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Abstract 

 

Drug Interaction between Simvastatin or Lovastatin with 

Diltiazem in Rats 

 

Dong-Hyun Choi 

Advisor: Prof. Soon-Pyo Hong, Ph.D.  

Department of Medicine,  

Graduate School Chosun University  

 

 HMG-CoA reductase inhibitors, statins and diltiazem, calcium channel blocker, 

could be prescribed as a combination therapy for the prevention or treatment of 

cardiovascular diseases.  The purpose of this study was to investigate the possible 

effects of HMG-CoA reductase inhibitor, lovastatin and simvastatin, on the 

pharmacokinetics of diltiazem and its main metabolite, desacetyldiltiazem, in rats.  

The pharmacokinetic parameters of diltiazem and desacetyldiltiazem were 

determined after orall administration of diltiazem (12 mg/kg) to rats in the presence 

and absence of lovastatin (0.3 and 1.0 mg/kg) or simvastatin (0.3 and 1.0 mg/kg). 

 Compared to the control (diltiazem alone), lovastatin (1.0 mg/kg) or 

simvastatin (0.3 and 1.0 mg/kg) significantly altered the pharmacokinetic 

parameters of diltiazem. The area under the plasma concentration-time curve 

(AUC) and the peak plasma concentration (Cmax) of diltiazem were significantly 

increased in the presence of lovastatin (P < 0.05, 1.0 mg/kg) or simvastatin (P < 

0.05, 0.3 and 1.0 mg/kg), respectively. Consequently, the absolute bioavailability 
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of diltiazem in the presence of lovastatin (1.0 mg/kg) or simvastatin (0.3 and 1.0 

mg/kg) were significantly higher (P < 0.05) than that of the control group, 

respectively.  

Lovastatin (1.0 mg/kg) or simvastatin (1.0 mg/kg) significantly (P < 0.05) 

increased the AUC of desacetyldiltiazem, respectively. Moreover, the metabolite-

parent AUC ratio (MR) in the presence of lovastatin (1.0 mg/kg) or simvastatin 

(1.0 mg/kg) were significantly (P < 0.05) decreased compared to that of the control 

group, respectively. Lovastatin or simvastatin significantly reduced rhodamine 123 

efflux via P-gp in MCF-7/ADR cell overexpressing p-gp. Simvastatin is more 

effective than lovastatin in inhibitory effect of P-gp.  

In conclusion, the enhanced oral bioavailability of diltiazem by lovastatin or 

simvastatin may result from decreased P-gp-mediated efflux in small intestine and 

inhibition of CYP 3A subfamily metabolism in small intestine or in the liver. Based 

on these results, if these results would be confirmed in the patients with 

cardiovascular diseases, the dosage of diltiazem should be readjusted when 

diltiazem is used concomitantly with lovastatin or simvastatin.  

 

Key words: Calcium channel blocker-Diltiazem, Desacetyldiltiazem, Statins-

Lovastatin, Simvastatin, CYP3A, P-gp, Pharmacokinetics, 

Bioavailability, Rats 
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 문   

 

에  심 스타틴  스타틴과 티아 과  약물 

상  

 

 동  

지 도  수:  순 표 

학 학원 학과 

 

HMG-CoA 원  억  티아  병 투여가 순  질   

 료  해  처 는 경우가 므  에 한 상  

알아보고 , 에 티아  (12 mg/kg) 과 스타틴 (0.3, 1.0 mg/kg) 

또는 심 스타틴 (0.3, 1.0 mg/kg)  병  경 투여한 후 티아   그 

사체  스아 틸 티아  약물동태학  변수들  과 

비  검 하 다.  

스타틴 또는 심 스타틴과 병  투여시 티아  약물동태학  

변수는  게 변 하 다. 에 비해 스타틴 (1.0 mg/kg) 

또는 심 스타틴 (0.3, 1.0 mg/kg) 과 병 투여 에  티아  

도곡 하  (AUC0-∞)과 고 도 (Cmax) 는 각각  (P 

< 0.05) 게 가 었 , 생체  (AB)도 에 비해 

각각  (P < 0.05) 게 가 었다.  

아울러 스타틴 (1.0 mg/kg) 또는 심 스타틴 (1.0 mg/kg) 과 

티아  병 투여한 에  에 비해 사체  

스아 틸 티아  도곡 하  (AUC0-∞)   (P < 0.05) 

게 가 었다. 그리고 스타틴 또는 심 스타틴  티아  
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사 (MR)  각각  게 감 시 다. 

심 스타틴  스타틴 보다 P-gp 억 과가  컸다. 본 연 에  

고지  료  스타틴 또는 심 스타틴  각각 고 압 료  

티아 과 병 투여 하   경 투여  티아  생체  

 게 가  것  스타틴  심 스타틴에 해  주  

에 재하는 P-gp 억 에 한 수 가  주  간 에 재하는 

CYP3A 억 에 한 티아  사 감 에 한 것  사료 다. 
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Part I. Pharmacokinetic Interaction between Lovastatin 

and Diltiazem in Rats 

 

Abstract 

HMG-CoA reductase inhibitors, statins and diltiazem, calcium channel blocker, 

could be prescribed as a combination therapy for the prevention or treatment of 

cardiovascular diseases. The purpose of this study was to investigate the possible 

effects of lovastatin, an HMG-CoA reductase inhibitor, on the pharmacokinetics of 

diltiazem and its main metabolite, desacetyldiltiazem, in rats 

The pharmacokinetic parameters of diltiazem and desacetyldiltiazem were 

determined after oral administration of diltiazem (12 mg/kg) to rats in the presence 

and absence of lovastatin (0.3 and 1.0 mg/kg).  

Compared to the control (diltiazem alone), lovastatin significantly altered the 

pharmacokinetic parameters of diltiazem. The area under the plasma concentration-

time curve (AUC) and the peak concentration (Cmax) of diltiazem were significantly 

increased (P < 0.05, 1.0 mg/kg) in the presence of lovastatin. Consequently, the 

absolute bioavailability of diltiazem in the presence of lovastatin (10.9% at 1.0 

mg/kg) were significantly higher than that of the control group (P < 0.05) (7.4%).  

Lovastatin (1.0 mg/kg) significantly increased the AUC of desacetyldiltiazem (P 

< 0.05). Moreover, the metabolite-parent AUC ratio (MR) in the presence of 

lovastatin (1.0 mg/kg) was significantly decreased compared to that of the control 

group (P < 0.05). This results implied that lovastatin inhibited the metabolism of 
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diltiazem effectively.  

Lovastatin significantly reduced rhodamine 123 efflux via P-gp in MCF-7/ADR 

cell overexpressing p-gp.  

In conclusion, the enhanced oral bioavailability of diltiazem by lovastatin may 

result from decreased P-gp-mediated efflux in small intestine and inhibition of 

CYP 3A subfamily metabolism in small intestine or in the liver. Based on these 

results, if these results would be confirmed in the patients with cardiovascular 

diseases, the dosage of diltiazem should be readjusted when diltiazem is used 

concomitantly with lovastatin.  

 

Key words: Calcium channel blocker-Diltiazem; Desacetyldiltiazem;  

Statin-Lovastatin; Pharmacokinetic; Bioavailability; Rats 
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Introduction 

Diltiazem is a calcium channel blocker that is widely used in the treatment of 

angina, supraventricular arrhythmias and hypertension [1–3]. Diltiazem undergoes 

complex and extensive phase I metabolism that includes desacetylation, N-

demethylation, and O-demethylation. The absolute bioavailability of diltiazem is 

approximately 40%, with large inter-subject variability [3,4]. In preclinical studies, 

the estimated hypotensive potency of desacetyldiltiazem appeared to be about one-

half to equivalent compared to that of diltiazem, whereas the potencies of N-

demethyldiltiazem and N-demethyldesacetyl-diltiazem were about one-third the 

potency of that of diltiazem [5,6]. Considering the potential contribution of active 

metabolites to the therapeutic outcome of diltiazem treatment, it may be important 

to monitor the levels of active metabolites as well as that of the parent drug in 

pharmacokinetic studies of diltiazem.  

