% of all acute liver failure cases in the United
States (Bernal et al., 2010). AILI is also associated with more than
78,000 emergency visits, 33,000 hospitalizations, and around 500 deaths
each year in the United States (Manthripragada et al., 2011; Blieden et
al., 2014).
Fortunately, the majority of patients with AILI experience a full recov-

ery process. Accumulated studies indicate that complete recovery from
AILI takes more than 2 weeks; therefore, treatment of chronic comorbid-
ities must continue until full recovery is achieved. Clinical manifestation
of AILI includes four stages. Stages I and II are latent periods, happening
at 8–12 and 12–72 hours, respectively. These periods are featured by
nonspecific symptoms and initial increases of biomarkers for AILI,
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including plasma levels of alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) (Bunchorntavakul and Reddy, 2013). Stage III
occurs between 72 and 96 hours after toxic APAP ingestion and is char-
acterized by vomiting and symptoms of liver failure. Plasma biomarkers
of AILI also reach peak values at this stage (Singer et al., 1995; Bun-
chorntavakul and Reddy, 2013). Stage IV occurs 5 days after APAP poi-
soning (Yoon et al., 2016). Biomarkers of AILI drop back to normal for
patients without liver failure. Depending on the dose of APAP, stage
IV can last between 14 and 28 days (Watkins et al., 2006; Bun-
chorntavakul and Reddy, 2013). The duration of recovery of AILI
makes coadministration of drugs for controlling pre-existing
chronic diseases, such as diabetes, hypertension, and depression,
unavoidable. However, the alterations in efficacy and occurrence of
adverse drug reactions (ADRs) by drug treatment of pre-existing
conditions during recovery from AILI are not fully known.
One of the major factors causing alterations of efficacy and ADRs is

the expression and activities of drug-metabolizing enzymes, including
cytochromes P450. Cytochromes P450 are the major drug-metabolizing
enzymes in liver, intestine, and kidney, responsible for metabolizing
over 60% of prescription drugs. Decreases of cytochrome P450 func-
tions can lead to lower plasma concentrations of active metabolites or
accumulation of parental drugs, which therefore contributes to either
reduced drug efficacy or increased ADRs. For example, midazolam
(MDZ), a widely used anesthetic drug, is metabolized by CYP3A4.
Therefore, decreased CYP3A4 expression and function will result in
increased length of anesthesia and greater risk of ADRs, including renal
or hepatic dysfunction, respiratory depression, and even death (Nordt
and Clark, 1997). As a result, dose adjustment is needed to achieve opti-
mized anesthesia time and avoid ADRs. A previous study observed
immediate decreases of cytochromes P450 by AILI in a dose-dependent
manner in mice (Bao et al., 2020). However, how cytochrome
P450–mediated drug metabolism is altered during recovery from AILI
is not clear. The current study examined alterations of expression and
enzyme activities of several cytochromes P450, including CYP3A11,
1A2, 2B10, 2C29, and 2E1, in mouse liver during the whole recovery
process of AILI induced by different doses of APAP. Efficacy of anes-
thesia and ADRs of MDZ were also examined.
Because of the impact of cytochromes P450 on drug efficacy and

ADR risk, biomarkers for predicting alterations of cytochromes P450
during the recovery process of AILI are required to further guidance in
dose adjustment recommendation in the clinic. Considering that the
majority of hepatocyte loss by AILI is confined primarily to zone 3,
where high levels of cytochrome P450 expression is localized, we also
investigated whether biomarkers of AILI can help predict the magnitude
of alterations in cytochrome P450–mediated drug metabolism during
the recovery process. For this purpose, we examined traditional bio-
markers, such as plasma levels of ALT and AST, and the novel bio-
marker miR122 (Wang et al., 2009; Park et al., 2016; Thulin et al.,
2017). Correlations between hepatic expression and activities of cyto-
chromes P450 and plasma levels of ALT, AST, and miR122 in mice
were determined in all liver and blood samples.
Complex regulation networks during liver regeneration are involved in

the regulation of cytochromes P450, one of the important categories of
which is long noncoding RNAs (lncRNAs). Hepatocyte nuclear factor 1a
antisense RNA 1 (HNF1A-AS1) is a lncRNA mainly expressed in the
gastrointestinal tract, including liver, intestine, and stomach (Chen et al.,
2020a). HNF1A-AS1 is involved in the regulatory network of cyto-
chromes P450 (Chen et al., 2018) and contributes to susceptibility to
APAP-induced cytotoxicity in HepaRG cells (Chen et al., 2020b). More-
over, a role for HNF1A-AS1 is also found in promoting hepatocellular
carcinoma cell proliferation (Wang et al., 2017). Therefore, HNF1A-AS1
might have a potential role in the regulation of cytochromes P450 during

AILI recovery. In this experiment, the expression of mouse homologous
lncRNA HNF1AOS1 during initiation and recovery of AILI and its cor-
relations with cytochromes P450 were determined.

Materials and Methods

Chemicals and Reagents. PBS, MDZ, resorufin (RSF), and APAP 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, 7-ethoxyresorufin, chlorzoxazone (CHZ), and 6-OH-CHZ were
obtained from Cayman Chemical (Ann Arbor, MI).

Animals and Drug Treatment. C57BL/6J mice were obtained from Jack-
son Laboratory (Bar Harbor, ME). Mice were housed in compliance with the ani-
mal 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. Given the fact that male mice are more sus-
ceptible to AILI than female mice (Dai et al., 2006), male mice were used to
investigate the role of dose selection in AILI in the current study. In brief, 8-
week-old male mice were intraperitoneally administered with a single dose of
APAP (200, 400, or 600 mg/kg) or PBS (vehicle control). Before dosing, mice
were fasted for 16 hours, with fasting lasting for 24 hours, while maintaining
free access to water to avoid food-induced changes in liver genes (Gavito et al.,
2016). Mice were sacrificed at 24, 48, 72 or 96 hours after APAP treatment to
collect blood and liver samples. A part of the liver was fixed with 10% formalin
buffer for histopathological analysis. Remaining other liver tissues were snap fro-
zen in liquid nitrogen and then stored at �80�C for further analysis of expression
and activities of cytochromes P450.

