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ABSTRACT
Purpose To explore how liver damage arising from cardio-
hepatic syndromes in RHF affect the hepatic pharmacokinetics
of basic drugs.
Methods The hepatic pharmacokinetics of five selected basic
drugs with different physicochemical properties were studied in
IPRL from control rats and rats with RHF. Hepatic pharmacoki-
netic modelling was performed with a two-phase physiologically-
based organ pharmacokinetic model with the vascular space and
dispersion evaluated with the MID technique. The liver damage
arising from RHF was assessed by changes in liver biochemistry
and histopathology. The expression of various CYP isoforms was
evaluated by real-time RT-PCR analysis.
Results Four of the five basic drugs had a significantly lower E in
RHF rat livers compared to the control rat livers. Hepatic
pharmacokinetic analysis showed that both the CLint and PS
were significantly decreased in the RHF rat livers. Stepwise regres-
sion analysis showed that the alterations in the pharmacokinetic
parameters (E, CLint and PS) can be correlated to the observed
histopathological changes (NI, CYP concentration and FI) as well
as to the lipophilicity of the basic drugs (logPapp).
Conclusions Serious hepatocellular necrosis and fibrosis induced
by RHF affects both hepatic microsomal activity and hepatocyte
wall permeability, leading to significant impairment in the hepatic
pharmacokinetics of basic drugs.
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ABBREVIATIONS
ALP alkaline phosphatase
ALT alanine transaminase
AST aspartate transaminase
CLint intrinsic elimination clearance
CV2 normalized variance
CYP cytochrome P450
E hepatic extraction ratio
FI fibrosis index
HDL high density lipoprotein
IPRL in situ perfused rat liver
Kv apparent distribution ratio
logPapp apparent partition coefficient
MID multiple indicator dilution
MTT Mean transit time
NASH non-alcoholic steatohepatitis
NI necrosis index
PS permeability-surface area product
RHF right heart failure
RT-PCR reverse transcription polymerase chain reaction
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INTRODUCTION

Chronic heart failure is a systemic clinical syndrome which
has a variety of effects on other organ systems (1,2). Liver
damage and cardio-hepatic syndromes have been widely
identified in patients with right heart failure (RHF) (2,3).
During RHF, increased central venous pressure leads to
liver congestion and central venous dilation, which may
subsequently impair liver perfusion and cause liver ischemia
and hepatocellular necrosis (3). Profound hepatocellular
ischemia and necrosis can develop into cardiogenic ischemic
hepatitis with increased collagen deposition in the hepatic
sinusoids (4). Whilst the histopathological characteristics of
liver damage and cardio-hepatic syndromes during RHF
are well described, it is still unclear how these syndromes
may influence drug disposition in the liver.

The effects of liver disease and aging on hepatic drug
disposition have been recognized since the 1980s (5). Our
previous research with IPRL showed that liver fibrosis,
cirrhosis and non-alcoholic steatohepatitis (NASH) can sig-
nificantly affect hepatic pharmacokinetics (6,7). In these
studies, the altered pathological hepatocellular morphology
and biochemistry due to the disease states and physicochem-
ical properties of drugs were showed to be key determinants
of hepatic pharmacokinetics. Ion-trapping and microsomal
binding can affect hepatic drug disposition in liver disease
states (8,9). Moreover, our recent work showed that altered
CYP isoform expression and fat deposition also play impor-
tant roles in hepatic drug elimination and distribution dur-
ing NASH (9).

Our knowledge about how RHF may affect hepatic drug
pharmacokinetics is still limited. The published work in this
area is focused on the changes in hepatic CYP levels, such as
the reduced enzyme content derived from liver congestion
and reduction of oxygen reported by Ng et al. (10). The
hepatic expression of CYP2D and CYP3A was also found to
be decreased expression in patients with RHF (11). More-
over, another study by Ng et al. (12) also reported the
alteration in hepatic content, activity and latency of uridine
diphosphate-glucuronosyltransferase in RHF. However, the
variety of liver damage and cardio-hepatic syndromes dur-
ing RHF, including hepatocellular necrosis, liver fibrosis
and ischemia (13–15), could lead to significant alteration
in hepatic drug disposition. It is still unclear how these
syndromes may affect individual hepatic pharmacokinetics.

