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Tadalafil is a potent selective phosphodiesterase 5 inhibitor used to treat pulmonary arterial hypertension.
As tadalafil is a substrate of CYP3A, coadministration with a CYP inducer or inhibitor may affect the phar-
macokinetics and pharmacological activity of tadalafil. Additionally, CYP expression is regulated by biological
clocks and its activity fluctuates diurnally. Moreover, tadalafil's dosing time may also affect its pharmacokinet-
ics. Therefore, this study aimed to investigate the effects of phenobarbital and tadalafil dosing time on the plas-
ma concentration and pharmacological activity of tadalafil. Adult male ICR mice were treated with phenobar-
bital for 5 days, followed by oral administration of tadalafil perorally. Phenobarbital pretreatment decreased
plasma tadalafil and pulmonary cGMP levels in a dose-dependent manner. In mice without phenobarbital pre-
treatment, the plasma tadalafil concentration tended to be higher when administered in the morning than in the
evening. In contrast, plasma tadalafil concentration was higher when administered in the evening than in the
morning in mice pretreated with phenobarbital. Similarly, pulmonary ¢cGMP levels were higher when tadala-
fil was administered in the evening than in the morning in mice pretreated with phenobarbital. Notably, these
effects on metabolism and pharmacological activity were observed at clinically relevant doses. Conclusively,
these results indicate that the coadministration of phenobarbital and tadalafil may suppress the plasma levels
and pharmacological activities of tadalafil. Additionally, dosing time should be carefully considered to maximize

the efficacy of tadalafil.
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INTRODUCTION

Tadalafil is a potent selective phosphodiesterase (PDE)-5
inhibitor clinically used to treat erectile dysfunction and pul-
monary arterial hypertension (PAH).'-» PAH is characterized
by progressive pulmonary vascular remodeling and increased
pulmonary vascular resistance. Tadalafil inhibits PDES, which
plays an important role in cGMP degradation in pulmonary
arterioles. PDES inhibition further increases the cGMP levels,
resulting in the vasodilation of pulmonary arterioles. An ani-
mal study showed that tadalafil (0.5-10 mg/kg) increases the
pulmonary cGMP levels and improves the pulmonary hemo-
dynamics and survival rate using a PAH rat model.®

As tadalafil is metabolized by cytochrome P450 (CYP)-
3A4, co-administration of drugs increasing or decreasing
CYP3A4 activity possibly affects its activity. Notably, several
CYP3A4 inhibitors/inducers, such as ketoconazole (inhibitor)
and rifampin (inducer), exhibit pharmacokinetic interactions

with tadalafil.5>? Phenobarbital is a potent CYP3A inducer,
possibly decreasing the plasma tadalafil concentrations. How-
ever, specific interactions between phenobarbital and tadala-
fil remain unknown. Tadalafil is used to treat both adults and
children with PAH, with sedative drugs also used in some cas-
es. Therefore, determination of the specific effect phenobarbi-
tal on tadalafil activity is clinically important.

Circadian clock regulates drug metabolism and disposition
by controlling various biological functions in different organs,
including the liver.8® Human CYP3A4 mainly corresponds to
CYP3A1l in mice and exhibits circadian expression patterns.
CYP-metabolized drugs exhibit diurnal fluctuations in phar-
macokinetics and pharmacodynamics.!%-'2 Moreover, various
CYP3A substrates exhibit dosing time-dependent plasma con-
centration changes and toxicity in mice.!'2 As tadalafil is a
CYP3A substrate, plasma concentration and pharmacological
activity of tadalafil are possibly affected by its dosing time.

In this study, we aimed to investigate the effects of pheno-
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barbital and its dosing time on the plasma concentration and
pharmacological activity of tadalafil. We examined the effects
of phenobarbital pretreatment on plasma tadalafil and pulmo-
nary cGMP levels. Additionally, specific impacts of dosing
time were analyzed by administering tadalafil in the morning
and evening.

