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ABSTRACT − The aim of this study was to investigate the effects of kaempferol on the pharmacokinetics of nimodipine

in rats. Nimodipine and kaempferol interact with cytochrome P450 (CYP) enzymes and P-glycoprotein (P-gp), and the

increase in the use of health supplements may result in kaempferol being taken concomitantly with nimodipine as a

combination therapy to treat orprevent cardiovascular disease. The effect of kaempferol on P-gp and CYP3A4 activity was

evaluated and Pharmacokinetic parameters of nimodipine were determined in rats after an oral (12 mg/kg) and intravenous

(3 mg/kg) administration of nimodipine to rats in the presence and absence of kaempferol (0.5, 2.5, and 10 mg/kg).

Kaempferol inhibited CYP3A4 enzyme activity in a concentration-dependent manner with 50% inhibition concentration

(IC50) of 17.1 µM. In addition, kaempferol significantly enhanced the cellular accumulation of rhodamine-123 in MCF-7/

ADR cells overexpressing P-gp. Compared to the oral control group, the area under the plasma concentration-time curve

(AUC0–∞) and the peak plasma concentration (Cmax) of nimodipine significantly increased, respectively. Consequently, the

absolute bioavailability of nimodipine in the presence of kaempferol (2.5 and 10 mg/kg) was 29.1-33.3%, which was sig-

nificantly enhanced compared to the oral control group (22.3%). Moreover, the relative bioavailability of nimodipine was

1.30- to 1.49-fold greater than that of the control group. The pharmacokinetics of intravenous nimodipine was not affected

by kaempferol in contrast to those of oral nimodipine. Kaempferol significantly enhanced the oral bioavailability of nimo-

dipine, which might be mainly due to inhibition of the CYP3A4-mediated metabolism of nimodipine in the small intestine

and /or in the liver and to inhibition of the P-gp efflux transporter in the small intestine by kaempferol. The increase in oral

bioavailability of nimodipine in the presence of kaempferol should be taken into consideration of potential drug interactions

between nimodipine and kaempferol.
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Nimodipine is a dihydropyridine calcium channel blocker

that has been shown to selectively dilate cerebral arteries and

increase cerebral blood flow in animals and humans (Kazda et

al., 1982). Its major therapeutic indication is for the prevention

and treatment of delayed ischemic neurological disorders that

often occur in patients with subarachnoid hemorrhages

(Epstein and Loutzenhister, 1990; Scholz, 1997). Nimodipine

is rapidly absorbed after oral administration and is widely dis-

tributed throughout the body. Orally administered nimodipine

is subject to an extensive first-pass hepatic metabolism from

the portal circulation, resulting in a low systemic bioavail-

ability (Maruhn et al., 1985; Suwelack et al., 1985). Usually

only the parent compound is active and most of the metabolic

steps involve reactions catalyzed by cytochrome P450 (CYP)

enzymes. CYP enzymes have been shown to catalyze pyridine

formation, methyl hydroxylation, and various modes of side-

chain oxidation (Ramsch et al., 1985; Scherling et al., 1991).

The reduced bioavailability of nimodipine after adminis-

tering nimodipine orally might not only be due to the metab-

olizing enzyme CYP3A4, but also to the P-glycoprotein efflux

transporter in the small intestine. Saeki et al. (1993) reported

that nimodipine is a substrate for the efflux of P-glycoprotein

and Wacher et al. (1998) reported that nimodipine is both a

CYP3A4 and P-glycoprotein substrate. In the small intestine,

P-glycoprotein is co-localized at the apical membrane of the

cells with CYP3A4 (Gottesman and Pastan, 1993). P-glyco-

protein and CYP3A4 may act synergistically to presystemic

drug metabolism to make the substrate of P-glycoprotein cir-

culate between the lumen and epithelial cells, leading to pro-

longed exposure to CYP3A4, resulting in a reduced absorption

of the drug (Gan et al., 1996; Ito et al., 1999; Watkins, 1996).

