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We examined pharmacokinetic (PK) and pharmacodynamic (PD) interactions between coenzyme Q1o (CoQ1o)
and nifedipine (NFP), which is a popular medicine for treating hypertension, and elucidated possible mechanisms
for the interaction between CoQ;o and NFP in rats. The mean plasma concentrations of NFP in rats after the oral
administration of NFP (1 mg/kg) with CoQjo (75 mg/kg) were increased over the study period and the area under
the plasma concentration-time curve (AUC), showed a 1.47-fold increase compared with that of the control. Rats
that received NFP with CoQ;o showed a continuous decrease in the mean blood pressure over the study period
compared with the control. There were no significant changes in the PK parameters of NFP after intravenous
administration (1 mg/kg) between with and without oral CoQ;¢ pretreatment, and also no significant changes in the
intestinal excretion of rhodamine 123 (Rho123) or NFP between with and without CoQ;o were found. In contrast,
the portal plasma concentration of NFP after intra loop administration in the presence of CoQo (75 mg/kg) showed
a 1.6-fold increase in the AUC value compared with that of the control. As for physicochemical properties, the
partition coefficient of NFP showed a marked increase in the presence of CoQjo over 10 mg/ml in the organic phase
(n-hexane). From on an analysis of the absorbance spectrum, CoQjo showed a shift towards a longer wavelength
in hydrophobic environments with NFP, suggesting that CoQ¢ reacts with NFP to form a charge-transfer complex
due to a pi-cloud between them. In conclusion, it was found that CoQ;q increases the oral bioavailability of NFP
and that this interaction between NFP and CoQ is not caused by metabolism via cycochrome P450 (CYP) 3A in
the liver or intestine or by the inhibition of P-glycoprotein function, by the physicochemical interaction between
them. Therefore, the solubility of NFP in a hydrophobic environment could be enhanced by forming a charge-
transfer complex with CoQg, and it is considered that NFP deviating from a charge-transfer complex may migrate
to the blood circulation from the intestinal tract. This mechanism of interaction is considered a new type of drug-
supplement interaction.
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INTRODUCTION

There is growing interest in the use of coenzyme
Q1o (CoQjo) as a nutritional supplement. CoQjq
is a fat-soluble, vitamin-like benzoquinone com-
pound that functions primarily as an antioxidant, a
membrane stabilizer, and a cofactor in the oxidative
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phosphorylation process that leads to the produc-
tion of adenosine triphosphate (ATP) in its reduced
form.!™ CoQj is widely consumed as a food sup-
plement because of its status as an important nu-
trient for maintaining human health. The rationale
for the use of CoQjo as a medical agent for treat-
ing cardiovascular diseases is based on its funda-
mental role in mitochondrial function and cellular
bioenergetics.4) On the other hand, at present, the
dosage of CoQ g as a supplement is often several or
many times that in medical use. There are numerous
studies on the therapeutic efficacy of CoQ;¢ sup-
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plementation in human subjects.”~” However, very
little information regarding the interaction between
CoQj and drugs in medical use is available.

CoQo was originally found to be effective in
treating cardiovascular disorders such as cardiomy-
opathy, angina pectoris, and atherosclerosis.>~10 It
has also been reported that CoQ;¢ has a hypoten-
sive effect.”!"12) In addition, a number of people
who usually intake CoQ1q as a supplement also re-
ceive some kinds of drugs to treat high blood pres-
sure. Therefore, on the basis of the health-oriented
tendency in the market, where a large number of
CoQg supplements including a relatively high dose
of CoQq are available, the presence of pharmacoki-
netic (PK) and pharmacodynamic (PD) interactions
between CoQjo and drugs for medical use is sus-
pected. However, there is little information regard-
ing the interaction between CoQ;( supplement and
hypotensive drugs.!?

In this study, we examined PK and PD interac-
tions between CoQj and nifedipine (NFP), which
is a popular medicine for the treatment of hyperten-
sion, and elucidated possible mechanisms for the in-
teraction between CoQ;o and NFP in rats.

MATERIALS AND METHODS

Materials —— CoQ;o powder was kindly supplied
by Morishita-Jintan Co., Ltd. (Osaka, Japan).
NFP and midazolam (MDZ) as an internal stan-
dard for high-performance liquid chromatography
(HPLC) were purchased from Nacalai Tesque (Ky-
oto, Japan). Rhodamine 123 (Rho123) was pur-
chased from Sigma Chemicals Co. (Steinheim, Ger-
many). All other chemicals were of reagent grade
and were used without further purification.
Animals Preparations—— Male Wistar rats
(300-350 g) were procured from Nippon SLC Co.,
Ltd. (Hamamatsu, Japan). Rats had free access to
food and water and were housed in a temperature-
controlled facility (22 + 2°C) with a 12 hr light/dark
cycle for at least one week prior to the experiment.
Rats were fasted for 16—-18 hr prior to the exper-
iment, although water was provided ad libitum.
All rats were anesthetized by the intraperitoneal
administration of urethane (1.0 g’kg). All animal
experiments were performed in accordance with the
guidelines for animal experimentation of Doshisha
Women’s College of Liberal Arts, Pharmaceutical
Division, and the Federal Requirements for Animal
Studies.