The aim of the current work is to explore how the liver
damage due to RHF affects the hepatic pharmacokinetics
of basic drugs and to relate the changes in individual phar-
macokinetic processes, such as hepatocyte membrane per-
meability and intrinsic metabolic clearance, with the
pathophysiological damage and physicochemical properties
of these drugs. The hepatic pharmacokinetics of five selected
basic drugs, including propranolol, labetalol, metoprolol,

antipyrine and atenolol, which have different physicochem-
ical properties (varying in pKa and lipophilicity), were stud-
ied with IPRL model in both healthy rats and rats with
RHF. The RHF rat model was established through a single
intraperitoneal injection dose of monocrotaline. In this
model, the monocrotaline can selectively injure the vascular
endothelium of the lung and induce pulmonary vasculitis,
which then leads to pulmonary hypertension and finally
progresses to RHF (16). The IPRL-coupled MID method
enables the characterization of hepatic pharmacokinetic
processes without recirculation effects and has been applied
previously to studies of the hepatic pharmacokinetics of
basic drugs in diseased livers (6,9). The perfusate outflow
data were analyzed by a convection dispersion model that
was coupled with a two-phase (sinusoids and hepatocytes)
physiologically based organ pharmacokinetic model. The
evolution of this combined model has been previously used
to describe drug transfer across the hepatocyte membrane,
intracellular distribution and elimination kinetics (17,18)
and recently reviewed (19). Changes in hepatocellular his-
topathology (fibrosis index (FI) and necrosis index (NI)) and
hepatic biochemistry (e.g., CYP isoform concentrations)
were also characterised in both normal and RHF rat
livers, and were used to define the mechanisms by which
the liver damage due to RHF affected drugs’ hepatic
pharmacokinetics.

MATERIALS AND METHODS

Chemicals

Propranolol, labetalol, metoprolol, antipyrine and atenolol
were all purchased from Sigma Aldrich (St. Louis, MO).
Physicochemical properties of the selected drugs are sum-
marized in Table I. [14C] sucrose and [3H] water were
purchased from PerkinElmer Life and Analytical Sciences
(Waltham, MA). All other chemicals used in this work were
obtained from Sigma Aldrich (St. Louis, MO).

Rat Model of RHF

Briefly, male Wistar rats (approximately 250 g) were
assigned to two groups: control group and RHF group. All
rats were fed with standard rat chow and water. Body
weight, food intake and water intake were monitored daily
for rats in both groups for the duration of the experiment.
The rat model of RHF was established using a single intra-
peritoneal dose of monocrotaline (60 mg/kg), as previously
described (20). The control group was intraperitoneally
injected with an equivalent volume of saline. Rats with
RHF were monitored very closely for the first 24 hr, and
then on a daily basis for 3–4 weeks duration. After 4 weeks,
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the rats were sacrificed to conduct the IPRL and histopath-
ological studies. All animal studies were carried out follow-
ing the protocols approved by the University of Queensland
Animal Ethics Committee.

Liver Biochemistry Determination

Liver biochemistry function tests of the control rats and RHF
models rats were performed at the Pathology Laboratory of
the Princess Alexandra Hospital (Brisbane, Australia). Serum
aspartate transaminase, alanine transaminase, alkaline phos-
phatise, total bilirubin and albumin were measured by a
Synchron LX®20 Clinical System (Beckman Coulter, Full-
erton, CA).

IPRL

The IPRL preparation used in this study was performed as
described previously (21,22). A Wistar rat was anesthetized
by intraperitoneal injection of xylazine at 10 mg/kg (Bayer
Australia, Pymble, NSW, Australia) and ketamine-
hydrochloride at 80 mg/kg (Parnell Laboratories, Alexan-
dria, NSW, Australia), and followed with laparotomy. The
animal was then heparinized (heparin sodium; David Bull
Laboratories Australia, Mulgrave, Victoria, 200 units) via
the inferior vena cava, and the bile duct was cannulated
with PE-10 tubing (Becton Dickinson and Company,
Sparks, MD). The portal vein was cannulated using a 16-
gauge intravenous catheter and the liver was then perfused
via this cannula with MOPS buffer, which contained 2%
BSA and 15% prewashed canine red blood cells (RBCs)
(Veterinary Specialist Services Pty Ltd, Brisbane, Australia)
at pH 7.4 (21). The perfusion was conducted at 15 mL/min
in each liver to reflect in vivo hepatic microcirculation. The
perfusion medium was pumped with a peristaltic pump
(Cole-Palmer, Vernon Hills, HL) and oxygenated using a

silastic tubing lung ventilated with 100% pure oxygen (BOC
Gases Australia, Brisbane, QLD). The rat was then sacri-
ficed by thoracotomy and the thoracic inferior vena cava
was cannulated within a PE-240 tubing (Becton Dickinson
and Company, Sparks, MD). The animal was placed in a
temperature-controlled cabinet with temperature set at 37°
C. The total perfusion time for each liver was less than 2 h.
Liver viability was evaluated by oxygen consumption, portal
vein pressure, bile flow and macroscopic appearance as
previously described by Cheung et al. (21).