MATERIALS AND METHODS

Chemicals Midazolam was purchased from Sandoz
(Tokyo, Japan). Medetomidine and butorphanol were pur-
chased from Meiji Animal Health (Tokyo, Japan). Tadala-
fil was purchased from CombiBlocks (San Diego, CA, USA).
Loratadine was purchased from LKT Laboratories, Inc.
(St. Paul, MN, USA). Ethylenediamine-N,N,N’ N’-tetraacet-
ic acid (EDTA) was purchased from Dojindo (Kumamoto,
Japan). A Cyclic GMP ELISA kit was purchased from Cayman
Chemical (Ann Arbor, MI, USA). A BCA protein assay kit was
purchased from Takara (Shiga, Japan). PVDF membrane was
purchased from Millipore (Bedford, MA, USA). Anti CYP3A4
antibody (13384) was purchased from Cell Signaling Technol-
ogy (Danvers, MA, USA). Anti -actin antibody (010-27841),
protease inhibitor cocktail and other chemicals were purchased
from FUJIFILM Wako Pure Chemical Corporation (Osaka,
Japan).

Animals  Six-week-old male ICR mice were obtained
from Japan SLC, Inc. (Shizuoka, Japan). The mice were main-
tained in an air-conditioned room at 22 + 2°C under a 12 h/12 h
light/dark cycle (lights on at 07:00 h, Zeitgeber time [ZT] 0),
and had free access to food and water. The time of day was
expressed as ZT, which was defined in terms of hours after
light onset at 07:00 h. All animal experiments were approved
by the Institutional Animal Care and Use Committee of
Josai University (April, 2020 — March, 2024; approval num-
ber: JU20080, JU21077, JU22066, JU23056), and performed
in accordance with the guidelines for animal experiments of
Josai University and the Japanese Ministry of Education,
Culture, Sports, Science and Technology.

Experimental Schedule Mice were intraperitoneal-
ly administered phenobarbital (10 or 100 mg/kg/day) or saline
once daily in the morning (ZT1-ZT4) for 5 days. A day after
the final administration of phenobarbital, mice were orally
administered tadalafil (0.3, 1, or 3 mg/kg) or saline at ZT1 or
ZT13. The dosing time was determined according to previous
studies that detected chronopharmacological effects of CYP3A
substrates.!'2 To analyze liver CYP3A11, mice without tada-
lafil administration were anesthetized with a mixture of mida-
zolam, medetomidine, and butorphanol at the next day of the
final administration of phenobarbital, and the liver was dissect-
ed out after perfusion with phosphate-buffered saline (PBS). To
analyze plasma tadalafil concentration and pulmonary cGMP
content, mice were sacrificed by cervical dislocation 1 h after
tadalafil administration. Trunk blood was collected in a plastic
tube pre-wetted with EDTA, and the lungs were immediately
removed. The sampling time was set at the time point close to
the 7, of tadalafil. For pharmacokinetic analysis, submandibu-
lar blood was collected at 0.5, 1, 1.5, 2, 4, and 8 h after tadala-
fil administration. Blood samples were centrifuged at 1,200 x g
for 20 min to obtain the plasma. Liver, plasma and lung samples
were stored at -80°C until analysis. All the data were obtained
from two or more independent experiments.

Measurement of Plasma Tadalafil Concentrations Sam-
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ple preparation and HPLC were conducted using the modified
method for the analysis of human and rat plasma.'>!'% Briefly,
100 ng of loratadine (internal standard) was added to 30 uL of
plasma. The sample was alkalinized with 1/10 volume of 1 M
NaOH and extracted with ethyl acetate. The extract was dried
at 40°C under N,, and the resultant residue was dissolved in
30 pL of an aqueous solution of 12 mM of triethylamine and
20 mM of orthophosphoric acid with acetonitrile (66/34),
sieved using a 0.45 um filter, and subjected to HPLC.