Cytochrome P450 (CYP) 3A, a key enzyme in the metabolism of diltiazem, is 

mainly localized in the liver but is also expressed in the small intestine [7–9]. Thus, 

diltiazem could be metabolized in the small intestine and in the liver [10–12]. Lee 

et al. [13] reported that the extraction ratios of diltiazem in the small intestine and 

liver after oral administration to rats were about 85% and 63%, respectively. This 

suggested that diltiazem was highly extracted in the small intestine and in the liver 

(first-pass metabolism). In addition to the extensive metabolism, P-glycoprotein (P-

gp) may also account for the low bioavailability of diltiazem. Yusa et al. [14] 
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reported that calcium channel blockers such as verapamil and diltiazem 

competitively restrained the multi-drug resistance of P-gp. Wacher et al. [15–19] 

also suggested that diltiazem could act as a substrate of both CYP 3A4 and P-gp. 

Since P-gp is co-localized with CYP 3A4 in the small intestine, P-gp and CYP 3A4 

may act synergistically to promote first-pass metabolism, resulting in the limited 

absorption of drugs. 

Lovastatin, a 3-hydroxy-3-methylglutarylcoenzyme A (HMG-CoA) reductase 

inhibitor, is widely used in preventing the progression of atherosclerosis by 

lowering plasma low density lipoprotein (LDL) levels in patients with 

hypercholesterolemia [20,21]. Lovastatin is mainly metabolized by CYP 3A4 to a 

number of active metabolites [22,23]. Cytochrome P-450 oxidation is the primary 

route of phase I metabolism for lovastatin in humans and dogs [24].  

Wang et al [25] reported that HMG-CoA reductase inhibitors (statins) are 

inhibitors of P-gp in the rodent system, but the effects of lovastatin on P-gp-

inhibition are partially ambiguous. Thus we attempted to evaluate P-gp activity 

using rhodamine-123 retention assays in P-gp-overexpressing MCF-7/ADR cells, 

and investigated the relationship between diltiazem, P-gp substrates and lovastatin.  

Antihypertensive agents are commonly co-administered with cholesterol-

lowering agents in clinics. There are some reports on the effects of calcium channel 

antagonists on the pharmacokinetics of HMG-CoA reductase inhibitors. Calcium-

channel blockers increased plasma concentrations of some statins (lovastatin, 

pravastatin and simvastatin), possibly through the inhibition of CYP 3A4 and P-gp 
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[26,27]. But there are few reports about the effects of HMG-CoA reductase 

inhibitors on the bioavailability or pharmacokinetics of calcium channel 

antagonists in rats [28,29]. Moreover, lovastatin and diltiazem could be prescribed 

as a combination therapy for the prevention or treatment of cardiovascular diseases. 

Because lovastatin and diltiazem share the same pathways in their CYP 3A-

mediated metabolism, metabolism of diltiazem could be competitively inhibited by 

lovastatin.  

Thus, the purpose of this study was to investigate the possible effects of 

lovastatin on the bioavailability or pharmacokinetics of diltiazem and its active 

metabolite, desacetyldiltiazem, after oral administration of diltiazem with lovastatin 

in rats. 
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Materials and Methods 

Materials 

Diltiazem hydrochloride, desacetyldiltiazem, imipramine hydrochloride and 

lovastatin were purchased from Sigma–Aldrich Co. (St. Louis, MO, USA). 

Acetonitrile, methanol and tert-butylmethylether were products from Merck Co. 

(Darmstadt, Germany). Other chemicals were of reagent or HPLC grade. 

 

Animal studies   

All animal study protocols were approved by the Animal Care Committee of 

Chosun University (Gwangju, Republic of Korea). Male Sprague-Dawley rats 

(270–300 g) were purchased from Dae Han Laboratory Animal Research Co. 

(Eumsung, Republic of Korea), and were given free access to a normal standard 

chow diet (No. 322-7-1; Superfeed Co., Wonju, Republic of Korea) and tap 

water. Throughout the experiments, the animals were housed, four or five per 

cage, in laminar flow cages maintained at 22 ± 2oC, 50–60% relative humidity, 

under a 12 h light-dark cycle. The rats were acclimated under these conditions 

for at least 1 week. Each rat was fasted for at least 24 h prior to the experiment. 

The left femoral artery (for blood sampling) and left femoral vein (for drug 

administration in the intravenous [i.v.] study) were cannulated 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.  
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Intravenous and Oral Administration of Diltiazem  

The rats were divided into four groups (n = 6, each): oral groups (12 mg/kg 

of diltiazem dissolved in water [3.0 mL/kg]) without (control) or with 0.3 and 

1.0 mg/kg of lovastatin (mixed in distilled water; total oral volume of 3.0 

mL/kg), and an intravenous group (4 mg/kg of diltiazem; the same solution 

used: 0.9% NaCl-injectable solution; total injection volume of 1.5 mL/kg). A 

gastric gavage tube was used to administer diltiazem and lovastatin 

intragastrically. Lovastatin was administered 30 min prior to oral administration 

of diltiazem. A blood sample (0.45-mL aliquot) was collected into a heparinized 

tube via the femoral artery at 0 (control), 0.016 (at the end of infusion), 0.1, 

0.25, 0.5, 1, 2, 3, 4, 8, 12, and 24 h for the i.v. study, and at 0, 0.1, 0.25, 0.5, 1, 

2, 3, 4, 8, 12, and 24 h for the oral study. Whole blood (approximately 1 mL) 

collected from untreated rats was infused via the femoral artery at 0.25, 1, 3, 

and 8 h, respectively, to replace blood lost due to blood sampling. The blood 

samples were centrifuged (13,000 rpm, 5 min), and a 200-μL aliquots of plasma 

were stored at −40◦C until the HPLC analysis. 

 

HPLC assay 

The plasma concentrations of diltiazem were determined using an HPLC assay 

by a modified from the method reported by Goebel and Kolle [30]. Briefly, 50 μL 

of imipramine (2 μg/mL), as the internal standard, and 1.2 mL of tert-

butylmethylether were added to 0.2 mL of plasma sample. It was then mixed for 2 
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min using a vortex mixer and centrifuged at 13,000 rpm for 10 min. The organic 

layer (1 mL) was transferred to another test tube, where 0.2 mL of 0.01 N 

hydrochloride was added and mixed for 2 min. The water layer (50 μL) was 

injected into an HPLC system. The detector wavelength was set to 237 nm and the 

column, a μ-bondapack C18 (3.9 × 300 mm, 10 μm; Waters Co., Milford, MA, 

USA), was used at room temperature. A mixture of methanol:acetonitrile:0.04 M 

ammonium bromide:triethylamine (24:31:45:0.1, v/v/v/v, pH 7.4, adjusted with 

acetic acid) was used as the mobile phase at a flow rate of 1.5 mL/min. The 

retention times were: internal standard at 11.1 min, diltiazem at 9.6 min, and 

desacetyldiltiazem at 7.6 min (Figure 1). The detection limit of diltiazem and 

desacetyldiltiazem in rat plasma was 5 ng/mL. The coefficients of variation for 

diltiazem (Figure 2) and desacetyldiltiazem (Figure 3) were below 5.0%. 

 

Pharmacokinetic analysis 

The plasma concentration data were analyzed by the non-compartmental method 

using WinNonlin software version 4.1 (Pharsight Co., Mountain View, CA, USA). 

The parameter values were obtained by fitting to the pharmacokinetic model using 

the simplex algorithm. The area under the plasma concentration–time curve (AUC) 

was calculated by the trapezoidal rule. The peak concentration (Cmax) of diltiazem 

in plasma and the time to reach Cmax (Tmax) were obtained by visual inspection of 

the data from the concentration–time curve. The absolute bioavailability (AB) was 

calculated by AUCoral/AUCi.v. × dosei.v./doseoral, and the relative bioavailability 
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(RB) of diltiazem was calculated by AUCdiltiazem with lovastatin/AUCcontrol. The 

metabolite–parent AUC ratio (MR) was calculated by 

AUCdesacetyldilitiazem/AUCdiltiazem.  