Preparation of Standard and Test Solutions ——
Standard stock solutions of CoQ;¢ were prepared
by dissolving in n-hexane at a final concentration
of 500 pg/ml and were then stored at —20°C in the
dark. Working standards for a calibration curve
were prepared by diluting the standard stock solu-
tion with methanol at various concentrations. The
calibration curve samples were prepared by adding
known amounts of the working standards to plasma
or perfusate at a volume ratio of 5:50. Test solu-
tions of CoQy for oral or intraloop administration
were prepared by dissolving CoQjq in olive oil at
a final concentration of 30 mg/ml. NFP for intra-
venous administration was dissolved in a vehicle
composed of 25% polyethylene glycol 400 (PEG
400) and 25% ethanol in saline at a final concentra-
tion of 1 mg/ml. NFP for oral and intraloop admin-
istration was dissolved in 1% carmellose sodium so-
lution (carboxymethylcellulose-Na) at a final con-
centration of 0.5 mg/ml. Rho123 solution for intra-
venous administration was prepared by dissolving
Rho123 in 100 ul of dimethyl sulfoxide (DMSO)
and diluted with 0.9% saline to give a final con-
centration of 0.2 mg/ml. A test solution of NFP to
determine its partition coefficient was prepared by
diluting NFP with methanol at a final concentration
of 0.1 pg/ml.

In Vivo PK and PD Studies for NFP after Oral
Administration with or without CoQ;9—— Af-
ter overnight fasting, rats anesthetized with urethane
(1.0 g/kg) were placed in a supine position on a sur-
gical table under an incandescent lamp to maintain
body temperature at 37°C. The right carotid artery
of each rat was cannulated with a polyethylene (PE)
tube (0.5 mm internal diameter (i.d.), 0.8 mm i.d.)
containing heparinized saline (100 IU/ml) for mea-
suring blood pressure. A small longitudinal incision
was made in the skin of each rat over the left jugu-
lar vein to collect blood samples over time. One
group of rats received CoQ;o formulation orally at
doses of 75 mg/kg in olive oil, and the other received
only olive oil through a stainless-steel needle be-
fore oral administration of NFP. After 30 min, NFP
test solution was administered orally at a dose of 1
mg/kg. Blood pressure was monitored continually
after the oral administration of CoQqg, and 0.12 ml
samples of blood were collected from the left jugu-
lar vein into heparinized tubes at 30, 60, 120, 180,
240, 300, and 360 min after oral administration of
NFP. Blank blood samples were taken 5 min prior
to the administration of NFP solution. Plasma was
then obtained from whole blood by centrifugation at
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3000 x g for 15 min at 4°C and stored at —80°C until
analysis. Arterial blood pressure (BP) was recorded
continuously through the PE tube equipped with a
transducer (Nihon Kohden, Tokyo, Japan) and mean
BP values were recorded every 5 min before (base-
line) and up to 6 hr after oral administration using
Notocord HEM 3.5 acquisition and analysis system
(Primetech Corp., Tokyo, Japan).

In Vivo PK Study after Intravenous Adminis-
tration of NFP with or without CoQ;9p—— Rats
were prepared before the experiments in the same
way as previously described. One group of rats re-
ceived CoQq orally at 75 mg/kg in olive oil and
the other received only olive oil through a stainless-
steel needle before the intravenous administration
of NFP. After 30 min., the NFP solution in a mix-
ture of vehicle containing 25% PEG 400, 25%
ethanol, and 50% saline was intravenously admin-
istered (1 mg/kg) from the left jugular vein using a
syringe. Blood samples of 0.12 ml were collected
from the right jugular vein at 3, 7.5, 15, 30, 60, 120,
180, and 240 min. after NFP intravenous admin-
istration. Blank blood samples were taken 5 min.
prior to the administration of the test solutions. The
blood samples were collected in heparinized tubes,
and plasma was then obtained from whole blood by
centrifugation at 3000 X g for 15 min. at 4°C and
stored at —80°C until analysis.