Plasma Levels of ALT and AST. Plasma levels of ALT and AST were
measured as biomarkers of hepatocellular injury with a previously described
method (Bao et al., 2020).

Plasma Levels of miR122. Total RNA from plasma was isolated by using
the miRNeasy kit (Qiagen) with minor modifications. In brief, 700 ml of QIAzol
reagent was added to 200 ml of plasma sample. The sample was mixed in a tube,
followed by adding 3 ml of internal control miRNA, at a concentration of 0.1
mM (Qiagen) and 140 ml of chloroform. After mixing vigorously for 15 seconds,
the sample was then centrifuged at 12,000g for 15 minutes. The upper aqueous
phase was carefully transferred to a new collection tube, and 1.5 vol of ethanol
was added. The sample was then applied directly to a silica membrane–contain-
ing column, and the RNA was bound and cleaned by using buffers provided by
the manufacturer to remove impurities. The immobilized RNA was then col-
lected from the membrane with buffer. The quality and quantity of the RNA was
evaluated by 260/280 ratio using an Agilent 2200 Tape Station from Agilent
Technologies (Santa Clara, CA). The efficiency of small RNA isolation is moni-
tored by the amount of spiked-in miRNA cel-mir-39 recovered by PCR with
TaqMan probe (Applied Biosystems, CA). The RNA was reverse-transcribed
with a TaqMan MicroRNA Reverse Transcription Kit (Life Technologies, Guil-
ford, CT), and the level of miR122 was evaluated by real-time PCR (RT-PCR)
with TaqMan probes (Applied Biosystems, CA).

Liver Tissue Histology by 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/). Pictures were taken by
a phase-contrast microscope with a 40� objective lens. The scale bars were
added by ImageJ software.

Quantification of Expression Levels of Cytochrome P450 mRNAs and
HNF1AOS1 by RT-PCR. Total RNAs were isolated from frozen liver tissues
using a TRIzol reagent (Life Technologies, Guilford,CT) according to the manu-
facturer’s protocol. RNA concentrations were measured by a NanoDrop spectro-
photometer from NanoDrop Technologies (Wilmington, DE) at 260 nm, and
RNA integrity was evaluated using an Agilent 2200 Tape Station from Agilent
Technologies (Santa Clara, CA). To obtain cDNAs, 1 mg of total RNAs was
reversely transcribed to cDNAs using an iScript cDNA Synthesis kit from Bio-
Rad Laboratories (Hercules, CA). RT-PCR reactions were performed using a
CFX96 Real-Time System from Bio-Rad Laboratories (Hercules, CA) with iTaq
Universal SYBR Green Supermix from Bio-Rad (Hercules, CA) and primers for
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glyceraldehyde-3-phosphate dehydrogenase (GAPDH), CYP1A2, 2B10, 2C29,
2E1, 3A11, and HNF1AOS1 from Integrated DNA Technologies, Inc. (Coral-
ville, IA). The primer sequences for RT-PCR are listed in Table 1. Fold changes
of RNA expression in the APAP-treated group compared with the PBS control
at each age were calculated using the 2�DDCt method with an internal normaliza-
tion to GAPDH. The values were calculated for Log2(fold change).

Quantification of Cytochrome P450 Enzyme Activities by Mass Spec-
trometry. S9 fractions of liver tissues were isolated by centrifugation with a pre-
viously described method (Piekos et al., 2018). To determine the enzyme
activities of CYP3A11, 1A2, 2B10, 2C29, and 2E1, the reaction rates of MDZ to
1-OH-MDZ, RSF to 7-ethoxyresorufin, EFV to 8-OH-EFV, RSG to demethyl-
RSG, and CHZ to 6-OH-CHZ were measured, respectively. Cytochrome P450
enzyme activities in the S9 fractions were determined by ultraperformance liquid
chromatography–quadrupole time of flight mass spectrometry (UPLC-QTOFMS)
as previously described (Tien et al., 2015).

Efficacy of MDZ for Sedation Time Measured by Loss of Righting
Effect. At 24 and 48 hours after APAP treatment, MDZ at different doses was
given to mice via intraperitoneal injection. Upon injection, mice were placed on
their backs carefully and recorded as sedated if they failed to completely right
themselves within 30 seconds. The time an animal fails to right itself is recorded
as onset time. Animals were put on their backs every minute. The first time that
an animal succeeds to right itself within 30 seconds was recorded as an awake
time. The time between onset and awake time was measured as a sedation time.

Statistics. The data were presented as means ± S.D. Statistical analysis was
performed by one-way ANOVA with the Dunnett’s post hoc test using the
GraphPad Prism 7 software program from GraphPad Software, Ln. (La Jolla,
CA). A value of P < 0.05 was considered to be statistically significant. Correla-
tions were also analyzed by Pearson correlation coefficients using GraphPad
Prism 7 software program from GraphPad Software, Ln. (La Jolla, CA). A value
of P < 0.05 was considered to be statistically significant.