Bolus Injection Study

The perfused liver was allowed to stabilize for 10 minutes
before performing the MID study. For MID, aliquots (50
μL) of perfusion medium which contained [14C] sucrose
(1.5×105 dpm) and [3H] water (3×105 dpm) were bolus
injected into the liver. The outflow samples were collected
by a fraction collector over 4 minutes. Aliquots of the basic
drugs (8 mM propranolol, 6 mM labetalol, 3 mM metopro-
lol, 4 mM antipyrine, 4 mM atenolol approximately) were
bolus injected into the liver separately and followed with
sample collection over 4 min. In each liver, the order of
injection was randomized and there was no repetition of the
same injection in the same rat liver. A wash out and stabi-
lization period of about 10 min was applied after every
injection. All these outflow samples were centrifuged and
aliquots (100 μL) of supernatant were taken for the sample
analysis.

Analytical Procedure

The MID samples which contain [14C] sucrose and [3H]
water were analyzed with a MINAXI beta TRICARB 4000
series liquid scintillation counter (Packard Instruments,
Meriden, CT). The outflow samples for different basic drugs
were determined with established HPLC methods which we
have described and validated previously (22).

Histopathology Examination and Quantitation
of Histology Index

Three to five slices of tissue were selected randomly from
each liver and fixed in 10% neutral buffered formalin and
then embedded in paraffin. Sections of 5 μm thickness were
prepared and stained with hematoxylin-eosin (H&E) and
Sirius Red to determine the degree of hepatocellular necro-
sis, liver fibrosis and inflammation. The light microscopy
digital images were acquired with a ScanScope digital slide
scanner (Aperio Technologies, Vista, CA) at the Pathology
Laboratory of the Queensland Institute of Medical Re-
search. The hepatocellular necrosis and liver fibrosis were
quantified as NI and FI, respectively, with computer-assisted

Table I Physicochemical Properties of the Basic Drugs

Drugs Molecular
weight

logPapp
a fuB

b pKa
c Metabolising

enzyme

Propranolol 259.34 3.10 0.69 9.45 CYP2D2

Labetalol 328.41 2.69 0.57 7.4 glucuronosyl
transferase

Metoprolol 267.36 1.79 0.76 9.17 CYP2D2/3A2

Antipyrine 188.23 0.33 1.00 1.45 CYP3A2

Atenolol 266.34 0.14 0.47 9.6 CYP2D2

a Log octanol/water partition coefficient at pH 7.4 values (22)
b Fraction unbound in perfusate acquired with microfiltration method (9)
c Negative logarithm of the ionization constant
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image analysis (Image Scope version 10, Aperio Technolo-
gies, Vista, CA). For each rat, the area of necrotic hepato-
cytes and stained fibrotic tissue in five randomly selected
fields was measured on the binary image. The FI was
quantified from the total area of fibrosis divided by the total
area of the section, as described previously (23). The necro-
sis index was the total area of necrotic hepatocytes divided
by the total area of the selected section.

Determination of Liver CYP Concentration

Rat livers were harvested from the sacrificed rat and perfused
with a mixed solution of calcium and magnesium-free Hank’s
balanced salt solution (5 mM EDTA and 10 mM HEPES) at
15 mL/min for 5 minutes to remove protein and blood from
the sinusoid bed through the portal vein. The liver was then
snap frozen in liquid nitrogen and stored at −80°C until
analysis. The liver tissue (1 g) was then thawed and
homogenized in 2.5 mL of ice-cold 0.25 M sucrose
containing 50 mM Tris-HCl buffer (pH 7.4) using a
tissue homogenizer. Then a gradient centrifugation was
performed on the liver homogenates to separate the
liver microsome fraction, as previously described (7).
The CYP concentration in the microsome fraction was
determined by the dithionite-reduced difference spec-
trum of CO-bubbled samples using the molar extinction
difference at the peak position (~450 nm) (24).

Real-Time Reverse Transcription Polymerase Chain
Reaction (RT-PCR) Analysis

The RNA was extracted from liver tissue using TRIzol
reagent (Invitrogen, Mt. Waverley, Australia). The RNA
concentration was measured by spectrophotometry. DNA
within the RNA sample was removed by DNase treatment.
First-strand cDNA was the synthesised from 1 g total RNA
using SuperScript III Reverse Transcriptase (Invitrogen,
Mt. Waverley, Australia) and oligo (dT(15)), according to
the manufacturer’s instructions.