In Situ Intestinal Excretion of Rho123 and NFP
with or without CoQ9—— Rats were prepared
before the experiments in the same way as previ-
ously described. One group of rats received CoQq
orally at a dose of 75 mg/kg in olive oil and the
other received only olive oil through a stainless-
steel needle. A midline longitudinal abdominal in-
cision was made and an inlet or outlet silicon tube
(4 mm i.d.) was placed at the upper jejunum (15 cm)
of the lumen. The lumen was washed 3 times
with prewarmed (37°C) phosphate buffered saline
containing 25 mM glucose (pH 7.4). After 30 min
of perfusion for stabilization, the test solution of
Rho123 (0.2 mg/kg) or NFP (1 mg/kg) was injected
through the left jugular vein. Simultaneously, the
intestinal perfusate was collected every 15 min over
180 min. The volume of perfusate in each frac-
tion and Rho123 and NFP concentrations were mea-
sured. All samples were then separated (3000 X g,
15 min, 4°C) and obtained supernatants were stored
at —80°C until analysis.

Portal Appearance of NFP after In Situ Intraloop
Administration with or without CoQ{9 —— Rats
were prepared before the experiments in the same

way as previously described. A midline longitudinal
abdominal incision was made and an inlet or outlet
silicon tube (4 mm i.d.) was placed at the upper je-
junum (15 cm) of the lumen. Then, the lumen was
flushed 3 times with prewarmed (37°C) phosphate
buffered saline containing 25 mM glucose (pH 7.4).
After rats received CoQ in olive oil (75 mg/kg) or
vehicle for 30 min, the intestinal loop was washed
3 times with the same buffer before the intraloop
administration of NFP. Then, NFP solution in 1%
CMC-Na was administered to the intestinal loop at
a dose of 1 mg/kg. Blood samples of 0.12 ml were
collected from the portal vein at 10, 20, 30, 60, 120,
180, 240, and 360 min, then plasma was separated
(3000 x g, 15 min, 4°C) and stored at —80°C until
analysis.

Tests for Physiochemical Properties Five
milliliters of n-hexane including CoQiq at a final
concentration ranging from 0.03 to 30 mg/ml was
added to 5ml of NFP test solution (0.1 ug/ml in
50% methanol) in a glass test tube, followed by vig-
orous agitation for 10 min. After centrifugation at
3000 x g for 20 min, two organic layers (n-hexane
and 50% methanol) were separated. NFP concen-
trations in 50% methanol phase (Cy,) and n-hexane
phase (Cy) were spectroscopically measured with
or without CoQg, and then a partition coefficient
of NFP (Kngpp) was calculated by dividing Cy, by
Cm. Ultraviolet spectra scanning for methanol/n-
hexane (49 : 1 v/v) samples including CoQq (17.3—
69.2 uM) or CoQ;¢ with NFP (57.8 or 173.4 nM)
alone was performed using a UV-1700 spectropho-
tometer (Shimadzu, Kyoto, Japan).

Analysis of NFP in Samples—— NFP in plasma,
intestinal perfusate, or organic solvents was ex-
tracted by placing 50 ul of the samples into 1.5 ml
polyoxyethylene centrifuge tubes, adding 5ul of
MDZ methanol solution (1 ug/ml) as an internal
standard, and mixing vigorously for 30 sec. Then,
100 ul of 2% (w/v) ZnSQOy4 in 50% (v/v) methanol
solution was added to precipitate proteins. The mix-
ture was mixed for 10 min and centrifuged at 3000 X
g for 15 min. The clear supernatant was transferred
into 1.5ml polyoxyethylene centrifuge tubes and
1 ml of diethyl ether was added, then the mixture
was vortexed for 10 min and centrifuged at 3000 x
g for 15 min. The supernatant was decanted into a
glass test tube and then evaporated until drying in an
evaporator for 30 min at 45°C. The obtained residue
was reconstituted in 1 ml of mobile phase and then
20ul was injected into a liquid chromatography-
tandem mass spectrometer (LC-MS-MS) system.
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The LC-MS-MS analysis was carried out using
HPLC system consisting of a LC20AD quaternary
pump (Shimadzu) equipped with a vacuum degasser
and a SIL 20 A auto sampler with a 100 ul loop
(Shimadzu) interfaced with a triple-quadruple tan-
dem mass spectrometer (Applied Biosystems/MDS
Sciex, Toronto, Canada). NFP and MDZ were sep-
arated on a Chemcopack Quicksorb 5pum column
(2.1 mm i.d.x150 mm, Chemco Scientific Co., Ltd.,
Oosaka, Japan). The mobile phase, which consisted
of 90% (v/v) acetonitrile containing 0.1% formic
acid, was degassed before use. The sample was
delivered with a flow rate of 0.2ml/min at a col-
umn temperature of 40°C, with each analysis lasting
5.0 min. The MS was operated in the turbo ion spray
mode with positive-ion detection. The flow rates of
nebulizer gas, curtain gas, and collision gas were
set at 8, 8, and 21 1/min, respectively, and the ion
spray voltage and temperature were set at 5000 V
and 300°C, respectively. The declustering poten-
tial, the focusing potential, the entrance potential,
the collision energy, and the collision cell exit po-
tential were set at 20, 200, —10, 30, and 6V, respec-
tively. Multiple-reaction monitoring analysis was
performed with the transition m/z 346.9 for NFP
and m/z 326.0 for MDZ. All raw data were pro-
cessed with Analyst Software, version 1.4.1. Tak-
ing the peak area ratio of NFP against the internal
standard, the calibration curves of NFP were made
in plasma or perfusate. The retention times for NFP
and the internal standard were 2.24 and 1.78 min, re-
spectively, and all separation was completed within
5.0 min. The calibration curves of NFP were linear
and passed through the origin with a correlation co-
efficient of 0.999 or above. The limit of detection
for NFP was 0.005 pg/ml.

