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ABSTRACT - Purpose: Preliminary study results have shown that rats with non-alcoholic fatty liver
disease (NAFLD) induced by 1% orotic acid-containing diet have decreased hepatic CYP2D activity. This
study aims to evaluate the possible pharmacokinetic changes in NAFLD as a result of reduced metabolic
activity of CYP2D. Methods: The pharmacokinetics of metoprolol and its metabolites, O-desmethyl
metoprolol (DMM) and a-hydroxy metoprolol (HM), was investigated in NAFLD and control rats following
intravenous (1 mg/kg) and oral (2 mg/kg) administration of metoprolol. The hepatic CYP2D expression was
also investigated. Results: NAFLD rats had lower CYP2D expression (by 36.6%) and slower intrinsic
clearance (CLin) of metoprolol and formation of HM (by 40.1% and 37.2%, respectively). There were no
significant changes in the pharmacokinetics of metoprolol and its metabolites following intravenous
administration. In contrast, oral administration of metoprolol resulted in significantly increased total area
under plasma concentration-time curve (AUC) of metoprolol (by 127%) and decreased metabolite formation
ratios (AUComm/AUCwetoprolol [bY 42.8%], AUCuM/AUCMetoprolot [bY 35.0%]) in NAFLD rats. Moreover,
these changes were well correlated with severity of steatosis as quantified by hepatic triglyceride contents.
Conclusions: NALFD can lead to a reduction in the hepatic CLiy of a drug if it is a substrate of the CYP2D
subfamily. The decreased clearance may result in elevated drug concentrations and increased exposure.

INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) steatosis rats induced by orotic acid (OA) (5)
refers to a spectrum of liver diseases that range or in NASH rats induced by methionine-
from simple fatty liver (steatosis) to more choline deficient (MCD) diet (6); increased
severe non-alcoholic steatohepatitis (NASH). mRNA levels of CYP3A2, 2D2, and 2El in
NAFLD is clinically important because it has a NASH rats (7); and controversial changes in
high prevalence (25% of the general CYP2EI in NASH rats induced with OA diet
population) and a wide spectrum of histologic or MCD diet (8, 9). Transcriptional,
damage that can lead to NASH, cirrhosis, translational, and activity changes in hepatic
hepatocellular carcinoma, and liver failure (1). CYP isozymes have also been reported in
Obesity and obesity-related conditions (insulin humans as NAFLD progresses (10). The
resistance, dyslipidemia, and high blood  variety of changes in hepatic CYP enzymes in

pressure) have also been identified as animal models and patients with NAFLD
predisposing conditions for NAFLD (2, 3). suggest that possible pharmacokinetic changes
Hepatic disease is regarded as a primary  of drugs may occur via several mechanisms as

factor that can alter the disposition of many NAFLD progresses.
drugs (4). In fact, several published studies
have documented changes in the cytochrome
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Several therapeutically important agents
are known to cause microvesicular steatosis.
Therefore, evaluating the effects of lipid-
mediated injury on hepatic drug metabolism is
clinically significant. To evaluate possible
pharmacokinetic changes in the early stages of
NAFLD, a rat model of NAFLD induced by a
diet containing 1% OA was used in this study
(1, 11). OA is an intermediate metabolite in
pyrimidine metabolism and produces rapid and
extensive microvesicular steatosis in rats (5).
The molecular —mechanisms for  the
development of NAFLD in rats fed an OA diet
have been reported (1, 11). Because OA is
normally a minor component of diet (cow’s
milk, dairy products, and root vegetables),
normal consumption of dietary OA is not
expected to induce steatosis in human (12, 13).
In our preliminary study, we compared the
metabolism of various CYP probe substrates in
hepatic microsomal fractions of rats with
NAFLD induced by an OA diet with that of
control rats. NAFLD rats exhibited
significantly decreased dextromethorphan O-
demethylase activity (by 31.4%), which
represents the metabolic activity of rat CYP2D
isoforms (14), when compared with that of
controls (Figure 1). Moreover, in patients with

NAFLD, hepatic  microsomal  protein
expression of CYP2D6 tends to decrease with
disease progression (10). The CYP2D

isoforms from rats and humans have been
reported to share a high sequence identity
(>70%) (15). Therefore, evaluating possible
pharmacokinetic changes in NAFLD due to
reduced metabolic activity of CYP2D is
considered a high priority.

Metoprolol, a selective Pi-adrenergic
receptor antagonist, is widely used for the
treatment of hypertension, angina pectoris,
myocardial infarction, and arrhythmia (16). It
also has a favorable effect on atherosclerosis
development (17). In humans, around 75% of
the metoprolol dose is metabolized hepatically
by O-demethylation via CYP2D6 and
unidentified CYP(s) (65% of the dose) and by
a-hydroxylation (10% or less of the dose) via
CYP2D6 (18). As metoprolol is also
metabolized by the CYP2D subfamily in rats

(7, 19), metoprolol could be a clinically
relevant model substrate for studying
alterations in pharmacokinetics resulting from
the reduced metabolic activity of CYP2D in
NAFLD. Therefore, we examined the
pharmacokinetics of metoprolol and its
metabolites (O-desmethyl metoprolol and a-
hydroxy metoprolol) in a well-established OA

diet-induced NAFLD rat model after
intravenous and oral administration of
metoprolol.
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Figure 1. Dextromethorphan O-demethylase activity in
hepatic microsomes of control and non-alcoholic fatty
liver disease (NAFLD) rats. Individual hepatic
microsomal fractions (0.5 mg protein) from control and
NAFLD rats (n = 6 per group) were incubated with 100
uM dextromethorphan. *P < 0.05 compared to control

values is considered statistically significant. Bars
represent SD.