Primers of CYP enzymes and a control housekeeping gene
(Gapdh) were designed using Primer 3 software (Whitehead
Institute for Biomedical Research, Cambridge, MA). The
gene sequences for each forward and reverse primer are listed
in Table II. The real-time RT-PCR amplifications were per-
formed with a Corbett Rotor Gene 3000 (QIAGEN,

Doncaster, VIC, Australia). The reactions were carried
out in a total volume of 20 μL, with 400 nM forward
primer, 400 nM reverse primer, 12.5 ng cDNA, and
10 μL QuantiTect SYBR Green PCR master mix
(QIAGEN, Clifton Hill, Australia). The mRNA level
was normalized with the housekeeping gene expression
as an external standard and quantified by using the
standard curve method. The result for each sample
was expressed as a percentage when compared with
gene expression in the liver from control rats.

Model Fitting of the Outflow Concentration-Time
Profiles

Model fitting was performed by using the convection -
dispersion model coupled with a two-phase physiologically
based organ pharmacokinetic model, as previously de-
scribed (22). The stochastic approach represents the transit
of a molecule through the organ as a series of sojourns as
shown in Fig. 1. The apparent distribution ratio between
cellular and extracellular space (Kv) for the unbound solute is
defined by kin/kout. The cellular binding processes were
assumed to be one rapid and one slow dissociation process,
respectively. The rapid binding process was simplified to an
instantaneous equilibration process characterized by KR ¼
kon;R=koff ;R. The slow binding process was described with the
intracellular binding (kon) and unbinding rate constant (koff),
respectively. The intrinsic elimination clearance (CLint) and
cellular water volume (Vc) determines the elimination rate
constant ke ¼ CLint=Vc . The permeation rate constant kin is
determined as: kin ¼ ðfuB � PSÞ=VB , PS is the permeability-
surface product and fuB is the free fraction of solute in the
perfusate. As previously described (25,26), the density of

cellular residence times bfyðsÞ describes the hepatocellular
distribution and elimination kinetics (Eq. 1):

bfyðsÞ ¼ koutðs þ koff Þ
s2 1þ KRð Þ þ s koff þ KRkoff þ ke þ kon þ kout

� �þ koff ðke þ koutÞ
ð1Þ

The hepatic transit time density function bf ðsÞ of solutes
can be evaluated in terms of the extracellular transit time
density of a nonpermeating reference molecule (in this
study, sucrose) (Eq. 2).

Table II Primer Sequence for
Real-Time RT-PCR Analysis of
mRNA Expression

Primer name Accession number Forward primer Reverse primer

Cyp3a2 NM_153312 CTGACAGACAAGCAGGGATG TGGGTTCCAAGTCGGTAGAG

Cyp2d2 NM_012730 TGAGGACCCTTTCTTCAACAG AGAATTGGGATTGCGTTCAG

Gapdh NM_017008 GATGGTGAAGGTCGGTGTG ATGAAGGGGTCGTTGATGG
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bf ðsÞ ¼ bfB½s þ kin 1� bf yðsÞ
� �

� ð2Þ

The fractional outflow versus time data were fitted in the
time domain by applying a numerical inverse Laplace trans-
formation of the appropriate transit time density function
using the nonlinear regression program SCIENTIST
(MicroMath Scientific Software, Salt Lake City, UT).

Estimation of Nonparametric Pharmacokinetic
Parameters

Nonparametric estimates of hepatic pharmacokinetic
parameters including hepatic availability (F), mean transit
time (MTT ) and normalized variance were determined
from the outflow concentration-time profiles for reference
from Eqs. 3 and 4 by using the trapezoidal method (extrap-
olated to infinity) with exponential tail approximation.

F ¼ Q IAUC
D

ð3Þ

MTT ¼
R1
0 tCðtÞdt
AUC

ð4Þ

AUC ¼ R1
0 CðtÞdt is the area under the solute concen-

tration versus time curve, Q is the perfusate flow rate, D is the
dose of solute administered and

R1
0 tCðtÞdt is the area under

the first moment C(t) versus time curve. The areas beyond
the last time point collected to time infinity was determined
using expressions based on the terminal rate constant and
concentration at the last time point for each curve. The
hepatic extraction ratio (E) equals to 1-F.