Result

Liver Injury, Repair, and Regeneration after Treatment of
APAP with Different Doses. The different doses of APAP selected
are known to produce liver injury of various grades, from mild but recov-
erable (200 mg/kg APAP), severe and also recoverable (400 mg/kg
APAP), to life-threatening and unrecoverable damage (600 mg/kg
APAP). Elevated levels of plasma ALT and AST enzyme activities were
used to evaluate various grades of liver injury caused by different doses
of APAP. Liver injury grades from 0 to 4 were assigned based on fold
increases of ALT and AST in comparison with the upper limit of normal
level (UNL), as described in a previous publication (Bao et al., 2020).
Plasma ALT levels reflected various grades of liver injury caused by

different doses of APAP and recovery capability within 96 hours after
APAP treatment. All control groups at different time points had ALT
values within the normal range (approximately 50 U/l; Fig. 1A, blue
line). When mice were treated with 200 mg/kg APAP (Fig. 1A, green

line), the ALT levels reached 7.3- (687.0 U/l, grade 3), 4.3- (201.9 U/l,
grade 2), 0.4- (35.6 U/l, grade 0), and 0.3-fold (23.7 U/l, grade 0) higher
values than the UNL of 94 U/l after 24, 48, 72, or 96 hours, respec-
tively. In mice treated with a single dose of 400 mg/kg APAP (Fig. 1A,
red line), the ALT levels were 12.1- (1230.5 U/l, grade 4), 4.2- (400.2
U/l, grade 2), 1.6- (150.8 U/l, grade 1), or 0.3-fold (28.9 U/l, grade 0)
greater than the UNL at 24, 48, 72, or 96 hours, respectively. When
mice were treated with 600 mg/kg APAP (Fig. 1A, purple line), the
ALT levels were 12.6- (1184.3 U/l, grade 4) and 11.9-fold (1121.0 U/l,
grade 4) higher than the UNL at 24 or 48 hours, respectively. No sam-
ples from mice treated with 600 mg/kg were collected at 72 and 96
hours, because all mice at this high dose died prior to these time points.
Similar results were found in plasma AST levels. Significant and

dose-dependent increases of AST levels were also found at 24 hours
after a single dose of APAP (Fig. 1B). The AST levels of mice treated
with 200 mg/kg APAP (Fig. 1B, green line) reached 5.5- (568.7 U/l,
grade 3), 2.4- (289.6 U/l, grade 1), 0.9- (114.6 U/l, grade 0), and 0.7-
fold (90.6 U/l, grade 0) higher values than the UNL of 122 U/l after 24,
48, 72, or 96 hours, respectively. In mice treated with a single dose of
400 mg/kg APAP (Fig. 1B, red line), the AST levels were 12.1- (1220.0
U/l, grade 4), 2.7- (336.6 U/l, grade 1), 1.5- (179.0 U/l, grade 0), or 0.4-
fold (47.9 U/l, grade 0) greater than the UNL at 24, 48, 72, or 96 hours,
respectively. When mice were treated with 600 mg/kg APAP (Fig. 1B,
purple line), the AST levels were 24.6- (3000.9 U/l, grade 4) and 30.2-
fold (3696.1 U/l, grade 4) higher than the UNL at 24 or 48 hours,
respectively. Because of a 100% fatality, no samples could be collected
from mice at this dose level at either 72 or 96 hours.
Liver injury and regeneration after APAP treatment were also

reflected by alterations of serum levels of miR122. Because miR122 is
liver-specific, it becomes an emerging novel biomarker in plasma for
the early diagnosis of AILI (Jopling, 2012). Levels of miR122 were
compared with the spiked-in level of cel-39. The data were presented as
a log10 scale. Levels of miR122 were nondetectable in the control group
(Fig. 1C, blue line), presented as log10 22-fold compared with the
spiked-in cel-39. When mice were treated with a single dose of 200
mg/kg APAP (Fig. 1C, green line), the miR122 levels were 10�18.1-
and 10�19.5-fold compared with cel-39 spiked-in at 24 and 48 hours and
nondetectable after 48 hours. When mice were treated with a single
dose of 400 mg/kg APAP (Fig. 1C, red line), miR12 values were 100.6-
and 10�6.8-fold greater compare with cel-39 spiked-in at 24 and 48
hours and nondetectable after 48 hours. When mice were treated with
600 mg/kg APAP (Fig. 1C, purple line), the miR122 levels were 102.74-
and 100.95-fold compare with cel-39 spiked-in at 24 and 48 hours.
Because mice died after 48 hours with 600 mg/kg APAP treatment, no
samples could be collected for analysis past 48 hours.
The injury and recovery of liver after a single dose of APAP were also

confirmed by H&E staining of liver tissue sections. The major characteris-
tics of AILI is hepatocellular necrosis, featured as the abruption of cell
membranes and nuclei of hepatocytes around the central veins. Selected
liver tissue sections from mice in the 24, 48, 72, and 96 hours after APAP
dosing (0, 200, 400, and 600 mg/kg) were stained with H&E. Representa-
tive images from all APAP dose and time point groups and their time-
match control (PBS-treated group) are shown in Fig. 1D. No liver injury
was observed in any control group at any time point (top row). Large
injured areas around the central vein were found at 24 hours after all
APAP doses. The injured areas then gradually decreased in 200 and 400
mg/kg groups (second and third rows). At 72 and 96 hours after 200 and
400 mg/kg APAP, respectively, the area of injury completely disappeared,
indicative of full recovery. However, in mice treated with 600 mg/kg, the
injured areas did not decrease over time (bottom row). The severity of liver
injury was scored by the Ishak System following the method described in
our previous publication (Bao et al., 2020). Consistent with the ALT or

