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Abstract

Chronic intraperitoneal injection of thioacetamide (TAA) in rats has been used

as an animal model of human cirrhosis to study the effects of the disease on

drug metabolism. However, TAA inhibits P450 enzymes directly and indepen-

dently of cirrhosis. We investigated the effects of chronic cirrhosis in rats,

induced by 10 weeks of intraperitoneal TAA, on the P450 enzymes after a

10-day washout period to eliminate TAA. Liver histology and serum bio-

markers of hepatic function confirmed cirrhosis in all animals. Microsomal

total P450 content, P450 reductase activity and ethoxycoumarin O-deethylase

activity, a general marker of P450 activity, were significantly reduced by 30%–
50% in cirrhotic animals. Additionally, the protein content and Michaelis–
Menten kinetics of the activities of CYP2D, CYP2E1 and CYP3A were investi-

gated. Whereas cirrhosis reduced the microsomal protein contents of CYP2D

and CYP3A by 70% and 30%, respectively, the protein contents of CYP2E1

were not affected. However, the activities of all the tested isoenzymes were

substantially lower in the cirrhotic livers. It is concluded that the TAA model

of cirrhosis that incorporates a 10-day washout period after intraperitoneal

injection of the chemical to rats produces isoenzyme-selective reductions in

the P450 proteins or activities, which are independent of the direct inhibitory

effects of TAA.
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1 | INTRODUCTION

Liver cirrhosis is a common disease worldwide, with a
prevalence of >1 million patients in the United States
alone.1 Patients with liver cirrhosis usually receive sev-
eral drugs both for the management of cirrhosis and also
for other associated diseases and comorbidities.2,3 How-
ever, liver cirrhosis significantly affects the drug metabo-
lism and clearance in the liver through multiple
mechanisms, including changes in the metabolic activity
of the cytochrome P450 (P450) enzymes, liver blood flow,
biliary excretion and protein binding of drugs.4–6 Indeed,
it has been reported that patients with liver cirrhosis
experience a high frequency of adverse drug reactions
and hospitalization.7 Therefore, it is necessary to study
the mechanisms and effects of cirrhosis-induced changes
in the hepatic clearance of drugs in order to improve drug
therapy and dosage adjustments in these patients.

Several chemicals and surgical procedures have been
used to generate hepatic cirrhosis models in experimental
animals, including rodents.8–14 Among these models, thioa-
cetamide (TAA), an organosulfur chemical, has been widely
used8–10,15 because the histopathological changes in the
TAA-treated animals are similar to those observed in
human cirrhosis.9 To induce cirrhosis, TAA is usually
administered orally, in drinking water, or injected intraperi-
toneally. Both models require chronic administration of
TAA. However, the drinking water models usually require
longer term administration of TAA (e.g., 6 months)8,16,17

and generally result in less reproducible cirrhosis than the
models utilizing intraperitoneal injection of the chemical.8

In agreement with the reduced metabolic activity of
P450 enzymes in human cirrhosis, previous studies using
TAA-induced cirrhosis in rodents have also shown
decreases in the activities of some hepatic P450 enzymes
in cirrhotic animals.16,18–20 However, it has been
reported21,22 that the in vivo administration of TAA or its
S-oxide metabolite significantly decreases the liver P450
activities acutely (within 12 h), which is independent of
the cirrhosis-inducing effects of TAA. Further, another
study18 showed that the direct addition of TAA to the rat
liver microsomes caused significant decreases in the
activities of several P450 isoenzymes, which was NADPH
dependent, suggesting a mechanism-based inactivation of
P450 by TAA metabolites. Collectively, these data indi-
cate the need for a washout period for the TAA model to
separate the direct mechanism-based inhibition of P450
activities by TAA from the P450 inhibitory effects of the
disease (cirrhosis) itself. Few studies16,23 have reported
the effects of TAA-induced cirrhosis on the P450 enzymes
after a washout period. However, these studies were car-
ried out after oral administration of TAA in the drinking
water, which requires longer treatment periods and is not

as reproducible as the ip injection of the chemical to
induce cirrhosis. Therefore, the purpose of the current
study was to test the effects of experimental cirrhosis
caused by the more reproducible ip injection of TAA in
rats after a 10-day washout period to eliminate the chem-
ical and its direct effects on the P450 enzymes. We deter-
mined the Michaelis–Menten kinetics of major P450
enzymes in relation to their protein contents in the liver
of cirrhotic animals and their control counterparts. We
hypothesized that in the absence of mechanism-based
direct effects of TAA, the TAA-induced cirrhosis in rats,
similar to human cirrhosis, would result in reductions in
protein contents and activities of P450 isoenzymes.

2 | MATERIALS AND METHODS

2.1 | Chemicals and reagents

TAA, cytochrome-c, NADPH, 7-ethoxycoumarin, 7-
hydroxycoumarin, chlorzoxazone, 6-hydroxychlorzoxazone
and 4-hydroxymidazolam (4-OH-MDZ) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Dextromethor-
phan and midazolam (MDZ) were procured from the
United States Pharmacopeial Convention (Rockville, MD,
USA). Analytical metabolite standard 10-hydroxymidazolam
(10-OH-MDZ), dextrorphan tartrate and the stable isotopes
dextrorphan-d3 and 7-hydroxycoumarin-d5 were purchased
from Cerilliant Corporation (Round Rock, TX, USA).
The other stable isotopes 10-hydroxymidazolam-d5 and
4-hydroxymidazolam-d5 methanoate were purchased from
Toronto Research Chemicals (North York, ON, Canada).
The stable isotope 6-hydroxychlorzoxazone-d2 was pur-
chased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA).