Flavonoids are phytochemicals produced in high quantities

by various plants (Dixon and Steel, 1999). These compounds

exhibit a wide range of beneficial biological activities includ-
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ing antioxidative, radical scavenging, antiatherosclerotic, anti-

tumor and antiviral effects (Nijveldt et al., 2001). Flavonoids

also modulate the CYP3A subfamily and/or P-glycoprotein

(Chieli et al., 1995; Di Pietro et al., 2002; Lee et al., 1994). 

Kaempferol (3,4',5,7-tetrahydroxyflavone), a flavonoid, is

most widely distributed in onion, carrot, and black tea; con-

tents of kaempferol were 832, 140, and 118 mg/kg of dry

weight, respectively (Miean et al., 2001). Kaempferol is also a

CYP3A4 inhibitor (Pal et al., 2006). Kaempferol has been

reported to be a substrate (Wang et al., 2004) and an inhibitor

(Wang et al., 2005) of P-gp. But the effect of kaempferol on

CYP3A4 and P-glycoprotein inhibition is partially ambiguous.

Thus, we reevaluated CYP3A4 and P-glycoprotein activity

using rhodamine-123 retention assay in P-glycoprotein over-

expressed adriamycin-resistant human breast cancer cell line

(MCF-7/ADR).

For example, kaempferol exhibited a remarkable inhibition

of P-gp-mediated efflux of ritonavir, thus cellular uptake of

ritonavir increased (Patel et al., 2004). Thus, it could be

expected that kaempferol would change pharmacokinetics of

nimodipine by inhibiting P-gp and CYP3A4 in rats. 

Furthermore, since kaempferol has become readily available

over-the-counter, it is possible that kaempferol products would

be taken along with prescribed nimodipine for the therapy of

cardiovascular disease. There are a few interactions between

flavonoids and nimodipine (Choi and Burm, 2006). But there

is not any report about the pharmacokinetic interaction

between nimodipine and kaempferol in vivo.

Therefore, the aim of this study was to examine the effects

of kaempferol on the CYP3A4, P-glycoprotein activity and

pharmacokinetics of nimodipine after oral and intravenous

administration with kaempferol in rats.

Materials and Methods

Materials

Nimodipine, nitrendipine (internal standard) and kaempferol

were purchased from the Sigma Chemical Co. (St. Louis, MO,

USA). Ethyl acetate and methanol were purchased from Merck

Co. (Darmstadt, Germany). All other chemicals were reagent

grade and were used without further purification. The appa-

ratuses used included HPLC (Model LC-10A, Shimadzu Co.,

Kyoto, Japan), a syringe pump (Model341B, Sage Co., Kyoto,

Japan), a vortex mixer (Scientific Industries, Seoul, Korea) and

a centrifuge (Abbot Co., TM, USA).

Animal experiments

Male Sprague-Dawley rats (weighing 270-300 g) were pur-

chased from the Dae Han Laboratory Animal Research Co.

(Choongbuk, Korea), and were given access to a commercial

rat chow diet (No. 322-7-1, Superfeed Co., Gangwon, Korea)

and tap water. The animals were housed, two per cage, and

maintained at 22 ± 2oC and 50-60% relative humidity, under a

12 h light-dark cycle. The experiments were initiated after

acclimation under these conditions for at least 1 week. The

Animal Care Committee of Chosun University (Gwangju,

Korea) approved the design and conduction of this study. The

rats were fasted for at least 24 h prior to the experiments and

each animal was anaesthetized lightly with ether. The left fem-

oral artery and vein were cannulated using polyethylene tubing

(SP45, i.d. 0.58 mm, o.d. 0.96 mm; Natsume Seisakusho Co.

LTD., Tokyo, Japan) for blood sampling and IV injection,

respectively.

Drug administration

The rats were divided into four groups (n = 6); an oral con-

trol group (12 mg/kg of nimodipine dissolved in distilled

water, 3.0 mL/kg) with or without 0.5, 2.5 and 10 mg/kg of

kaempferol (mixed in distilled water, 3.0 mL/kg), and an intra-

venous (IV) group (3 mg/kg of nimodipine, dissolved in 0.9%

NaCl solution, 1.5 mL/kg). Oral nimodipine was administered

intragastrically using a feeding tube, and kaempferol was

administered in the same manner 30 min prior to the oral

administration of nimodipine. Nimodipine for IV adminis-

tration was injected through the femoral vein within 0.5 min.

