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Effects of ketoconazole and rifampicin on the 
pharmacokinetics of GLS4, a novel anti-hepatitis B 
virus compound, in dogs
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Aim: To investigate the metabolism of GLS4, a heteroaryldihydropyrimidine compound with anti-hepatitis B virus activity, in dog and 
human liver microsomes in vitro and evaluate the effects of ketoconazole (a potent CYP3A inhibitor) or rifampicin (a potent CYP3A 
inducer) on GLS4 pharmacokinetics in dogs.
Methods: Dog and human liver microsomes and CYP3A4 were incubated with [14C]GLS4 for 15 min and then analyzed using a HPLC-
dynamic online radio flow detection method.  Two groups of beagle dogs were used for in vivo studies. Group A were orally administered 
a single dose of GLS4 (15 mg/kg) with or without ketoconazole pretreatment (100 mg/d for 8 consecutive days). Group B were orally 
administered a single dose of GLS4 (15 mg/kg) with or without rifampicin pretreatment (100 mg/d for 8 consecutive days). Plasma 
was sampled after GLS4 dosing. GLS4 concentrations were determined by HPLC-tandem mass spectrometry.
Results: The metabolic profile of [14C]GLS4 in human and dog liver microsomes and CYP3A4 was similar. The major metabolites were 
morpholine N-dealkylated GLS4 and morpholine N,N-di-dealkylated GLS4. Pretreatment with ketoconazole or rifampicin significantly 
affected the plasma concentrations of GLS4 in dogs: ketoconazole increased the area under the concentration-time curve from 0 to 
infinity and peak concentration of GLS4 by 4.4 and 3.3 folds, respectively, whereas rifampicin decreased these parameters by 88.5% 
and 83.2%, respectively.
Conclusion: GLS4 is a sensitive substrate of CYP3A. CYP3A inhibitors or inducers cause considerable change of GLS4 plasma 
concentrations in dogs, which should be considered in clinical practice.
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Introduction 
Hepatitis B virus (HBV) infection is a major global health 
problem, and approximately 5% of the world population is 
infected with HBV[1].  The virus is endemic in China and other 
parts of Asia.  Up to 10% of the population in these areas are 
affected by chronic HBV infection[2].

Agents approved for the treatment of HBV include inter-
feron and nucleoside analogues[3].  However, these drugs do 
not have sufficient effects and may exhibit some unexpected 
side effects[4–6].  Compared with interferon and nucleoside 
analogues, heteroaryldihydropyrimidines such as Bay41-4109 
and Bay39-5493 are a new series of anti-HBV compounds and 
reported to inhibit HBV replication by drug-induced depletion 
of nucleocapsids[7].

GLS4 (4-[2-bromo-4-fluorophenyl]-6-morpholino-methyl]-
2-[2-thiazolyl]-1,4-dihydro-pyrimidine-5-carboxylate, Figure 
1), a new heteroaryldihydropyrimidine compound, was devel-
oped from Bay41-4109 on the basis of drug-like properties.  
GLS4 is a potent inhibitor on the replication of both wild-type 
and adefovir-resistant HBV with IC50 of 12 nmol/L[8].  It tar-
gets HBV capsid formation, a process which is necessary for 
genome replication and is assumed to be less prone to devel-
oping drug resistance[8].  Therefore, GLS4 has potential clinical 
applications.  GLS4 is currently under phase I clinical trials in 
China and displays good pharmacokinetic behaviors and tol-
erance.