MATERIALS AND METHODS

Chemicals

Metoprolol tartrate, propranolol hydrochloride

(internal standard [IS] for LC-MS/MS analysis of
metoprolol, O-desmethyl metoprolol [DMM], and
a-hydroxy  metoprolol [HM]), dextrorphan,
paracetamol (IS for LC-MS/MS analysis of
dextrorphan), orotic acid monohydrate (OA), the
reduced form of P-nicotinamide adenine
dinucleotide phosphate (NADPH) as a tetrasodium
salt, and Tris(hydroxymethyl)aminomethane (Tris)-
buffer were all purchased from Sigma-Aldrich (St.
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Louis, MO, USA). DMM, HM, and
dextromethorphan were products from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Other
chemicals were of reagent or HPLC grade.

Animals and OA-induced NAFLD

All animal experiment protocols were approved by
the  Department of Laboratory  Animals,
Institutional Animal Care and Use Committee
(IACUC) of Sungsim Campus, The Catholic
University of Korea, Bucheon, South Korea. Male
Sprague—Dawley rats (4-5 weeks old) were
purchased from Young Bio (Seongnam, South
Korea). The procedures used for housing and
handling rats were similar to those described
previously (20). After an adaption period of 3 days,
rats were randomly divided into two groups. One
group was given a normal purified rodent diet
(AIN-93G) (control group) and the other group
received an OA diet prepared by supplementing the
normal diet with 1% w/w OA (NAFLD group). The
dietary consumption of both groups was measured
and animals were allowed free access to water.
Animals were maintained for 20 days and
underwent a fasting period of 15 h prior to
experimentation.

Preliminary study
The following preliminary studies were performed
in rats on day 21 after the start of feeding in control
(control rats; n = 6) or OA diet (NAFLD rats; n = 6)
groups to verify whether NAFLD was induced and
to estimate liver and kidney functions. A urine
sample was collected at 15 h to measure creatinine
levels. Levels of albumin, urea nitrogen, aspartate
aminotransferase (AST), alanine aminotransferase
(ALT), and creatinine were also measured using
plasma samples obtained at 15 h (VetTest®,
IDEXX Laboratories, Westbrook, ME, USA). The
whole liver and kidneys of each rat were excised,
rinsed with 0.9% NaCl-injectable solution, blotted
dry with tissue paper, and weighed. Small portions
of the liver and kidney were fixed in 10% neutral
phosphate-buffered formalin and then processed for
routine histological examination by hematoxylin &
eosin staining. Approximately 0.2 g of liver from
each rat was also stored at —70°C until analysis of
hepatic  triglyceride content using ethanolic
potassium hydroxide saponification followed by a
glycerol assay according to reported methods (21).
The hepatic microsomes from control and
NAFLD rats were prepared (22) and the protein
contents were measured (23). For measurement of
dextromethorphan O-demethylation activity, the

above hepatic microsomes from each group
(equivalent to 0.5 mg protein) were pre-incubated
with 0.1 M potassium phosphate buffer (pH 7.4)
and 5 pL of methanol containing dextromethorphan
(final concentrations of 100 uM) in a thermomixer
(Thermomixer 5436; Eppendorf, Hamburg,
Germany) at 37 °C and 600 rpm. To initiate the
reaction, NADPH (in 0.1 M potassium phosphate
buffer of pH 7.4 to a final concentration of 1 mM)
was added to a final volume of 500 pL. At 10 min
after the start of the reaction, 25 plL was collected
and transferred to an Eppendorf tube containing 75
pL of acetonitrile with 30 uM of paracetamol (IS),
and vortex-mixed to terminate the reaction. After
mixing and centrifugation (16,000 g, 5 min), the
supernatant was collected and dextrorphan was
analyzed using LC-MS/MS.

Immunoblot analysis of hepatic CYP2D

The hepatic microsomal protein fractions (40 pg)
were mixed with NuPAGE® LDS sample buffer
(Thermo Fisher Scientific, Waltham, MA, USA)
and subjected to electrophoresis using a NuPAGE®
4-12% Bis-Tris gel, and then transferred to a
polyvinylidene  difluoride =~ membrane.  After
blocking in Tris-buffered saline containing 0.1%
v/v Tween-20 and 5% w/v fat-free milk powder, the
membranes were incubated with rabbit anti-CYP2D
antibodies at a 1:1,000 dilution (Abcam, Cambridge,
UK) followed by anti-rabbit conjugated horseradish
peroxidase (HRP) secondary antibodies (Santa
Cruz Biotechnology, Santa Cruz, CA, USA).
Signals were detected using SuperSignal™ West
Dura Extended Duration Substrate (Thermo Fisher
Scientific) and the Chemidoc XRS imager system
(Bio-Rad, Hercules, CA, USA). The B-actin band
was used as a loading control.