 

Rhodamine-123 retention assay 

The P-gp-overexpressing multidrug resistant human breast carcinoma cell line 

(MCF-7/ADR cells) was seeded in 24-well plates. At 80% confluence, the cells 

were incubated in fetal bovine serum (FBS)-free Dulbecco’s modified Eagle’s 

medium (DMEM) for 18 h. The culture medium was changed with Hanks’ 

balanced salt solution and the cells were incubated at 37 °C for 30 min. After 

incubation of the cells with 20 μM rhodamine-123 in the presence or absence of 

lovastatin (1, 3 or 10 μM) or verapamil (100 μM) for 90 min, the medium was 

completely aspirated. The cells were then washed three times with ice-cold 

phosphate buffer (pH 7.0) and lysed in lysis buffer. The rhodamine-123 

fluorescence in the cell lysates was measured using excitation and emission 

wavelengths of 480 and 540 nm, respectively. Fluorescence values were 

normalized to the total protein content of each sample and presented as the 

percentage ratio to control. 

 

Statistical analysis 

All means are presented with their standard deviation. The pharmacokinetic 

parameters were compared by one-way ANOVA, followed by a posteriori testing 
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with the use of the Dunnett correction. A P value < 0.05 was considered 

statistically significant. 
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Results 

The mean plasma concentration–time profiles of diltiazem in the presence and 

absence of lovastatin (0.3 and 1.0 mg/kg) are shown in Figure 4. The 

pharmacokinetic parameters of diltiazem are summarized in Table 3. Lovastatin 

(1.0 mg/kg) significantly (P < 0.05) increased the area under the plasma 

concentration–time curve from time zero to time infinity (AUC) of diltiazem by 

47.2%, and the peak concentration (Cmax) of diltiazem by 42.4%. Accordingly, the 

presence of lovastatin (1.0 mg/kg) significantly (P < 0.05) increased the absolute 

bioavailability (AB%) of diltiazem in rats. Lovastatin increased the relative 

bioavailability (RB%) of diltiazem by 1.20- to 1.47-fold, but did not change the 

terminal half-life (t1/2) and the time to reach peak concentration (Tmax).  

The plasma concentration–time profiles of desacetyldiltiazem are shown in 

Figure 5. The pharmacokinetic parameters of desacetyldiltiazem are summarized in 

Table 4. Lovastatin (1.0 mg/kg) significantly (P < 0.05) increased the AUC of 

desacetyldiltiazem by 31.4%. However, the MR ratios were significantly (P < 0.05) 

decreased by lovastatin, suggesting that the formation of deacetyldiltiazem was 

considerably altered by lovastatin. Thus, the increased bioavailability of diltiazem 

might have been due to the inhibition of CYP 3A subfamily metabolism in the liver 

by lovastatin. In this study, the cell-based P-gp activity test with rhodamine-123 

also showed that lovastatin (10 μM) significantly inhibited P-gp activity (Figure 6). 

The enhanced oral bioavailability of diltiazem by lovastatin may result from 

decreased P-gp-mediated efflux in small intestine and inhibition of CYP 3A 
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subfamily metabolism in small intestine or in the liver 
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Discussion 

Based on the broad overlap in the substrate specificities as well as their co-

localization in the small intestine, the primary site of absorption for orally 

administered drugs, cytochrome P450 (CYP) 3A4 and P-glycoprotein (P-gp) have 

been recognized as a concerted barrier to drug absorption [31,32]. The prescription 

of more than one drug as a combination therapy is increasingly common in current 

medical practice. Cholesterol-lowering agents such as HMG-CoA reductase 

inhibitors could be co-administered with calcium channel blockers in the treatment 

of hypertension [33].  

Considering that the drugs used in combination therapy often share the same 

metabolic pathways or cellular transport pathways, there exists a high potential for 

pharmacokinetic as well as pharmacodynamic drug interactions between calcium 

channel antagonists and HMG-CoA reductase inhibitors. Indeed, some studies have 

reported that calcium-channel blockers increased the plasma concentrations of 

lovastatin or simvastatin [26,27]. Similarly, as dual substrates of CYP 3A and P-gp, 

diltiazem and lovastatin may undergo the same metabolic pathways and/or cellular 

transport pathways after co-administration. Therefore, lovastatin could affect the 

bioavailability or pharmacokinetics of diltiazem in rats. 

As shown in Table 3, lovastatin significantly enhanced the AUC and Cmax of 

diltiazem in rats. Subsequently, the relative bioavailability (R.B.) of diltiazem was 

increased by 120 to 147% in the presence of lovastatin (0.3 and 1.0 mg/kg). These 

results were consistent with reports by Zhang et al. [34] showing that diltiazem is a 
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substrate of P-gp as well as CYP 3A, and that lovastatin is an effective inhibitor of 

P-gp and CYP 3A transport. These results were similar to the report that oral 

atorvastatin and fluvastatin significantly increased the bioavailability of diltiazem 

by inhibition of CYP 3A and P-gp in rats [28,29]. This suggested that the 

extraction ratio of diltiazem (first-pass metabolism) across the rat intestinal tissue 

was significantly reduced by P-gp and/or CYP 3A. 

The AUC and Cmax of desacetyldiltiazem were also significantly increased by 1.0 

mg/kg of oral lovastatin (P < 0.05). However, the metabolite-parent ratio (MR) in 

the presence of lovastatin (1.0 mg/kg) was significantly decreased compared to that 

of the control group. Those results were similar to reports that oral administration 

of atorvastatin or fluvastatin significantyly increased the oral bioavailability o

f diltiazem in rats [28,29]. Taken together, the pharmacokinetic parameters of 

diltiazem were significantly altered by the presence of lovastatin in rats.  

Since the present study raised awareness of potential drug interactions by 

concomitant use of lovastatin with diltiazem, this finding has to be further 

evaluated in clinical studies. In the present study, cell-based P-gp activity tests with 

rhodamine-123 showed that lovastatin (10 μM) significantly inhibited P-gp activity 

(Fig. 5). This result is consistent with a report by Wang et al. [25] showing that 

lovastatin effectively inhibited the activity of P-gp.  

Lee et al. [13] reported that the extraction ratios of diltiazem in the small 

intestine and liver after oral administration to rats were about 85% and 63%, 
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respectively. This suggested that diltiazem was highly extracted in the small 

intestine and in the liver, which is  the same as first-pass metabolism. The 

increased oral bioavailability of diltiazem in the presence of lovastatin might be 

due to inhibition of the P-gp-mediated efflux in small intestine, and CYP 3A 

subfamily-mediated metabolism of diltiazem mainly in small intestine and in the 

liver by lovastatin. 
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Conclusion 

The presence of lovastatin enhanced the oral bioavailability of diltiazem. 

Therefore, concomitant use of diltiazem with lovastatin may require close 

monitoring for potential drug interactions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 21 

References 

1. Chaffman M, Brogden RN. Diltiazem: a review of its pharmacological properties 

and therapeutic efficacy. Drugs 1985;29:387–454. 

2. Weir MR. Diltiazem: ten years of clinical experience in the treatment of 

hypertension. J Clin Pharmacol 1995;35:220–232. 

3. Yeung PK, Prescott C, Haddad C, Montague TJ, McGregor C, Quilliam MA, 

Xei M, Li R, Farmer P, Klassen, GA. Pharmacokinetics and metabolism of 

diltiazem in healthy males and females following a single oral dose. Eur J Drug 

Metab Pharmacokinet 1993;18:199–206. 

4. Buckley MMT, Grant SM, Goa KL, McTabish D, Sorkin EM. Diltiazem: A 

reappraisal of its pharmacological properties and therapeutic use. Drugs 

1990;39:757–806. 

5. Narita H, Otsuka M, Yabana H, Nagao T. Hypotensive response of 

spontaneously hypertensive rats to centrally administered diltiazem and its 

metabolites: in relevance to the hypotensive action by oral administration. J 

Pharmacobiodyn 1986;9:547–553. 