TABLE 1

Primer sequences used for RNA quantification by RT-PCR

Gene Name Primer

Cyp1a2 Forward: AGACAATGGCGGTCTCATC
Reverse: GACGGTCAGAAAGCCGTGGT

Cyp2b10 Forward: TTCTGCGCATGGAGAAGGAGAAGT
Reverse: TGAGCATGAGCAGGAAGCCATAGT

Cyp2c29 Forward: GCTCTCCTACTCCTGCTGAAGT
Reverse: ATGTGGCTCCTGTCTTGCATGC

Cyp2e1 Forward: GTCTTTAACCAAGTTGGCAA
Reverse: CCA ATC AGA AAG GTA GGG TC

Cyp3a11 Forward: GACAAACAAGCAGGGATGGAC
Reverse: CCAAGCTGATTGCTAGGAGCA

Gapdh Forward: GGTGGAGCCAAAAGGGTCAT
Reverse: GGTTCACACCCATCACAAACAT

Hnf1aos1 Forward: GCCCACTGTAGGAAACCTCC
Reverse: CGAGGGCTTTTGGAAACTGC

696 Bao et al.
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AST values, the most severe tissue injury occurred at 24 hours after APAP
treatment. After that time point, the hepatocellular necrosis areas gradually
decreased back to normal at 72 and 96 hours, respectively, in the 200 and
400 mg/kg APAP-treated groups. For instance, the Ishak scores were 5, 4,
3, and 0, respectively, at 24, 48, 72, and 96 hours in the 400 mg/kg
APAP-treated groups, suggesting extremely severe, severe, moderate, and
no liver injury at these time points, respectively. The hepatocellular necro-
sis areas were massive in the 600 mg/kg treated groups at both 24 and 48
hours. The Ishak scores were 5 for both 24 and 48 hours in the 600 mg/kg
treated groups, indicating extremely severe injury, with no possibility of
regeneration and full tissue repair. Overall, supported by the biomarkers of
ALT, AST, and miR122 as well as H&E staining of liver tissues, the
severity of liver injury was observed to reach the highest level at 24 hours
after a single dose of APAP. After this time point, mice treated with a
recoverable dose (200 and 400 mg/kg) underwent liver repair and regener-
ation, but regeneration was not observed in mice treated with a highly hep-
atotoxic dose of APAP (600 mg/kg).
Alterations of mRNA Expression and Enzyme Activity of

Cytochromes P450 in Liver and Their Correlation with Plasma
Levels of ALT, AST, and miR122 during Liver Injury, Repair,
and Regeneration Induced by APAP. Alterations of hepatic expres-
sion of CYP3A11 mRNA during APAP liver injury, repair, and

regeneration were determined by RT-PCR at 24, 48, 72, and 96 hours
after treatment with 200, 400, or 600 mg/kg APAP (Fig. 2A). mRNA
levels of CYP3A11 were significantly decreased at 24 hours in all
APAP-treated groups in comparison with control groups. In the 200 and
400 mg/kg APAP groups (green and red lines, respectively), less signifi-
cant decreases of CYP3A11 mRNA expression were found at 48 and
72 hours, and no decreases at 96 hours, compared with the time-
matched control groups. However, CYP3A11 expression was further
decreased at 48 hours in mice treated with a lethal dose of 600 mg/kg
APAP (purple line). None of the animals at the 600 mg/kg APAP dose
level survived at either 72 or 96 hours.
Alterations of hepatic activities of CYP3A11 during liver injury,

repair, and regeneration after AILI were determined at 24, 48, 72, and
96 hours after treatment with 200, 400, or 600 mg/kg APAP (Fig. 2B).
The activities of CYP3A11 were measured using a UPLC-QTOFMS–-
based method by calculating the formation rates of 1-OH-MDZ in S9
samples isolated from mouse liver in all groups. In agreement with
mRNA levels, CYP3A11 activities were significantly decreased by
APAP-induced liver injury at 24 hours. Such a decrease was lower dur-
ing tissue repair at 48 hours and absent at 72 and 96 hours in mice in
the 200 and 400 mg/kg APAP dose groups. By contrast, significant
decreases of CYP3A11 activities were observed at all time points (24

Fig. 1. Liver injury, repair, and regeneration after treatment with different doses of APAP. Adult male mice were treated with APAP at different doses (0, 200, 400,
or 600 mg/kg) (n 5 3–5). Blood samples and liver tissues were collected at different time points (0, 24, 48, 72, or 96 hours) after the APAP treatment. (A) Plasma
levels of ALT activity. (B) Plasma levels of AST activity. (C) Plasma levels of microRNA miR122. Ct values of miR122 are compared with that of spiked-in synthe-
sized cel-miR-39. Data are shown as means ± S.D. and analyzed by one-way ANOVA with the Dunnett’s post hoc test. *P < 0.05, **P < 0.01, ***P < 0.001 APAP
treatment vs. age-matched controls. (D) Representative images of liver sections stained with H&E from mice treated with 0, 200, 400, or 600 mg/kg APAP at different
time points. Arrows indicate the necrosis areas featured as the abruption of cell membranes and nuclei of hepatocytes around the central veins. Scale bar, 100 mm.
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and 48 hours) in the mice treated with 600 mg/kg APAP. A significant
Pearson correlation coefficient (r2 5 0.4445, P < 0.01) was found
between mRNAs and enzyme activities of CYP3A11 in all liver sam-
ples (Fig. 2C).
The observed alteration patterns of CYP3A11 expression (Fig. 2A)

and activities (Fig. 2B) were opposite to those observed patterns for
the plasma biomarkers ALT (Fig. 1A), AST (Fig. 1B), and miR122
(Fig. 1D) during liver injury, repair, and regeneration induced by
APAP. To study the potential relation between these biomarkers and
CYP3A11 function, correlations between hepatic mRNA levels (Fig.
2D) and enzyme activities (Fig. 2E) of CYP3A11 and plasma levels
of ALT, AST, and miR122 were evaluated using Pearson correlation
coefficients. The result indicated that the mRNA levels of CYP3A11

presented statistically significant negative correlations with the plasma
levels of ALT (r2 5 0.6852, P < 0.001), AST (r2 5 0.5041, P <

0.01), and miR122 (r2 5 0.3584, P < 0.05) (Fig. 2D). Statistically sig-
nificant negative correlations were also observed between enzyme
activities of CYP3A11 and AILI biomarkers over the injury, repair,
and recovery stages with ALT (r2 5 0.6353, P < 0.001), AST (r2 5
0.4860, P < 0.01), and miR122 (r2 5 0.6894, P < 0.001) (Fig. 2E).
Overall, significant decreases of CYP3A11 mRNA expression and

enzyme activities were observed in injured livers induced by APAP.
The magnitude of the decreases was correlated with the levels of liver
injury reflected by the plasma biomarkers of ALT, AST, and miR-122.
During the process of liver repair and regeneration, the levels of
CYP3A11 mRNA expression and enzyme activities gradually increased