Primary antibodies raised in rabbits against CYP2D1
(ab22590; RRID:AB_447177), CYP2E1 (ab84598; RRID:AB_
10673797) and calreticulin (ab92516; RRID:AB_10562796)
were purchased from Abcam (Cambridge, MA, USA), while
the primary antibody raised in mice against CYP3A (D2:
sc271033; RRID:AB_10614144) was purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). The secondary
antibody HRP-conjugated goat anti-rabbit IgG H&L
(ab6721; RRID:AB_955447) and HRP-conjugated goat anti-
mouse IgG H&L (ab6789; RRID:AB_955439) were pur-
chased from Abcam. All the other chemicals and reagents
were procured from commercially available sources.

2.2 | Animals and experimental design

Male Sprague–Dawley rats, weighing around 150–180 g,
were procured from Charles River Laboratories

2 CHANDRASHEKAR ET AL.
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(Wilmington, MA, USA). The rats were housed in a
temperature- and humidity-controlled room under a
12-h light–dark cycle with free access to food and
water ad libitum. The animals were acclimated at the
animal facility for a week before starting the experi-
ments. The animals were randomly divided into two
groups, with seven rats in each group. TAA, dissolved
in saline, was injected intraperitoneally (200 mg/kg,
3 days a week for 10 weeks) to the TAA group to
induce cirrhosis, while the control group received
saline injections. At the end of TAA treatment, the
animals were allowed a 10-day washout period to
remove residual TAA, followed by the collection of
blood samples through cardiac puncture under isoflur-
ane anaesthesia. After cardiac perfusion with cold
saline, the liver samples were collected, snap-frozen in
liquid nitrogen and stored at �80�C.

The study was conducted in accordance with the
Basic & Clinical Pharmacology & Toxicology policy for
experimental and clinical studies.24 Additionally, the
Institutional Animal Care and Use Committee of
Chapman University approved all the experimental
animal procedures.

2.3 | Serum biochemical and liver tissue
histopathological analysis

The serum was separated from the blood samples col-
lected from the saline- and TAA-treated groups. The
serum samples were utilized for the quantitation of the
liver biomarkers albumin, alanine aminotransferase
(ALT), aspartate aminotransferase (AST), total bilirubin
(TBil), alkaline phosphatase (ALP) and γ-glutamyl
transferase (GGT) by an automated blood chemical
analyser.

For histological studies, sections of the livers from
both saline- and TAA-treated groups were taken and
fixed in phosphate-buffered 10% formaldehyde solution,
followed by embedding in paraffin wax. Sections of the
liver tissues (5-μm thickness) were stained with
haematoxylin–eosin (to assess necrotic inflammation)
and Masson’s trichrome (to assess fibrosis). They were
examined for histopathological changes under the micro-
scope, and their photomicrographs were captured. Histo-
logical grading for necro-inflammatory activity and
fibrosis staging was done according to the Knodell scor-
ing system.25,26 The necro-inflammatory activity has a
maximum score of 18, consisting of periportal bridging
necrosis (0–10), intralobular degeneration and focal
necrosis (0–4) and portal inflammation (0–4). The fibrosis
score has a grade range of zero (no fibrosis) to 4 (cirrho-
sis). The grader was blinded to the treatment of samples.

2.4 | Preparation of microsomes

Rat liver microsomes were prepared using the differential
centrifugation technique. Frozen liver samples were
weighed and homogenized (1:10, w/v) in ice-cold buffer
(250-mM Mannitol, 0.1-mM EDTA, 5-mM HEPES, pH 7.4).
The homogenate was spun at 600 g at 4�C for 5 min to
separate the large debris and nuclei. The supernatant was
collected and centrifuged at 10 300 g at 4�C for 10 min to
remove mitochondria. The supernatant (cytosol and micro-
somes) was collected and centrifuged at 110 000 g at 4�C
for 70 min. The resulting microsomal pellet was washed
and resuspended in 2 ml of storage buffer (250-mM
Mannitol, 0.1-mM EDTA, 5-mM HEPES, 20% glycerol,
0.1-mM dithiothreitol, 22-μM butylated hydroxytoluene and
0.1-mM phenylmethylsulfonylfluoride; pH 7.4) and pre-
served at �80�C for further experiments. The total protein
concentrations were estimated using the Bradford method.

2.5 | Western blot analysis

The protein expressions of the major rat cytochrome P450
isoenzymes in the liver microsomal fractions were deter-
mined by Western blot analysis. In brief, the liver micro-
somal samples (0.5- to 5-μg protein/lane) were separated by
SDS-polyacrylamide gel electrophoresis on a precast Bio-
Rad (Hercules, CA, USA) 12% MP TGX gels at a constant
voltage (200 V) for 30 min. Proteins were transferred with
the Bio-Rad Trans-Blot Turbo Transfer System onto
0.45-μm polyvinylidene fluoride (PVDF) membranes. The
PVDF membranes were blocked with 5% BSA (for CYP2D
or CYP2E1) or ultra-blocking reagent (for CYP3A) for 1 h
at room temperature. The blots were then incubated (4�C)
overnight with primary antibodies diluted in 5% BSA in
wash buffer for CYP2D (1:10 000) or CYP2E1 (1:10 000).
CYP3A blots were incubated for 1 h with the diluted
(1:400) primary antibody. After washing, the blots were
incubated with HRP-conjugated goat anti-rabbit (CYP2D
[1:5000] and CYP2E1 [1:50000]) or HRP-conjugated goat
antimouse (CYP3A [1:2500]) secondary antibodies for 1 h
at room temperature and washed before visualization of
bands with the Bio-Rad Chemi Doc Imager system.