A 0.4-aliquot of blood was collected into heparinized tubes

from the femoral artery at 0 (to serve as control), 0.25, 0.5, 1,

2, 3, 4, 8, 12, 24 and 36 h after nimodipine administration. The

blood samples were centrifuged at 16,800 g for 5 min, and the

plasma samples were stored at -40oC until HPLC analysis.

HPLC assay

The plasma nimodipine concentration was determined by an

HPLC assay using a modification of the method reported by

Qian et al. (1992). Briefly, 50 µL of nitrendipine (1 µg/mL), as

the internal standard, and 50 µL of ethyl acetate were added to

0.2 mL of the plasma samples. The mixture was stirred for

10 min and centrifuged at 3,000 rpm for 10 min. Next, 5 mL

of the organic layer was transferred to a clean test tube and

evaporated at 40oC under a stream of nitrogen. The residue

was then dissolved in 300 µL of 65% methanol, which was

centrifuged at 3,000 rpm for 10 min, and 50 µL of the solution

was injected into the HPLC system.

The HPLC system consisted of two solvent delivery pumps

(Model LC-10AD, Shimadzu Co., Japan), a UV detector (Model

SPD-10A), a system controller (Model SCL-10A), degasser
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(Model DGU-12A) and an auto injector (SIL-10AD). The UV

detector was set at a wavelength of 310 nm. The stationary

phase used was a Hypersil ODS column (5 µm, 4.6 × 150 mm).

The mobile phase consisted of methanol: water (65:35, v/v).

The mobile phase was filtered by passing through a 0.45 µm

pore size membrane filter. The retention times at a flow rate of

1.0 mL/min were as follows: Internal standard, 7.6 min; nimo-

dipine, 9.1 min. Linear regression analysis using a least-square

fit was performed. The calibration curve was obtained from the

standard samples at the following concentration: 10, 20, 50,

100, 500, and 1000 ng/mL. The following regression equations

were obtained: y = 206.0x + 18.1 (r = 0.999). The limit of

detection (LOD) of nimodipine in rat’s plasma was 3.3 ng/mL

(LOQ = 10 ng/mL). The coefficients of variation for nimo-

dipine were below 12.5%.

CYP3A4 inhibition assay

The assay of inhibition on human CYP3A4 enzyme activity

was performed in a multiwell plate using CYP inhibition assay

kit (GENTEST, Woburn, MA) as described previously (Crespi

et al., 1997). Briefly, human CYP enzyme was obtained from

baculovirus-infected insect cells. CYP substrate (7-Benzyloxy-

4-trifluoromethyl couamrin; BFC) was incubated with or with-

out test compounds in the enzyme/substrate contained buffer

with 1 pmol of P450 enzyme and an NADPH-generating sys-

tem (1.3 mM NADP, 3.54 mM glucose 6-phosphate, 0.4 U/ml

glucose 6-phosphate dehydrogenase and 3.3 mM MgCl2) in a

potassium phosphate buffer (pH 7.4). Reactions were termi-

nated by adding stop solution after 45 min incubation. Metab-

olite concentrations were measured by spectrofluorometer

(Molecular Device, Sunnyvale, CA) at an excitation wave-

length of 409 nm and an emission wavelength of 530 nm. Pos-

itive control (1 µM ketoconazole for CYP3A4) was run on the

same plate and produced 99% inhibition. All experiments were

done in duplicate, and the results were expressed as the percent

of inhibition.

Rhodamine-123 retention assay 

MCF-7/ADR cells were seeded in 24-well plates. At 80%

confluence, the cells were incubated in fetal bovine serum

(FBS)-free Dulbecco’s modified eagle medium (DMEM) for

18 h. The culture medium was changed to Hanks’ balanced

salt solution and the cells were incubated at 37oC for 30 min.

After incubation of the cells with 20 µM rhodamine-123 in the

presence or absence of kaempferol (50 and 100 µM) and ver-

apamil (positive control, 100 µM) for 90 min, the medium was

completely removed. The cells were then washed three times

with ice-cold phosphate buffer (pH 7.0) and lysed in EBC lysis

buffer. Rhodamine-123 fluorescence in the cell lysates was

measured using excitation and emission wavelengths of 480

and 540 nm, respectively. Fluorescence values were normal-

ized to the total protein content of each sample and are pre-

sented as the ratio to control.