Fig. 2. Levels of mRNA expression and enzyme activity of CYP3A11 and their correlations with plasma levels of ALT, AST, and miR122 during liver injury, repair,
and regeneration induced by APAP at different doses. (A) Hepatic mRNA expression of CYP3A11 at different time points (0, 24, 48, 72, or 96 hours) after APAP
treatment with different doses at 0, 200, 400, or 600 mg/kg (n 5 3–5). The fold changes of relative mRNA expression compared with the control mice at 0 hours
were calculated using the 22DDCt method after normalization with GAPDH. (B) Enzyme activity of CYP3A11 at different time points (0, 24, 48, 72, or 96 hours) in
liver S9 fraction of mice treated with 0, 200, 400, or 600 mg/kg APAP (n 5 3). The enzyme activity was determined by the formation rate of 1-hydroxymidazolam
(1-OH-MDZ) quantified by UPLC-QTOFMS. *P < 0.05, **P < 0.01, ***P < 0.001 APAP treatment vs. time-matched controls. (C) Correlation between hepatic
mRNA expression of CYP3A11 and enzyme activity of CYP3A (n 5 42). Levels of mRNA were normalized to 0 mg/kg group at 24 hours. (D) Left panel: correlation
between ALT and mRNA levels of CYP3A11 (n 5 52). Middle panel: correlation between AST and mRNA levels of CYP3A11 (n 5 52). Right panel: correlation
between miR122 and mRNA levels of CYP3A11 (n 5 18). (E) Left panel: correlation between ALT and activity levels of CYP3A11 (n 5 42). Middle panel: correla-
tion between AST and activity of CYP3A11 (n 5 42). Right panel: correlation between miR122 and activity of CYP3A11 (n 5 18).
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back to normal values. The different stages of AILI, spanning from ini-
tial injury to repair, can be predicted by the levels of plasma
biomarkers.
In addition to CYP3A11, alterations of mRNA expression and

enzyme activity of CYP1A2, 2B10, 2C29, and 2E1 were also found
during liver injury, repair, and regeneration induced by APAP, and
these alterations were similarly correlated with plasma levels of ALT,
AST, and miR122.
Hepatic mRNA levels of CYP1A2 (Supplemental Fig. 1A), 2C29

(Supplemental Fig. 2A), and 2E1 (Supplemental Fig. 3A) at 24, 48, 72,
and 96 hours after treatment with 200, 400, or 600 mg/kg APAP were
also determined by RT-PCR. At 24 hours, mRNA levels of CYP1A2,
2C29, and 2E1 were significantly decreased in APAP-treated mice com-
pared with the control group. Mice treated with 200 and 400 mg/kg
APAP (green and red lines, respectively) had less significant decreases
of mRNA levels of CYP1A2, 2C29, and 2E1 at 48 and 72 hours, with
no decreases detected at 96 hours, in comparison with the time-matched
control groups. However, at 48 hours after 600 mg/kg APAP, expres-
sion of CYP1A2, 2C29, and 2E1 was further decreased. No mice could
survive at 72 and 96 hours at this dose level.
Hepatic activity of CYP1A2 (Supplemental Fig. 1B), 2C29

(Supplemental Fig. 2B), and 2E1 (Supplemental Fig. 3B) at 24, 48, 72,
and 96 hours after treatment with 200, 400, or 600 mg/kg APAP was
also evaluated. Consistent with alterations of mRNA levels, significantly
decreased levels of CYP1A2, 2C29, and 2E1 activities were found at
24 hours after AILI, whereas less decrease was found during repair at
48 hours and no decrease at 72 or 96 hours during regeneration time in
the groups with 200 and 400 mg/kg APAP. In the mice treated with
600 mg/kg APAP, significant decreases of CYP1A2, 2C29, and 2E1
activities were also observed in all time points (24 and 48 hours). Lev-
els of mRNAs and enzyme activities of CYP1A2, 2C29, and 2E1 were
significantly correlated in all liver samples (Supplemental Figs. 1C, 2C,
and 3C).
Similar to the observed changes in CYP3A11, expression and activi-

ties of CYP1A2, 2C29, and 2E1 were opposite to levels of the plasma
biomarkers of ALT, AST, and miR122 during the liver injury, repair,
and regeneration induced by APAP. Significant negative correlations
were presented between mRNA levels of CYP1A2, 2C29, and 2E1 and
the plasma levels of ALT, AST, and miR122 (Supplemental Figs. 1D,
2D, and 3D). There were also statistically significant negative correla-
tions between the enzyme activities of CYP1A2, 2C29, and 2E1 and
the AILI biomarkers of ALT, AST, and miR122 over the injury, repair,
and recovery process (Supplemental Fig. 1E, 2E, and 3E).
In sum, significantly decreased mRNA expression and enzyme activi-

ties of CYP1A2, 2C29, and 2E1 were observed in AILI. These
decreased levels were correlated with the severity of liver injury
reflected by the plasma biomarkers, including ALT, AST, and miR-122.
The mRNA expression and enzyme activities of CYP1A2, 2C29, and
2E1 gradually increase back to normal levels during liver repair and
regeneration.
The impact of the different doses of APAP on hepatic mRNA levels

of CYP2B10 were also evaluated at 24, 48, 72, and 96 hours by RT-
PCR (Supplemental Fig. 4A). Expression of CYP2B10 mRNA was not
significantly altered in any of the APAP groups compared with the con-
trol groups. Mice treated with 200 or 600 mg/kg APAP (green and pur-
ple lines, respectively) presented a trend of decreases of CYP2B10
mRNA, but this was not statistically significant. Moreover, significantly
increased expression of CYP2B10 was observed at 72 and 96 hours
after APAP treatment.
Hepatic activities of CYP2B10 were also determined at 24, 48, 72,

and 96 hours after APAP treatment (200, 400, or 600 mg/kg) by
UPLC-QTOFMS (Supplemental Fig. 4B). Unlike mRNA levels, in the