Analysis for Rho123 in Perfusate —— The deter-
mination of Rho123 concentrations in perfusate was
performed immediately after the experiment in ac-
cordance with the method of Kageyama et al.'¥ In
brief, after centrifugation of collected perfusate, a
200 ul aliquot of the supernatant was directly added
to a 96 well microplate. Then, Rho123 concentra-
tions in the samples were analyzed by fluorimet-
ric detection (Beckman Coulter, DTX 800, Multi-
mode Detector Tokyo, Tokyo, Japan) at an excita-
tion wavelength of 485 nm and an emission wave-
length of 535 nm. The calibration curve for Rho123
was established using the perfusate solution.

PK Data Analysis—— As for PK parameters of
NFP, the maximum concentration after oral ad-
ministration (Cpax) and the area under the plasma

concentration-time curve (AUC,00-7, AUCjy0-71)
were calculated using a linear trapezoidal rule. The
elimination rate constant for the data of the intra-
venous study was estimated by analyzing the termi-
nal linear segment of the log plasma concentration-
time data, and then the elimination half-life (t;/2)
was calculated. Oral clearance (CLp,), total body
clearance (CLy) and volume of distribution at a
steady state (Vdgs) were calculated in accordance
with the method we reported previously.'>
Statistical Analysis —— Statistical analysis was
performed using Sigmastat version 3.5. All val-
ues are expressed as the mean + S.E. unless oth-
erwise noted. Statistical differences of the means
between two groups were assumed to be significant
when p < 0.05, as determined by unpaired z-test.
For more than tree of data groups, statistical differ-
ences of the means were assumed when p < 0.05
by one-way analysis of variance (ANOVA) followed
by Fisher’s Protected Least Significant Difference
(PLSD) tests.

RESULTS

Systemic Plasma Concentration of NFP and
Blood Pressure after Oral Administration of
NFP with or without CoQ

Figure 1 shows PK and PD profiles of plasma
concentration-time curves of NFP after the oral ad-
ministration of NFP with or without CoQ to rats,

0.12
0.1
0.08

0.06

NFP in systemic plasma (ug/mL)

[0} 80 120 180 240 300 360
Time after oral administration (min)

Fig. 1. Systemic Plasma NFP Levels vs. Time Profiles after
Oral Administration of NFP with and without CoQ
to Rats

Each rat group was pretreated with oral CoQ1o (75 mg/kg) or ve-
hicle (olive oil) 30 min prior to oral administration of NFP (1 mg/kg).

Each symbol with a bar represents the mean + S.E. of 4-5 rats. Key:

O, control (without CoQp); ®, with CoQg.
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Table 1. PK Parameters of NFP after Oral Administration with and without CoQq

Without CoQ With CoQ;
Crax ug/ml 0.040 + 0.017 0.087 +£0.014
AUCpo0-1 ug-h/ml 0.111 £ 0.036 0.309 + 0.025
CL;, I/h par kg 224 +0.72 323 +£0.26

PK analysis after oral administration of NFP (1 mg/kg) to rats pretreated with or without
CoQqo (75 mg/kg) was performed using a non-compartment method described in the text. Each

value represents the mean + S.D. of 4-5 rats.
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Fig. 2. Change in Mean Blood Pressure after Oral Administra-
tion of NFP with and without CoQ), to Rats
Each rat group was pretreated with oral CoQ;o (75 mg/kg) or ve-
hicle (olive oil) 30 min prior to oral administration of NFP (1 mg/kg).
Each symbol with a bar represents the mean + S.D. of 5 rats. Key: O,
control (without CoQ1g); ®, with CoQg.

and corresponding parameters for Fig. 1 are listed in
Table 1. The mean plasma concentrations of NFP
co-administered with CoQ9 were increased over
the study period compared with those of the con-
trol (Fig. 1). The time courses of mean blood pres-
sure after oral administration of NFP with or with-
out CoQ to rats are shown in Fig. 2. The values of
baseline blood pressure for groups with and with-
out CoQp were 95.2 +12.3 and 93.5 +15.8 mmHg,
respectively, and there was no statistical signifi-
cance between them. Blood pressure in both groups
showed about a 20-30% decrease at 30 min after
oral administration, and rats that received NFP with
CoQ;¢ showed a continuous decrease in mean blood
pressure over the study period compared with the
control rats. On the other hand, the mean level of
blood pressure in the control rats recovered to the
baseline from 3 to 6 hr after NFP administration.
The Cyax and AUCp,0-7 values in the NFP with
CoQo group showed significant increases com-
pared with those of the control. The rate of blood
pressure reduction, however, had no one-to-one cor-

