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ABSTRACT - The purpose of this study was to investigate the effects of morin, an antioxidant, on the bioavailability of
doxorubicin (DOX) in rats. Thus, DOX was administered intravenously (10 mg/kg) or orally (50 mg/kg) with or without
oral morin (0.5, 3 and 10 mg/kg). In the presence of morin, the total area under the plasma concentration—time curve (AUC)
of DOX was significantly greater than that of the control. In the presence of 3 and 10 mg/kg of morin, the peak concentration
(Cinax) Was significantly higher than that of the control. Consequently, the absolute bioavailability (AB) of DOX in the pres-
ence of morin was 3.7-8.3%, which was significantly enhanced compared with those of the control group (2.7%). The rel-
ative bioavailability (RB) of DOX was 1.36 to 3.02 times higher than those of the control group. Compared to the
intravenous control, the presence of morin increased the AUC of DOX, but was not significantly affected. The enhanced
bioavailability of oral DOX by oral morin may be due to the inhibition of both P-glycoprotein (P-gp) and cytochrome P450
(CYP) 3A in the intestine and/or liver by morin. This result may suggest that the development of oral DOX combination
with morin is feasible, which is more convenient than the i.v. dosage forms. The present study raised the awareness about
the potential drug interactions by concomitant use of DOX with morin.
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Many researchers have attempted to circumvent the problem
through inhibition of P-glycoprotein (P-gp) during cytotoxic
drug administration. For example, verapamil, cyclosporine,
valspodar, GF120918 or LY357739 have previously been used
to enhance intracellular drug accumulation into the MDR
cells.? P-gp, an important member of ABC family, is highly
expressed in solid tumors of epithelial origin, such as the
colon, ¥ kidney,” and breast® to efflux substrates out of cells.
Cytochrome P450 (CYP) 3A, a major phase I drug metab-
olizing enzyme, are co-localized in the liver and intestine.®”
Thus, a combined role of P-gp and CYP3A could decrease oral
bioavailability of drugs which are substrates of P-gp and
CYP3A.

Doxorubicin (DOX) is an anthracycline glycoside anticancer
drug with a mechanism of impairing DNA synthesis during
tumor cell division. It is most commonly used for the treatment
of lymphoma, osteosarcoma and other sarcomas, carcinomas,
and melanoma.®'? DOX is a substrate of P-gp,'® and one or
more enzymes of the CYP3A subfamily play a role in DOX
metabolism.'¥

Flavonoids are the most abundant polyphenolic compounds
present in the human diet, such as fruits, vegetables, tea, and
red wine. Flavonoids have a variety of beneficial pharma-
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cological properties, including antitumor, antioxidation, anti-
viral, and anti-inflammatory activities.'> On the other hand,
flavonoids were reported to modulate CYP3A4 and/or P-gp.!*'®

Morin (3, 5, 7, 2', 4'-pentahydroxyflavone) is a flavonoid
constituent of many herbs and fruits. /n vitro studies morin has
a variety of beneficial activities, including antioxidation,'”

2 and anti-inflammation.?” Like its isomer

anti-mutagenesis
quercetin, orally administered morin is absorbed easily in the
intestine of rodents but it is mainly metabolized as glucu-
ronides and sulfates.>?> A previous study showed that morin
inhibited P-gp mediated cellular efflux of P-gp substrates.”?
Buening et al* also reported that morin could inhibit cyto-
chrome P-450 reductase in human liver microsomes. This
implied that morin might affect the absorption, metabolism and
elimination of DOX. Morin significantly increased the area
under the plasma concentration—time curve (AUC) of pacli-
taxel, etoposide and tamoxifen in rats, which might be due to
the inhibition of P-gp efflux and CYP3A metabolism in the
intestine.”® Furthermore, morin and anticancer agents could
be prescribed concomitantly for improving cancer therapy,
because the morin has beneficial effect such as anticancer and
antioxidant activity.

Therefore, the aim of this study was to examine the bio-
availability and pharmacokinetics of DOX after the oral or
intravenous administration of DOX with morin in rats.
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Materials and Methods

Materials

DOX were obtained from Boryung Co. (Seoul, Republic of
Korea), morin and daunorubicin [an internal standard for the
high-performance liquid chromatographic (HPLC) analysis of
DOX] were purchased from Sigma—Aldrich Co. (St. Louis,
MO). Other chemicals were of reagent grade and HPLC grade.