Kinetics for the disappearance of metoprolol
and formation of DMM and HM in hepatic
microsomal fractions

The following components were mixed: the hepatic
microsomal fractions prepared from each group
(equivalent to 0.5 mg protein); 0.1 M phosphate
buffer (pH 7.4); and 5 pL of distilled water
containing metoprolol (final metoprolol
concentrations of 5, 10, 20, 50, 75, 100, 150, and
200 uM). Mixtures were pre-incubated for 5 min in
a thermomixer (Thermomixer 5436; Eppendorf) at
37°C and 600 rpm. To initiate the reaction, 1 mM
NADPH in 0.1 M phosphate buffer (pH 7.4) was
added to a final volume of 500 puL. After 15 min of
incubation, an aliquot of 25 pL was transferred to a
microcentrifuge tube containing 20 puL 0.5 N
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sodium hydroxide and 25 pL methanol containing
propranolol (IS, 1 ug/mL). The aliquot was vortex-
mixed to terminate the reaction. Next, the mixture
was extracted with 1 mL of diethyl ether and
treated according to the sample preparation
procedure described below.

All of the above microsomal incubation
conditions were within the linear range of reaction
rate with the given microsomal protein content
based on previous reports (24). The kinetic
constants  (Km, apparent Michaelis—-Menten
constant; and Vma, maximum velocity) for the
disappearance of metoprolol were obtained by
fitting the data to Lineweaver-Burk plots using
SigmaPlot 9.0 (Systat Software Inc., San Jose, CA,
USA). The kinetic constants for the formation of
DMM and HM from metoprolol were calculated
using a non-linear regression method (25) using
SigmaPlot 9.0 (Systat Software Inc.). The
unweighted kinetic data was fitted to a single-site
Michaelis—Menten equation. The intrinsic clearance
(CLiny) for the disappearance of metoprolol and the
formation of DMM and HM was calculated by
leldll’lg Vinax by K.

Measurement of plasma protein binding of
metoprolol, DMM, and HM

Plasma protein binding values of metoprolol and its
metabolites in control and NAFLD rats (n=6 per
group) were determined using the ultrafiltration
method (26). Metoprolol, DMM, and HM were
spiked into each 500-pL plasma sample to produce
a final concentration of 200, 20, and 50 ng/mL,
respectively. After a 20-min incubation to
equilibrium in a thermomixer at 37°C and 600 rpm,
25 uL of the plasma was sampled to measure the
total metoprolol, DMM, and HM concentrations.
Additionally, 400 pL of the plasma was collected
into a Microcon® centrifugal filter device (30,000
NMWL Filter Unit; Merck Millipore Ltd, Cork,
Ireland) for ultrafiltration. The plasma samples
were centrifuged (2,000 g; 37°C) for 20 min and a
25-uLL portion of the upper and lower layers was
stored at —70°C until LC-MS/MS analysis of
metoprolol, DMM, and HM. Plasma protein
binding values of metoprolol have been reported to
be constant at 14.5% in the concentration range of
0.1 to 100 pg/mL (19). Thus, 200 ng/mL of
metoprolol was used for the plasma protein binding
study. Concentrations of metabolites were
determined based on plasma concentration after
metoprolol administration.

Intravenous and oral administration of
metoprolol

The procedures used for the pretreatment of rats,
including cannulation of the jugular vein and the
carotid artery were similar to those reported
previously (20). The fasting blood glucose levels
were measured using the Medisense Optium kit
(Abbott Laboratories, Bedford, MA, USA) before
the start of pharmacokinetic study.

Metoprolol has been reported to show linear
pharmacokinetics in the dose range used in this
study (27, 28). Metoprolol tartrate (dissolved in
0.9% NaCl-injectable solution) at a dose of 1 mg (2
mL)/kg as free-base metoprolol was manually
infused over 1 min via the jugular vein in control (n
=7) and NAFLD rats (n=38). Blood samples
(approximately 60 pL) were collected via the
carotid artery at O (control), 1 (end of infusion), 5,
15, 30, 45, 60, 75, 90, 120, 150, and 180 min after
the start of intravenous infusion. Blood samples
were immediately centrifuged and 25 pL of plasma
was collected and stored at —70°C until LC-MS/MS
analysis of metoprolol, DMM, and HM. The
procedures used for preparation and handling of
urine samples to calculate the percentage of the
dose excreted in the urine for 24 h (Aep24n) were
similar to the method described previously (20). To
confirm that NAFLD was successfully induced, an
additional 0.2 g of liver from each rat was stored at
—70°C until analysis of hepatic triglyceride content
20n).

Metoprolol tartrate (dissolved in the same
vehicle as the intravenous study) at a dose of 2 mg
(in 4 mL)/kg as free-base metoprolol was orally
administered to control (n = 5) and NAFLD rats (n
= 6) using gastric gavage. Blood samples were
collected via the carotid artery at 0, 5, 10, 15, 20,
30, 45, 60, 90, 120, 150, and 180 min after oral
administration of the drug. Other procedures for the
oral study were similar to those described for the
intravenous study.

LC-MS/MS analysis

The LC-MS/MS system consisted of an Agilent
6460 triple quadrupole with an Agilent 1260 LC
system (Agilent, Waldbronn, Germany). Instrument
control and data acquisition were performed using
Agilent MassHunter Workstation software (Version
B. 04. 01).