Statistical Analysis

All data are presented as mean ± standard deviation unless
otherwise stated. Statistical analysis was performed with
two-way analysis of variance, student’s t-test, ANOVA and
linear regression analysis (where appropriate). Stepwise re-
gression analysis was performed with SPSS 14.1 for Win-
dows (SPSS Inc, Chicago, IL) and p<0.05 was taken as
significant. Linear regression equations have only been con-
sidered when r2>0.5. Correlation analysis between two
parameters was performed with SPSS 14.1 for windows
(SPSS Inc, Chicago, IL) to assess the Pearson’s product-
moment correlation coefficient and p<0.05 was taken as a
significant correlation.

RESULTS

From the third to fourth week after monocrotaline
injection, the RHF model rats started to show signs of
illness due to the development of congestive heart fail-
ure. Liver physiology parameters from both control and
RHF rats are listed in Table II. The RHF group
showed significantly lower final body weight, as com-
pared to the control group which is consistent with a
previous work (20). The liver wet weight also showed a
slight increase in the RHF group. Conversely, the rats
of the RHF group showed significantly increased right
ventricular and lung weight than the control rats. The
central venous pressure was also significantly increased
in the RHF rats. These syndromes suggest an impaired
right ventricular function and blood recirculation con-
sistent with the progression of RHF. There were no

Fig. 1 Schematic overview of the two compartment convection dispersion model applied to transporter substrates disposition in the liver (9). kin, influx rat
constant; kout, efflux rat constant; kin/kout defines the apparent distribution ratio between cellular and extracellular space (Kv) for the unbound solute; ke
elimination rat constant; KR, equilibrium amount ratio charactering the fast binding process; kon, koff, rate constant for drug transport from cytosol into slow
binding site which determines the equilibrium amount ratio KS (KS0kon/koff) that characterized the slow binding process.
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significant differences detected in perfusion pressure, bile
flow and oxygen consumption between the control and
RHF groups in the IPRL experiment.

The serum biochemistry parameters of the control and
RHF model rats are summarized in Table IV. The RHF
group did not show significantly higher ALP, AST and ALT
than the control group. However, the RHF model rats
showed a significantly higher total bilirubin level (P<0.05).
Representative liver sections of H&E stained liver slides
acquired from control and RHF rats are shown in Fig. 2.
Liver sections from the normal livers show typical architec-
ture under light microscopy, while the liver sections from
rats with RHF show serious central lobular necrosis and
sinusoid dilation. Serious collagen deposition was also found
within the sinusoid of RHF model rats. The estimated NI
and FI are shown in Table IV. The liver sections from RHF
rats show significantly higher FI and NI than those from
control rats. Furthermore, the RHF rat livers also showed
significantly decreased CYP concentration, as reflected in
Table IV. Consistent with the decreased total CYP concen-
tration, the mRNA expression of Cyp3a2 is significantly
lower in the RHF rat livers compared to the control rat
livers, as shown in Fig. 3. Moreover, it also showed a highly
suggestive reduction (without statistical significance) in the
expression of Cyp2d2 in the RHF rat livers compared to the
control rat livers.

The representative outflow perfusate concentration - time
profiles for each basic drug in the control and RHF rats are
shown in Fig. 4, and Table V lists the nonparametric phar-
macokinetic parameters for these basic drugs derived from the
outflow profiles. The RHF group show significantly decreased
E for these basic drugs other than for propranolol. The E of
drugs increased with drug lipophilicity, as defined by the
logarithm of their octanol-water partition coefficient (logPapp).
The MTT values for all five drugs did not differ significantly
between the two groups. These outflow data were well fitted
using a heterogeneous (barrier-limited and space-distributed)
transit time model and a data weighting of 1/(yobs)

2, as the
nonlinear regression lines demonstrated in Fig. 4. The

pharmacokinetic parameters for each drug acquired from
the model fitting are summarized in Table VI.

Both PS and CLint for each drug were significantly de-
creased in the RHF group compared to the control group
(Table VI). However, there was no significant change in Kv
values for these drugs identified between the two groups.
When comparing across different drugs, those with higher
lipophilicity, as defined by logPapp, show larger PS and CLint
values (Fig. 5), whereas those showing higher ionisation at
physiological pHs (i.e. at higher pKa values, noting that
antipurine with a pKa of 1.5 is essentially unionised at both
the organelle pH of ~4 and physiological pH of ~7.4) are
associated with more ion trapping and increasing in Kv
values (Fig. 5). Stepwise regression analysis, which was used
to examine the relationships among pharmacokinetic
parameters (logPS and logCLint), drug physicochemical
properties (logPapp) and histopathological results (FI, NI
and CYP), yielded the following relatioships:

1) logPS ¼ 0:769� 0:097 � logFIþ
0:203 � logPappðr2 ¼ 0:812; n ¼ 30; p < 0:001Þ

Fig. 2 Representative liver
sections from the control and
RHF rats (H&E stain) (a) control
(X200). (b) RHF (X200).