After imaging for CYP2D, CYP2E1 and CYP3A, the
membranes were stripped to detect calreticulin (endoplas-
mic reticulum marker) as a loading control. For stripping,
the membranes were washed with wash buffer and incu-
bated with Restore™ Western blot stripping buffer
(ThermoFisher Scientific, Waltham, MA, USA) for 15 min
at room temperature with gentle shaking. After washing,
membranes were blocked with 5% BSA and probed with an
anti-calreticulin antibody (1:1000) at 4�C overnight.
Subsequently, the membranes were incubated with the

CHANDRASHEKAR ET AL. 3
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HRP-conjugated goat anti-rabbit (1:5000) secondary
antibody for 1 h at room temperature, and the
chemiluminescence was detected using a Bio-Rad imager.

2.6 | P450 reductase activity and total
P450

Microsomal P450 reductase activity was quantitated
using established methods, based on the reduction of
cytochrome c.27 Total P450 content of the liver micro-
somes was estimated based on the carbon monoxide dif-
ference spectrum method of Omura and Sato28 and
expressed as nanomoles per milligram of protein.

2.7 | P450 enzymatic activities

Enzymatic activities of P450 isoenzymes were characterized
based on the following reactions: ethoxycoumarin O-
deethylation (ECOD) activity as a general marker of P450
activity,29 dextromethorphan O-demethylation for
CYP2D,30 chlorzoxazone 6-hydroxylation for CYP2E130 and
midazolam 10-hydroxylation and 4-hydroxylation for
CYP3A.31 For each probe drug, preliminary experiments
were performed to determine whether metabolite formation
rates were linear with the incubation time and microsomal
protein concentrations. For all the assays, the percentage of
metabolite conversion was less than 10% of substrate added.

2.7.1 | ECOD activity

The assay for ECOD activity was carried out based on the
formation of 7-hydroxycoumarin, in a 0.1-M phosphate
buffer (pH 7.4), at a protein concentration of 0.05 mg/ml
using the substrate (7-ethoxycoumarin) at two concentra-
tions of 50 and 500 μM. The reaction mixtures (100 μl)
contained buffer, liver microsomes and the substrate.
After 5 min of preincubation at 37�C, the reaction was
initiated by the addition of 1-mM NADPH. After 10 min
of incubation at 37�C, reactions were terminated by the
addition of ice-cold acetonitrile (300 μl), containing
400-nM internal standard (7-hydroxycoumarin-d5). Sam-
ples were centrifuged, and the supernatant was used for
the LC-MS/MS analysis.

2.7.2 | Dextromethorphan O-demethylase
activity

The assay for dextromethorphan O-demethylase activity
was carried out based on the formation of dextrorphan, in a

100-mM Tris–HCl buffer (pH 7.4), at a protein concentra-
tion of 0.05 mg/ml, using the substrate (dextromethorphan)
at different concentrations (0.25, 0.5, 2.5, 5, 10, 50, 100,
200 and 500 μM). The reaction mixtures (25 μl) contained
buffer, liver microsomes and the substrate. After 5 min of
preincubation at 37�C, the reaction was initiated by the
addition of 1-mM NADPH. After 5 min of incubation at
37�C, reactions were terminated by the addition of ice-cold
acetonitrile (75 μl), containing 200-nM internal standard
(dextrorphan-d3). Samples were centrifuged, and the super-
natant was used for the LC-MS/MS analysis.

2.7.3 | Chlorzoxazone 6-hydroxylase activity

The assay for chlorzoxazone-6-hydroxylation activity
was carried out based on the formation of
6-hydroxychlorzoxazone in a 100-mM Tris–HCl buffer
(pH 7.4), at a protein concentration of 0.4 mg/ml, using
the substrate (chlorzoxazone) at various concentrations
(0.5, 1, 5, 10, 50, 100, 250, 500 and 1000 μM). The reaction
mixtures (50 μl) contained buffer, liver microsomes and
the substrate. After 5 min of preincubation at 37�C, the
reaction was initiated by the addition of 1-mM NADPH.
After 5 min of incubation at 37�C, reactions were
terminated by the addition of ice-cold acetonitrile
(150 μl), containing 20-nM internal standard (6-hydroxy
chlorzoxazone-d2). Samples were centrifuged, and the
supernatant was subjected to the LC-MS/MS analysis.

2.7.4 | Midazolam hydroxylation activity

The assay for midazolam hydroxylation activity was
carried out based on the formation of 10-OH-MDZ and
4-OH-MDZ, in a 100-mM Tris–HCl buffer (pH 7.4), at a
protein concentration of 0.025 mg/ml, using the substrate
(midazolam) at different concentration (0.5, 2, 5, 10, 20,
50, 100 and 200 μM). The reaction mixtures (50 μl) con-
tained buffer, liver microsomes and the substrate. After
5 min of preincubation at 37�C, the reaction was initiated
by the addition of 1-mM NADPH. After 10 min of incuba-
tion at 37�C, reactions were terminated by the addition of
ice-cold acetonitrile (150 μl) containing 20-nM internal
standards (10-OH-MDZ-d5 and 4-OH-MDZ-d5). Samples
were centrifuged, and the supernatant was subjected to
the LC-MS/MS analysis.

2.8 | Analytical methods

The metabolites 7-hydroxycoumarin, dextrorphan,
6-hydroxychlorzoxazone and 10- and 4-hydroxymidazolam

4 CHANDRASHEKAR ET AL.
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and their respective deuterated internal standards were ana-
lysed by UPLC-tandem mass spectroscopy. The UPLC-MS/
MS system consisted of a Bruker EVOQ triple quadrupole
mass spectrometer coupled to the Bruker Advance UPLC
system equipped with an integrated column oven, degasser
and a CTC PAL autosampler. The system was controlled,
and the data were acquired and quantified by the Bruker
MSWS-8 software.

