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Abstract

Pharmacokinetic and pharmacodynamic interactions between simvastatin, a 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase inhibitor, and diltiazem, a calcium antagonist, were investigated in 7 male
and 4 female patients with hypercholesterolemia and hypertension. The patients were given, for one in a three
consecutive 4-week periods, oral simvastatin (5 mg/day), oral simvastatin (5 mg/day). combined with diltiazem
(90 mg/day), and then oral diltiazem (30 mg/day}, rcspectwely The area under the plasma concentration versus
time curve up to 6 hours post-dose (AUCg_gy) and maximum plasma concentrations (Cmax) of the drugs, serum
lipid profiles, blood pressures and liver functions were assessed on the last day of each of the three 4-week
periods. After the combined treatment period, Cmax of HMG-CoA reductase inhibitor was elevated from 7.8 &
2.6 ng/ml to 154 + 7.9 ng/ml (P < 0.01) and AUCy ¢y from 21.7 * 4.9 ng-hr/ml to 43.3 & 23.4 ng-ht/ml
(P < 0.01), while Cmax of diltiazem was decreased from 74.2 £ 36.4 ng/ml to 58.6 £ 18.9 ng/ml (P < 0.05)
and its AUC, ¢, from 365 + 153 ng-hr/ml to 287 + 113 ng-hr/ml (P < 0.01). Compared to simvastatin
monotherapy, combined treatment further reduced LDL~holesterol levels by 9%, from 129 + 16 mg/dl to
119 = 17 mg/dl (P < 0.05). No adverse events were observed throughout the study. These apparent
pharmacokinetic interactions, namely the increase of HMG-CoA reductase inhibitor concentration by diltiazem

* Comesponding author. Tel.: +81 53 435 2385;. fax: +81 53 435 2384,
E-mail address: hwat@hama-med.ac.jp (H. Watanabe).
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and the decrease of diltiazem concentration by simvastatin, enhance the cholesterol-lowering effects of
simvastatin during combined treatment.
© 2004 Elsevier Inc. All rights reserved.

Keywords: HMG-CoA reductase inhibitor; Simvastatin; Diltiazem; Pharmacokinetic interaction; Pharmacedynamic interaction

Introduction

Control of hypercholesterolemia is of prime importance for the primary and secondary prevention
of coronary artery disease (CAD) (Gould et al., 1995; Tonkin, 1995; Shepherd, 1998). Currently, 3-
hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase inhibitors are the first-line therapy for
patients with elevated serum low-density lipoprotein (LDL)-cholesterol (Gotto, 1998; Wood, 2001).
. Among the HMG Co-A reductase inhibitors, simvastatin is widely used and has been shown to
reduce morbidity and mortality from CAD (The Scandinavian Simvastatin Survival Study, 1994). -
Simvastatin is. an inactive lactone pro-drug that is hydrolysed by esterases to simvastatin acid, the
active competitive inhibitor of HMG-CoA reductase (Vickers et al,, 1990, 1950; Prueksaritanont et
al., 1997). Since HMG-CoA reductase is responsible for the conversion of HMG-CoA to mevalonic
acid, the rate-limiting step in the hepatic cholesterol biosynthesis, the inhibition of HMG-CoA
reductase lowers serum cholesterol levels (Goldstein and Brown, 1990). Although cytochrome P450
(CYP) is not involved in the conversion of simvastatin to simvastatin acid, the oxidative metabolism
of simvastafin to the metabolites, 3/5dihydrodiol, 3thydroxy and €exomethylene, is mainly mediated
by CYP3A4 (Vickers et al., 1990, 1990; Prueksaritanont et al., 1997). In a crossover study in healthy
volunteers (Neuvonen et al., 1998), the areas under the plasma concentration versus time curves
{AUCs) of simvastatin and simvastatin acid afier a single oral dose of simvastatin were increased 10-
fold and 19-fold, respectively, following 4 days of treatment with 200 mg/day itraconazole, an agent
. that has been shown to increase the plasma concentrations and haif-lives of many drugs metabolized
by CYP3A4 by inhibiting the enzyme (Kivistd et al., 1997; Wang et al.,-1999).