Tadalafil and loratadine were quantified using a Shimadzu
LC10 HPLC-UV system (Shimadzu, Kyoto, Japan) coupled
with a Kinetex C18 column (100 mm x 3.0 mm, 2.6 um; Phe-
nomenex, Torrance, CA, USA) with a guard column (Security
Guard; Phenomenex, Torrance, CA, USA). The mobile phase
consisted of an aqueous solution of 12 mM of triethylamine
and 20 mM of orthophosphoric acid in acetonitrile (66/34).
Analysis was performed at a flow rate of 0.2 mL/min at room
temperature. The detection wavelength was set at 254 nm.

Measurement of Pulmonary cGMP Contents Pulmo-
nary cGMP levels were measured using a cGMP ELISA kit
(Cayman Chemical, Ann Arbor, Michigan, USA), according
to the manufacturer’s instructions. Briefly, lung samples were
homogenized in 10 volumes of 5% trichloroacetic acid and
centrifuged at 1,500 g for 10 min. The supernatant was washed
three times with diethyl ether, and the residual diethyl ether
was removed from the aqueous layer by heating at 70°C for
5 min. A portion of the resultant solution was incubated with
antibodies against cGMP and acetylcholine esterase-linked
cGMP in a well pre-coated with anti-rabbit IgG for 18 h at
4°C. After five washes with wash buffer, antibody reaction was
detected using Ellman’s reagent for 90 min at room tempera-
ture. The absorbance was measured at 405 nm to determine the
cGMP level in the sample solution, and the amount of cGMP
in the tissue (pmol/g tissue) was calculated.

Western Blotting The livers were homogenized in 5 vol-
umes of lysis buffer (50 mM Tris-HCI, pH 7.4, 150 mM NaCl,
1% Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium
dodecyl sulfate [SDS], 1| mM phenylmethylsulfonyl fluoride,
2 uL/mL of protease inhibitor cocktail). After centrifugation at
10,000 x g for 10 min at 4°C, the supernatant was used for
analysis. The protein contents of the sample were determined
using the bicinchoninic acid assay kit (Takara, Shiga, Japan).
The SDS protein samples (10 pg total protein) were subjected
to 10% SDS-polyacrylamide gel electrophoresis, followed by
the transfer onto PVDF membranes. The membrane was incu-
bated with 5% skim milk in PBS containing 0.1% Tween-20
for 1 h at room temperature, primary antibody (diluted at the
ratio of 1:1,000 for CYP3A11; 1:10,000 for B-actin) overnight
at 4°C, and horseradish peroxidase-conjugated secondary anti-
body for 1 h at room temperature. The protein bands were vis-
ualized using ChimiDoc imaging system (Bio-Rad, Hercules,
CA, USA) after adding ECL prime reagent (Cytiva, Tokyo,
Japan).

Statistical Analysis Data are expressed as means =+
standard error of the mean (SEM). The effects of phenobar-
bital, tadalafil, and dosing time on plasma tadalafil and pul-
monary cGMP levels were analyzed using multi-way ANOVA
(Table 1, Figs. 1 and 3). The time course of plasma tadalafil
concentration was analyzed using repeated-measures ANOVA
(Fig. 2). The Huynh—Feldt ¢ correction was used to evaluate
F ratios for repeated measures. Pairwise comparison between
groups was performed by Dunnett’s test (Fig. 1A). Correla-
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Table 1. Pharmacokinetic parameters.
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ZT1 ZT13

PBO PBI0 PB100 PBO PB10 PB100
AUCy.5, (ng-h/mL) *** 627.8 + 46.6 380.9 + 26.5 117.6 + 21.6 536.0 + 65.4 410.7 + 55.2 153.4 + 17.0
Cpnar (ng/mL) ** 170.7 + 13.7 1193 £ 9.9 552+ 10.0 162.1 + 20.7 154.4 £ 16.6 68.6 + 7.5
fma () 0.7 +0.1 0.6 0.1 0.6 + 0.1 0.8 0.1 0.7 0.1 0.8 0.1
t> (h) 1+ 3307 29+ 15 2.7+04 2.0+ 0.6 1.8 + 0.7 1.8+ 0.4

*#%p < 0.001 in main effect of PB, §1p < 0.001 in main effect of dosing time by ANOVA.
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Fig. 1. Effects of Phenobarbital on Plasma Concentration and Pharmacological Effect of Tadalafil.