The chromatographic separation of 7-hydroxycoumarin,
dextrorphan or 6-hydroxychlorzoxazone and their respec-
tive deuterated internal standards was achieved using a
5-cm-long Phenomenex Kinetex 1.7 μm C18 (100 A,
50 � 2.1 mm) column, connected to a Phenomenex C18
Security Guard ULTRA (2.1 mm) pre-column maintained
at 40�C. 10-Hydroxymidazolam, 40-hydroxymidazolam and
their deuterated internal standards were separated on a
10-cm-long Phenomenex Kinetex 1.7 μm C18 (100 A,
100 � 2.1 mm) column.

All the processed samples (2 μl) were injected onto
the column and eluted at a flow rate of 0.2 ml/min under
gradient conditions consisting of solvent A (5-mM
ammonium formate:formic acid 100:0.05) and solvent B
(acetonitrile:methanol:formic acid, 95:5:0.05). The mass
spectrometer was equipped with an electrospray ioniza-
tion source heated at 300�C. The common parameters
like cone, probe and nebulizer gas flow were set at
20, 40 and 50 psi, respectively. Quantitation was achieved
by MS/MS detection in positive ion mode set at 3000-V
ion spray voltage for dextrorphan, 10-hydroxymidazolam
and 4-hydroxymidazolam, while for 7-hydroxycoumarin
and 6-hydroxychlorzoxazone, the quantitation was
achieved in negative ion mode where the ion spray
voltage was set at �3000 V. The detailed MS conditions,
collision energy and the respective retention times are
summarized in Table 1. Additionally, the linear
(r2 ≥ 0.99) range of calibration curves and the lower limit

of quantitation (LLOQ) of the analytes are presented in
Table 2.

2.9 | Data analysis

Data analysis was conducted using GraphPad Prism
software (La Jolla, CA, USA). For the estimation of the
Michaelis–Menten kinetic parameters, the formation
rates of metabolites were plotted against the substrate
concentrations. Subsequently, the data were fitted to the
following two equations for a one- or two-enzyme kinetic
model using nonlinear regression analysis:

Formation Rate¼VMAX�C
KM þC

Formation Rate¼VMAX 1ð Þ �C

KM 1ð Þ þC
þVMAX 2ð Þ �C

KM 2ð Þ þC

where VMAX and KM refer to the maximum velocity and
Michaelis–Menten constant, respectively; C refers to the

TAB L E 1 Mass spectrometric conditions for the metabolites generated by the P450 substrates and their respective deuterated internal

standards

Analyte Precursor (Q1) Product (Q3) Collision energy (V) Retention time (min)

7-Hydroxycoumarin 160.9 132.9 15.0 3.12

7-Hydroxycoumarin-d5 166.0 137.9 17.0 3.11

Dextrorphan 258 156.9 39.0 2.52

Dextrorphan-d3 261 156.9 39.0 2.52

6-Hydroxychloroxazone 184 120.0 16.0 2.81

6-Hydroxychloroxazone-d2 186 121.8 16.0 2.81

10-Hydroxymidazolam 342 202.9 26.0 5.05

10-Hydroxymidazolam-d5 346.9 207.9 26.0 5.05

4-Hydroxymidazolam 342 234.2 35.0 4.65

4-Hydroxymidazolam-d5 346.9 234.9 23.0 4.65

TABL E 2 The linear (r2 ≥ 0.99) range of calibration curves

and the lower limit of quantitation (LLOQ) of the studied

metabolites

Metabolite
Calibration range
(nM)

LLOQ
(nM)

7-Hydroxycoumarin 10–1000 10

Dextrorphan 10–2000 10

6-Hydroxychlorzoxazone 5–7500 5

10-Hydroxymidazolam 2.5–500 2.5

4-Hydroxymidazolam 2.5–500 2.5

CHANDRASHEKAR ET AL. 5
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substrate concentration and numbers 1 and 2 denote the
enzymes 1 and 2 in a two-enzyme model. The fit of the
data to the two models for each of the metabolites was
compared using the sum-of-squares F test, which selects
the simpler model (single-enzyme model) unless the
p value is less than 0.05.

A comparison of the liver histopathological scores
between the TAA and saline groups was conducted using
the non-parametric Mann–Whitney test. All the other
comparisons between the two groups were conducted
using an unpaired, two-tailed t-test. Differences were
regarded as statistically significant when p was <0.05.
The data are presented as mean � SE.

3 | RESULTS

3.1 | Biochemical and histopathological
parameters

The serum biomarkers of hepatic functions are shown in
Figure 1. Compared with the saline group, the TAA-
treated animals showed significant increases in the serum
levels of ALP, GGT, TBil and bile acids and a significant
decrease in the serum albumin levels, indicating the pres-
ence of cirrhosis and hepatocyte damage in the TAA
group. However, no significant changes were observed in
the serum levels of ALT, AST and creatinine as a result
of cirrhosis after a 10-day TAA washout period
(Figure 1).

Representative photomicrographs of liver sections of
saline and TAA animals stained with Masson’s trichrome
and haematoxylin–eosin (H&E) are depicted in Figure 2.
Additionally, the average scores for fibrosis (Masson’s
trichrome) and necro-inflammation (H&E) for the two
groups of animals are presented in this figure. As demon-
strated (Figure 2), all the TAA livers had the highest
score (4) for fibrosis without any fibrosis for the saline
livers. Further, the necro-inflammatory score in the TAA
group (7.7 � 0.7) was significantly (p < 0.001) higher
than that in the saline animals (1.7 � 0.4), confirming
the presence of cirrhosis in the TAA animals.