6. Yeung PK, Feng JDZ, Buckley SJ. Pharmacokinetics and hypotensive effect of 

diltiazem in rabbits: Comparison of diltiazem with its major metabolites. J 

Pharm Pharmacol 1998;50:1247–1253. 

7. Pichard L, Gillet G, Fabre I, Dalet-Beluche I, Bonfils C, Thenot JP, Maurel P. 

Identification of the rabbit and human cytochromes P-450IIIA as the major 

enzymes involved in the N-demethylation of diltiazem. Drug Metab Dispos 



 22 

1990;18:711–719. 

8. Watkins PB, Wrighton SA, Schuetz EG, Molowa DT, Guzelian PS. Identification 

of glucocorticoid-inducible cytochromes P-450 in the intestinal mucosa of rats 

and man. J Clin Invest 1987;80:1029–1036. 

9. Kolars JC, Schmiedlin-Ren P, Dobbins WO, Schuetz J, Wrighton SA, Watkins 

PB. Heterogeneity of cytochrome P450IIIA expression in rat gut epithelia. 

Gastroenterology 1992;102:1186–1198. 

10. Lefebvre M, Homsy W, Caille G, du Souich P. First-pass metabolism of 

diltiazem in anesthetized rabbits: role of extrahepatic organs. Pharm Res 

1996;13:124–128. 

11.Homsy W, Caille G, du Souich P. The site of absorption in the small intestine 

determines diltiazem bioavailability in the rabbit. Pharm Res 1995;12:1722–

1726. 

12.Homsy W, Lefebvre M, Caille G, du Souich P. Metabolism of diltiazem in 

hepatic and extrahepatic tissues of rabbits: in vitro studies. Pharm Res 

1995;12:609–614.  

13. Lee YH, Lee MH, Shim CK. Pharmacokinetics of diltiazem and 

deacetyldiltiazem in rats. Int J Pharm 1991;76:71–76. 

14. Yusa K, Tsuruo T. Reversal mechanism of multidrug resistance by verapamil: 

direct binding of verapamil to P-glycoprotein on specific sites and transport of 

verapamil outward across the plasma membrane of K562/ADM cells. Cancer 

Res 1989;49:5002–5006. 



 23 

15. Gottesman MM, Pastan I. Biochemistry of multidrug resistance mediated by 

the multidrug transporter. Annu Rev Biochem 1993;62:385–427. 

16. Gan LSL, Moseley MA, Khosla B, Augustijns PF, Bradshaw TP, Hendren RW, 

Thakker DR. CYP3A-Like cytochrome P450-mediated metabolism and 

polarized efflux of cyclosporin A in Caco-2 cells: interaction between the two 

biochemical barriers to intestinal transport. Drug Metab Dispos 1996;24:344–

349.  

17. Wacher VH, Silverman JA, Zhang Y, Benet LZ. Role of P-glycoprotein and 

cytochrome P450 3A in limiting oral absorption of peptides and peptidomimetics. 

J Pharm Sci 1998;87:1322–1330. 

18. Wacher VJ, Salphati L, Benet LZ. Active secretion and enterocytic drug 

metabolism barriers to drug absorption. Adv Drug Deliv Rev 2001;46:89–102. 

19. Ito K, Kusuhara H, Sugiyama Y. Effects of intestinal CYP3A4 and P-

glycoprotein on oral drug absorption theoretical approach. Pharm Res 

1999;16:225–231. 

20. Kubota T, Fujisaki K, Itoh Y, Yano T, Sendo T, Oishi R. Apoptotic injury in 

cultured human hepatocytes induced by HMG-CoA reductase inhibitors. 

Biochem Pharmacol 2004;12:2175–2186. 

21. Tobert JA. Lovastatin and beyond: the history of the HMG-CoA reductase 

inhibitors. Nat Rev Drug Discov 2003;2:517–526. 

22. Khandwala HM. Lipid lowering inefficacy of high-dose statin therapy due to 

concurrent use of phenytoin. South Med J 2006; 99:1385–1387. 



 24 

23. Neuvonen PJ, Jalava KM Itraconazole drastically increases plasma 

concentrations of lovastatin and lovastatin acid. Clin Pharmacol Ther 1996; 

60:54–61. 

24. Halpin RA, Ulm EH, Till AE, Kari PH, Vyas KP, Hunninghake DB, Duggan 

DE. Biotransformation of lovastatin. V. Species differences in in vivo metabolite 

profiles of mouse, rat, dog, and human. Drug Metab Dispos 1993; 21:1003–1011. 

25. Wang E, Casciano CN, Clement RP, Johnson WW. HMG-CoA reductase 

inhibitors (statins) characterized as direct inhibitors of P-glycoprotein. Pharm 

Res 2001;18:800–806. 

26. Mousa O, Brater DC, Sunblad KJ, Hall SD. The interaction of diltiazem with 

simvastatin. Clin Pharmacol Ther 2000; 67:267–274. 

27. Azie NE, Brater DC, Becker PA, Jones DR, Hall SD. The interaction of 

diltiazem with lovastatin and pravastatin. Clin Pharmacol Ther 1998; 64:369–

377. 

28. Hong SP, Chang KS, Choi DH, Choi JS. Effect of atorvastatin on the 

pharmacokinetics of diltiazem and its main metabolit, desacetyldiltiazem, in rats. 

Arch Pharm Res 2007;30:90–95. 

29. Choi JS, Piao YJ, Han HK. Pharmacokinetic interaction between fluvastatin 

and diltiazem in rats. Biopharm Drug Dispos 2006;27:437-41. 

30. Goebel KJ, Kolle EU. High performance liquid chromatographic determination 

of diltiazem and four of its metabolites in plasma. J Chromatogr 1985;345: 355–

363. 



 25 

31. Cummins CL, Jacobsen W, Benet LZ. Unmasking the dynamic interplay 

between intestinal P-glycoprotein and CYP3A4. J Pharmacol Exp Ther 

2002;300:1036–1045. 

32. Wacher VJ, Salphati L, Benet LZ. Active secretion and enterocytic drug 

metabolism barriers to drug absorption. Adv Drug Deliv Rev 2001;46:89–102. 

33. Mason RP. A rationale for combined therapy with a calcium channel blocker 

and a statin: evaluation of basic and clinical evidence. Curr Drug Targets 

Cardiovasc Haematol Disord 2005;5:489–501. 

34. Zhang Y, Guo X, Lin ET, Benet LZ. Overlapping substrate specificities of 

cytochrome P450 3A and P-glycoprotein for a novel cysteine protease inhibitor. 

Drug Metab Dispos 1998;26:360–366. 

 

 

 

 

 

 

 

 

 

 

 



 26 

 

 

 

 

 

 

 

 

 

Figure 1. HPLC chromatograms of the rat’s blank plasma (A), and the plasma 

spiked with diltiazem (8.7 min), desacetyldiltiazem (6.9 min), and imipramine 

(internal standard; 9.7 min) (B). 
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Figure 2. A calibration curve of diltiazem when spiked into the rat’s blank plasma. 
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Figure 3. A calibration curve of desacetyldiltiazem when spiked into the rat’s blank 

plasma.  
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Figure 4. Mean plasma concentration-time profiles of diltiazem after intravenous (4 

mg/kg) or oral (12 mg/kg) administration of diltiazem to rats in the presence and 

absence of lovastatin (mean ± SD, n = 6). ●: Control (diltiazem 12 mg/kg, oral); ○: 

presence of 0.3 mg/kg lovastatin; ▼: presence of 1.0 mg/kg lovastatin; ▽: i.v. 

injection of diltiazem (4 mg/kg). 
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Figure 5. Mean plasma concentration-time profiles of desacetyldiltiazem after oral 

administration of diltiazem (12 mg/kg) to rats in the presence and absence of 

lovastatin (mean ± SD, n = 6). ●: Control (diltiazem 12 mg/kg, oral); ○: presence of 

0.3 mg/kg lovastatin; ▼: presence of 1.0 mg/kg lovastatin. 
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Figure 6. Rhodamine-123 (R-123) retention in lovastatin-treated MCF-7/ADR cells. 