For the quantification of dextrorphan in hepatic
microsomal incubation samples, 1 pL of the
supernatant was injected directly onto a reversed-
phase HPLC column (Cig; 75 mm, 1. X 4.6 mm, i.d.;
particle size, 3.5 um). The mobile phase, 2 mM
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ammonium acetate:acetonitrile [50:50 (v/v)], was
run through the column at a flow rate of 0.3
mL/min. The eluent was monitored using a triple
quadrupole tandem mass spectrometer equipped
with an electrospray ionization (ESI) source and
operated in positive ion mode. The instrument
parameters were set as follows: gas temperature,
350°C; sheath gas temperature, 250°C; gas flow, 5
L/min; sheath gas flow, 11 L/min; nebulizer, 45 psi;
and electrospray voltage, 3.5 kV. The fragmentor
voltage was set at 155 V for dextrorphan and 95 V
for IS. The collision energy for dextrorphan and IS
was 32 and 15 eV, respectively. The precursor to
product ion transitions for dextrorphan and IS were
m/z 258 ((M+H]") — 157 and m/z 152 ((M+H]") —
110, respectively. The retention times of
dextrorphan and IS were approximately 6.6 and 2.6
min, respectively. The calibration range of
dextrorphan in hepatic microsome samples was 0.1-
10 uM.

Concentrations of metoprolol, DMM, and HM
in the samples were simultaneously determined
using the LC-MS/MS method developed in our
laboratory. In brief, 20 uL of 0.5 N NaOH and 25
pL  of methanol containing 1 pg/mL of IS
(propranolol) were added to 25 pL of each
biological sample. Then, the mixture was extracted
with 1 mL diethyl ether. After mixing and
centrifugation (16,000 x g, 5 min), the supernatant
was collected and evaporated under a gentle stream
of nitrogen gas at 40°C. The residue was
reconstituted with 75 pL of a 1:1 (v/v) mixture of
distilled water and methanol and 1 pL was injected
directly onto a same reversed-phase HPLC column
as above. The mobile phase, 5 mM formic acid in
water:acetonitrile [80:20 (v/v)], was run through the
column at a flow rate of 0.4 mL/min. The eluent
was monitored using a triple quadrupole tandem
mass spectrometer equipped with ESI source in
positive ion mode and the same instrument
parameters as above. The fragmentor voltage was
set at 117 V for metoprolol, 140 V for HM, and 130
V for both DMM and the IS. The collision energy
for metoprolol and DMM was 20 eV, and that for
HM and the IS was 16 eV and 17 eV, respectively.
The precursor to product ion transitions for
metoprolol, DMM, HM, and IS were m/z 268.3
(IM+H]") — 116.2, m/z 254 ((IM+H]") — 116, m/z
284.2 (IM+H]") — 116.1, and m/z 260.1 ([M+H]")
— 183.1, respectively. The retention times of

metoprolol, DMM, HM, and the IS were
approximately 2.4, 1.4, 14, and 4.8 min,
respectively.

The calibration ranges of metoprolol, DMM,
and HM in plasma samples were 0.8—10,000 ng/mL,
2.5-200 ng/mL, and 2.5-1000 ng/mL, respectively.
The ranges in urine samples were 50—10,000 ng/mL,
50-5000 ng/mL, and 20-5000 ng/mL, respectively.
The ranges in hepatic microsome samples were
0.5-200 uM, 0.25-10 puM, and 0.25-20 pM,
respectively. The intra- and inter-day coefficients of
variation (CVs) of the analysis on three consecutive
days were below 15.9%, and the assay accuracies
ranged from 86.2—-112%.

Pharmacokinetic analysis

The total area under the plasma concentration by
time curve from time zero to infinity (AUC) was
calculated using the trapezoidal rule-extrapolation
method (29). Standard methods (30) were used to
calculate the following pharmacokinetic parameters
by non-compartmental analysis (WinNonlin;
Pharsight Corporation, Mountain View, CA, USA):
the time-averaged total body, renal, and non-renal
clearances (CL, CLg, and CLng, respectively),
terminal half-life, mean residence time (MRT),
apparent steady-state volume of distribution (Vs),
and the extent of absolute oral bioavailability (F).
The peak plasma concentration (Cmax) and time to
reach Cmax (Tmax) were read directly from the
experimental data.

STATISTICAL ANALYSIS

Differences between the two means for unpaired
data were analyzed using the Student’s #-test, with
the exception of Tmax for which Mann-Whitney test
was used, and P < 0.05 was considered statistically
significant. Correlation analysis was performed
between pharmacokinetic parameters and hepatic
triglyceride contents using IBM SPSS Statistics
version 23 (IBM Corp., Armonk, NY, USA). All
data are presented as means + standard deviation
(SD) unless otherwise specified.

RESULTS

Preliminary study

Induction of NAFLD in rats that were fed an OA
diet was confirmed by the elevated hepatic
triglyceride contents and fatty changes observed in
liver microscopy. In rats fed an OA diet (NAFLD
rats), the hepatic triglyceride content was
significantly increased (by 377%) compared to that
of control rats (Table 1). Based on the results of
liver microscopy (Figure 2), control rats showed
normal to minimal fatty change. In contrast, all of
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the NAFLD rats studied showed severe fatty
changes of the liver. There were no significant
microscopic findings in the kidneys of either
control or NAFLD rats (data not shown). The
creatinine clearance (CLcr) values in NAFLD rats
were also comparable to those in controls (Table 1).