Potential drug–drug interactions between an investigational 
new drug and other drugs should be defined during drug 
development as part of an adequate assessment of the safety 
and effectiveness of the drug[9].  The most common drug–
drug interactions are mainly cytochrome P450 (CYP450)-
mediated drug interactions.  Five of the P450s (P450 3A4, 3A5, 
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2D6, 2C9, and 2C19) account for about 90% of the reactions, 
and a single CYP3A4 is involved in approximately half of 
these reactions[10].  Inhibition or induction of CYP3A4 activity 
is most likely to produce drug–drug interactions.  Ketocon-
azole is a potent inhibitor of CYP3A4 with a Ki value as low 
as 15 nmol/L[11], whereas rifampicin is reported to be a potent 
inducer of CYP3A4[12].  Thus, co-administration of ketocon-
azole or rifampicin with drugs that are known as substrates 
of CYP3A4 may significantly affect the systemic exposures 
of co-administered drugs.  For example, co-administration 
of ketoconazole or rifampicin with the sensitive CYP3A sub-
strate midazolam resulted in a 16-fold increase[13] and 98% 
decrease[14] in the area under the concentration-time curve 
(AUC) of midazolam, respectively.  Both agents have thus 
been commonly used as prototype drugs for evaluating drug 
interactions involving CYP3A4 inhibition or induction mecha-
nisms[9, 15].

Preliminary studies of GLS4 in human liver microsomes 
have indicated that GLS4 is probably a CYP3A substrate.  
Thus, the objective of the present study is to elucidate whether 
or not the metabolism and pharmacokinetics of GLS4 are 
affected by the modulation of CYP3A in dogs.  The findings 
may provide a solid foundation for future studies on clinical 
drug–drug interactions.  

Materials and methods
Chemicals and reagents
GLS4, D8-GLS4 (internal standard, IS), aromatized GLS4 (M1), 
ester-hydrolyzed GLS4 (M2), morpholine N-dealkylated 
GLS4 (M3), morpholine N,N-didealkylated GLS4 (M4), and  
[14C]GLS4 (specific activity, 40.3 μCi/mg; radiochemical 
purity, 99.2%) were provided by Hecpharma Co Ltd (Dong-

guan, China).  Ketoconazole was purchased from Damas-beta 
Co Ltd (Basel, Switzerland), and rifampicin was purchased 
from Tokyo Kasei Inc (TCI, Tokyo, Japan).  Pooled dog and 
human liver microsomes and recombinant human P450 iso-
enzyme CYP3A4 were purchased from BD Gentest (Woburn, 
MA, USA).

Methanol and acetonitrile of HPLC grade were purchased 
from Sigma (St Louis, MO, USA).  Ammonium acetate and 
formic acid of HPLC grade were purchased from Tedia (Fair-
field, OH, USA).  HPLC-grade water was obtained from a Mil-
lipore Milli-Q gradient water purification system (Molsheim, 
France).

In vitro incubation with dog and human liver microsomes
Incubation was conducted in duplicate at 37 °C with a 
total volume of 250 µL.  The incubation mixture contained 
[14C]GLS4 (10 µmol/L) and dog liver microsomes (1.0 mg 
protein/mL), or human liver microsomes (1.0 mg protein/mL), 
or CYP3A4 (50 pmol/mL) in 100 mmol/L phosphate buffered 
solution (pH 7.4).  The mixture was pre-incubated for 3 min.  
The reactions were then initiated by addition of 50 µL NADPH 
(1 mmol/L) and allowed to proceed for 15 min before termina-
tion with ice-cold acetonitrile (250 µL).  Inhibition experiments 
were performed with the CYP3A specific inhibitor ketocon-
azole (1 µmol/L).  The inhibitor was pre-incubated with [14C]
GLS4-supplemented dog liver microsomes for 5 min at 37 °C 
before the reactions were initiated by addition of NADPH.  
The reactions were quenched as described above.  

The metabolites of [14C]GLS4 were detected by gradient 
HPLC-dynamic online radio flow detection method.  HPLC 
was conducted on an Agilent 1100 HPLC system equipped 
with a dynamic online radio flow detector (AIM Research 

Figure 1.  Major metabolic pathways of GLS4 in dog liver microsomes.
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Company, Hockessin, USA).  Chromatographic separation 
was achieved on a XDB C18 column (50 mm×4.6 mm ID, 1.8 
μm, Agilent, USA).  The binary mobile phase consisted of 0.1% 
formic acid in 5 mmol/L ammonium acetate (A) and aceto-
nitrile (B).  The 75-min-long gradient was detailed as follows: 
0–2 min, 10% B isocratic, 2–3 min, 10%–25% B linear, 3–30 min, 
25%–35% B linear, 30–31 min, 35%–40% B linear, 31–50 min, 
40%–100% B linear, 50–60 min, 100% B isocratic, followed by 
15 min of re-equilibration of the column before the next run.  
The flow rate was maintained at 0.6 mL/min, and the injection 
volume was 90 μL.