(A) Protein contents of CYP3A11 in the liver. Each column represents the mean + SEM (n = 3). (B) Plasma tadalafil and (C) pulmonary cGMP levels in mice pretreated with
phenobarbital (0, 10, and 100 mg/kg: PBO, PB10, and PB100, respectively). Each column represents the mean + SEM (n = 4-6). (D) Correlation between plasma tadalafil and
pulmonary cGMP levels. Each plot represents the results of measurement in each mouse. Log [tadalafil] and [cGMP] shows correlation with monotonic increase (MIC = 0.777,
MAS = 0.049). p < 0.05 vs PBO by Dunnett’s test. *p < 0.05, ***p < 0.001 in the main effect or interaction using ANOVA.

tion between factors was analyzed by maximal information
coefficient (MIC) and maximum asymmetory score (MAS)
(Fig. 1D). Statistical significance was set at p < 0.05. All sta-
tistical analyses were performed using the R program (version
4.1.2; The R Foundation for Statistical Computing, Vienna,
Austria).

RESULTS AND DISCUSSION

Effects of Phenobarbital Pretreatment on Plasma
Tadalafil and Pulmonary ¢cGMP Levels Fig. 1A shows the

CYP3AT11 protein levels in the liver of mice treated with dif-
ferent concentrations of phenobarbital (0, 10, and 100 mg/kg:
PBO, PB10, and PB100, respectively) for five days. CYP3A1l
levels were elevated in PB100-treated mice (p = 0.046).
Fig. 1B-D shows the plasma tadalafil and pulmonary cGMP
levels in mice treated with phenobarbital for five days and
then with tadalafil (0.3, 1, and 3 mg/kg) the next day. Two-
way ANOVA revealed the main effects of both tadalafil
(F[2,31] = 154.63; p < 0.001) and phenobarbital (F[2,31]
=19.98; p < 0.001) and their interactions (F[4,31] = 9.74;
p < 0.001) on the plasma tadalafil concentrations (Fig. 1B).
Similarly, main effects of tadalafil (F[3,40] =51.14; p <0.001)
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Fig. 2. Time Course of Plasma Tadalafil after Administration at ZT1 and ZT13 in Mice with or without Phenobarbital Pretreatment.

Plasma tadalafil concentrations after tadalafil administration at ZT1 or ZT13 in mice pretreated with phenobarbital at 0 mg/kg (PB0, A), 10 mg/kg (PB10, B), or 100 mg/kg
(PB100, C). Each plot represents the mean =+ standard error of the mean (SEM; n = 6-8). *p < 0.05, ***p < 0.001 in the main effect or interaction at each PB level using ANOVA.
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Fig. 3. Effects of Phenobarbital and Dosing Time on Pulmonary cGMP Induction by Tadalafil.

Pulmonary cGMP levels after tadalafil administration at ZT1 or ZT13 in mice pretreated with phenobarbital at 0 mg/kg (PBO0, A), 10 mg/kg (PB10, B), or 100 mg/kg (PB100,
C). Each column represents the mean + standard error of the mean (SEM; n = 6-7). *p < 0.05, ***p < 0.001 in the main effect at ecach PB level using ANOVA.

and phenobarbital (F[2,40] = 4.50; p = 0.025) on pulmonary
cGMP levels were observed (Fig. 1C). At the examined doses,
pulmonary cGMP levels were correlated with the plasma tada-
lafil levels (MIC = 0.777; MAS = 0.049; Fig. 1D).

Tadalafil is predominantly metabolized by hepatic CYP3A4
in humans and CYP3A11 in mice to a catechol form that is
further metabolized to a methylcatechol form and glucuron-
ide conjugate.>” Given that these metabolites are not pharma-
cologically active at circulating concentrations, the pharmaco-
logical activity of tadalafil depends on its concentration. In
the present study, we found that phenobarbital reduced plas-
ma tadalafil and pulmonary cGMP levels in a dose-depend-
ent manner. Pretreatment with phenobarbital might induce
CYP3A, which metabolizes tadalafil, resulting in a reduction
in the plasma concentration and pharmacological effects of

tadalafil.