Body weight, diet consumption, plasma
chemistry data, and relative weights of liver and
kidneys in control and NAFLD rats are also listed
in Table 1 and compared with the reported values in
normal rats (31, 32). There was significantly less
body weight gain in NAFLD rats compared to
control rats, whereas the daily diet consumption
was similar between the two groups. Urea nitrogen
in the plasma of both groups was comparable and
within the range of reported values in normal rats.
Although the albumin level in plasma was
significantly lower in NAFLD rats than in controls,
the value was within the range of the reported
normal value. The mean plasma levels of AST and
ALT in NAFLD rats were significantly higher than
those in control rats by 322% and 207%,
respectively, and outweighed the reported normal
range. A significant increase in relative liver weight
of 24.3% was also observed in NAFLD rats.

Protein expression of hepatic CYP2D in
control and NAFLD rats

The protein expression levels of hepatic
CYP2D in control and NAFLD rats are shown
in Figure 3. NAFLD rats exhibited a significant
decrease in protein expression of hepatic
CYP2D (36.6%) compared with that in control
rats.

Vmax, Km, and CLint for the disappearance of
metoprolol and formation of DMM and HM
in hepatic microsomes from control and
NAFLD rats

The Lineweaver-Burk plots for metoprolol
clearance in hepatic microsomes of control and
NAFLD rats are shown in Figure 4A. The CLin
value for the disappearance of metoprolol in
hepatic microsomes of NAFLD rats was
significantly slower by 40.1% in NAFLD rats
compared with controls (Table 2).

Table 1 Diet consumption, plasma chemistry data, renal creatinine clearance (CLc),
hepatic triglyceride content, and relative liver and kidney weight (mean = SD) in control
and NAFLD rats (For comparison, the values in normal rats from the literature are also

listed.)

Parameter Control (n =6) NAFLD (n = 6) Normal rats

Initial body weight (g) 139 + 3.76 136 + 3.76

Final body weight (g) 281 + 8.61 245 + 152"

Average diet consumption (g/day) 19.7 18.3

Plasma chemistry
Albumin (g/dL) 318 = 0.194 282 + 0.214° 2.70-5.10*
Urea nitrogen (mg/dL) 132 + 2.04 135 + 1.64 5.0-29.0°
AST (IU/L) 588 £ 16.0 248 £ 1627 45.7-80.8*
ALT (IU/L) 22.0 + 9.06 67.5 + 36.7 17.5-30.2*

CL.; (mL/min/kg) 6.09 + 263 6.02 + 1.95 5.24°

Hepatic triglyceride (mg/g liver) 30,6 + 751 146 + 412"

Liver weight (% of body weight) 3.83 + 0.128 476 + 0.397™ 4.00°

Kidney weight (% of body weight)  0.923 + 0.0719 0.804 = 0.0460™ 0.80°

 Values from the literature (31)
® Calculated from the literature (32)

" Significantly different from the control group ("P < 0.05, “P < 0.01,

Hokok

P <0.001, t-test).
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Figure 2. Liver histopathology of rats with and without NAFLD. Representative histopathology of liver sections from
control (non-NAFLD) rats (A-1, 100x magnification; A-2, 400x magnification) and NAFLD rats (B-1, 100x
magnification; B-2; 400x magnification). Liver sections were stained with hematoxylin and eosin prior to microscopy.

The mean velocities of DMM and HM
formation from metoprolol in hepatic
microsomes from control and NAFLD rats are
shown in Figure 4B and 4C, respectively. In
NAFLD rats, the Vmax values for the formation
of DMM and HM were both significantly
slower by 45.7% and 53.4%, respectively,
whereas the K, values for the formation of the
two metabolites were both lower by 42.6% and
27.3%, respectively, compared with those of
the control group (Table 2). As a result, the
CLin values for the formation of DMM were
comparable between the groups. However, the
CLint values for the formation of HM were
significantly slower by 37.2% in NAFLD rats
than in the control rats.

Plasma protein binding of metoprolol, DMM,
and HM

The binding values of metoprolol to fresh rat
plasma from control and NAFLD rats were
comparable (7.41 = 8.74% and 10.2 £ 7.92%,
respectively). The binding values of DMM
were also similar between the two groups (16.0
+ 3.51% and 169 + 4.00%, respectively).
Plasma protein binding of HM was negligible
in both control and NAFLD rats. Non-specific
binding of metoprolol, DMM, and HM to the
centrifugal filter devices was negligible. There
was a > 95.3% recovery of metoprolol, DMM,
and HM after ultrafiltration was completed.
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Figure 3. Expression of CYP2D in livers of rats with and without NAFLD. Immunoblots of hepatic CYP2D in control
(non-NAFLD) and NAFLD rats (A) and relative expression levels (B). B-actin was used as a loading control. *P < 0.05
compared to control values is considered statistically significant. Bars represent SD.
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Figure 4. Metoprolol clearance and metabolite formation in rats with and without NAFLD. Lineweaver-Burk plot of
the disappearance of metoprolol (A) and the mean velocities for formation of O-desmethyl metoprolol (DMM) (B) and
a-hydroxy metoprolol (HM) (C) from various concentrations of metoprolol in hepatic microsomes of control (non-
NAFLD) and NAFLD rats (n = 6 per group). Bars represent SD.