3.2 | Total CYP450 and CPR activity

The total 450 content and cytochrome P450 reductase
(CPR) activity in the liver microsomes are presented in
Figure 3. TAA-induced cirrhosis caused significant reduc-
tions in both total P450 content (�50%, p < 0.01) and the
CPR activity (�30%, p < 0.05) in the liver microsomes.

3.3 | Western blot analysis of P450
isoenzymes

The protein contents of CYP2D, CYP2E1 and CYP3A in
the liver microsomal preparations are shown in Figure 4.
For all the isoenzymes, calreticulin was used as the
loading control. The TAA treatment showed significant
reductions in the protein contents of CYP2D (�70%,
p < 0.001; Figure 4A) and CYP3A (�30%, p < 0.05;
Figure 4C) enzymes as compared with those of the saline
control group. However, there were no significant
changes in the protein levels of CYP2E1 as a result of
TAA-induced cirrhosis (Figure 4B).

3.4 | General and isoenzyme-specific
activity of P450

The ECOD activities, as a general marker of P450 activ-
ity, at substrate concentrations of 50 and 500 μM are pre-
sented in Figure 5. Compared with the saline-treated
animals, the ECOD activities of the liver microsomes of
TAA-treated animals were significantly reduced by
�40%–45% (p < 0.05) at the tested substrate concentra-
tions of 50 and 500 μM (Figure 5).

The Michaelis–Menten plots of dextromethorphan O-
demethylation, chlorzoxazone 6-hydroxylation and mida-
zolam 10- and 4-hydroxylation as markers of CYP2D,
CYP2E1 and CYP3A, respectively, in the saline- and
TAA-treated animals are presented in Figure 6.

F I GURE 1 The effects of TAA-induced cirrhosis on the serum

biomarkers of hepatic function in rats. Animals were treated with

ip injections of 200-mg/kg TAA (n = 7) or saline (n = 7) three

times a week for 10 weeks, followed by a 10-day washout period.

The columns and bars indicate the mean and SE values,

respectively. *, p < 0.05; **, p < 0.01; ***, p < 0.001; two-tailed

unpaired t-test, compared with the saline group. Abbreviations:

ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST,

aspartate aminotransferase; GGT, γ-glutamyl transferase; TBil, total

bilirubin
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Additionally, their respective Michaelis–Menten kinetic
parameters are listed in Table 3. The incubation condi-
tions, including microsomal protein levels and incuba-
tion time, were optimized to ensure the linear production
of metabolites for each substrate. The data for dextrome-
thorphan O-demethylation (CYP2D) was best fitted by a
two-enzyme model, indicating the involvement of at least
two enzymes in the metabolism of dextromethorphan in
the rat livers (Figure 6A). However, the best fit for the
chlorzoxazone 6-hydroxylation (CYP2E1) (Figure 6B)

and midazolam 10- (Figure 6C) and 4- (Figure 6D)
hydroxylation was a single-enzyme model.

Except for the 4-hydroxylation of MDZ, cirrhosis
resulted in significant reductions in the VMAX values for
all the tested microsomal activities (Figure 6 and
Table 3). However, the KM values of the metabolism of
the probe substrates were not significantly affected by
TAA-induced cirrhosis (Table 3). The microsomal high-
and low-capacity VMAX values for CYP2D demethylase
activity were reduced by 51% (p < 0.05) and 74%

F I GURE 2 Representative photomicrographs of liver sections stained with Masson’s trichrome (A and B) and haematoxylin–eosin
(H&E) (D and E) along with fibrosis (C) and necro-inflammatory (F) scores in rat livers. Animals were treated with ip injections of 200-mg/

kg TAA (n = 7) or saline (n = 7) three times a week for 10 weeks, followed by a 10-day washout period. The columns and bars indicate the

mean and SE values, respectively. ***, p < 0.001; Mann–Whitney test, compared with the saline group

F I GURE 3 Microsomal total cytochrome

P450 (A) and cytochrome P450 reductase (CPR)

(B) in rat livers. Animals were treated with ip

injections of 200-mg/kg TAA (n = 7) or saline

(n = 7) three times a week for 10 weeks,

followed by a 10-day washout period. The

symbols and horizontal lines indicate the

individual and mean values, respectively. *,

p < 0.05; **, p < 0.01; two-tailed unpaired t-test,

compared with the saline group
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(p < 0.0001), respectively, in the TAA group (Table 3).
For CYP2E1, cirrhosis caused a 52% reduction in the
VMAX value (p < 0.0001) for the chlorzoxazone hydroxyl-
ation activity. The VMAX of microsomal CYP3A

hydroxylase activity, resulting in 10-hydroxylation of mid-
azolam, was reduced by 71% (p < 0.001). However, a 33%
reduction in the VMAX of midazolam 4-hydroxylation
activity did not reach statistical significance (p = 0.1672)
(Table 3).

4 | DISCUSSION

Compared with the other chemically induced cirrhosis
models, the TAA model of liver cirrhosis in rodents is
one of the preferred experimental models of human
cirrhosis because of its reproducibility, low mortality and
reduced toxicity.9 However, different protocols with
regard to the route of administration (oral in drinking
water or intraperitoneal injection), dose/dosing frequency
and length of treatment have been reported in the litera-
ture. Our chronic cirrhosis model in rats, which was
based on the intraperitoneal injection of 200-mg/kg TAA
three times a week for 10 weeks, followed by a 10-day
washout period, resulted in substantial necro-
inflammation and fibrosis of the liver (Figure 2) and sig-
nificant increases in the plasma levels of the liver injury
markers ALP, GGT and TBil (Figure 1). Additionally, the
plasma levels of bile acids were increased by 24 times in
the TAA group (Figure 1), suggesting the presence of
severe cholestasis. These results are consistent with the
previous reports after intraperitoneal injection of
TAA.10,18,20,32,33 For example, similar to our high necro-
inflammatory (cirrhosis) and fibrosis scores in the TAA
group (Figure 2), gross cirrhosis and a fibrosis score of
3.98 were reported in rats receiving ip injection of
300-mg/kg TAA, thrice a week for 10 weeks, after a
1-week washout period.32 Similarly, an average fibrosis
score of 3.5 was reported in rats 3 weeks after the cessa-
tion of ip injections of 200-mg/kg TAA every other day
for 10 weeks.10 The histological findings in our study
(Figure 2) and these literature data10,32 indicate that the
TAA-induced cirrhosis using these protocols is not
reversible after 1–3 weeks of washout.