Fig. 3 mRNA expression of cyp3a2 and cyp2d2 in control and RHF rat
livers.
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2) logCLint ¼ �4:097þ 1:639 � logCYPþ 0:478�
logPappðr2 ¼ 0:779; n ¼ 30; p < 0:001Þ

3) logE ¼ �0:476� 0:202 � logCYP � 0:211 � logNIþ
0:355 � logPappðr2 ¼ 0:854; n ¼ 30; p < 0:001Þ

Comparisons between the observed and predicted phar-
macokinetic parameters for the various bases are shown in
Fig. 6. The predicted pharmacokinetics parameters, includ-
ing logPS, logCLint, and E, all correlated well with the
estimated parameters from the IPRL study.

DISCUSSION

In this work, the monocrotaline-induced rat model of
RHF was established to study potentially altered RHF
induced hepatic drug disposition due to liver damage.
The rats in the RHF group started to show signs of
illness and significantly decreased body weight from the
third to fourth week after monocrotaline injection, con-
sistent with a previous report (20). A significantly in-
creased central venous pressure, as well as an increased

Fig. 4 Representative outflow perfusate concentration – time profiles for the basic drugs in control (filled diamond) and RHF (empty triangle) rats.
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right ventricular and lung weight (Table III), indicated
serious heart and lung damage and suggested the suc-
cessful establishment of the RHF model (16). A potential

confounder in the use of monocrotaline induced RHF is
a direct effect of monocrotaline on the liver itself
(27,28). However, dose range studies show that such

Fig. 5 Relationship between
physicochemical properties and
their hepatic pharmacokinetic
parameters for basic drugs in
control and RHF rats. (a)
Logarithm of octanol/water
partition coefficient (logPapp) for
basic drugs and the logPS, (b)
logarithm of octanol/water
partition coefficient (logPapp) of
these drugs and log CLint, (c)
pKa of these drugs and logKv. The
line represents the linear
regression line. The data are
represented as the mean ± S.D.

Fig. 6 Comparison of observed
and predicted pharmacokinetic
parameters for basic drugs in
control (filled diamond) and right
heart failure (RHF) (empty
triangle) rat liver.
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damage occurs at 200–300 mg/kg about 4 times the
dose (60 mg/kg) used in this study (27,28).

Histological examination confirmed the serious hepatocel-
lular necrosis and liver fibrosis injury which were demonstrat-
ed as significantly increased NI and FI in the rat livers of the
RHF group (Table IV). The central venous congestion injury
also leads to a significantly higher serum bilirubin level and
slightly increased serum albumin concentration in the RHF
model rats (4). However, there was no significant change in
the liver perfusion parameters including perfusion pressure,
bile flow and oxygen consumption, detected between the two
experimental groups. The RHF group also did not show a
significant increase in ALP, AST and ALT levels compared
with the control group. These results are consistent with other
published studies (2,29), and indicate that the liver damage at
this stage of RHF was not serious enough to significantly
influence the serum biochemistry level.

Moreover, the significantly decreased total liver CYP
concentration in the RHF model rats (Table IV) is consistent
with previous results (14,15,30) which also observed

decreased CYP expression. The decreased CYP concentra-
tion suggested the serious damage with liver oxidative metab-
olism during the progression of right heart failure and the
consequent hepatic congestion and ischemia. The reduced total
CYP concentration in the RHF group was also consistent with
the decreased mRNA expression of Cyp2d2 and Cyp3a2 identi-
fied by the real time RT-PCR experiment. Reduction in
CYP2D and CYP3A expression in human patients during
acute hypoxia has also been reported (11).