Animals
Eight 1-year-old healthy male adult beagle dogs weighing 
10–15 kg were used.  Each dog was housed in an individual 
cage and received water ad libitum and dry food twice a day 
(08:00 and 19:00).  Protocols for the care and handling of the 
animals were in accordance with the procedures approved by 
the Animal Care and Use Committee of Shanghai Institute of 
Materia Medica (Shanghai, China).  

Study design
The beagle dogs were equally divided into Groups A and B.  
GLS4 was dissolved in 0.5% carboxymethylcellulose sodium.  
On the first day, all beagle dogs received a single oral gavage 
dose of 15 mg/kg GLS4.  Blood samples (1 mL) were collected 
from the jugular vein before and 0.5, 1, 1.5, 2, 3, 5, 7, 9, 12, 
and 24 h post-dosing.  Blood samples were placed in heparin-
containing tubes and immediately centrifuged at 3000×g for 
10 min at approximately 4 °C.  After a three-day wash-out 
period, Group A received an oral dose of 100 mg ketoconazole 
capsule once daily for 8 consecutive days (from d 5 to d 12), 
whereas Group B received an oral dose of 100 mg rifampicin 
capsule once daily for 8 consecutive days (from d 5 to d 12).  
On d 12, all beagle dogs received a single oral gavage dose of 
15 mg/kg GLS4 after ketoconazole or rifampicin administra-
tion, and blood was sampled up to 24 h as on the first day.  All 
samples were stored at -70 °C until analysis.

Quantitative determination of GLS4 was conducted by 
HPLC-tandem mass spectrometry (MS/MS) method.  The 
HPLC system utilized a Waters Acquity H-Class System 
(Waters, USA) and a Waters Acquity FTN autosampler 
(Waters, USA).  Chromatographic separation was performed 
on an Acquity UPLC BEH C18 column (50 mm×2.1 mm, 1.7 
µm, Waters, USA).  A mixture of acetonitrile-5 mmol/L 
ammonium acetate-acetic acid (38:62:0.5, v/v/v) was used as 
mobile phase at a flow rate of 0.4 mL/min.  The column tem-
perature was maintained at 40 °C.

MS detection was performed on an Acquity Xevo TQ-S sys-
tem (Waters, USA) in multiple reaction monitoring (MRM) 
mode.  A TurboIonspray ionization (ESI) interface in positive 
ionization mode was used.  Data processing was performed 
with Masslynx 4.1 software (Waters, USA).  The MS/MS 
parameters were set as follows: 

The desolvation gas was set to 1000 L/h at 500 °C, with the 

source temperature set at 150 °C.  The capillary voltage was 3.6 
kV.  The optimized MRM fragmentation transition for GLS4 
was m/z 511.1 → m/z 220.0 with collision energy of 31 V and 
cone voltage of 35 V.  For D8-GLS4 (IS), the optimized MRM 
fragmentation transition was m/z 519.1 → m/z 108.1 with col-
lision energy of 27 V and cone voltage of 20 V.  The scan time 
was 20 ms.

Plasma GLS4 concentrations were determined after simple 
protein precipitation.  Briefly, the frozen plasma samples 
were thawed at room temperature and vortexed thoroughly.  
To a 25 μL aliquot of plasma sample, 10 μL of IS and 100 μL 
of acetonitrile were added.  The mixture was then vortex-
mixed for 1 min and then centrifuged at 13 000×g for 5 min.  A  
25 μL aliquot of the supernatant was diluted with 200 μL of 
the mobile phase, and 10 μL of this mixture was injected into 
the HPLC-MS/MS system for analysis.  The bioanalytical 
method was validated, and it showed linearity over 1.0–3000 
ng/mL with the lower limit of quantification of 1.0 ng/mL.