400 mg/kg APAP group, in which liver regeneration and recovery
occurs, significant downregulation of CYP2B10 activities was found at
24 hours after AILI, whereas less decrease is found during the repair
stage at 48 hours. Decrease in CYP2B10 activity was no longer
observed 72 and 96 hours after APAP treatment. The mice treated with
600 mg/kg APAP had significant decreases of CYP2B10 activities at 24
and 48 hours. Levels of mRNAs and enzyme activities of CYP2B10
were not correlated (Pearson correlation coefficient r2 5 0.0020, P >

0.05) in all liver samples (Supplemental Fig. 4C).
Activities (Supplemental Fig. 4E), but not expression (Supplemental

Fig. 4D), of CYP2B10 were negatively correlated with levels of the
plasma biomarkers of ALT, AST, and miR122 during the stages of liver
injury, repair, and regeneration induced by APAP.
In conclusion, significantly decreased enzyme activities, but not

mRNA expression of CYP2B10, were observed in AILI. The decreased
activities of CYP2B10 were correlated with the severity of liver injury
reflected by ALT, AST, and miR-122. The enzyme activities of
CYP2B10 gradually increase back to normal levels over repair and
regeneration stages following AILI.
Impact on the Efficacy and ADRs of MDZ by AILI. To deter-

mine whether the alterations of cytochrome P450 functions during
AILI, repair, and regeneration can impact drug efficacy and risk for
ADRs, MDZ was selected as a model drug. MDZ is metabolized by
CYP3As in mice (Perloff et al., 2003); therefore, its efficacy on sedation
time should be extended and ADRs on respiration depression and risk
of death should be increased when CYP3A function is decreased. Male
adult mice were treated with either PBS or a single dose of 400 mg/kg
APAP, which results in severe liver injury at 24 hours but is resolved
after 48 hours (as shown in Fig. 1). At 24 or 48 hours after APAP treat-
ment, the mice received an injection of either 50 or a decreased dose of
40, 37.5, or 35 mg/kg MDZ. Total sedation time caused by MDZ was
evaluated by the duration of LORR (Fig. 3). In the control groups
treated with PBS after either 24 or 48 hours, an injection with a MDZ
dose at 50 mg/kg resulted in a typical LORR duration time of approxi-
mately 32 minutes (blue square in Fig. 3). By contrast, at 24 hours after
400 mg/kg APAP treatment (red triangle in Fig. 3), which produced the
most severe liver injury and significantly decreased levels of CYP3A
activities at that time point, an injection with an MDZ dose at 50 mg/kg
caused all mice to have sedation times of over 16 hours, eventually
resulting in 100% mortality rate (n 5 3). At 48 hours after the APAP
treatment (400 mg/kg also), which has been shown to be partially
recovered to certain levels of liver injury and to have lesser decreases in
CYP3A11 activities, dosing with MDZ at 50 mg/kg resulted in signifi-
cantly longer LORR duration time of approximately 120 minutes, in

Fig. 3. Impact of AILI on efficacy and ADRs of MDZ. Sedation times (h) and
risk of death were used to indicate efficacy and ADRs of MDZ. Adult male mice
were treated with 400 mg/kg APAP or control. At 24 or 48 hours after the APAP
treatment, the mice were treated with different doses of MDZ (50, 40, 37.5, or
35 mg/kg). Sedation times were examined by LORR. ***P < 0.001 APAP treat-
ment vs. time-matched controls.
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comparison with the control group with the normal LORR duration of
approximately 32 minutes. A decreased MDZ dose of 40, 37.5, and 35
mg/kg resulted in 51, 32, and 13 minutes of LORR duration time at 48
hours after 400 mg/kg APAP treatment. As a result, a decreased dose of
37.5 mg/kg administered to APAP treatment mice, based on CYP3A11
activities, led to a similar LORR duration time of around 30 minute as
non-APAP treatment control mice receiving an MDZ dose of 50 mg/kg.
These results indicate that an injured liver from toxic APAP treatment
with decreased cytochrome P450 activities has different capabilities to
metabolize drugs and can directly impact efficacy and ADRs of drugs
whose pharmacokinetics and pharmacodynamics are directly dependent
on cytochrome P450 function. Dose justification according to the mag-
nitude of altered cytochrome P450 activities could produce the same
efficacy without altering risks for ADRs.
Alterations of Expression of lncRNA HNF1AOS1 in Liver and

Its Correlation with Cytochromes P450 during Liver Injury,
Repair, and Regeneration Induced by APAP. The Hnf1aos1 is a
mouse antisense lncRNA gene located next to the transcription factor
Hnf1a gene. Its human homologous lncRNA is HNF1A-AS1, which
has been proven to be involved in a transcriptional regulatory network
for cytochrome P450 expression and function in human liver cells
(Chen et al., 2018). To evaluate its potential role in the alterations of
cytochrome P450 expression during AILI, its hepatic expression at mul-
tiple time points during injury, repair, and regeneration after AILI were
quantified by RT-PCR (Fig. 4A). Similar to the reduced expression lev-
els of cytochromes P450 induced by toxic APAP treatment, RNA levels
of HNF1AOS1 were also significantly decreased at 24 hours at all
APAP doses treated in comparison with the control group. In the groups
with 200 and 400 mg/kg APAP (green and red lines, respectively), a
less significant reduction in HNF1AOS1 expression was found at 48
hours. By 72 hours after 400 mg/kg APAP, HNF1AOS1 expression
was greater than that of control mice, whereas no differences were
detected at 96 hours among all groups of mice, except for mice in the
600 mg/Kg APAP group. HNF1AOS1 expression decreased signifi-
cantly in a time-dependent fashion. None of the mice survived beyond
the 48-hour time point (purple line).
A Pearson correlation coefficient analysis revealed statistically signif-

icant correlations between HNF1AOS1 expression in mouse liver sam-
ples and major cytochromes P450, including CYP3A11 (r2 5 0.4301,
P < 0.0001, Fig. 4B), 1A2 (r2 5 0.7186, P < 0.0001, Fig. 4C), 2C29
(r2 5 0.5349, P < 0.0001, Fig. 4D), and 2E1 (r2 5 0.2184, P < 0.001,
Fig. 4E). Such a correlation was not noted for 2B10 (r2 5 0.00004, P
5 0.8849, Fig. 4F).