As a consequence of liver damage during RHF, the E for
four of the five basic drugs studied were significantly de-
creased in RHF rat livers compared to in control rat livers
(Table V), with the exception of propranolol. This signifi-
cantly reduced E is consistent with the results reported in
previous studies. For instance, Petersson et al. (31) reported
impaired nitroglycerin elimination in patients with chronic
heart failure, whilst Ng et al. (12) showed a reduced hepatic
elimination of p-nitrophenol in a rat model of RHF. Whilst
these published studies recognized the reduced E values in
the liver during RHF, the mechanism by which RHF in-
duced liver damage led to the reduced E values was not well
explored. The present work suggests that the significantly
reduced E values arise from a significantly decreased intra-
hepatic clearance and hepatocyte membrane permeability,
reflected by the significantly decreased values for PS and
CLint (Table VI) (6,32,33). From our previous studies,
changes in E can be related to a number of determinants:
the lipophilicity of the drugs, represented by logPapp,
changes in FI and an altered CYP expression in the diseased
liver (6,9). In this work, stepwise regression analysis identi-
fied the that RHF induced changes in extraction, expressed
as log E to relate to the logarithm of other parameters, was
mainly determined by logPapp, logNI and logCYP during
RHF (p<0.001) and not by pKa (Figs. 5 and 6). The pre-
dicted E values acquired from this regression showed a good
correlation with the observed E values (Fig. 6). These results
suggested that, except for the CYP concentration, the he-
patocellular necrosis (NI), other than liver fibrosis (FI), is the
key determinant of E during RHF. This result suggests that

Table III Comparison of Liver Perfusion Parameters Between Control
and RHF Rats (mean ± S.D., n06)

Perfusion parameters Animal model

Control rats RHF rats

Final rat body weight (g) 355±22 315±17*

Liver wet weight (g) 10.36±1.31 11.31±0.96

Lung weight (g) 1.57±0.12 3.06±0.76+

Right ventricular weight (g) 0.33±0.04 0.51±0.08+

Central venous pressue (mm Hg) 22±8 50±12+

Perfusion rate (ml·min−1·g liver−1) 1.47±0.19 1.33±0.10

Perfusion pressure (cmH2O) 26.00±2.21 29.50±1.38

Bile flow, μl·min−1·g liver−1 0.83±0.13 0.80±0.15

O2 consumption, μmol·min−1·g liver−1 2.18±0.44 1.92±0.51

* P<0.05, + P<0.01

Table IV Comparison of Serum Biochemical and Quantitative Liver
Histopathological Parameters Between Control and RHF Rats (mean ±
S.D., n06)

Parameters Control rats RHF rats

ALP (IU/L) 81.15±11.44 73.07±9.25

AST (IU/L) 119.02±7.76 123.38±9.90

ALT (IU/L) 28.75±3.00 31.48±4.67

Bilirubin (umol/L) 7.55±1.05 9.97±1.02*

Albumin (g/L) 14.80±1.53 13.03±1.40

Fibrosis index (%) 0.42±0.11 3.56±0.61+

Necrosis index (%) 1.52±0.39 9.40±1.55+

CYP (nmol/g liver) 110.06±7.81 91.04±9.84 *

* P<0.05, + P<0.01

Table V Nonparametric Estimates of Basic Drug Pharmacokinetic Param-
eters (mean ± S.D., n06)

Basic drugs E (%) MTT (s)

Control RHF Control RHF

Propranolol 0.98±0.02 0.96±0.03 58.14±5.10 59.30±6.27

Labetalol 0.86±0.02 0.80±0.04* 29.10±5.87 27.35±2.07

Metoprolol 0.84±0.05 0.76±0.03* 60.26±5.41 59.57±3.61

Antipyrine 0.16±0.03 0.08±0.02+ 46.46±3.55 48.65±6.74

Atenolol 0.16±0.03 0.07±0.03+ 13.12±2.27 12.67±1.85

* P<0.05, + P<0.01
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the CYP concentration and hepatocellular necrosis may be
used as predictors to evaluate the possible decrease of E
during RHF. Therefore, a reduction in dosing may be
required for patients with RHF who have been given hepati-
cally cleared drugs.

In this work, we sought to dissect out the mechanisms by
RHF induced liver damage caused a change in basic drug
pharmacokinetics using linear and stepwise regression (Fig. 5).
Both regression analyses confirmed our earlier work (6,9,22)
that lipophilicity of these basic drugs (logPapp) is a key deter-
minant of CLint and PS, whereas the pKa value defines the ion-
trapping in hepatocytes as determined by Kv. It is to be
recognised that the lowest Kv for antipyrine (pKa 1.5) repre-
sents the control case of no ion trapping as it is effectively
unionised at the pH for the acidic organelles in hepatocytes as
its pKa is >2 pH units less than the organelle pH (22). The
similar profiles of Kv versus pKa with and without RHF, sug-
gests that RHF has not induced any change in organelle pH.