Pharmacokinetics of metoprolol, DMM, and
HM after intravenous administration of
metoprolol

The mean arterial plasma concentration—time
profiles of metoprolol, DMM, and HM in control
and NAFLD rats after intravenous administration of
1 mg/kg metoprolol are shown in Figure SA-5C.
The relevant pharmacokinetic parameters are listed
in Table 3. Pharmacokinetic parameters of

metoprolol were comparable between control and
NAFLD rats. Additionally, the pharmacokinetic
parameters of the two metabolites were also similar
between the two groups with the exception of CLg
and Cpax. The CLr of DMM was significantly
slower by 16.8% and the Cpnwx of HM was
significantly smaller by 30.1% in NAFLD rats than
in controls.

105

Concentration of metoprolol (uM)

200



J Pharm Pharm Sci (www.cspsCanada.org) 22, xxx - xxx, 2019

Table 2 In vitro V.. Kn, and CL;, values (mean =+ SD) for the disappearance of metoprolol
and the formation of DMM and HM in hepatic microsomal fractions from control and NAFLD
rats.

Parameter Control (n = 6) NAFLD (n =6)
Disappearance of metoprolol
Vmax (nmol/min/mg protein) 2.65 =+ 0.462 2.07 £ 0.523
Koy (UM) 478 + 9.90 67.2 =+ 28.5
CLiy (uL/min/mg protein) 55.8 + 3.26 334 + 109"
Formation of DMM
Virax (Nmol/min/mg protein) 0.416 =+ 0.0708 0.226 =+ 0.0663""
Ko (UM) 263 =+ 5.05 15.1 + 2787
CLiy (LL/min/mg protein) 16.0 =+ 2.10 149 + 3.19
Formation of HM
Vimax (nNmol/min/mg protein) 0.847 =+ 0.145 0.395 + 0.162""
K. (LM) 220 =+ 4.21 16.0 + 237"
CL;, (UL/min/mg protein) 38.7 + 4.37 243 + 7.54"

Ex2g

" Significantly different from the control group (P < 0.05, P < 0.01, P < 0.001, t-test).

Table 3 Pharmacokinetic parameters (mean + SD) of metoprolol and its metabolites,
DMM and HM, after intravenous administration of 1 mg/kg metoprolol to control and
NAFLD rats.

Parameter Control (n=17) NAFLD (n = 38)
Initial body weight (g) 135 + 7.07 134 + 5.63
Final body weight (g) 272 + 163 250 + 21.7
Liver weight (% of body weight) 346 + 0274 408 + 02417
Hepatic Triglyceride (mg/g liver) 148 + 2.55 153 + 5887
Average diet consumption (g/day) 19.3 20.2
Fasting blood glucose (mg/dL) 108 + 155 140 + 2287
Metoprolol
AUC (pg min/mL) 10.1 + 1.32 1.3 + 2.15
Terminal half-life (min) 30,7 + 3.21 322 + 5.78
MRT (min) 202 + 213 209 + 5.65
CL (mL/min/kg) 100 + 133 90.7 + 13.5
CLgr (mL/min/kg) 228 + 3.70 185 + 4.23
CLyr (mL/min/kg) 776 + 114 722 + 12.8
Vss (mL/kg) 2050 + 480 1930 + 608
Aeg 241 (% of metoprolol dose) 22.8 + 2.67 20.6 + 4.57
DMM
AUC (pg'min/mL) 283 + 0316 389 + 141
Terminal half-life (min) 62.7 + 9.65 75.6 + 16.1
Cinax (ng/mL) 21.7 + 247 254 + 6.44
Tax (min) * 15 (5-30) 30 (18.8-45)
CLgr (mL/min/kg) 31.6 + 3.09 263 + 5.537
Aeg 241 (% of metoprolol dose) 937 + 0.822 10.6 + 4.01
AUCpmm/AUCpyetoprolol Tatio 0.282 + 0.0332 0.352 + 0.128
HM
AUC (pg'min/mL) 296 + 0.673 28 + 1.07
Terminal half-life (min) 50.8 + 5.15 60.5 + 133
Cinax (ng/mL) 632 + 132 442 + 8.407
Tax (min) * 5(5) 5 (5-12.5)
CLgr (mL/min/kg) 463 + 5.88 438 + 153
Aeg 241 (% of metoprolol dose) 12.8 + 2.70 11.1 + 3.72
AUCHm/AUCpietoprolol Tatio 0.294 + 0.0609 0.258 + 0.105

: Median (interquartile range) . ” -
Significantly different from the control group ( P < 0.05, P <0.01, P <0.001, t-test).
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Pharmacokinetics of metoprolol, DMM, and
HM after oral administration of metoprolol

The mean arterial plasma concentration—time
profiles of metoprolol, DMM, and HM after
oral administration of 2 mg/kg metoprolol in
control and NAFLD rats are shown in Figure

6A—6C. The relevant pharmacokinetic
parameters are listed in Table 4. NAFLD rats
showed the following changes in the

pharmacokinetic parameters of metoprolol
compared with controls: significantly greater
AUC (by 127%); longer terminal half-life (by
56.7%); and greater Aeo24 n (by 136%).
NAFLD rats also exhibited significantly or
considerably smaller formation ratios of
metabolites, AUCpmm/AUCmetoprolol Tatio (by

42.8%), and AUCHM/AUCwmetoprolol ratio (by
35.0%, P = 0.0638), compared to controls.
Other pharmacokinetic parameters of DMM
and HM including their AUCs were similar
between control and NAFLD rats.