Pharmacokinetic analysis
The pharmacokinetic parameters of GLS4 were calculated 
according to a non-compartmental model using WinNonlin 
(Pharsight Corporation, ver 5.3, Mountain View, CA, USA).  
The peak concentration (Cmax), time of peak concentration 
(Tmax) and last measurable concentration (Clast) were directly 
obtained by visual inspection of the plasma concentration-
time profile.  The elimination rate constant (λ) was obtained 
by the least-squares fitted terminal log-linear portion of the 
slope of the plasma concentration-time profile.  The elimina-
tion half-life (T1/2) was evaluated according to 0.693/λ.  The 
area under the plasma concentration-time curve from 0 to 
time t (AUC0–t) was evaluated using the linear trapezoidal rule 
and further extrapolated to infinity (AUC0–∞) according to the 
following equation: AUC0–∞=AUC0–t+Clast/λ. The pharmaco-
kinetic parameters are presented as mean±SEM. Treatment 
effects were evaluated by Student’s t-test with P≤0.05 as the 
level of significance.

Results
In vitro incubation assay
The major metabolic pathways of GLS4 in dog and human 
liver microsomes are shown in Figure 1. GLS4 underwent 
extensive metabolism after 15 min incubation in dog and 
human liver microsomes.  Less than 20% of the original 
amount of GLS4 remained in solution after 15 min incubation.  
The metabolic profile of [14C]GLS4 in dog liver microsomes 
(Figure 2A) was similar to that in human liver microsomes 
and CYP3A4 (Figures 2B and 2C, respectively).  The major 
metabolites were morpholine N-dealkylated GLS4 (M3) and 
morpholine N,N-di-dealkylated GLS4 (M4).  Minor aro-
matized GLS4 (M1) and ester-hydrolyzed GLS4 (M2) were 
also detected in dog liver microsomes.   All of the metabolic 
pathways were almost completely inhibited by ketoconazole 
except ester hydrolysis (Figure 3), which indicated that GLS4 
was a sensitive substrate of CYP3A.

Pharmacokinetics of GLS4 affected by ketoconazole
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The effect of ketoconazole on the pharmacokinetics of GLS4 
was investigated by comparing the concentration and kinetic 
parameters after a single administration of GLS4 with or with-
out ketoconazole pretreatment.  

Pretreatment of ketoconazole resulted in a 3.3-fold increase 
in GLS4 Cmax (0.445±0.098 μg/mL vs 1.38±0.34 μg/mL, 
P=0.002), 3.9-fold increase in AUC0–24 (1.58±0.31 μg·h·mL-1 vs  
5.77±1.46 μg·h·mL-1, P=0.001) and 4.4-fold increase in AUC0–∞ 

(1.81±0.38 μg·h·mL-1 vs 7.21±1.72 μg·h·mL-1, P=0.001).  Thus, 
the clearance (CL/F) of GLS4 decreased by 75.8% (8.58±1.80 
L·h-1·kg-1 vs 2.18±0.55 L·h-1·kg-1, P=0.001).  T1/2, Tmax, and mean 
residence time (MRT) of GLS4 increased, but no significant 
changes (P>0.05) were observed after pretreatment with keto-
conazole (Table 1, Figure 4).

Pharmacokinetics of GLS4 affected by rifampicin
The effect of rifampicin on the pharmacokinetics of GLS4 
was investigated by comparing the concentration and kinetic 
parameters after a single administration of GLS4 with or with-
out rifampicin as shown in Table 1 and Figure 5.