After incubation of MCF-7/ADR cells with 20 μM R-123 for 90 min, the R-123 

fluorescence values in cell lysates were measured using excitation and emission 

wavelengths of 480 and 540 nm, respectively. The values were divided by the 

respective total protein content of each sample. Data represents means ± SEM of 4 

separate samples (significant versus the control MCF-7 cells, **P < 0.01). Verap-

amil (100 μM) was used as a positive control. 
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Table 1. Mean plasma concentrations-time profiles of diltiazem after intravenous (4 

mg/kg) and oral administration of diltiazem (12 mg/kg) with or without lovastatin 

to rats (mean ± SD, n = 6) 

Diltiazem with Lovastatin Time 

(h) 
Control 

0.3 mg/kg 1.0 mg/kg 

i.v. 

(4mg/kg) 

0 0 0 0 4709.0 ± 1127.3

0.1 141.0 ± 35.3  162.0 ± 40.5  196.0 ± 49.0  2003.0 ± 500.8  

0.25 165.0 ± 41.3  197.0 ± 49.3  235.0 ± 58.8  1280.0 ± 320.0  

0.5 115.0 ± 28.8 130.0 ± 32.6  151.0 ± 37.8  731.0 ± 182.8  

1 69.0 ± 17.3  73.0 ± 18.3  84.0 ± 21.2  320.0 ± 80.0  

2 30.5 ± 7.6  35.0 ± 8.8  42.0 ± 10.5  84.0 ± 21.0 

3 16.8 ± 4.2  22.5 ± 5.6  26.8 ± 6.7  39.0 ± 9.8  

4 13.2 ± 3.3 16.8 ± 4.3  20.0 ± 5.1  20.0 ± 5.2  

8 6.7 ± 1.7  8.4 ± 2.0  10.6 ± 2.7  7.4 ± 1.9  

12 4.4 ± 1.1  5.6 ± 1.5  6.7 ± 1.7  4.3 ± 1.1  

24 2.7 ± 0.8 3.4 ± 0.9  4.6 ± 1.2  2.3 ± 0.6 
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Table 3. Mean plasma concentrations-time profiles of desacetyldiltiazem after oral 

administration of diltiazem (12 mg/kg) with or without of lovastatin in rats  

(mean ± SD, n = 6) 

Diltiazem with lovastatin Time 

(h) 
Control 

0.3 mg/kg 1.0 mg/kg 

0 0 0 0 

0.1 55.6 ± 13.9 56.1 ± 14.0 59.2 ± 14.8 

0.25 64.4 ± 16.1 67.2 ± 16.8 72.8 ± 18.2 

0.5 66.1 ± 16.3 70.3 ± 17.6 75.0 ± 18.8 

1 48.7 ± 12.2 49.6 ± 12.4 53.3 ± 13.3 

2 26.0 ± 6.5 28.1 ± 7.0 30.2 ± 7.6 

3 15.7 ± 3.9 18.0 ± 4.5 20.2 ± 5.1 

4 11.5 ± 2.9 13.0 ± 3.3 14.6 ± 3.7 

8 6.7 ± 1.7 7.9 ± 2.0 9.1 ± 2.3 

12 4.9 ± 1.2 5.7 ± 1.4 6.7 ± 1.7 

24 2.9 ± 0.7 3.5 ± 0.9 4.3 ± 1.1 
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Table 3. Mean pharmacokinetic parameters of diltiazem after oral (12 mg/kg) 

administration of diltiazem with and without lovastatin in rats (mean ± SD, n = 6) 

Diltiazem + Lovastatin 
Parameters 

Diltiazem 

(Control) 0.3 mg/kg 1.0 mg/kg 

Diltiazem (i.v.) 

AUC (ng ·h/mL) 341.0 ± 85.3 407.9 ± 102.0 501.8 ± 125.4* 1530.2 ± 382.5 

Cmax (ng/mL) 165.0 ± 34.8 197.0 ± 44.6 235.0 ± 52.6*  

t1/2 (h) 9.5 ±2.3 9.6± 2.4 10.3 ± 2.6 7.1 ± 1.8 

Tmax (h) 0.33 ± 0.13 0.29 ± 0.10 0.29 ± 0.10  

A.B. (%) 7.4 ±1.9 8.9 ± 2.2 10.9 ± 2.7*  

R.B. (%) 100 120 147  

 

*P < 0.05, significant difference compared to the control (given diltiazem alone 

orally). Tmax: time to peak concentration; Cmax: peak plasma concentration; AUC: 

area under the plasma concentration-time curve; t1/2: terminal half-life; A.B.(%): 

absolute bioavailability; R.B.(%): relative bioavailability. 
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Table 4. Mean pharmacokinetic parameters of desacetyldiltiazem after oral 

administration of diltiazem (12 mg/kg) with and without lovastatin in rats  

(mean ± SD, n = 6) 

Diltiazem with lovastatin 
Parameters 

Diltiazem 

(Control) 
0.3 mg/kg 1.0 mg/kg 

AUC (ng ·h/mL) 280.2 ± 56.0 317.8 ± 63.6 368.1 ± 73.6* 

Cmax (ng/mL) 66.1 ± 13.2 70.3 ± 14.1 75.0 ± 15.0 

Tmax (h) 0.46 ±0.10 0.46 ±0.10 0.58 ±0.20 

t1/2 (h) 10.8 ± 2.2 11.3 ± 2.3 12.2 ± 2.4 

M.R. 0.82 ±0.16 0.78 ± 0.16 0.73± 0.15* 

 

*P < 0.05, significant difference compared to the control (oral diltiazem alone) 

Tmax: time to peak concentration; Cmax: peak plasma concentration; AUC: area 

under the plasma concentration-time curve; t1/2: terminal half-life; M.R.: 

Metabolite-parent AUC Ratio. 

 

 

 

 

 



 

 - 36 - 

Part II. Pharmacokinetic Interaction between Simvastatin 

and Diltiazem in Rats 

 

Abstract 

HMG-CoA reductase inhibitors, statins and diltiazem, calcium channel blocker, 

could be prescribed as a combination therapy for the prevention or treatment of 

cardiovascular diseases. The purpose of this study was to investigate the possible 

effects of simvastatin, an HMG-CoA reductase inhibitor, on the pharmacokinetics 

of diltiazem and its main metabolite, desacetyldiltiazem, in rats. 

The pharmacokinetic parameters of diltiazem and desacetyldiltiazem were 

determined after oral administration of diltiazem (12 mg/kg) to rats with and 

without simvastatin (0.3 and 1.0 mg/kg).  

Compared to the control (diltiazem alone), simvastatin significantly altered the 

pharmacokinetic parameters of diltiazem. The area under the plasma concentration-

time curve (AUC) and the peak concentration (Cmax) of diltiazem were significantly 

increased (P < 0.05, 0.3 and 1.0 mg/kg) with simvastatin. Consequently, the 

absolute bioavailability of diltiazem with simvastatin (9.9% at 0.3 mg/kg, 11.8% at 

1.0 mg/kg) were significantly higher than that of the control group (P < 0.05) 

(7.4%). Simvastatin (1.0 mg/kg) significantly increased the AUC of 

desacetyldiltiazem (P < 0.05). Moreover, the metabolite-parent AUC ratio (MR) 

with simvastatin (1.0 mg/kg) was significantly decreased compared to that of the 

control group (P < 0.05). This results implied that simvastatin inhibited the 
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metabolism of diltiazem effectively. Simvastatin significantly reduced rhodamine 

123 efflux via P-gp in MCF-7/ADR cell.  

In conclusion, the enhanced oral bioavailability of diltiazem by simvastatin may 

result from decreased P-gp-mediated efflux in small intestine and inhibition of 

CYP 3A subfamily metabolism in small intestine or in the liver. Based on these 

results, if these results would be confirmed in the patients with cardiovascular 

diseases, the dosage of diltiazem should be readjusted when diltiazem is used 

concomitantly with simvastatin.  