Discussion

The current study aims to investigate the alterations in expression
and activities of major cytochrome P450 enzymes and associated
drug efficacy and ADRs during liver recovery and regeneration
under different intensities of liver damage by AILI. The results
indicated drug metabolism mediated by cytochromes P450 recov-
ered after AILI, and expression and activities of cytochromes P450
were also correlated with plasma levels of ALT, AST, and miR122
in mice. Major cytochromes P450 in mice corresponding to the
human forms were evaluated, including CYP1A2, 2B10, 2C29,
2E1, and 3A11. These alterations are further confirmed by the
altered efficacy of MDZ, a model drug whose efficacy is dependent
on CYP3A activities. Over the APAP liver injury initiation and
recovery process, the expression of cytochromes P450 is closely
correlated with plasma biomarkers of AILI, including ALT, AST,
and miR122. The recovery process of cytochrome P450 expression
is also closely correlated with expression of HNF1AOS1, an

lncRNA regulating expression of cytochromes P450, indicating a
potential mechanism of regulation.
In the present study, the time points of 24, 48 and 72, and 96 hours

were selected to represent days 3 to 4 (stage III), over day 5 (stage IV),
and over 2 weeks (complete recovery) in humans, respectively. In mice,
previous studies indicated that a toxic, but not lethal, dose of APAP
resulted in peak levels of ALT or AST at approximately 12–24 hours
after dosing (McGill et al., 2013; Bhushan et al., 2014). The results in
the current study confirmed the peak of ALT or AST elevation at 24
hours after treatment (Fig. 1, A and B). Clinically, peak plasma AST or
AST values are usually found at 72 to 96 hours (stage III) (Bunchornta-
vakul and Reddy, 2013; Yoon et al., 2016), which corresponds to 24
hours in mice. In mouse models, the levels of ALT and AST were
reported to drop over 48 and 72 hours after APAP dosing (Bhushan et
al., 2014; Preziosi et al., 2018), which is also supported by the data in
the present study. A similar recovery time course for ALT and AST val-
ues was also found in humans at 5 days after the final dose of APAP
(stage IV) (Bunchorntavakul and Reddy, 2013). Moreover, between 48
and 72 hours, death happened if a lethal dose is given (Bhushan et al.,
2014). These time periods in mice closely match the clinical situation at
5 days after the final APAP dose, when fatal liver failure occurs
(Braeuning, 2009). In a mouse model, complete resolution of biomarker
signals occurs at 96 hours after a nonlethal dose of APAP, whereas in
patients with AILI, such full recovery is usually observed between 14
and 28 days (Singer et al., 1995; Yoon et al., 2016), depending on the
doses of APAP. Therefore, based on the alterations of biomarkers, the
stages of recovery after AILI in mice partly mimic the pattern in
humans, and time points are selected based on these events. More stud-
ies comparing recovery progress between mice and humans, including
activation of immune cells, release of cytokines, and regeneration of
hepatocytes, will further validate the stages of recovery between mice
and humans.
The consequences of AILI on expression and activities of cyto-

chromes P450 during the recovery stages from injury were investigated
in the current study. Impact on cytochromes P450 during liver regenera-
tion was previously studied in the partial hepatectomy (PH) mouse
model (Fujino et al., 2019). However, AILI has major differences in
injury and recovery patterns compared with PH (Clemens et al., 2019),
therefore potentially giving rise to different consequences on recovery
of cytochrome P450 expression and function. In AILI, the injury hap-
pened in zone 3 hepatocytes of the acinus, where cytochromes P450 are
highly expressed (Tachikawa et al., 2018), instead of the nonzonal loss
of tissue in PH. Further, a previous study indicated that AILI repressed
the expression and activities of cytochromes P450 in an age-dependent
manner in mice (Bao et al., 2020), but the expression of cytochromes
P450 over the recovery phase was not well studied. In the present study,
we found that the recovery of cytochromes P450 has a similar time-pro-
file pattern as the regeneration of the liver. After a lethal dose of APAP
(600 mg/kg), expression and activities of cytochromes P450 failed to
recover (Fig. 2, A and B; Supplemental Figs. 1, A and B, 2, A and B,
3, A and B, and 4, A and B). After a toxic but not lethal dose (200 and
400 mg/kg), expression of cytochromes P450 recovered. CYP3A11,
1A2, and 2C29 started to recover at 24 hours (Fig. 2A; Supplemental
Figs. 1A and 2A), whereas recovery of CYP2E1 started at 48 hours
(Supplemental Fig. 3A). Complete recovery of CYP3A11 and 2C29
was found at 72–96 hours, whereas others were still abnormal at 96
hours (1A2 and 2E1). The activities of all cytochromes P450, however,
were found mostly repressed at 24 hours and completely recovered at
72 hours. The repression of cytochromes P450 was further supported by
the extended sedation time of MDZ at 24 and 48 hours (Fig. 3), a drug
whose pharmacological deactivation is dependent on CYP3A function.
The results of this study clearly show that nonlethal AILI can manifest
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in profound alterations in drug efficacy and safety. In fact, our results
also showed that a reduced dose of MDZ in mice with AILI is required
to achieve the same total sedation time as the control mice (Fig. 3) and
that the normal therapeutic dose of MDZ can be lethal at specific time
windows during development and recovery from AILI. Lastly, these

results also indicated that the repression of cytochromes P450 persists
until complete recovery from AILI is achieved.
Although intensive effort has been made to illustrate the regeneration

mechanism after AILI, the underlying mechanism of regulation of cyto-
chromes P450 during liver regeneration has not been elucidated.