NFP in systemic plasma (ug/mL)

0 60 120 180 240
Time after intravenous administration (min)

Fig. 3. Systemic Plasma NFP Levels vs. Time Profiles after
Intravenous Administration of NFP with and without
CoQq to Rats
Each rat group was pretreated with oral CoQjq (75 mg/kg) or
vehicle (olive oil) 30 min prior to intravenous administration of NFP
(1 mg/kg). Each symbol with a bar represents the mean + S.E. of 5
rats. Key: O, control (without CoQjp); ®, with CoQg.

respondence with the plasma NFP levels in either
group.

Systemic Plasma NFP Concentration after Intra-
venous Administration of NFP with or without
CoQ1o

Figure 3 shows the plasma concentration-time
curves of NFP after intravenous administration to
rats with and without CoQ¢. Corresponding PK pa-
rameters for Fig. 3 are listed in Table 2. There were
no significant changes in the systemic plasma NFP
levels and PK parameters (AUC;y o-7, t1/2, CLtot
Vds,) between CoQ co-administered rats and con-
trol rats.

Intestinal Excretion of Rho123 and NFP Using
In Situ Single Perfusion Method

Figure 4 shows the intestinal excretion of
Rho123 and NFP from the blood circulation to the
intestinal lumen in CoQ;q-treated and control rats.
There were no significant changes in the excreted
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Table 2. PK Parameters of NFP after Intravenous Administration with and without CoQq

Without CoQ With CoQjq
AUCj, -1 pg-h/ml 2.794 + 1.361 2754 + 1.164
ti2 h 0.778 + 0.252 1.374 + 0.718
CL I/h par kg 0.446 + 0.205 0.425 + 0.251
Vdg I/kg 0.396 + 0.255 0.435 + 0.295

PK analysis after intravenous administration (1 mg/kg) to rats pretreated with and without CoQjq
was performed using a non-compartment method described in the text. Each value represents the mean

+ S.D. of 5 rats.
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Cumulative amount of Rho 123 in perfusate (ug)
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Time after intravenous

250 ¢

200 F
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50

0 30 80 90 120 150

administration (min)

Fig. 4. Effect of Oral CoQ,o on Intestinal Excretion of Rho123 (a) and NFP (b)
Each rat group was pretreated with oral CoQjo (75 mg/kg) or vehicle (olive oil) 30 min prior to intravenous administration of Rho123 (0.2 mg/kg)
or NFP (1 mg/kg). Each symbol with a bar represents the mean + S.E. of 6 rats. Key: O, control (without CoQ1p); ®, with CoQjg.

amounts of Rhol123 and NFP at any interval be-
tween CoQqo-treated and control rats throughout the
experimental period.

Portal Plasma Concentration of NFP after In
Situ Intraloop Administration

Figure 5 shows the portal plasma concentration-
time curve of NFP after intraloop administration
of NFP to rats with and without CoQjg. The
portal plasma concentration of NFP in the pres-
ence of CoQqg (75 mg/kg) showed a higher transi-
tion compared with that of the control rats. The
values of AUC for the control and CoQjo co-
administered rats, which were calculated using the
portal data in Fig. 5, were 0.528 + 0.048 and 0.766
+ 0.133 pg-h/ml, respectively, and showed about a
1.6-fold increase in NFP availability in the presence
of CoQjo.

Partition Coefficient of NFP with or without

CoQ1o
Figure 6 shows the effect of CoQig on Kygp

in the biphasic in vitro system of n-hexane/50%

0.3
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0.1

NFP in portal plasma (ug/mL)

0.05

0 60

120 180 240 300 360

Time after intraloop administration (min)

Fig. 5. Portal Plasma NFP Levels vs. Time Profiles after In-
traloop Administration of NFP with and without CoQ¢
to Rats

Each rat group was pretreated with intraloop CoQ1¢ (75 mg/kg) or
vehicle (olive oil). After 30 min the intestinal loop was washed three
times with saline, and the NFP (1 mg/kg) was administered. Each sym-
bol with a bar represents the mean + S.E. of 3 rats. Key: O, control

(without CoQ1p); ®, with CoQg.

methanol. There were no significant changes in
the value of Knpp at the range of CoQ;¢ concen-
trations between 0.03 and 10 mg/ml. However, at
higher concentrations of CoQ;¢ ranging from 10 to
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Table 3. Effect of NFP on the Shift of CoQ;o UV Absorbance