Pretreatment of rifampicin decreased GLS4 Cmax by 83.2% 
(0.481±0.036 μg/mL vs 0.0810±0.0127 μg/mL, P<0.01), AUC0–24 
by 86.8% (1.31±0.09 μg·h·mL-1 vs 0.173±0.016 μg·h·mL-1, 
P<0.01), and AUC0–∞ by 88.5% (1.85±0.45 μg·h·mL-1 vs 
0.204±0.012 μg·h·mL-1, P<0.01).  Thus, CL/F of GLS4 increased 
by 9.2 folds (8.46±1.88 L·h-1·kg-1 vs 74.6±4.3 L·h-1·kg-1, P<0.01).  
T1/2 and MRT decreased, but no significant changes were 
observed (P>0.05) after pretreatment with rifampicin.  No 

Figure 2.  HPLC radioactive chromatograms of [14C]GLS4 after 15 min incubation in (A) dog liver microsomes, (B) human liver microsomes, and (C) 
CYP3A4.

Figure 3.  HPLC radioactive chromatogram of [14C]GLS4 after 15-min incubation in dog liver microsomes pretreated with ketoconazole.
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parallel to CYP3A4 in humans[18].  Ketoconazole can competi-
tively inhibit CYP3A12 activities[19] and at a therapeutic dose 
can largely decrease the total body clearance of the CYP3A 
substrates such as midazolam and nifedipine.  Therefore, the 
beagle dog can be used as an animal model to predict drug–
drug interactions between ketoconazole and CYP3A substrates 
in clinical practice[20].  Kyokawa et al[17] reported that the beagle 
dog can be a suitable animal model for predicting the induc-
tion of both hepatic and intestinal CYP3A in humans.  There-
fore, the effects of ketoconazole and rifampicin on dog CYP3A 
activities are similar to those on human CYP3A activities, and 
beagle dogs are appropriate animal models for predicting 
drug interactions between CYP3A modulators and GLS4.

Ketoconazole and rifampicin affect CYP3A activity both in 
the liver and gut wall.  Co-administration of ketoconazole and 
rifampicin dramatically affects the pharmacokinetic character-
istics of the drugs with high hepatic extraction ratio and inten-
sive CYP3A-mediated first-pass metabolism, such as nifedip-
ine and buspirone[21–23].  In the current study, significant drug–
drug interactions between GLS4 and ketoconazole or rifampi-
cin were observed in dogs.  Compared with dosing the dogs 
with GLS4 alone, the concurrent administration of GSL4 with 
ketoconazole or rifampicin resulted in remarkable changes in 
the pharmacokinetic parameters of GLS4, including AUC0–∞, 

changes in Tmax were observed.

Discussion
In vitro incubation with dog and human liver microsomes 
studies indicated that GLS4 was extensively metabolized.  The 
major metabolic pathway involved was N-dealkylation at the 
morpholine ring, which was mainly catalyzed by CYP3A.  In 
vivo studies showed that the plasma concentrations of GLS4 
in dogs were significantly affected by pretreatment with keto-
conazole (a potent CYP3A inhibitor) and rifampicin (a potent 
CYP3A inducer).  Therefore, the interaction between ketocon-
azole or rifampicin and GLS4 were most likely resulted from 
the inhibition or induction of the CYP3A-mediated first-pass 
metabolism of GLS4.

The beagle dog was selected as an animal model because 
(1) the metabolic pathways of dogs are much closer to those 
of humans than those of rats and mice (the major metabolic 
pathway of GLS4 in rats and mice is ester hydrolysis, and the 
esterase activities in dogs and humans are considerably lower 
than those in mice and rats); (2) the plasma concentrations of 
ketoconazole and rifampicin after oral administration in dogs 
are also close to those in humans[16, 17]; and (3) the major iso-
zyme of the CYP3A subfamily in canines is CYP3A12, which is 

Table 1.  Pharmacokinetic parameters of GLS4 after oral administration of 15 mg/kg GLS4 following treatment with 100 mg ketoconazole or 100 mg 
rifampicin once daily for 8 d.  