 

Key words: Calcium channel blocker-Diltiazem; Desacetyldiltiazem; Statin-

Simvastatin; Pharmacokinetic; Bioavailability; Rats 
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Introduction 

Diltiazem is a calcium channel blocker that is widely used in the treatment of 

angina, supraventricular arrhythmias and hypertension [1–3]. Diltiazem undergoes 

complex and extensive phase I metabolism that includes desacetylation, N-

demethylation, and O-demethylation. The absolute bioavailability of diltiazem is 

approximately 40%, with large inter-subject variability [3,4]. In preclinical studies, 

the estimated hypotensive potency of desacetyldiltiazem appeared to be about one-

half to equivalent compared to that of diltiazem, whereas the potencies of N-

demethyldiltiazem and N-demethyldesacetyl-diltiazem were about one-third the 

potency of that of diltiazem [5,6]. Considering the potential contribution of active 

metabolites to the therapeutic outcome of diltiazem treatment, it may be important 

to monitor the levels of active metabolites as well as that of the parent drug in 

pharmacokinetic studies of diltiazem.  

Cytochrome P450 (CYP) 3A, a key enzyme in the metabolism of diltiazem, is 

mainly localized in the liver but is also expressed in the small intestine [7–9]. Thus, 

diltiazem could be metabolized in the small intestine and in the liver [10–12]. Lee 

et al. [13] reported that the extraction ratios of diltiazem in the small intestine and 

liver after oral administration to rats were about 85% and 63%, respectively. This 

suggested that diltiazem was highly extracted in the small intestine and in the liver 

(first-pass metabolism). In addition to the extensive metabolism, P-glycoprotein (P-

gp) may also account for the low bioavailability of diltiazem. Yusa et al. [14] 
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reported that calcium channel blockers such as verapamil and diltiazem 

competitively restrained the multi-drug resistance of P-gp. Wacher et al. [15–19] 

also suggested that diltiazem could act as a substrate of both CYP 3A4 and P-gp. 

Since P-gp is co-localized with CYP 3A4 in the small intestine, P-gp and CYP 3A4 

may act synergistically to promote first-pass metabolism, resulting in the limited 

absorption of drugs. 

Simvastatin, a HMG-CoA reductase inhibitor, is widely to treat 

hypercholesterolemia by lowering plasma low density lipoprotein (LDL) levels. 

Simvastatin is rapidly absorbed from the gastrointnstional tract after oral 

administration but undergoes extensive first-pass metabolism in the liver [20]. 

Simvastatin, administered as lactone, is metabolically activated to the open chain 

nonlactone simvastatin acid. This reversible conversion to the active form occurs 

by nonspecific carboxyesterases in the intestinal wall, liver and to some extent 

plasma or by nonenzymatic hydrolysis [21]. The oxidative biotransformation of 

simvastatin is mediated primarily by CYP3A4 [22,23], and the Center for Drug 

Evaluation and Research of the Food and Drug Administration has recently 

recommended use of simvastatin as a probe drug when studying the potential of 

different drugs to inhibit or induce CYP3A4 in vivo in human beings [24]. 

Simvastatin is also an inhibitor of P-gp [25,26]. Therefore, it is possible that the 

efficacy of diltiazem would be increased when coadministered with simvastatin. 

Oral diltiazem is mainly subject to CYP3A4-mediated metabolism and is a 

substrate for P-gp efflux. Therefore orally administered simvastatin would affect 



 

 - 40 - 

the pharmacokinetics and metabolism of diltiazem because it is a co-substrate of 

CYP3A4 and an inhibitor of P-gp. Thus we attempted to evaluate P-gp activity 

using rhodamine-123 retention assays in P-gp-overexpressing MCF-7/ADR cells, 

and investigated the relationship between diltiazem, P-gp substrates and 

simvastatin. 

Antihypertensive agents are commonly co-administered with cholesterol-

lowering agents in clinics. There are some reports on the effects of calcium channel 

antagonists on the pharmacokinetics of HMG-CoA reductase inhibitors. Calcium-

channel blockers increased plasma concentrations of some statins, possibly through 

the inhibition of CYP 3A4 and P-gp [27]. But there are few reports about the 

effects of HMG-CoA reductase inhibitors on the bioavailability or 

pharmacokinetics of calcium channel antagonists in rats [28,29]. Moreover, 

simvastatin and diltiazem could be prescribed as a combination therapy for the 

prevention or treatment of cardiovascular diseases. Because simvastatin and 

diltiazem share the same pathways in their CYP 3A-mediated metabolism, 

metabolism of diltiazem could be competitively inhibited by simvastatin.  

Thus, the purpose of this study was to investigate the possible effects of 

simvastatin on the bioavailability or pharmacokinetics of diltiazem and its active 

metabolite, desacetyldiltiazem, after oral administration of diltiazem with 

simvastatin in rats. 
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Materials and Methods 

Materials 

Diltiazem hydrochloride, desacetyldiltiazem, imipramine hydrochloride and 

simvastatin were purchased from Sigma–Aldrich Co. (St. Louis, MO, USA). 

Acetonitrile, methanol and tert-butylmethylether were products from Merck Co. 

(Darmstadt, Germany). Other chemicals were of reagent or HPLC grade. 

 

Animal studies   

All animal study protocols were approved by the Animal Care Committee of 

Chosun University (Gwangju, Republic of Korea). Male Sprague-Dawley rats 

(270–300 g) were purchased from Dae Han Laboratory Animal Research Co. 

(Eumsung, Republic of Korea), and were given free access to a normal standard 

chow diet (No. 322-7-1; Superfeed Co., Wonju, Republic of Korea) and tap 

water. Throughout the experiments, the animals were housed, four or five per 

cage, in laminar flow cages maintained at 22 ± 2oC, 50–60% relative humidity, 

under a 12 h light-dark cycle. The rats were acclimated under these conditions 

for at least 1 week. Each rat was fasted for at least 24 h prior to the experiment. 

The left femoral artery (for blood sampling) and left femoral vein (for drug 

administration in the intravenous [i.v.] study) were cannulated 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.  
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Intravenous and Oral Administration of Diltiazem  

The rats were divided into four groups (n = 6, each): oral groups (12 mg/kg 

of diltiazem dissolved in water [3.0 mL/kg]) without (control) or with 0.3 and 

1.0 mg/kg of simvastatin (mixed in distilled water; total oral volume of 3.0 

mL/kg), and an intravenous group (4 mg/kg of diltiazem; the same solution 

used: 0.9% NaCl-injectable solution; total injection volume of 1.5 mL/kg). A 

gastric gavage tube was used to administer diltiazem and simvastatin 

intragastrically. Simvastatin was administered 30 min prior to oral 

administration of diltiazem. A blood sample (0.45-mL aliquot) was collected 

into a heparinized tube via the femoral artery at 0 (control), 0.016 (at the end of 

infusion), 0.1, 0.25, 0.5, 1, 2, 3, 4, 8, 12, and 24 h for the i.v. study, and at 0, 0.1, 

0.25, 0.5, 1, 2, 3, 4, 8, 12, and 24 h for the oral study. Whole blood 

(approximately 1 mL) collected from untreated rats was infused via the femoral 

artery at 0.25, 1, 3, and 8 h, respectively, to replace blood lost due to blood 

sampling. The blood samples were centrifuged (13,000 rpm, 5 min), and a 200-

μL aliquots of plasma were stored at −40◦C until the HPLC analysis. 

 

HPLC assay 

The plasma concentrations of diltiazem were determined using an HPLC assay 

modified from the method reported by Goebel and Kolle [30]. Briefly, 50 μL of 

imipramine (2 μg/mL), as the internal standard, and 1.2 mL of tert-

butylmethylether were added to 0.2 mL of the plasma sample. It was then mixed 
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for 2 min using a vortex mixer and centrifuged at 13,000 rpm for 10 min. The 

organic layer (1 mL) was transferred to another test tube, where 0.2 mL of 0.01 N 

hydrochloride was added and mixed for 2 min. The water layer (50 μL) was 

injected into an HPLC system. The detector wavelength was set to 237 nm and the 

column, a μ-bondapack C18 (3.9 × 300 mm, 10 μm; Waters Co., Milford, MA, 

USA), was used at room temperature. A mixture of methanol:acetonitrile:0.04 M 

ammonium bromide:triethylamine (24:31:45:0.1, v/v/v/v, pH 7.4, adjusted with 

acetic acid) was used as the mobile phase at a flow rate of 1.5 mL/min. The 

retention times were: internal standard at 11.1 min, diltiazem at 9.6 min, and 

desacetyldiltiazem at 7.6 min. The detection limit of diltiazem and 

desacetyldiltiazem in rat plasma was 5 ng/mL. The coefficients of variation for 

diltiazem and desacetyldiltiazem were below 5.0%. 