Based on correlation analysis, the AUC of
metoprolol was positively correlated with
hepatic triglyceride level (Pearson correlation
coefficient, » = 0.924; P < 0.001). Both
AUCDMM/AUCMetoprolol ratio (7" = _0807, P <
0.01) and AUCHM/AUCMetoprolol  1atio (r =
—0.833; P < 0.01) were negatively correlated
with hepatic triglyceride level. The relationship
of these pharmacokinetic parameters with
hepatic triglyceride contents are shown in
Figure 7.
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Figure 5. Mean arterial plasma concentration—time protiles ot metoprolol and 1ts metabolites tollowing intravenous
administration. Mean arterial plasma concentration—time profiles of metoprolol (A), DMM (B), and HM (C) after a
single intravenous administration of 1 mg/kg metoprolol to control (n = 7) and NAFLD (n = 8) rats. Bars represent SD.

Figure 6. Mean arterial plasma concentration—time profiles of metoprolol and its metabolites following oral
administration. Mean arterial plasma concentration—time profiles of metoprolol (A), DMM (B), and HM (C) after a
single oral administration of 2 mg/kg metoprolol to control (n = 5) and NAFLD (n = 6) rats. Bars represent SD.
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Figure 7. Pearson correlation analysis between hepatic triglyceride contents and pharmacokinetic parameters of oral
metoprolol and its metabolites in NAFLD and control rats. The AUCwetoprotot following oral administration of
metoprolol (A) is positively correlated with the hepatic triglyceride level (» = 0.924, P = 0.00005).
AUCpMm/AUCwmetoprolol (7 = —0.807, P = 0.003) (B) and AUCum/AUCwmetoprolot (# = —0.833, P = 0.001) (C) ratios are
negatively correlated with the hepatic triglyceride level.

Table 4 Pharmacokinetic parameters (mean = SD) of metoprolol and its metabolites, DMM and HM,
after oral administration of 2 mg/kg metoprolol to control and NAFLD rats.

Parameter Control (n =5) NAFLD (n = 6)
Initial body weight (g) 135 + 6.12 133 + 6.12
Final body weight (g) 270 + 791 218 + 9357
Liver weight (% of body weight) 447 + 0292 560 + 05207
Hepatic Triglyceride (mg/g liver) 11.8 + 431 120 + 4587
Average diet consumption (g/day) 19.3 17.2
Fasting blood glucose (mg/dL) 113 + 234 146 + 260
Metoprolol
AUC (pg-min/mL) 0222 + 0.0351 0.505 + 0237
Terminal half-life (min) 201 + 125 315 + 7717
Cnax (ng/mL) 730 + 194 103 + 6.63
Tnax (min) * 15 (10-17.5) 10 (8.75-22.5)
CLg (mL/min/kg) 269 + 625 279 + 599
Aeg 241 (% of metoprolol dose) 0.295 + 0.0732 0.696 + 0.388
F (%) 1.10 2.17
DMM
AUC (pg-min/mL) 334 + 0.691 392+ 0992
Terminal half-life (min) 77.8 + 38.6 554 + 120
Chnax (ng/mL) 447 + 455 403 + 124
Tax (min) * 15 (15-25) 60 (17.5-90)
CLR (mL/min/kg) 277 + 7.05 305 + 7.92
Aeg 241 (% of metoprolol dose) 487 + 1.61 6.18 + 1.60
AUCpvm/AUCpetoprolol atio 154 + 421 881 + 283
HM
AUC (pg-min/mL) 6.63 + 183 7.84 + 0.946
Terminal half-life (min) 544 + 114 559 + 113
Cinax (ng/mL) 141 + 5738 101 + 645
Tinax (min) ? 15 (10-17.5) 60 (13.8-90)
CLR (mL/min/kg) 402 + 121 399 + 8.07
Aeg 241 (% of metoprolol dose) 121 + 4.04 149 + 429
AUC /AU Cyegoprotol Tatio 294 + 5.68 191 + 955

* Median (interquartile range)
* Significantly different from the control group ("P < 0.05, P < 0.01, P < 0.001, t-test).
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DISCUSSION

An NAFLD rat model induced by a diet containing
1% OA was used in this study to evaluate possible
pharmacokinetic changes of metoprolol in the early
stages of NAFLD (1, 11). The results of a
preliminary study indicated that NAFLD was
successfully induced following an OA diet, with no
significant kidney toxicities (Table 1 and Figure 2).
Note that NAFLD rats also showed a mild elevation
in fasting blood glucose levels (Tables 3 and 4),
suggesting that this model resembles the clinical
features of NAFLD, such as insulin resistance and
hyperglycemia (33).

In the livers of NAFLD rats, there were
significant decreases in protein expression of the
CYP2D subfamily, consistent with our preliminary
results showing a significant decrease in
dextromethorphan O-demethylase (CYP2D)
activity. Moreover, these decreases in expression
and activity of CYP2D resulted in significantly
slower in vitro hepatic CLiy values for the
disappearance of metoprolol (40.1%) and formation
of HM (37.2%) in NAFLD rats. It is important to
note that a similar downregulation and decrease in
activity of hepatic CYP2D6 in NAFLD patients
with increasing disease severity has also been
reported (10).