Animals

Male Sprague-Dawley rats, 7-8 weeks old and weighing
270-300 g, purchased from the Dae Han Laboratory Animal
Research Company (EumSung, Republic of Korea) were given
free access to a commercial rat chow diet (No. 322-7-1; Super-
feed Company, Wonju, Republic of Korea) and tap water ad
libitum. They were maintained in a clean room (College of
Pharmacy, Chosun University) at a temperature of 22+2°C
with 12-h light and dark cycles and a relative humidity of 50—
60%. The rats were acclimated under these conditions for at
least 1 week. The all protocol of this animal study was
approved by the Animal Care Committee of the Chosun Uni-
versity (Gwangju, Republic of Korea). Each rat was fasted for
at least 24 h prior to beginning of the experiment. The left fem-
oral artery (for blood sampling) and the left femoral vein (for
drug administration only for intravenous study) were cannu-
lated using a polyethylene tube (SP45; i.d., 0.58 mm, o.d., 0.96
mm; Natsume Seisakusho Company, Tokyo, Japan) while each
rat was under light ether anesthesia.

Intravenous and Oral Administration of DOX

Rats were divided into two groups (n=6, each); oral group
[50 mg (5 mL)kg of DOX dissolved in a distilled water] with-
out (control) or with 0.5, 3 and 10 mg/kg of oral morin (mixed
in distilled water; total oral volume of 3.0 mL/kg), and intra-
venous group (10 mg/kg of DOX dissolved in 0.9% NaCl
solution; total injection volume of 1.5 mL/kg). A feeding tube
was used to administer DOX and morin orally. Morin was
administered 30 min prior to oral administration of DOX. A
blood sample (0.45 mL) was collected into heparinized tubes
via the femoral artery at 0 (control), 0.017 (at the end of infu-
sion), 0.1, 0.25, 0.5, 1, 2, 3, 4, 6, 8, 12 and 24 h for intravenous
study, and 0, 0.1, 0.25, 0.5, 1, 2, 3, 5, 6, 8, 12 and 24 h for oral
study. A whole blood (approximately 1 mL) collected from
untreated rats was infused via the femoral artery at 0.25, 1, 3,
8 and 12 h, respectively, to replace blood-loss due to blood
sampling. The blood samples were centrifuged (13,000 rpm, 5
min), and a 200 pL aliquot of plasma samples was stored at
-40°C until the HPLC analysis.
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HPLC Analysis of DOX

The HPLC assay of Andersen e al.”® was used to analyze
DOX levels, with minor modifications. Briefly, a 50 puL ali-
quot of daunorubicin (1 pg/mL; internal standard), and a 1 mL
aliquot of acetonitrile was added to each 200 pl sample to pre-
cipitate proteins and extract DOX. The mixture was then
stirred for 2 min and centrifuged (13,000 rpm, 10 min). A 0.8
mL aliquot of the upper layer was transferred to another clean
microtube, and then evaporated under a gentle stream of nitro-
gen gas at 38°C. The residue was reconstituted in 200 puL
mobile phase prior to injection into a C,g reverse phase column
(ODS ThermoHypersil, 4.6 mm, id.x150 mm, 5.0 pum,
Thermo Electron Co., USA). The mobile phase consisted of
20 mM phosphate buffer (pH 3.8):acetonitrile:methanol (45:20
:35; v/v/v). The flow rate of the mobile phase was 1.0 mL/min
and the column eluent was monitored using a fluorescence
detector at an excitation wavelength of 460 nm with an emis-
sion cut-off filter of 580 nm. The retention times of DOX and
daunorubicin (an internal standard) were approximately 3.5
and 5.8 min, respectively. The detection limit of DOX in rat’s
plasma was 2 ng/mL. The intra- and inter-day variation coef-
ficients of DOX were below 11.3%.

Pharmacokinetic Analysis

The following pharmacokinetic data were analyzed using the
non-compartmental method (WinNonlin software version 4.1;
Pharsight Corporation, Mountain View, CA, USA). The half-
life (t;,) was calculated by 0.693/K. The peak concentration
(Ciax) and the time to reach peak concentration (T;,.c) of DOX
directly read from the experimental data. The area under the
plasma concentration-time curve (AUCy,) from time zero to
the time of last measured concentration (Cy,y) Was calculated by
the linear trapezoidal rule. The AUC zero to infinite (AUC,.,)
was obtained by the addition of AUC,, and the extrapolated
area was determined by Cp,s/K,. The total body clearance for
intravenous (CL,) was calculated from the quotient of the dose
(D) and AUC,_,. The absolute bioavailability (AB) was cal-
culated by AUC,,/AUCy*xDoser/Dose,,*100, and the rel-
ative bioavailability (RB) was estimated by AUCa morin/
AUC 4n1r01< 100.