Pharmacokinetic analysis

The plasma concentration data were analyzed using a non-

compartmental method from WinNonlin software version 4.1

(Pharsight Co., Mountain View, CA, USA). The elimination

rate constant (Kel) was calculated by the log-linear regression

of nimodipine concentration data during the elimination phase,

and the terminal half-life (t1/2) was calculated by 0.693/Kel. The

peak concentration (Cmax) and time to reach the peak con-

centration (Tmax) of nimodipine in the plasma were obtained by

a visual inspection of the data from the concentration–time

curve. The area under the plasma concentrationtime curve

(AUC0–t) from time zero to the time of the last measured con-

centration (Clast) was calculated using the linear trapezoidal

rule. The AUC zero to infinity (AUC0–∞) was obtained by add-

ing AUC0–t and the extrapolated area was determined by Clast/

Kel. The total body clearance for IV route (CLt) was calculated

from D/AUC, where D is the dose of nimodipine. The absolute

bioavailability (A.B.) of nimodipine was calculated by AUCoral/

AUCIV×DoseIV/Doseoral×100, the relative bioavailability (R.B.)

was calculated by (AUCcontrol/AUCwith kaempferol)×100. 

Statistical analysis

All data were presented as means with standard deviation.

The analysis of variance (ANOVA) with Scheffe’s test was

used to determine any significant differences between the con-

trol groups and co-administration or pretreatment groups. A P

value <0.05 was considered significant.

Results

Inhibition of CYP3A4

The inhibitory effect of kaempferol on CYP3A4 activity was

shown in Figure 1. Kaempferol inhibited CYP3A4 activity in

a concentration-dependent manner. Kaempferol inhibited human

CYP3A4 with 50% inhibition concentration (IC50) values of

17.1 µM.

Rhodamine-123 retention assay

Accumulation of rhodamine-123, a P-glycoprotein substrate,

raised in MCF-7/ADR cells overexpressing P-glycoprotein

compared to that in MCF-7 cells lacking P-glycoprotein, as

shown in Figure 2. The concurrent use of kaempferol enhanced
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the cellular uptake of rhodamine-123 in a concentration-depen-

dent manner ranging from 50-100 µM. This result suggests

that kaempferol significantly (P<0.05 for 100 µM) inhibited P-

glycoprotein activity.

Effect of kaempferol on the pharmacokinetics of oral

nimodipine

Mean arterial plasma concentration-time profiles of nimo-

dipine following an oral administration of nimodipine (12 mg/

kg) to rats in the presence or absence of kaempferol (0.5, 2.5

and 10 mg/kg) were shown in Figure 3; the corresponding

pharmacokinetic parameters were shown in Table I. Kaempferol

significantly altered the pharmacokinetic parameters of nimo-

dipine. Compared to the control group (given oral nimodipine

alone), kaempferol significantly (P<0.05 for 2.5 mg/kg,

P<0.01 for 10 mg/kg) increased area under the plasma con-

centration-time curve (AUC0–∞) of nimodipine. Kaempferol

also significantly (P<0.05 for 2.5 mg/kg, P<0.01 for 10 mg/kg)

increased the absolute bioavailability (A.B.) of nimodipine by

30.5-49.3% compared to the oral control group, and the rel-

ative bioavailability (R.B.) of nimodipine was increased by

1.30- to 1.49-fold. The Cmax and t1/2 of nimodipine were

increased but were not statistically significant in oral admin-

istration.

Figure 1. Inhibitory effect of ketoconazole and kaempferol on CYP3A4 activity. All experiments were done in duplicate, and the results
were expressed as the percent of inhibition.

Figure 2. Rhodamine-123 retention. MCF-7/ADR cells were in-
cubated in FBS-free DMEM for 18 h. After incubation of the cells
with 20 µM rhodamine-123 in the presence or absence of kaempfer-
ol (50 and 100 µM) for 90 min. Data represents mean ± S.D. of 6
samples (significant versus control MCF-7 cells. *P<0.05, **P<0.01).
Verapamil (100 µM was used as a positive control.