Fig. 4. Alterations of haptic RNA expression of lncRNA HNF1AOS1 and its correlations with mRNA expression of cytochromes P450. Liver tissues (n 5 3–5) were
collected at different time points (0, 24, 48, 72 or 96 hours) after the treatment with different doses of APAP (0, 200, 400, or 600 mg/kg). (A) RNA levels of lncRNA
HNF1AOS1. *P < 0.05, **P < 0.01, ***P < 0.001 APAP treatment vs. time-matched controls. Pearson correlations between RNA levels of HNF1AOS1 and mRNA
levels of CYP3A11 (B), 1A2 (C), 2C29 (D), 2E1 (E), and 2B10 (F) (n 5 51).
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Regulatory events mediating changes in cytochrome P450 expression
during AILI may also be operational in promoting hepatocyte prolifera-
tion and tissue repair. Previous studies indicated that HNF1A-AS1, an
lncRNA involved in hepatocyte proliferation, plays an important role in
the regulation network of cytochromes P450 (Chen et al., 2018; Wang
et al., 2019). HNF1AOS1 is the lncRNA in mice that corresponds to
the human HNF1A-AS1 form (Wang et al., 2018). In the present study,
levels of HNF1AOS1 were decreased at 24 hours after APAP treatment,
with values returning back to normal at 96 hours (Fig. 4A). The pattern
of alterations in HNF1AOS1 expression matched the stages of initial
injury and regeneration of liver. Moreover, significant correlations were
found between HNF1AOS1 and mRNA levels of CYP3A11, 1A2,
2C29, and 2E1 (Fig. 4, B, C, D, and E). These results indicated the
potential role of HNF1AOS1 in the regulation of cytochromes P450
during liver regeneration after AILI. Further experiments are required to
confirm and understand the mechanism role of HNF1AOS1 in the regu-
lation of cytochromes P450 during liver regeneration after AILI.
Drug-induced liver injury is the major cause of acute liver fail-

ures. AILI outweighs all other hepatotoxic drugs combined (Khan-
delwal et al., 2011). Severe liver failure represses the expression of
cytochromes P450, which affects the efficacy of drugs dependent
on cytochrome P450 metabolism (Bao et al., 2020). The results
regarding the sedation time of MDZ in mice showed that the inter-
val between the APAP and MDZ treatment, the expression of cyto-
chromes P450, and MDZ dosages impact the efficacy and ADRs of
MDZ. In adults with hepatic impairment, the dosage reduction is
likely to be necessary (Trouvin et al., 1988). The current findings
suggest that a dose adjustment may be needed to prevent overdose
or unexpected prolonged effects of drugs cytochrome P450–medi-
ated drug. An appropriate dose adjustment according to the altered
expression of cytochromes P450 can help to achieve the anticipated
efficacy of the drug. These experiments only tested the impact of
altered cytochrome P450 expression by AILI on the therapeutic
efficacy and safety of MDZ. Future studies using other drugs are
needed to confirm these findings and provide a better understanding
of the impact of drug-induced liver injury on the efficacy and
ADRs of drugs.
To support the evaluation and dose adjustment process, we deter-

mined the correlations between major cytochromes P450 and some
AILI biomarkers, including ALT, AST, and miR122. To be more exact,
the cytochrome P450 expression has a negative correlation with bio-
marker levels; but the turning point of all of them is at 24 hours after
APAP treatment. The biomarker levels started increasing at 24 hours
and were recovered after 96 hours, whereas the cytochrome P450
expression started decreasing at 24 hours and was recovered after 96
hours in mice with nonlethal doses of APAP (200 and 400 mg/kg).
These biomarkers have the potential to improve clinical decision-mak-
ing, but the measurement and evaluation of these biomarkers is time-
consuming and may not be effective as an urgent assessment (Rama-
chandran and Jaeschke, 2019). To develop a more effective prediction
method and to reach the most accurate prediction, more studies and
evaluations on these biomarkers are needed.
Studies regarding the toxic and lethal doses of APAP in humans are

limited. The current experiment highlighted that 600 mg/kg APAP was
a lethal dose, whereas 200 and 400 mg/kg led to mild and severe liver
injuries in mice, respectively. A previous study determined that hepato-
toxicity was likely to occur after a single overdose of 7.5–10 g APAP
in adult humans, which required prompt evaluation and therapeutic
intervention (Bunchorntavakul and Reddy, 2013). As discussed above,
the time points at 24, 48–72, and 96 hours after APAP treatment in
mice correspond to 3 to 4, 5, and 14–28 days in humans. Days 3 to 4
are considered the critical period to evaluate AILI and cytochrome P450

expression, whereas days 14–28 are considered the recovery period for
cytochrome P450 expression and plasma biomarker resolution. These
findings support physicians in diagnosing AILI and adjusting doses, but
the medical decision-making also has to be based on other laboratory
parameters, symptoms, and factors (including age, sex, nutritional status,
genetic factors, medications, and chronic liver diseases) (Bunchorntava-
kul and Reddy, 2013). Activities of cytochromes P450 are the important
factors impacting on liver clearance in pharmacokinetics modeling. In
clinic, pharmacokinetic modeling is widely applied in therapeutic drug
monitoring, a clinical dosing strategy allowing personalized dose adjust-
ment (Sturkenboom et al., 2021). More pharmacokinetics/pharmacody-
namics studies will be needed to achieve appropriate dose adjustment
practically.
In conclusion, the expression and activation of cytochromes P450

were repressed and gradually recovered after toxic, nonlethal AILI. The
levels of expression of major cytochromes P450 (except CYP2B10) and
activities of all cytochromes P450 are correlated with ALT, AST, and
miR122. The correlation was also found between cytochromes P450
and hepatic HNF1AOS1, indicating a potential mechanism of cyto-
chrome P450 regulation. The studies in human are extremely limited.
The continued experimental animal and in vitro studies can help to
stimulate more clinical studies and strengthen the evidence base and
directions for future research.
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