Statistical Analysis

A p-value < 0.05 was deemed to be statistically sig-
nificant using a Duncan’s multiple range test of Statistical
Package of Social Sciences (SPSS) posteriori analysis of
variance (ANOVA) program among the three means for the
unpaired data. All data are expressed as meantstandard
deviation.
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Results

Pharmacokinetic Parameters of Oral DOX

The mean plasma concentration—time profiles of DOX fol-
lowing oral administration to rats in the presence or absence of
oral morin are illustrated in Fig. 1. The mean pharmacokinetic
parameters of DOX are also listed in Table I. As shown in
Table I, the presence of morin significantly altered the phar-
macokinetic parameters of DOX. Compared with the control
group (given oral DOX alone), the presence of morin sig-
nificantly increased the area under the plasma concentration
time curve from zero to time infinity (AUC) (P<0.05 at 0.5
mg/kg; P<0.01 at 3 and 10 mg/kg) and the peak concentration
(Ciax) (P<0.05 at 3 mg/kg; P<0.01 at 10 mg/kg) of DOX by

100

Mean arterial plasma concentration
of doxorubicin (ng/mL)
S

Time (h)

Figure 1-Mean arterial plasma concentration—time profiles of DOX
after oral administration of DOX at a dose of 50 mg/kg in the pres-
ence of morin at doses of 0.5 (O; n=6), 3 ('¥; n=6) and 10 mg/kg
(V; n=6) or absence (@; n=6) of morin to rats. Bars represent st-
nandard deviation.

36.1-202% and 101-183%, respectively. The absolute bio-
availability (AB) of DOX was significantly elevated (P<0.05
at 0.5 mg/kg; P<0.01 at 3 and 10 mg/kg) by 3.7-8.3%, com-
pared with the control group (2.7%). The relative bioavail-
ability (RB) of DOX in the presence of morin (0.5, 3 and 10
mg/kg) was 1.36 to 3.02 times higher. There was no significant
difference in the time to reach peak concentration (T,,,) and
the terminal half-life (t;;) of DOX in the presence of morin.

Pharmacokinetic Parameters of Intravenous DOX

The mean plasma concentration—time profiles of DOX fol-
lowing intravenous administration to rats in the presence or
absence of oral morin are illustrated in Fig. 2. The mean phar-
macokinetic parameters of DOX are also listed in Table II.
Table 11 shows the corresponding pharmacokinetic parameters.
Compared with the control group, the presence of morin
increased the AUC of DOX but was not significant. The C,,x,
typ and Ty of DOX were not affected by morin.

Discussion

With the great interest in herbal products as alternative med-
icines, much effort is currently being expended to identify nat-
ural plant compounds that modulate P-gp and metabolic
enzymes. Many flavonoids including quercetin, naringin,
silymarin and morin are known to modulate P-gp?*3%3132 In
addition to the inhibition of P-gp, morin could modulate the
activities of the metabolic enzymes including CYPs®). The
poor bioavailability of DOX would result from the metabolism
by enzymes or counter-transport processes by P-gp in the gut
wall, there were some attempts to improve the oral delivery of
DOX via the inhibition of P-gp and/or metabolic enzymes.

However, there is little information on the pharmacokinetic

Table I-Mean (£S.D.) pharmacokinetic parameters of DOX after oral administration of DOX at a dose of 50 mg/kg in the
presence or absence (control) of morin at doses of 0.5, 3 and 10 mg/kg to rats (n=6, each)

DOX DOX + Morin
Parameters
(Control) 0.5 mg/kg 3 mg/kg 10 mg/kg
AUC (ng * h/mL) 205+43.1 279+£57.2* 453+94.6** 620£127**
Chnax (ng/mL) 21.0+4.34 26.8+5.60 42.248.82% 59.4£12.3%*
Tinax () 0.33+0.13 0.33+0.13 0.29+0.10 0.29+0.10
ty (h) 13.9+£2.91 14.8£3.11 14.94£3.12 15.243.17
AB (%) 2.7+0.55 3.7+0.74* 6.1£1.21** 8.3£1.70**
RB (%) 100 136 221 302

*P<(.05, **P<0.01 significant difference compared with the control.

AUC: area under the plasma concentration—time curve from zero to time infinity; C,,..: peak concentration; T ,,,.: time to reach peak concentration;
t12: the terminal half-life; AB: absolute bioavailability; RB: relative bioavailability.