 

Pharmacokinetic analysis 

The plasma concentration data were analyzed by the non-compartmental method 

using WinNonlin software version 4.1 (Pharsight Co., Mountain View, CA, USA). 

The parameter values were obtained by fitting to the pharmacokinetic model using 

the simplex algorithm. The area under the plasma concentration–time curve (AUC) 

was calculated by a trapezoidal rule. The peak concentration (Cmax) of diltiazem in 

plasma and time to reach Cmax (Tmax) were obtained by visual inspection of the data 

from the concentration–time curve. The absolute bioavailability (AB) was 

calculated by AUCoral/AUCi.v. × dosei.v./doseoral, and the relative bioavailability 
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(RB) of diltiazem were calculated by AUCdiltiazem with simvastatin/AUCcontrol. The 

metabolite–parent AUC ratio (MR) was calculated by 

AUCdesacetyldilitiazem/AUCdiltiazem.  

 

Rhodamine-123 retention assay 

The P-gp-overexpressing multidrug resistant human breast carcinoma cell line 

(MCF-7/ADR cells) was seeded in 24-well plates. At 80% confluence, the cells 

were incubated in fetal bovine serum (FBS)-free Dulbecco’s modified Eagle’s 

medium (DMEM) for 18 h. The culture medium was changed with Hanks’ 

balanced salt solution and the cells were incubated at 37 °C for 30 min. After 

incubation of the cells with 20 μM rhodamine-123 in the presence or absence of 

simvastatin (1, 3 or 10 μM) or verapamil (100 μM) for 90 min, the medium was 

completely aspirated. The cells were then washed three times with ice-cold 

phosphate buffer (pH 7.0) and lysed in lysis buffer. The rhodamine-123 

fluorescence in the cell lysates was measured using excitation and emission 

wavelengths of 480 and 540 nm, respectively. Fluorescence values were 

normalized to the total protein content of each sample and presented as the 

percentage ratio to control. 

 

Statistical analysis 

All means are presented with their standard deviation. The pharmacokinetic 

parameters were compared by one-way ANOVA, followed by a posteriori testing 
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with the use of the Dunnett correction. A P value < 0.05 was considered 

statistically significant. 
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Results 

 The mean plasma concentration–time profiles of diltiazem in the presence and 

absence of simvastatin (0.3 and 1.0 mg/kg) are shown in Figure 1 0 . The 

pharmacokinetic parameters of diltiazem are summarized in Table 7. Simvastatin 

(0.3 and 1.0 mg/kg) significantly (P < 0.05) increased the area under the plasma 

concentration–time curve from time zero to time infinity (AUC) of diltiazem by 33.

3 and 58.9%, and the peak concentration (Cmax) of diltiazem by 32.1 and 49.1% 

respectively. Accordingly, the presence of simvastatin (0.3 and 1.0 mg/kg) 

significantly (P < 0.05) increased the absolute bioavailability (AB%) of diltiazem 

in rats. Simvastatin increased the relative bioavailability (RB%) of diltiazem by 1.3

3- to 1.59-fold, but did not change the terminal half-life (t1/2) and the time to reach 

peak concentration (Tmax).  

The plasma concentration–time profiles of desacetyldiltiazem are shown in 

Figure 11. The pharmacokinetic parameters of desacetyldiltiazem are summarized 

in Table 8. The presence of simvastatin (1.0 mg/kg) significantly (P < 0.05) 

increased the AUC of desacetyldiltiazem by 37.4%. However, the MR ratios were 

significantly (P < 0.05, 1.0 mg/kg) decreased by simvastatin, suggesting that the 

formation of desacetyldiltiazem was considerably altered by simvastatin. Thus, the 

increased bioavailability of diltiazem by simvastatin might have been due to the 

inhibition of CYP3A subfamily in the liver. In this study, the cell-based P-gp 

activity test with rhodamine-123 also showed that simvastatin (10 μM) 

significantly inhibited P-gp activity (Figure 12). The enhanced oral bioavailability 
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of diltiazem by simvastatin may result from decreased P-gp-mediated efflux in 

small intestine and inhibition of CYP 3A subfamily metabolism in small intestine 

or in the liver 
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Discussion 

The enterocytes contain virtually all types of drug metabolizing enzymes that are 

found in the liver. The importance of hepatic metabolism for limiting systemic drug 

availability is well established; however, intestinal drug metabolism can further 

diminish systemic availability. Through functional enzyme activity studies and 

immunoblot analysis, CYP 3A expression in mature enterocytes, located mainly in 

the villi tips, of jejunal mucosa was shown to be comparable to or may even exceed 

the expression of CYP 3A in hepatocytes [31]. Total CYP P450 content increased 

slightly proceeding from the duodenum to the jejunum and then decreased sharply 

towards to the ileum [32]. Using in situ hybridization with a probe specific for CYP 

3A4, McKinnon confirmed CYP 3A expression throughout the entire small 

intestine, with highest levels in its proximal regions [33]. The most abundant CYP 

isoenzyme in the intestine is 3A4 and 3A5 [21].  

Based on the broad overlap in the substrate specificities as well as their co-

localization in the small intestine, the primary site of absorption for orally 

administered drugs, CYP 3A4 and P-gp have been recognized as a concerted 

barrier to drug absorption [34,35]. The prescription of more than one drug as a 

combination therapy is increasingly common in current medical practice. 

Cholesterol-lowering agents such as HMG-CoA reductase inhibitors could be co-

administered with calcium channel blockers in the treatment of hypertension [36].  

Considering that the drugs used in combination therapy often share the same 

metabolic pathways or cellular transport pathways, there exists a high potential for 
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pharmacokinetic as well as pharmacodynamic drug interactions between calcium 

channel antagonists and HMG-CoA reductase inhibitors. Indeed, some studies have 

reported that calcium-channel blockers increased the plasma concentrations of 

simvastatin [27]. Similarly, as dual substrates of CYP 3A and P-gp, diltiazem and 

simvastatin may undergo the same metabolic pathways and/or cellular transport 

pathways after co-administration. Therefore, simvastatin could affect the 

bioavailability or pharmacokinetics of diltiazem in rats. 

As shown in Table 7, simvastatin significantly enhanced the AUC and Cmax of 

diltiazem in rats. Subsequently, the relative bioavailability (R.B.) of diltiazem was 

increased by 133 to 159% in the presence of simvastatin (0.3 and 1.0 mg/kg). 

These results were consistent with the report that oral atorvastatin and fluvastatin 

significantly increased the bioavailability of diltiazem by inhibition of CYP 3A 

and P-gp in rats [28,29]. This suggested that the extraction ratio of diltiazem 

across the rat intestinal tissue was significantly reduced by P-gp and/or CYP 3A. 

These results were similar to reports by Marumo et al. [37]  showing that 

simvastatin enhanced the hypotensive effect of diltiazem in rats. 

The AUC and Cmax of desacetyldiltiazem were also significantly increased by 1.0 

mg/kg of oral simvastatin (P < 0.05). However, the metabolite-parent ratio (MR) in 

the presence of simvastatin was significantly (P < 0.05, 1.0 mg/kg) decreased 

compared to that of the control group. Those results were similar to reports that ora

l administration of atorvastatin or fluvastatin significantyly increased the oral 

bioavailability of diltiazem in rats [28,29]. Taken together, the pharmacokinetic 
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parameters of diltiazem were significantly altered by the presence of simvastatin in 

rats. In the present study, cell-based P-gp activity tests using rhodamine-123 

showed that simvastatin (10 μM) significantly inhibited P-gp activity (Figure 12). 