Treatment 
                                                     Cmax              Tmax      AUC0–t                  AUC0–∞           T1/2                 MRT      CL/F

                                                                    (μg/mL)                      (h)    (μg·h·mL-1)             (μg·h·mL-1)                (h)                     (h)    (L·h-1·kg-1)
 
Group A  GLS4   0.445±0.098 0.875±0.250   1.58±0.31   1.81±0.38 12.1±2.7 5.08±0.69 8.58±1.80
 GLS4+ketoconazole      1.38±0.34   1.12±0.25   5.77±1.46    7.21±1.72 13.3±2.6 6.49±0.22 2.18±0.55
 P-value         0.002       0.207       0.001       0.001    0.554      0.08    0.001
        
Group B GLS4   0.481±0.036 0.875±0.250   1.31±0.09   1.85±0.45 16.9±2.5 4.99±0.48 8.46±1.89
 GLS4+rifampicin 0.0810±0.0127 0.875±0.479 0.173±0.016 0.204±0.012 12.9±3.4 4.70±0.65 74.6±4.3
  P-value        <0.001       1.000     <0.001     <0.001    0.106     0.498   <0.001

Figure 4.  Plasma concentrations of GLS4 in beagle dogs following 
administration of 15 mg/kg GLS4, before (♦) and after (■) repeated 
treatment with ketoconazole for 8 d.  Mean±SEM.

Figure 5.  Plasma concentrations of GLS4 in beagle dogs following 
administration of 15 mg/kg GLS4, before (♦) and after (▲) repeated 
treatment with rifampicin for 8 d.  Mean±SEM.
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Cmax, and CL/F.  All these findings suggested that GLS4 was 
a sensitive substrate of CYP3A, and first-pass metabolism 
played an important role in GLS4 elimination.

Although the function of the gut wall in the presystemic 
metabolism of GLS4 is unknown, the interactions between 
GLS4 and CYP3A modulators possibly occur in the duodenal 
wall, as shown by the extensive expression of CYP3A in the 
duodenal wall[24] and more significant effects on Cmax and AUC 
of GLS4 than T1/2.

A wide range of CYP3A inhibitors and inducers are typi-
cally used in clinical practice.  For instance, itraconazole, indi-
navir, verapamil, and atorvastatin can inhibit CYP3A activity, 
thereby increase the plasma concentration of the “victim”.  
Safety should be greatly considered when plasma concentra-
tion increases.  Co-administration of ketoconazole leads to a 
35-fold increase in terfenadine plasma exposure, resulting in 
the heart QT prolongation and torsade de pointes arrhyth-
mia[25].  Terfenadine has been therefore withdrawn from the 
market, and its metabolite fexofenadine was introduced for 
clinical use[26, 27].  On the other hand, increased plasma con-
centration may induce more pharmacological activities.  For 
example, lopinavir/ritonavir is a combination protease inhibi-
tor regimen, in which ritonavir boosts the plasma levels of 
the active component (lopinavir) by inhibiting its cytochrome 
P450-mediated metabolism by ritonavir[28].  Aluvia (lopinavir 
and ritonavir tablets) was introduced in the market for its 
therapeutic therapy.  The “ritonavir boosting” concept may 
be used for GLS4 if its therapeutic index window is broad 
enough.  

Carbamazepine, phenytoin, and hypericum can induce 
CYP3A activity.  Coadministration of GLS4 with these induc-
ers would lead to the plasma exposure decreases of GLS4, 
thus affecting its efficacy.  

In conclusion, the plasma concentration of GLS4 was signifi-
cantly affected by pretreatment with ketoconazole or rifam-
picin, a finding most likely attributable to drug–drug interac-
tions mediated by CYP3A, especially those occurring during 
first-pass metabolism.  The findings strongly suggest that the 
pharmacokinetics of GLS4 may be affected when it is applied 
in concomitant therapy with a CYP3A inhibitor or inducer and 
may yield potentially adverse consequences.  Therefore, great 
attention must be paid to the concomitant administration of a 
CYP3A modulator with GLS4 in clinical trials to evaluate the 
effects of treatment.
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