Despite large increases in the plasma levels of ALP,
GGT, TBil and bile acids in the TAA group, the plasma
levels of ALT and AST were similar in the saline- and
TAA-treated groups in our study (Figure 1). Although
some studies have reported higher plasma AST and ALT
levels in the TAA-induced cirrhotic rats,18,19,33 others9,20

have shown no significant changes in these markers in
the TAA model. This discrepancy may be related to the
length of TAA treatment. For example, in a time course
study of the effects of repeated ip administration of TAA
to rats, Wallace et al.9 showed that while the plasma
levels of AST and ALT increased sharply during the first
2 weeks of treatment, they returned to normal levels at

F I GURE 4 Western blot images and densitometric data for

microsomal content of CYP2D (A), CYP2E1 (B) and CYP3A

(C) along with their respective loading control calreticulin in TAA

(T)- or saline (S)-treated animals. Animals were treated with ip

injections of 200-mg/kg TAA (n = 7) or saline (n = 7) three times a

week for 10 weeks, followed by a 10-day washout period. For

brevity, the Western blot images are shown for four livers in each

group. The symbols and horizontal lines indicate the individual and

mean values, respectively. *, p < 0.05; ***, p < 0.001; two-tailed

unpaired t-test, compared with the saline group
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Week 4 and remained normal for up to 12 weeks of TAA
treatment. However, the portal pressure, collagen content
and fibrosis-associated genes peaked at Week 8 and
remained high up to 12 weeks of treatment.9 The lack of
changes in the AST/ALT levels in our 10-week TAA
model is in agreement with the latter report and consis-
tent with the reports that AST and ALT levels are more
sensitive to acute liver injury and are often close to the
normal range in patients with cirrhosis.34

Although cirrhosis induced in rats surgically by bile
duct ligation or chemically by carbon tetrachloride causes
substantial (�60%) reductions in the serum albumin
concentrations,35 the chronic administration of TAA in
our model caused only �10% decline in the serum albu-
min levels (Figure 1). The smaller reduction in the albu-
min concentrations in our animal model is closer to the

10%–20% reductions in the serum albumin concentra-
tions observed in moderate to severe cirrhosis in human
beings.4 Further, our results are in agreement with
previous studies after chronic administration of TAA to
rats,8,33 which showed small or no reductions in the
serum albumin levels. Nevertheless, collectively, our bio-
chemical (Figure 1) and histological (Figure 2) findings
clearly show the presence of liver cirrhosis in our model,
which also has a 10-day washout period.

To test the effects of liver cirrhosis in our rat model
on the overall content and activities of P450, we first
measured the microsomal total P450 contents and
7-ECOD activity that is a measure of activities of multiple
P450 enzymes in CYP1, CYP2 and CYP3 families.29 The
50% and 40%–45% reductions in the total P450 (Figure 3)
and ECOD activity (Figure 5), respectively, in our TAA

F I GURE 5 Ethoxycoumarin O-

deethylation (ECOD) activities at substrate

concentrations of 50 (A) or 500 (B) μM in rat

livers. Animals were treated with ip injections

of 200-mg/kg TAA (n = 7) or saline (n = 7)

three times a week for 10 weeks, followed by a

10-day washout period. The symbols and

horizontal lines indicate the individual and

mean values, respectively. *, p < 0.05; two-tailed

unpaired t-test, compared with the saline group

F I GURE 6 Michaelis–
Menten plots of CYP2D-

mediated dextromethorphan O-

demethylation (A),

CYP2E1-mediated

chlorzoxazone hydroxylation

(B) and CYP3A-mediated

midazolam 10- (C) and 4-

(D) hydroxylation in rat liver

microsomes. Animals were

treated with ip injections of

200-mg/kg TAA (n = 7) or

saline (n = 7) three times a

week for 10 weeks, followed by

a 10-day washout period. The

symbols and error bars

represent the mean and SE

values, respectively, and the

lines represent the nonlinear

regression fit of the

experimental data.
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group after 10 days of TAA washout indicate that the
observed effects of P450 are due to cirrhosis and not the
direct effects of the chemical.

Previous in vitro and in vivo studies have shown that
TAA and its metabolite TAA S-oxide reduce the P450
content and activity using mechanisms that are indepen-
dent of cirrhosis.18,21,22 Hunter et al.21 reported that the
in vivo administration of TAA or its S-oxide metabolite to
rats caused a relatively rapid decrease in the P450 activi-
ties, which reached its maximum effect at 24 h. The effect
was dose dependent for both compounds and more pro-
nounced and rapid for the metabolite than the parent
drug.21 In a follow-up study, Matsuura et al.22 reported
that a relatively rapid decrease in the P450 content and
activity by the in vivo administration of both TAA or its
S-oxide metabolite was associated with a rapid induction
of heme oxygenase and inhibition of 5-aminolevulinic
acid synthetase, which is the rate-limiting enzyme in
heme synthesis. Therefore, the authors suggested that the
rapid effects of in vivo administration of TAA or its S-
oxide metabolites on the P450 enzymes in rats are most
likely due to increased degradation and reduced synthesis
of heme by both compounds. They also showed in a time
course study that after injection of a single ip dose of
150 mg/kg of TAA to rats, P450 concentration and activ-
ity declined relatively rapidly, reaching a maximum effect
at 32 h and returning to near control values by 96 h.22

Therefore, in our studies, we chose a 10-day washout
period to separate the effects of the disease (cirrhosis) on
the P450 concentration and activity from the other poten-
tial effects of the chemical itself.