Figure 3. Mean plasma concentration-time profiles of nimodipine
after the oral co-administration of nimodipine (12 mg/kg) with or
without kaempferol to the rats. Bars represent the standard deviation
(n = 6). (●) 12 mg/kg of oral nimodipine, (○) with 0.5 mg/kg of
kaempferol, (▼) with 2.5 mg/kg of kaempferol, (△) with 10 mg/kg
of kaempferol.
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Effect of kaempferol on the pharmacokinetics of IV

nimodipine

Mean arterial plasma concentration-time profiles of nimo-

dipine following an intravenous administration of nimodipine

(3 mg/kg) to rats in the presence or absence of kaempferol

(0.5, 2.5 and 10 mg/kg) were shown in Figure 4; the cor-

responding pharmacokinetic parameters were shown in Table

II. The AUC of nimodipine was increased, but was not sta-

tistically significant compared to the the IV control group. t1/2

of nimodipine was also prolonged, but this increase was not

significant. The pharmacokinetics of intravenous nimodipine

was not affected by the concurrent use of kaempferol in con-

trast to those of oral nimodipine. Accordingly, the enhanced

oral bioavailability in the presence of kaempferol, while there

was no significant change in the pharmacokinetics of intra-

venous nimodipine, may be mainly due to inhibition of the

CYP3A-mediated metabolism of nimodipine in the small

intestine and /or in the liver, and to inhibition of the P-gly-

coprotein efflux transporter in the small intestine by kaempferol

rather than renal elimination of nimodipine.

Discussion

With the great interest in herbal components as alternative

medicines, much effort is currently being expended to identify

natural compounds of plant origin that modulate P-glyco-

protein and metabolic enzymes, however, there is far less

information on the pharmacokinetic interactions between

herbal components and medicines. More preclinical and

clinical investigations on the herbal constituents-drug

interaction should be performed to prevent potential adverse

reactions in patients or to utilize those interactions for a

therapeutic benefit. Therefore, the present study evaluated the

effect of kaempferol, a naturally occurring flavonoid, on the

pharmacokinetics of nimodipine in rats to examine a potential

drug interaction between kaempferol and nimodipine via the

dual inhibition of CYP3A4 and P-glycoprotein.

Nimodipine is metabolized by CYP3A4 in both the liver and

small intestine (Ramsch et al., 1985; Scherling et al., 1991) and

the absorption of nimodipine in the intestinal mucosa is inhib-

ited by P-glycoprotein efflux pump (Saeki et al., 1993). In the

small bowel, P-glycoprotein is co-localized at the apical mem-

brane of the cells with CYP3A4 (Watkins, 1996). P-glyco-

protein and CYP3A4 might act synergistically to limit oral

absorption and the first-pass metabolism (Takino et al., 1987).

Table I.Mean (±S.D.) Pharmacokinetic Parameters of Nimodipine
after Oral Administration of Nimodipine (12 mg/kg) to Rats
with or without Kaempferol 

Parameter Control
Nimodipine + kaempferol 

0.5 mg/kg 2.5 mg/kg 10 mg/kg

AUC0–∞ (ng·h/mL) 509±110 574±118 664±127* 760±140**

Cmax (ng/mL) 91±14 93±16 97±16 105±19

Tmax (h) 0.25 0.25 0.25 0.25

t1/2 (h) 7.4±1.5 7.7±1.8 8.1±2.0 8.4±2.3

A.B. (%) 22.3±4.6 25.2±5.5 29.1±5.9* 33.3±6.6**

R.B. (%) 100 112 130 149

Mean ± S.D., (n = 6), *P<0.05, **P<0.01, significant difference
compared to control group. 
AUC0–∞: area under the plasma concentration-time curve from 0 h to
infinity, Cmax: peak plasma concentration, Tmax: time to reach Cmax, t1/2:
terminal half-life, A.B.: absolute bioavailability, R.B.: relative
bioavailability.