CoQq concn. Without NFP With NFP

in hexane (WM) +57.8 nM +173.4 nM
17.3 274.8 + 0.0 275.3 +£0.3* 276.1 = 0.3*"
34.6 274.5 £ 0.0 275.3 + 0.39 276.0 = 0.1*
69.2 274.8 £ 0.0 275.3 £ 0.2* 275.7 £ 0.3*

Ultraviolet spectra scanning for methanol/n-hexane (49 :1 v/v) samples including only CoQio
(17.3 uM—69.2 uM) or CoQjo with NFP (57.8 nM or 173.4 nM) was performed. Each value represents
Anm and mean + S.D. of 3 determinations. a) p = 0.065. **, p < 0.01 against the appropriate control.

0.04

*k

0.03

0.02

0.01

Partition coefficient of NFP (Kygp)

0.01 2.1 1 10
CoQ,, concn. in n-hexane phase (mg/mL)

Fig. 6. Relationship between Partition Coefficients of NFP and
CoQo Levels in n-Hexane Phase
Oil-water partition coefficient of NFP was measured in a n-
hexane/50% methanol system. 50% methanol was separated from n-
hexane completely. Each symbol with a bar represents the mean + S.E.
of 6 experiments. **, p < 0.01 compared with the data of CoQjp sam-
ples below 10 mg/ml.

30 mg/ml in the n-hexane phase, the values of Kngp
increased markedly.

Spectrophotometric Analysis for Interaction be-
tween NFP and CoQq

Table 3 shows results of the spectrophotometric
analysis for the molecular interaction between NFP
and CoQ1¢. The solvent, which was used to dissolve
NFP (methanol), did not affect the UV absorbance.
There were no significant changes in the absorbance
wavelength for CoQ at its three different concen-
trations without NFP. On the other hand, the UV
wavelength of CoQ;o showed a slight shift towards
a longer wavelength in hydrophobic environments
with NFP (p < 0.01), suggesting that CoQ;g reacts
with NFP to form a charge-transfer complex.

DISCUSSION

CoQo was originally used for the treatment of
cardiovascular disease to improve myocardial func-
tion.'® However, at present, many people take it
as a nutritional supplement with the expectation

that it will be effective in anti-aging or preventing
metabolic syndrome.!”>'® There are a lot of reports
stating that CoQ;¢ has high anti-oxidant effects,
which are useful in delaying aging of the body.
19,200 Awareness of health issues has been growing
in Japan after the introduction of a system regu-
lating “Food for Specified Health Use” (Tokuho),
under which the use of “health claims” was al-
lowed, in 1991.2:22 Many people worry about
“lifestyle-related illnesses” such as heart disease, di-
abetes, high blood pressure, and obesity. In Japan,
medicines to treat hypertension have a large mar-
ket share, and these kinds of drugs, which are pre-
scribed for the treatment of high blood pressure,
include products with fat-soluble properties. NFP
is a representative drug for the treatment of hy-
pertension and is well established as a highly ex-
tracted typical substrate of cytochrome P450 (CYP)
3A,%*729 and is also a lipophilic substance.”® Sev-
eral clinical reports on investigations of the PK in-
teraction between NFP and CoQjo suggested that
there may be interactions between them, that is, that
the effect of NFP would be enhanced by CoQg
intake.?”?® However, the precise mechanisms un-
derlying the interaction between NFP and CoQjq
have yet to be clarified. In this study, we selected
olive oil as a vehicle for CoQ;q oral administration.
Many CoQjo products are available on the market
in the form of soft gelatin capsules containing olive
oil, vitamin E oil and/or medium-chain triglyceride
oil to achieve several formulations at emulsion or
suspension. In this study, however, it was required
to dissolve both CoQ;¢ and NFP together to inves-
tigate drug-supplement interaction. Converting an
applied-dose of CoQjo or NFP to rats into case of
man, they are equal to the amounts used in the mar-
ket at present. On the other hand, the amount of
olive oil used as a vehicle is much larger than gen-
eral use, and there is a possible that the absorption of
NFP is enhanced by the olive oil because the olive
oil acts as an absorption enhancer. Therefore, the
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results in this study show relative ones because con-
trol groups of rats received the same amount of olive
oil without CoQ .

First, we examined the PK and PD profiles of
NFP with or without CoQ( after oral administra-
tion to rats (Figs. 1 and 2, Table 1). With adminis-
tration of CoQ, the plasma NFP concentration in-
creased compared with that of the control. In addi-
tion, with CoQ1g, the mean blood pressure showed
a continuous reduction over 6 hr compared with that
of the control (Fig.2). These observations clearly
indicate that CoQ;o enhanced NFP absorption from
the intestinal tract and reduced the blood pressure.
The dosages of NFP and CoQ;¢ used in our experi-
ments were 1 and 75 mg/kg, respectively, and these
dosage ranges are appropriate for several clinical
settings. Since CoQg is taken as a nutritional sup-
plement at relatively high doses ranging from 30 to
3000 mg/day,?*39 it is of concern that unrestricted
use of CoQq as a supplement during NFP therapy
may cause side effects of NFP owing to PK and/or
PD interaction between them.