The AUC of intravenous metoprolol in
NAFLD rats was similar to that in controls due to
comparable metoprolol CL (Table 3). The AUC
values of major metoprolol metabolites (DMM and
HM) and their formation ratios
(AUCDMM/ AUCMetoprolol and AUCHM/ AUCMetoprolol)
were also comparable between control and NAFLD
rats. The major elimination pathway of metoprolol
is hepatic metabolism (24, 27). Accordingly, the
similar metoprolol CL and CLxr of NAFLD rats
and control rats suggests a similar hepatic
metabolic clearance of metoprolol. Hepatic
clearance of metoprolol primarily depends on its
hepatic intrinsic clearance (CLiy), free fraction in
plasma, and hepatic blood flow rate (34). The
binding of metoprolol to plasma protein was
comparable between control and NAFLD rats.
However, there was no significant decrease in
hepatic metoprolol CL despite a slower in vitro
hepatic CLix due to suppressed CYP2D activity in
NAFLD rats. Because of the relatively high hepatic
extraction ratio of metoprolol in rats [0.586-0.617
(27) or 0.84 by in situ-perfused rat liver (IPRL) (7)],
it appears that hepatic blood flow significantly
influences hepatic CL of metoprolol. For example,
increased hepatic blood flow rate resulted in a

faster hepatic CL of metoprolol measured in a
diabetes rat model (24). Although reduced hepatic
blood flow and microcirculation in fatty liver has
been reported (35, 36), the present NAFLD rat
model is in an early stage of fatty liver and appears
to have normal hepatic blood flow rate.

While no significant pharmacokinetic changes
in metoprolol and its metabolites were observed
after intravenous administration, significantly
increased AUC of metoprolol and decreased
AUCpmw/ AUCMctoprolol and AUCuw/ AUCMctoprolol
ratios were observed in NAFLD rats after oral
administration of metoprolol (Table 4). Moreover,
these changes were well correlated with the severity
of the steatosis, which could be quantified by
hepatic triglyceride contents (Figure 7). Based on
significant reduction of in vitro CLiy of metoprolol
by 40% in NAFLD rats, decrease of hepatic
extraction ratio of metoprolol could be expected,
although magnitude of the change could not
quantitatively estimated primarily due to unknown
hepatic blood flow in each group. Therefore, the
greater oral AUC of metoprolol and smaller
metabolite formation ratios (AUCpmm/AUCwetoprolol
and AUCuM/AUCwetoprolol Tatios) in NAFLD rats
were primarily due to decreased hepatic first pass
metabolism of metoprolol as a result of slowed
hepatic CLin, as shown by the comparable systemic
CL values between NAFLD and control rats in the
intravenous study. The decreased hepatic first pass
metabolism of metoprolol in NAFLD rats is also
supported by a previous study reporting a reduction
in the hepatic extraction ratio of metoprolol in
NASH compared to control (0.72 vs. 0.84) IPRLs
(7). Faster CLiy of metoprolol in NASH than in
control (1.8 vs. 1.13 mL/min/kg), which is opposite
to our observation, was predicted in that study (7)
by model fitting of perfusate concentrations.
However, increase of CLin of metoprolol in NASH
is not likely to occur based on a study in human
reporting a lower protein expression of CYP2D6
with progression of NAFLD (10) as well as our
direct experimental observation (Figure 4, Table 2).

Because metoprolol reduces cardiac output and
hepatic blood flow (37), higher metoprolol
concentrations in NAFLD rats following its oral
administration could possibly result in further
decrease of hepatic CL of metoprolol. Considering
that gastrointestinal absorption of metoprolol in rats
is complete (27), it is not likely that the increased
oral AUC of metoprolol in NAFLD rats is due to
increased gastrointestinal absorption. However,
possible alteration of gastrointestinal metabolism in
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NAFLD rats could not be ruled out based on our
results.

When a drug that is eliminated mainly by the
liver is administered orally, systemic AUC is
inversely proportional to hepatic CLix (38).
Therefore, rats with higher hepatic triglyceride
contents might have slower hepatic CLiy and
greater oral AUC of metoprolol. In NAFLD rats,
the AUC values of metabolites following oral
administration of metoprolol were not significantly
different from those of controls, because increased
oral AUC of metoprolol is a result of its decreased
first pass effect.

CONCLUSION

NAFLD resulted in a slower hepatic CLiy of
metoprolol and its decreased first pass metabolism
as a result of reduced expression and activity of
hepatic CYP2D. Consequently, NAFLD rats
showed a significant increase in the AUC of
metoprolol and a decrease in AUCpmm/AUCuietoprolol
and AUCHM/AUCwetoprolot  Tatios  following oral
administration. Moreover, the magnitudes of these
pharmacokinetic changes were well correlated with
the severity of NAFLD. Considering that CYP2D
isoforms are involved in the biotransformation of
30% of drugs on the market, this study underscores
the need for further investigation of the
pharmacokinetic changes related to the CYP2D
enzyme subfamily in NAFLD patients. Caution is
warranted when considering pharmacotherapy with
drugs that are substrates of the CYP2D subfamily
in NAFLD patients.
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