A study reported that chronic tadalafil treatment induced
cGMP in the lungs, reduced the mean pulmonary artery pres-
sure, and increased the survival rate of rats with monocro-
taline-induced PAH.# Specifically, tadalafil (0.5 mg/kg)
increased the pulmonary cGMP levels to approximately 120
pmol/g tissue and reduced the mean pulmonary artery pres-
sure by approximately 20%.4 These reports are consistent with
our findings on the pulmonary cGMP levels in mice, suggest-
ing that phenobarbital pretreatment-induced decrease in cGMP
levels affects the pulmonary artery pressure and therapeutic
effects of tadalafil against PAH.

Previous studies have demonstrated the pharmaco-
logical effects of tadalafil at a clinically relevant dose of
1 mg/kg;'>10 therefore, 1 mg/kg tadalafil dose was selected for
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further experiments in this study.

Effects of Dosing Time on Plasma Tadalafil and Pulmo-
nary cGMP Levels Next, we investigated the effects of dos-
ing time on the pharmacokinetics and pharmacological effects
of tadalafil in the lungs of mice. Mice pretreated with pheno-
barbital (0, 10, and 100 mg/kg/day for five days) were orally
administered tadalafil (1 mg/kg) at ZT1 and ZT13 and plasma
tadalafil and pulmonary cGMP levels were determined. Plasma
tadalafil concentrations are shown in Fig. 2. Three-way repeat-
ed measures ANOVA revealed the main effects of phenobar-
bital treatment (£]2,38] = 44.66; p < 0.001) and time course
(F[5,190] = 173.29; p < 0.001; ¢ = 0.47) and interactions
between phenobarbital treatment and time course (£]10,190]
=9.87; p <0.001; ¢ = 0.47) and dosing time and time course
(F[5,190] = 3.17; p = 0.039; & = 0.47). Notably, interactions
between dosing time and time course were observed with
PB10 (F[5,70] = 3.00; p = 0.043; ¢ = 0.58). At 1 h after tadala-
fil administration, plasma tadalafil level at ZT1 was 28% low-
er than that at ZT13 in PB10-treated mice (F[1,14] = 3.98;
p = 0.066).

Overall, phenobarbital treatment decreased the plasma tada-
lafil levels, and plasma tadalafil levels were lower at ZT1 than
at ZT13. In this study, we used 1 mg/kg tadalafil, relevant to
the clinical dose used in children.>!519 Low doses of pheno-
barbital used in this study (10 mg/kg) are also relevant for
clinical use.!'”!® Our results suggest that combined treatment
with phenobarbital and tadalafil induces CYP expression and
decreases the plasma tadalafil concentrations in clinical set-
tings.

Table 1 presents the pharmacokinetic parameters of tadala-
fil measured using the data shown in Fig. 2. Two-way ANOVA
revealed that phenobarbital treatment decreased the area under
the concentration-time curve from 0 to 8 h (AUC,, ,; F[2,38] =
53.48; p < 0.001) and maximum concentration (C,__; F[2,38]
=29.06; p < 0.001) of tadalafil in a dose-dependent manner.
Additionally, dosing time affected the half-life (z,,; F]1,38] =
20.73; p < 0.001) of tadalafil, with the ZT13 group exhibit-
ing shorter ¢,,, values than the ZT1 group at all phenobarbital
doses. Notably, phenobarbital reduced the AUC and C,,, val-
ues, but not the ¢,, values. These changes are consistent with
previous reports on the pharmacokinetics of tadalafil and relat-
ed drugs. A previous study showed that the co-administration
of the CYP3A inducer, bosentan, significantly reduced the
C,.., but not 7, ,, of tadalafil.” Another study reported that the
effects of CYP inhibitors on the pharmacokinetics of sildena-
fil, a CYP3A substrate, were more pronounced on 4UC and
C,. than on 7,,,9 suggesting that CYP3A primarily affects the
first-pass metabolism rather than the systemic clearance of
the drug.® We hypothesized that an increase in CYP3A levels
reduces the plasma tadalafil levels and that phenobarbital pos-
sibly decreases the absorption rate or increases the elimination
rate of tadalafil. Further studies should investigate the effects
of phenobarbital on the absorption, distribution, and elimina-
tion of tadalafil to clarify its action mechanisms and specific
impacts on drug interactions.