Figure 4. Mean plasma concentration-time profiles of nimodipine
after IV administration of nimodipine (3 mg/kg) with or without
kaempferol to the rats. Bars represent the standard deviation (n = 6).
(●) 3 mg/kg of IV nimodipine, (○) with 0.5 mg/kg of kaempferol,
(▼) with 2.5 mg/kg of kaempferol, (△) with 10 mg/kg of kaempferol.

Table II. Mean (±S.D.) Pharmacokinetic Parameters of
Nimodipine after Intravenous Administration of Nimodipine (3
mg/kg) to Rats with or without Kaempferol

Parameter Control
Nimodipine + kaempferol 

0.5 mg/kg 2.5 mg/kg 10 mg/kg

AUC0–∞ (ng·h/mL) 570±116 603±119 615±121 658±132

CLt (mL/h/kg) 87±18 84±17 81±16 76±15

t1/2 (h) 6.6±1.3 6.8±1.4 7.0±1.5 7.1±1.5

R.B. (%) 100 105 108 115

Mean ± S.D., (n = 6).
AUC0–∞: area under the plasma concentration-time curve from 0 h to
infinity, CLt: total body clearance, t1/2: terminal half-life, R.B.: relative
bioavailability.
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Therefore, CYP3A4 and P-glycoprotein inhibitors have the

potential to alter the pharmacokinetics of nimodipine. The

inhibitory effect of kaempferol against CYP3A4 activity was

confirmed by the use of recombinant CYP3A4 enzyme. 

As shown in Figures 1 and 2, kaempferol exhibited an inhib-

itory effect against CYP3A4 and significantly (P<0.05) inhib-

ited P-glycoprotein activity. These results are consistent with

the previous report (Pal and Mitra, 2006; Wang et al., 2005).

Therefore, the pharmacokinetic characteristics of nimodipine

were evaluated in the absence and the presence of kaempferol

in rats. As CYP3A9 expressed in rat is corresponding to the

ortholog of CYP3A4 in human (Kelly et al., 1999) and human

CYP2C9 and 3A4 and rat CYP2C11 and 3A1 have 77 and

73%, respectively, protein homology (Lewis, 1996). Rats were

selected as an animal model in this study to evaluate the poten-

tial pharmacokinetic interactions mediated by CYP3A4,

although there should be some difference in enzyme activity

between rat and human (Cao et al., 2006).

It is possible that the concomitant administration of

kaempferol might affect the bioavailability and pharmacok-

inetics of orally administered nimodipine. Since orally admin-

istered nimodipine is a substrate for CYP3A4-mediated

metabolism and P-glycoprotein-mediated efflux in the intestine

and in liver. 

As shown in Tables I and II, kaempferol significantly

increased area under the AUC0–∞ of nimodipine given orally.

The absolute bioavailability of nimodipine in the presence of

kaempferol was significantly enhanced. This result is coin-

cident with the previous study, that the presence of kaempferol

significantly increased AUC of tamoxifen (Piao et al., 2008)

and that kaempferol significantly increased AUC of etoposide

(Li et al., 2009).

In contrast, kaempferol had no effect on any pharmacok-

inetic parameters of nimodipine given intravenously implying

that coadministration of a kaempferol could inhibit CYP3A4-

mediated metabolism and P-glycoprotein-mediated efflux of

nimodipine, resulting in reducing intestinal or hepatic first-

pass metabolism. These results are consistent with a report by

Choi et al. (2006) showing that morin significantly increased

the AUC0–∞ of nimodipine, a-glycoprotein and CYP3A4 sub-

strate. 

Kaempferol significantly enhanced the oral bioavailability of

nimodipine, which might be primarily attributable to the pro-

motion of intestinal absorption and reduction of first-pass

metabolism of nimodipine in the intestinal and/or liver via

inhibition of P-glycoprotein and CYP3A4 by kaempferol.

Conclusion

Kaempferol significantly enhanced the oral bioavailability of

nimodipine, which might be mainly due to inhibition of the

CYP3A4-mediated metabolism of nimodipine in the small

intestine and /or in the liver, and to inhibition of the P-gly-

coprotein efflux pump in the small intestine by kaempferol

rather than renal elimination of nimodipine. The increase in

oral bioavailability of nimodipine in the presence of

kaempferol should be taken into consideration of potential

drug interactions between nimodipine and kaempferol. 
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