Next, we investigated the underlying mecha-
nism for the interaction between NFP and CoQg
utilizing some biopharmaceutical techniques. As
shown in Fig. 3, there are no significant changes
in systemic NFP after intravenous administration
with and without CoQg. These results suggest that
CYP3A, which is located in the liver cells, is not
affected by CoQ;¢ administration. There are many
points which are still unclear about the PK profiles
of CoQg, and there are many contradictions in re-
ports about the characteristics of tissue distribution
or plasma CoQq levels. In our previous report, we
demonstrated that the PK profiles of CoQ;q after
oral administration showed a biphasic pattern, that
is, it has a first peak within 6 hr and a second peak
at 24 hr after administration.!> In addition, plasma
CoQg levels were within 20-300 ng/ml, and the ab-
sorption availability at olive formulation was be-
low 0.03%.'> Therefore, in the present acute oral
administration study, it is suspected that CYP3A
in the liver may not be affected by CoQq treat-
ment because of much lower CoQjo plasma levels
and absorption availability. Moreover, the percent-
age of remaining CoQ in the upper jejunum after
intraloop administration was around 75% of dose
(75 mg/kg). Hence, it is considered that markedly
large amount of CoQ;( remains and/or adsorbs on
the intestinal tissues. However, if anything, when
a plasma CoQjq level is increased, its total body
clearance would be increased because CoQ;q pro-

mote an electron transport chain at mitochondria.
Nevertheless, further study at chronic administra-
tion phase should be required to confirm whether
a higher plasma CoQ¢ levels affect liver CYP3A.
As another factor that may alter the PK pro-
files of lipophilic drugs, the role of P-glycoprotein
(P-gp), which is located in normal tissues includ-
ing gastrointestinal epithelium, canalicular mem-
brane of the liver, kidney," and capillary endothe-
lial cells in the central nervous system,?? is con-
sidered. Because of its tissue localization and its
broad substrate specificity, P-gp appears to play a
key role in the absorption, distribution, and elim-
ination of many drugs.>¥ The modulation of P-gp
through its inhibition or induction by various drugs
and/or herbs can lead to significant drug-drug in-
teraction and/or drug-herb interaction by affecting
various PK parameters of the drug. Particularly, the
role of P-gp as an efflux transporter in determining
the permeability and overall bioavailability of drugs
has attracted considerable attention.**) NFP is a well
known substrate for CYP3A; however, it is unclear
whether NFP is a substrate for P-gp. In our previous
study utilizing an in sifu intestinal efflux method,
we revealed that NFP belongs to the group of P-
gp substrates. Under treatment with cyclosporine,
marked inhibition of NFP and/or Rho123 (a spe-
cific substrate of P-gp) efflux from blood circula-
tion to the intestinal tract was observed.>> On the
basis of this finding, we examined the intestinal ef-
flux of NFP and/or Rho123 after intravenous admin-
istration in the absence or presence of CoQpg. As
shown in Fig. 4, there were no significant changes
in the cumulative amounts of Rho123 (Fig. 4a) and
NFP (Fig. 4b) in the intestinal perfusate. These ob-
servations clearly indicate that CoQ¢ has no effect
on the function of P-gp. Recently, an in vitro study
was reported that showed that the efflux transport
of CoQq is mediated by P-gp in Caco-2 cells, and
that Rho123 and quinidine significantly decreased
the transepitherial flux of CoQjg from the basal to
the apical side in Caco-2 cell monolayers.>® On the
other hand, several in vivo studies on humans or
rats demonstrated that CoQ1¢ has biphasic and non-
linear kinetics with double peaks after oral admin-
istration.!>37-3%) In detail, the secondary peaks of
CoQjo appear at around 24 hr after oral administra-
tion with 20- to 100-fold higher peaks than the pri-
mary ones at around 6 hr.!> 37 These observations
clearly suggest that the absorption kinetics of CoQq
has a marked absorption lag because CoQq in the
intestinal tract adsorbs to the surface of gut cells
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to remain in the intestine for a long time.>”-3% Al-
though there are conflicting results between in vitro
and in vivo studies, it is considered that differences
in experimental conditions between the living body
and cultured cells complicate these issue. Further
precise examinations are required to elucidate the
disposition of CoQg.