This result is consistent with a report by Bogman et al. [26] showing that 

simvastatin effectively inhibited the activity of P-gp.  

Lee et al. [13] reported that the extraction ratios of diltiazem in the small 

intestine and liver after oral administration to rats were about 85% and 63%, 

respectively. This suggested that diltiazem was highly extracted in the small 

intestine and in the liver, which is the same as first-pass metabolism. The increased 

oral bioavailability of diltiazem in the presence of simvastatin might be due to 

inhibition of the P-gp-mediated efflux in small intestine, and CYP 3A subfamily-

mediated metabolism in small intestine and in the liver by simvastatin. 
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Conclusion 

The presence of simvastatin enhanced the bioavailability of diltiazem. Therefore, 

concomitant use of diltiazem with simvastatin may require close monitoring for 

potential drug interactions. 
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Figure 7. HPLC chromatograms of the rat’s blank plasma (A), and the plasma 

spiked with diltiazem (8.7 min), desacetyldiltiazem (6.9 min), and imipramine 

(internal standard; 9.7 min) (B). 
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Figure 8. A calibration curve of diltiazem when spiked into the rat’s blank plasma. 
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Figure 9. A calibration curve of desacetyldiltiazem when spiked into the rat’s blank 

plasma.  
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Figure 10. Mean plasma concentration-time profiles of diltiazem after intravenous 

(4 mg/kg) or oral (12 mg/kg) administration of diltiazem to rats in the presence and 

absence of simvastatin (mean ± SD, n = 6). ●: Control (diltiazem 12 mg/kg, oral); 

○: presence of 0.3 mg/kg simvastatin; ▼: presence of 1.0 mg/kg simvastatin; ▽: 

i.v. injection of diltiazem (4 mg/kg). 
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Figure 11. Mean plasma concentration-time profiles of desacetyldiltiazem after oral 

administration of diltiazem (12 mg/kg) to rats in the presence and absence of 

simvastatin (mean ± SD, n = 6). ●: Control (diltiazem 12 mg/kg, oral); ○: presence 

of 0.3 mg/kg simvastatin; ▼: presence of 1.0 mg/kg simvastatin. 
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Figure 12. Rhodamine-123 (R-123) retention in simvastatin-treated MCF-7/ADR 

cells. After incubation of MCF-7/ADR cells with 20 μM R-123 for 90 min, the R-

123 fluorescence values in cell lysates were measured using excitation and 

emission wavelengths of 480 and 540 nm, respectively. The values were divided by 

the respective total protein content of each sample. Data represents means ± SEM 

of 4 separate samples (significant versus the control MCF-7 cells, **P < 0.01).    

Verapamil (100 μM) was used as a positive control. 
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Table 5. Mean plasma concentrations-time profiles of diltiazem after oral 

administration of diltiazem (12 mg/kg) with and without simvastatin to rats  

(mean ± S.D. n = 6) 

Diltiazem with Simvastatin Time 

(h) 
Control 

0.3 mg/kg 1.0 mg/kg 

i.v. 

(4mg/kg) 

0 0 0 0 4709 ± 1127.3

0.1 141.0 ± 35.2 178.0 ± 44.5 205.0 ± 51.2 2003.0 ± 500.8 

0.25 165.0 ± 41.2 218.0 ± 54.5 246.0 ± 61.5 1280.0 ± 320.0 

0.5 115.0 ± 28.8 143.0 ± 35.8 160.0 ± 40.0 731.0 ± 182.8 

1 69.0 ± 17.1 80.0 ± 20.0 89.0 ± 22.2 320.0 ± 80.0 

2 30.5 ± 7.6 38.5 ± 9.6 44.9 ± 11.2 84.0 ± 21.0 

3 16.8 ± 4.2 24.7 ± 6.1 28.6 ± 7.1 39.0 ± 9.8 

4 13.2 ± 3.3 18.1 ± 4.5 21.3 ± 5.3 20.0 ± 5.2 

8 6.7 ± 1.7 9.3 ± 2.3 11.5 ± 2.8 7.4 ± 1.9 

12 4.4 ± 1.1 6.3 ± 1.5 7.4 ± 1.9 4.3 ± 1.1 

24 2.7 ± 0.7 3.9 ± 0.9 5.1 ± 1.2 2.3 ± 0.6 
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Table 6. Mean plasma concentrations-time profiles of desacetyldiltiazem after oral 

administration of diltiazem (12 mg/kg) with or without of simvastatin in rats 

 (mean ± S.D. n = 6) 

Diltiazem with simvastatin Time 

(h) 
Control 

0.3 mg/kg 1.0 mg/kg 

0 0 0 0 

0.1 55.6 ± 13.9 57.4 ± 14.4 60.7 ± 15.2 

0.25 64.4 ± 16.1 68.8 ± 17.2 74.3 ± 18.6 

0.5 66.1 ± 16.5 72.1 ± 18.0 76.7 ± 19.2 

1 48.7 ± 12.2 51.0 ± 12.8 54.5 ± 13.6 

2 26.0 ± 6.5 28.9 ± 7.2 31.1 ± 7.8 

3 15.7 ± 3.9 18.5 ± 4.6 20.7 ± 5.2 

4 11.4 ± 2.8 13.4 ± 3.4 15.1 ± 3.8 

8 6.7 ± 1.6 8.2 ± 2.1 9.4 ± 2.4 

12 4.9 ± 1.2 6.0 ± 1.5 7.0 ± 1.8 

24 2.9 ± 0.7 3.5 ± 0.9 4.5 ± 1.1 
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Table 7. Mean pharmacokinetic parameters of diltiazem after intravenous (4 

mg/kg) and oral (12 mg/kg) administration of diltiazem with and without 

simvastatin in rats (mean ± SD, n = 6). 

Diltiazem + Simvastatin 
Parameters 

Diltiazem 

(Control) 0.3 mg/kg 1.0 mg/kg 

Diltiazem (i.v.) 

AUC (ng ·h/mL) 341.0 ± 68.2 454.4 ± 90.9* 541.9 ± 108.4* 1530.2 ± 306.0 

Cmax (ng/mL) 165.0 ± 33.0 218.0 ± 43.6* 246.0 ± 49.2*  

t1/2 (h) 9.5 ± 1.9 9.9 ± 2.0 10.6 ± 2.1 7.1 ± 1.4 

Tmax (h) 0.29± 0.10 0.33 ±0.13 0.33 ±0.13  

A.B. (%) 7.4 ±1.5 9.9 ± 2.0* 11.8 ± 2.4*  

R.B. (%) 100 133 159  

 

*P < 0.05, significant difference compared to the control (diltiazem alone).  

Tmax: time to peak concentration; Cmax: peak plasma concentration; AUC: area 

under the plasma concentration-time curve; t1/2: terminal half-life; A.B.(%): 

absolute bioavailability; R.B.(%): relative bioavailability. 
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Table 8. Mean pharmacokinetic parameters of desacetyldiltiazem after oral 

administration of diltiazem (12 mg/kg) with and without simvastatin in rats  

(mean ± SD, n = 6) 

Diltiazem with simvastatin 
Parameters 

Diltiazem 

(Control) 
0.3 mg/kg 1.0 mg/kg 

AUC (ng ·h/mL) 280.2 ± 56.0 324.3 ± 64.9 382.0 ± 76.4* 

Cmax (ng/mL) 66.1 ± 13.2 72.1 ± 14.4 76.7 ± 15.3 

Tmax (h) 0.46 ±0.10 0.46 ±0.10 0.58 ±0.20 

t1/2 (h) 10.9 ± 2.2 11.0 ± 2.2 12.3 ± 2.5 

M.R. 0.82 ±0.16 0.71 ± 0.14 0.70 ± 0.14* 

 

*P < 0.05, significant difference compared to control (diltiazem alone) 

Tmax: time to peak concentration; Cmax: peak plasma concentration; AUC: area 

under the plasma concentration-time curve; t1/2: terminal half-life; M.R.: 

Metabolite-parent AUC Ratio. 
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