It may be argued that the direct effects of TAA on the
degradation and synthesis of heme after multiple doses of
TAA, used in our study, may last longer than that

reported after a single dose of TAA (<96 h).22 Although
this possibility cannot be ruled out, given the very short
in vivo half-lives of TAA and its S-oxide metabolite in rats
(1–2 h),36 it is less likely that the cirrhosis-independent
effects of TAA last longer than our washout period
(i.e., 10 days).

In addition to its effects on heme synthesis and degra-
dation, it has been reported that TAA exerts a
mechanism-based inhibitory effect on P450 enzymes.18

Direct in vitro addition of TAA at different concentra-
tions to rat liver microsomes inhibited the activities of
several P450 isoenzymes in a concentration, time and
NADPH-dependent manner, suggesting a mechanism-
based inhibitory activity for TAA. These studies clearly
indicate the need for a washout period in the TAA-
induced cirrhosis model to remove the drug and its
metabolites and their mechanism-based inhibitory effects
on P450 enzymes in order to study the effects of liver cir-
rhosis on drug metabolism.

Studies in human beings with liver cirrhosis have
shown that the disease-induced reductions in the P450
activities are isoenzyme selective.37–39 Similarly, the
results of our study in the TAA model indicate that the
contents (Figure 4) and activities (Figure 6 and Table 3)
of the individual isoenzymes were selectively affected by
the disease. For example, a 50% reduction in the micro-
somal total P450 (Figure 3A) was associated with 70%
and 30% reductions in the contents of CYP2D
(Figure 4A) and CYP3A (Figure 4C), respectively,
whereas the microsomal contents of CYP2E1 remained
unaffected (Figure 4B). Although the TAA-induced
reductions in the activities of CYP2D and CYP3A were in
agreement with the reductions in their protein contents,
the activities of CYP2E1 were also significantly reduced

TAB L E 3 Apparent KM and VMAX values (mean � SE, n = 7) for dextromethorphan O-demethylation, chlorzoxazone 6-hydroxylation

and midazolam 10- and 4-hydroxylation in rat liver microsomal preparations of saline- and TAA-treated groups

Saline group TAA group

Enzyme/substrate
VMAX

pmol/(min.mg)
KM

μM
VMAX

pmol/(min.mg)
KM

(μM)

CYP2D/dextromethorphan

High affinity 308 � 63 1.08 � 0.30 151 � 29* 1.04 � 0.09

Low affinity 1040 � 105 75.5 � 25.2 274 � 47**** 72.6 � 18.8

CYP2E1/chlorzoxazone 2630 � 168 190 � 20 1270 � 80**** 337 � 82

CYP3A/midazolam

10-Hydroxylation 494 � 64 20.4 � 2.5 145 � 30*** 15.2 � 3.5

4-Hydroxylation 1190 � 235 25.0 � 5.8 792 � 128 32.5 � 7.3

Note: Two-tailed unpaired t-test, compared with the saline group.
*p < 0.05.
***p < 0.001.
****p < 0.0001.
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in the TAA group despite no changes in its protein con-
tents (Figures 4 and 6 and Table 3). This discrepancy may
be explained by a significant cirrhosis-induced reduction
in the CPR activity (Figure 3B), which is the rate-limiting
step in the P450-mediated enzymatic reactions. A previ-
ous study40 has also reported 20% and 40% reductions in
the CPR activity per milligrams of liver tissue in human
livers with mild and moderate cirrhosis, respectively. Our
results in the TAA model in rats, which showed a 30%
reduction in the CPR activity (Figure 3B), are in agree-
ment with this report40 in human cirrhotic livers.

The decrease in the CYP2E1 activity (Figure 6B)
despite no change in its protein contents (Figure 4B) in
cirrhotic animals may also be related to the post-
translational modifications of this isoenzyme in cirrhotic
animals. For example, it has been reported41 that
whereas the CYP2E1 mRNA and protein contents remain
unaffected in rats from 8 to 18 months of age, the activity
of CYP2E1, measured by chlorzoxazone hydroxylation,
significantly decreases during the same period. This
observation was selective for CYP2E1 because the CYP3A
activity did not change during the same time period, an
observation that was consistent with no change in its
mRNA or protein content. The authors attributed the dis-
crepancy in the protein–activity relationship of CYP2E1
to its protein modifications by age-related oxidative
stress, such as reductions in reduced glutathione and
increases in thiobarbituric acid reactive substances, selec-
tively affecting CYP2E1 and not CYP3A.41 Cirrhosis
induced by TAA is also known to produce oxidative
stress.12 Therefore, similar oxidative stress-induced post-
translational modifications of CYP2E1 protein may have
also contributed to the reduction in the activity of this
enzyme in our cirrhotic animals in the absence of any
changes in its protein.

The reductions in the P450 enzyme content and activ-
ities observed in our study after chronic ip administration
of TAA to rats (Figures 3–6 and Table 3) are in general
agreement with the previous reports that used ip
injection of TAA to induce liver cirrhosis in rats.18–20

Nakajimal et al.19 reported that after 8 weeks of ip
injection of TAA (200 mg/kg, three times a week), the
microsomal total P450, the protein contents of several
P450 isoenzymes and the metabolism of nicotine to
cotinine declined significantly. Similarly, Xie et al.18

reported significant reductions in the protein contents of
several P450 isoenzymes 6 weeks after ip injection of
200-mg/kg TAA twice a week. However, both studies18,19

also found a >50% decline in the microsomal CYP2E1
protein, which contrasts with our finding of no change in
the microsomal protein content of this isoenzyme in the
TAA group (Figure 4B). This discrepancy may be related
to the fact that, as opposed to our 10-day washout period,

these studies18,19 were conducted in microsomes
prepared soon after the last injection of TAA.