From these biopharmaceutical results, it can be
concluded that CoQy has no effect on the func-
tion of CYP3A or P-gp. As shown in Fig. 1, how-
ever, it is indisputable that plasma NFP concentra-
tions increased with CoQ;¢ compared with those of
the control. If CoQjq inhibits the function of P-
gp or CYP3A, which is located in the intestine or
liver, these factors may reasonably explain the in-
teraction between NFP and CoQy. From our re-
sults, at least, it could be considered that there are
some mechanisms of interaction besides biophar-
maceutical factors in the intestinal tract. As a next
step, we focused on the physicochemical interac-
tion between NFP and CoQ;o. As shown in Fig. 6,
Knrp had a biphasic pattern, and were increased
with increasing the concentration of CoQpq in the
concentration range of CoQjq in n-hexane from 10
to 30 mg/ml. This phenomenon indicates that NFP
in the 50% methanol phase was transferred to the
n-hexane phase as CoQjy concentration in the n-
hexane phase increased above 10 mg/ml. In addi-
tion, these results demonstrate that highly concen-
trated CoQ g in the n-hexane phase promoted dis-
solution of NFP in the n-hexane phase, suggesting
that the physicochemical properties of NFP would
be altered in the presence of highly concentrated
CoQjo. As such, we assumed that these two com-
pounds can form a charge-transfer complex, re-
sulting in increasing solubility of NFP in the n-
hexane phase, because CoQjg has a benzoquinone
molecular structure, and benzoquinone is electron-
lucent. In contrast, NFP is an electron-dense ma-
terial because it has a 1,4-dihydropyirdine struc-
ture containing an unshared electron pair. NFP and
CoQjq, therefore, would interact with each other
owing the interaction between pi-electrons in both
derived from the double-linkage of CoQ;¢ and the
unshared electron pair of NFP. These considerations
are supported by the shift in UV-scanning profile as
listed in Table 3. CoQ;o showed a shift towards
a longer wavelength in hydrophobic environments
with NFP, suggesting that CoQ;¢ reacts with NFP
to form a charge-transfer complex due to a pi-cloud
between them. Bangal et al. reported that a molec-

ular of benzoquinone and two molecular of tetrahy-
drofuran interacted strongly each other by form-
ing a charge-transfer complex, and the wavelength
of benzoquinone showed 5 nm shift towards a long
wavelength.”) Therefore, a 1.5 nm shift found be-
tween CoQj¢ and NFP indicates to form a weaker
bound complex between them rather than in the
case of between benzoquinone and tetrahydrofuran.
Moreover, in our previous report, we demonstrated
that CoQ1¢ could not be absorbed from the intesti-
nal tract because of high lipophilicity.'> Therefore,
adsorbed and/or remaining CoQ;( in concentrated
amounts in the neighborhood of the intestinal wall
after oral administration can form an unstirred lipid
layer to cover the intestinal apical side, and the
CoQ lipid layer can draw increased NFP by form-
ing a charge-transfer complex with NFP at the near-
gut wall. Then, the charge state of NFP changes
NFP to have a convenient lipophilicity that allows it
to be absorbed through membrane, resulting in en-
hanced absorption of NFP from the intestinal tract
as shown in Fig.5. However, since the charge-
transfer complex between CoQ;¢ and NFP has a
weak adhesive power judging by the slight shift to-
wards a longer wavelength compared with the case
of only CoQjg in hydrophobic environments (Ta-
ble 3), it is considered that NFP deviating from a
charge-transfer complex may migrate to blood cir-
culation from the intestinal tract. In addition, con-
sidering a very few absorbed-fraction, a very low
plasma level of CoQjo'> and a very slow tissue
distribution property,*” the increase in the portal
plasma levels of NFP is not due to the inhibition
of CYP3A in the intestine as same as in the liver at
present acute experiments. Moreover, the fact that
increase in the AUC values from CoQ;o-NFP inter-
action was relatively small compared with those in
the cases of NFP-ketoconazole interaction,*" where
ketoconazole are exclusive CYP3A inhibitors for
NFP, is also one basis that the intestinal CYA3A is
not influenced by acute CoQ treatment. Neverthe-
less, further study at chronic administration phase
should be required to confirm whether CoQ treat-
ment affect intestinal CYP3A.

In conclusion, it was found that oral NFP with
oral CoQg increased the bioavailability of NFP, and
this interaction between NFP and CoQ; is caused
not by the inhibition of metabolism via CYP3A
in the liver or intestine or by the inhibition of P-
gp function, but by physicochemical interaction be-
tween them through the formation of a charge-
transfer complex that has a weak adhesive power.
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This mechanism of interaction is considered a new
type in drug-supplement interaction. Given today’s
health-oriented market, the usual dose of CoQqq as
a supplement is very high in comparison with that in
a clinical setting; therefore, this type of interaction
between NFP and CoQy would lead to concomitant
lowering of blood pressure in patients who receive
NFP therapy. These observations suggest caution
in the use of other antihypertensive drugs that are
physicochemically similar to NFP.
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