The stepwise regression analysis in Fig. 6 also showed
that the reduction in PS could be linearly related to the
significantly increased FI arising from RHF effects on rat
livers. The significance of this finding is the possibility of
using FI as a predictor of liver function, especially changes in
PS, after RHF induced liver damage. We have previously
shown that FI is the main determinant of PS in fibrotic,
cirrhotic, and NASH livers (6,9).

The lack of change in E for propranolol is consistent with
this drug’s hepatic clearance mainly be determined by hepatic
blood flow because it is so highly extracted (34). This finding is
consistent with a lack of change in E for propranolol in NASH
liver rats (9). In each of these studies, an identical blood flow
was used in the control and RHF IPRL studies. In reality,
RHF is associated with a reduction in portal vein blood flows
(35). Accordingly, as clearance can be defined as the product
of hepatic blood flow andE, it is anticipated that propranolol’s
hepatic clearance will therefore be lower in RHF. Indeed, an
impaired propranolol hepatic clearance has been reported in
rat livers following RHF (10).

The significantly decreased CLint values in the RHF rat
livers for these basic drugs were also found to be related to
the decreased total CYP concentration (Fig. 6), which are also
consistent with an obserrved reduction in mRNA expression
for Cyp2d2 and Cyp3a2. These results indicate that the loga-
rithm of CYP concentration may be one predictor for logCLint
(Fig. 6). As labetalol is also metabolized through glucuronida-
tion, it is possible that the significant reduction in CLint for
labetalol may be due to reduced glucuronidation. However,
previous studies suggested that there was no significant change
in glucuronosyl transferase for rat livers with RHF (12).

It is recognised that the physiological pharmacokinetic
model for the liver used here is limited by being dependent
on interpreting intrahepatic events based on observed out-
flow profiles as we have reported in other studies (9,36,37)
In principle, the model we have used can be improved by
more precisely representing the liver in silico formally as
consisting of a population of several thousand hepatocytes
arranged into hepatic “lobules” according to vascular and
biliary inputs and outputs and liver morphology, but this
requires more intense computation (38,39). A much more
precise method of analysing pharmacokinetic events in the
liver and in other organs, e.g. the hindlimb (40) and skin (41)
is to observe events directly in the vascular system and in
cells. We are now attempting to develop non-invasive imag-
ing of processes in the liver (42) to enable more precise
characterisation of physiological pharmacokinetic events,
including how drugs are transported in the liver’s vascular
system (43) and where in the liver drugs are taken up and
converted to their metabolites (44,45).

CONCLUSION

This work shows that hepatic pharmacokinetics are signifi-
cantly changed in rats with RHF. The altered hepatic phar-
macokinetic parameters (E, CLint and PS) can be related to
the physicochemical properties of basic drugs (logPapp) and

Table VI Kinetic Parameters Derived from Two-Phase Stochastic Model Fitting Basic Drugs in Livers from Normal and RHF Rats (mean ± S.D., n06)

Drugs logPapp
a pKa

b PS (mL·min−1·g liver) Kv CLint (mL·min−1·g liver)

Control RHF Control RHF Control RHF

Propranolol 3.10 9.45 37.28±2.43 29.27±3.08+ 10.76±1.40 10.02±1.27 7.50±1.26 5.02±0.89+

Labetalol 2.69 7.4 16.22±1.46 13.38±1.14* 6.45±1.13 6.31±0.44 3.34±0.69 2.07±0.49*

Metoprolol 1.79 9.17 13.43±1.24 11.55±0.97* 9.64±1.07 9.22±1.08 1.13±0.20 0.69±0.18+

Antipyrine 0.33 1.45 10.01±0.90 8.21±1.08* 2.67±0.22 2.81±0.52 0.14±0.04 0.06±0.03+

Atenolol 0.14 9.6 5.91±0.67 4.34±0.69+ 9.90±0.92 9.61±1.19 0.65±0.18 0.35±0.09+

a log octanol/water partition coefficient at pH 7.4 values (22)
b negative logarithm of the ionization constant
* P<0.05, + P<0.01
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liver histopathological changes (NI, CYP concentration and
FI) in the rat with RHF. These results add to our under-
standing of when and how liver damage due to the RHF
affects drug hepatic pharmacokinetics. The results might
also provide a possible way to predict the pharmacokinetic
parameters from physicochemical properties and liver his-
topathology changes during RHF or liver ischemia injury.
Conversely, these results also suggest that the level of liver
histopathological damage may be evaluated from the
hepatic pharmacokinetic study of specific probes.
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