J. Kor. Pharm. Sci., Vol. 39, No. 4(2009)
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Figure 2—Mean arterial plasma concentration—time profiles of DOX
after intravenous administration of DOX at a dose of 10 mg/kg in
the presence of morin at doses of 0.5 (O: n=6), 3 (¥ n=6) and 10
mg/kg (V; n=6) or absence (@: n=6) of morin to rats. Bars rep-
resent stnandard deviation.

interactions between DOX and morin.

Based on the broad overlap in substrate specificities as well
as the co-localization in small intestine, the primary site of
absorption for orally administered drugs, CYP3A and P-gp
have been recognized as a concerted barrier to the drug absorp-
tion.***" Therefore, dual inhibitors against both CYP3A and P-
gp could greatly impact the bioavailability of many drugs. The
present study evaluated the effects of morin, a naturally occur-
ring flavonoid, on the bioavailability of DOX in rats, to exam-
ine possible drug interactions between morin and DOX via the
dual inhibition of CYP3A and P-gp.

CYP3A and P-gp inhibitors might interact with DOX and
contribute to the substantial alteration of their pharmacokinetic
parameters. Since cyclosporin and verapamil, both substrates
for CYP3A, increased DOX plasma concentrations, it is pos-
sible that one or more enzymes of the CYP3A subfamily play
a role in DOX metabolism." Morin inhibited P-gp-mediated
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efflux of daunomycin, which was comparable to verapamil, a
potent P-gp inhibitor.2*?> It is possible that the concomitant
administration of morin might affect the bioavailability or
pharmacokinetics of orally administered DOX.

As shown in Table I, the presence of morin significantly
increased the AUC of oral DOX. These results were consistant
with the report by Buening et al.*> and Zhang and Morris, ¥
suggested that the presence of morin might inhibit the CYP3A
and the P-gp pathway because orally administered DOX is a
substrate P-gp-mediated efflux and metabolited by CYP3A
subfamily in the intestine and/or liver. Morin might be able to
improve the oral bioavailability of DOX by altering its absorp-
tion pattern or reducing the gut wall metabolism of this drug.
These results were consistent with the report by Choi et al.?®
in that the presence of morin significantly increased the AUC
and C,,, of paclitaxel, a P-gp and CYP3A4 substrate, in rats,
and the report by Li e al?” in that morin significantly
increased the AUC of etoposide in rats. Shin et al?® also
reported that the presence of the morin at doses of 2.5 and 7.5
mg/kg significantly increased the AUC and C,,,, of tamoxifen,
a P-gp and CYP3A4 substrate, in rats.

As summarized in Table II, the presence of 10 mg/kg of
morin increased the AUC of intravenous DOX but was not sig-
nificant. Morin had no effect on other pharmacokinetic param-
eters of intravenous DOX, although it exhibited a significant
effect on the bioavailability of oral DOX. This result is similar
to a report by Li ef al.?” showing that the presence of morin
did not increase the AUC of intravenous etoposide in rats.
Total body clearance of DOX was not affected by morin after
intravenous administration. This result suggested that
increased AUC of DOX was not related to elimination. Col-
lectively, the bioavailability of oral DOX was significantly
increased by the concomitant use of morin via the inhibition of
the P-gp mediated efflux and first-pass metabolism of DOX in
the intestine and/or liver. This result may suggest that the
development of oral DOX preparations as a combination with

Table II-Mean (+S.D.) pharmacokinetic parameters of DOX after intravenous administration of DOX at a dose of 10 mg/kg in the
presence or absence (control) of morin at doses of 0.5, 3 and 10 mg/kg to rats (n=6, each)

DOX DOX + Morin
Parameters
(Control) 0.5 mg/kg 3 mg/kg 10 mg/kg
AUC (ng - h/mL) 1498+312 1765+£367 1878+387 1992+406
CL, (mL/min/kg) 25.0+5.23 29.4+6.09 31.3+6.47 32.1+6.82
ty2 (h) 8.12+1.70 8.37£1.73 8.61£1.80 8.83+1.82
RB 100 118 125 133

*P<0.05, significant difference compared with the control.

AUC: area under the plasma concentration—time curve from zero to infinity; CL;: total body clearance; t,,: terminal half-life;

RB: relative bioavailability.

J. Kor. Pharm. Sci., Vol. 39, No. 4(2009)
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morin is feasible, which is more convenient than the i.v. dos-
age forms.

Conclusion

The presence of morin enhanced the oral bioavailability of
DOX, which might be attributed to the promotion of intestinal
absorption and a reduction of the first-pass metabolism of
DOX in the intestine. This result may suggest that the devel-
opment of oral DOX preparations as a combination with morin
is feasible, which is more convenient than the i.v. dosage
forms.
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