Plasma tadalafil levels were higher at ZT1 than at ZT13
in mice without phenobarbital treatment although the differ-
ence was not significant; whereas, the opposite pattern was
observed in phenobarbital-treated mice. Phenobarbital treat-
ment might alter the peak time of plasma concentration, which
may be attributed to the effects of phenobarbital on the circa-
dian clock. Phenobarbital affects the expression of core clock
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genes such as Clock, Bmall, and Pers and alters their expres-
sion rthythm.! Phenobarbital phase advanced the circadi-
an rthythms of physiological and behavioral activities, such as
body temperature and locomotor activity.!2) Moreover, there
was a significant difference in the peak time of theophylline
clearance between phenobarbital-treated and non-treated rats,
suggesting that phenobarbital may cause a phase shift in drug
metabolism.?? Phenobarbital-induced alteration in the circa-
dian rhythm of drug metabolism may affect the peak time of
plasma tadalafil concentration and pharmacological activity.

Fig. 3 shows the pulmonary cGMP levels in mice treated
with phenobarbital and tadalafil. Three-way ANOVA revealed
the main effects of tadalafil treatment (F[1,69] = 161.88;
p < 0.001), dosing time (F[1,69] = 10.97; p = 0.001), and
interactions between phenobarbital and tadalafil treatments
(F12,69] = 5.12; p = 0.008). Tadalafil increased the cGMP lev-
els at all tested phenobarbital doses (PBO: F[1,69] = 77.38
[p <0.001], PB10: F[1,69] = 69.04 [p < 0.001], and PB100:
F[1,69] = 23.67 [p < 0.001]). However, phenobarbital reduced
the cGMP levels in tadalafil-treated mice (F[2,69] = 6.69; p
= 0.002). Dosing time affected the cGMP levels with PB10
(F[1,22]1 =7.03; p = 0.015). Overall, effects of tadalafil on pul-
monary cGMP levels showed diurnal fluctuations in pheno-
barbital-treated mice. These findings highlight the importance
of optimal dosing time in enhancing the therapeutic effects of
tadalafil.

As shown in Fig. 2B and Fig. 3B, plasma tadalafil and pul-
monary cGMP levels were higher at ZT13 than at ZT1 in
phenobarbital-treated mice, suggesting that the dosing time-
dependent plasma tadalafil concentrations causes the chronop-
harmacological effects of tadalafil on cGMP. We also speculat-
ed another possibility that the circadian rhythm of NO/cGMP
system would have influences on the chronopharmacological
effects of tadalafil. NO/cGMP system contributes to the circa-
dian regulation of blood pressure, and several factors such as
soluble guanylyl cyclase activity and endothelial NO synthase
level show diurnal fluctuation in rats.?*29 Phosphodiesterase 5
expression also shows diurnal fluctuation in testicular Leydig
cells.?® The diurnal fluctuation of cGMP production by guany-
lyl cyclase and cGMP degradation by phosphodiesterase might
affect the pharmacological effect of tadalail on cGMP level.
Further studies should be necessary to elucidate the precise
mechanism of the chronophamacological effects of tadalafil.

In conclusion, this study revealed that phenobarbital treat-
ment decreased the plasma concentration and pharmacolog-
ical activity of tadalafil. Moreover, dosing time affected the
pharmacokinetics and pharmacological activity of tadalafil,
especially in phenobarbital-treated mice. These effects were
observed at clinically relevant doses, suggesting that pheno-
barbital co-administration reduces and tadalafil dosing time
impacts the therapeutic efficacy of tadalafil.

Conflict of interest The authors declare no conflict of
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