Among P450 isoenzymes, CYP2E1 is unique because
its catalytic cycling in the absence of substrates and inhibi-
tors generates a substantial amount of reactive oxygen spe-
cies, resulting in its own degradation. Therefore, CYP2E1
is the most unstable microsomal P450 enzyme with a short
half-life of 4–7 h.42 However, substrates and inhibitors of
CYP2E1 increase the half-life of the enzyme several times
by inhibiting its degradation.42 TAA and its S-oxide metab-
olite are reportedly CYP2E1 substrates, which are con-
verted by CYP2E1 to the highly reactive S,S-dioxide
metabolite that causes hepatic damage. Indeed, a previous
study43 reported that by binding to the active site of
CYP2E1, TAA reduces the degradation of CYP2E1 in
hepatocytes. Therefore, the lack of change in the protein
concentrations of CYP2E1 (Figure 4B), compared with the
TAA-induced reductions in the microsomal total P450
(Figure 3A), CYP2D (Figure 4A) and CYP3A (Figure 4C)
proteins, might, at least in part, be due to the stabilizing
effects of TAA on CYP2E1. Further, the catalytic cycling
of CYP2E1, resulting in its fast degradation, is dependent
on the activity of NADPH-dependent CPR.42 Therefore, a
30% reduction in the CPR activity in our cirrhosis model
(Figure 3B) may also have contributed selectively to the
lack of reduction of CYP2E1 protein in our model.

The in vitro studies using liver microsomes from
TAA-induced liver cirrhosis conducted here and in previ-
ous reports18,19 only address the effects of cirrhosis on the
metabolic activity of P450 enzymes. However, the metab-
olism of drugs by the liver after their in vivo administra-
tion is affected by other parameters, such as hepatic
blood flow and degree of protein binding of drugs, in
addition to the metabolic activity of P450.44 It is known
that liver cirrhosis causes intra- and extra-hepatic porto-
systemic shunting and reduction in the hepatic blood
flow.6 Additionally, liver cirrhosis causes a reduction in
the synthesis of albumin, which is responsible for the
binding of most drugs in plasma.6 The cirrhosis-
associated changes in the metabolic activity of P450
enzymes, hepatic blood flow and degree of protein bind-
ing of drugs can have varying and complex effects on the
hepatic clearance and bioavailability of drugs, depending
on the extent of hepatic extraction ratio of drug and its
route of administration.6 Although some studies have
shown the effects of cirrhosis induced by ip injection of
TAA on the in vivo metabolism of drugs,20 future studies
could shed more light on the suitability of the model to
investigate the effects of liver cirrhosis on the in vivo
pharmacokinetics of drugs.

The cirrhosis-induced declines in the total P450 con-
tent (Figure 3A) and protein (Figure 4) and activities
(Figure 6 and Table 3) of CYP2D, CYP2E1 and CYP3A

CHANDRASHEKAR ET AL. 11
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observed in our TAA model in rats are consistent with
the effects of cirrhosis on the total P450 and these isoen-
zymes reported before in human beings.38,45–48 For
instance, the 50% reduction in total P450 content in our
experimental model (Figure 3A) is similar to the extent of
reduction in the total P450 contents in patients with
severe liver cirrhosis.47,48 Additionally, similar to our
results with CYP3A (Figures 4 and 6 and Table 3), previ-
ous studies45,47 reported significant reductions in the
in vitro protein content and activity of CYP3A4 in
patients with liver cirrhosis. Further, in agreement with
our in vitro activity results (Figure 6), the in vivo
metabolism of the CYP3A4 substrate midazolam,46

CYP2E1 substrate chlorzoxazone38 and CYP2D6 sub-
strate debrisoquine38 were significantly lower in patients
with liver cirrhosis. However, as noted before, the in vivo
results may be affected by other parameters, such as
cirrhosis-induced changes in the liver blood flow and/or
degree of protein binding of the drugs, in addition to
reductions in the activity of isoenzymes. Additionally, dif-
ferent isoforms of the same P450 subfamily may be
affected in rats versus human beings (e.g., CYP2D1 in rats
versus CYP2D6 in human beings).

Among the P450 probes used in this study, dextrome-
thorphan O-demethylation, which is commonly used as
an indication of CYP2D activity, was best described by a
two-enzyme system (Table 3). However, the intrinsic
clearance (VMAX/KM) of the high-affinity enzyme, which
is likely related to CYP2D, was >20 times higher than
that for the low-affinity component (Table 3). This obser-
vation is in complete agreement with a previous study,49

which reported a two-enzyme system for dextromethor-
phan O-demethylation in the Sprague–Dawley rat liver
microsomes. Similar to our findings, the high-affinity
component of dextromethorphan O-demethylation in
that study constituted 98% of the total intrinsic clearance
of the pathway.

In conclusion, a TAA model of liver cirrhosis in rats
using chronic ip injection of the chemical for 10 weeks,
followed by a 10-day washout period, caused substantial
fibrosis and cirrhosis in the liver of these animals. Similar
to human cirrhosis, the levels of total P450 and the
protein levels or activities of several P450 enzymes were
significantly reduced in this model. The model may be
suitable for investigations of the mechanisms of the
effects of liver cirrhosis on the in vivo pharmacokinetics
of drugs used in this patient population.
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