Hypercholesterolemia is often accompanied by hypertensmn, an associated risk factor for CAD
(Gould et al., 1995; Gotto, 1998; Wood, 2001)., The calcium antagomst diltiazem is effective for the
management of hypertension, supraventricular arrhythmias and angina pectoris (Chaffman and Brogden,
1985; Hansson et al., 2000; Nakagawa and Ishizaki, 2000), and is often prescribed in association with
lipid-lowering agents like simvastatin (The Scandinavian Simvastatin Survival Study, 1994; Gotto,
1998; Wood, 2001). Diltiazem is extensively metabolized in the liver, primarily by deacetylation and
demethylation by CYP3A4 into a host metabolite, N-desmethyl-diltiazem, which, together with
diltiazem, in turn selectivély inhibits CYP3A4, but not CYP1A2, CYP2C9, or CYP2EI (Sutton et al,
1997; Jones et al., 1999). Accordingly, pharmacokinetic and pharmacodynamic interactions may
theoretically happen upon co-administration of diltiazem and a drug metabolized by CYP3A4 like
simvastatin,

Indeed, combined treatment of diltiazem and simvastatin has been shown to cause a 5-fold increase
in the AUC of simvastatin (Mousa et al,, 2000). Lovastatin, which is pharmacokinetically similar to -
simvastatin, also interacts with diltiazem (Azie et al,, 1998). A recent retrospective analysis shows that
patients who had taken both simvastatin and diltiazem needed lower doses of simvastatin to achieve
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the recommended reduction in serum cholesterol (Yeo et al., 1999), suggesting a pharmacokinetically-
driven pharmacodynamic interaction between the two drugs. However, steady state bi-directional
pharmacokinetic and pharmacodinamic interactions between simvastatin and diltiazem has not been
prospectively evaluated, In this study we prospectively studied the pharmacokinetic and pharmacody-
namic interactions between simvastatin and diltiazem in patients with hypercholesterolemia and
hypertension.

Methods
Subjects

Enrolled were 7 male and 4 female patients (age: 62.0 * 7.5 years; body weight; 62.6 + 54
kg, mean + S.D.) with hypercholesterolemia and hypertension who had taken simvastatin (5 mg/
day) and the angiotensin-converting enzyme inhibitor enalapril (5 mg/day) for more than 3 months
and had reached the plateau control (Table I). Inclusion criteria were: age of at least 18 years,
basal total cholesterol or LDL-cholesterol levels greater than 220 mg/dl or 140 mg/dl, respectively,
and systolic blood pressure (BP) or diastolic BP levels greater than 140 mmHg or 90 mmHyg,
respectively, without medication. Before the start of any lipid-lowering and antihypertensive
therapy, basal total cholesterol levels were 249 + 28 mg/dl; LDL-cholesterol, 166 = 23 mg/dl;
systolic BP, 151 + 29 mm Hg; and diastolic BP, 88 = 11 mm Hg. The subjects had no history of
hepatic or renal disease. At the end of the pre-trial phase with simvastatin (5 mg/day) and
enalapril (5 mg/day) for more than 3 months, the average total cholesterol level was 207 + 23
mg/dl; LDL-cholesterol, 129 * 15 mg/dl; systolic BP, 142 * 22 mm Hg; and diastolic BP, 84 +
12 mm Hg, '

Table 1

Patient demographics and basic medical data {mean £+ S.D.)

Age (¥) 620 £ 7.5
Sex (MF) 7/4

Body weight (kg) 626 £ 54
Serum creatinine (mg/dl} 0.72 £ 0.19
AST (IUM) 214 £3.8
ALT (TUM) 200 £ 9.3
Creatine kinase (IU/) 109 + 48
Total cholesterol (mg/dl) 249 + 28
LDL-cholesterol {mg/dt) 166 + 23
BEDL-cholesterol {mg/dl) 0 £10
Triglyceride (mg/dl) 168 + 82
Systolic BP (mmHg) 151 £ 29
Diastolic BP (mmHg) 88 %11
Heart rate (beats/min) 72+ 10

AST, aspartate aminotransferase; ALT, alanine aminotransferase; LDL, low-density lipoprotein; HDL, high-density lipoprotein;
BP, blood pressure.
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Study design

This was a three-phase fixed-order design study: (1) administration of oral simvastatin (5 mg/day) for
4 weeks, (2) co-administration of oral diltiazem (30 mg three times a day) and simvastatin (5 mg/day) for
4 weeks, and (3) administration of oral diltiazem (90 mg/day) alone for another 4 weeks. The AUC up to
6 hours post-dose (AUCg¢n) and Cmax of the drugs, serum lipid profiles and liver function were
evaluated, as specified below. No drug other than simvastatin and/or diltiazem was taken during the
study period. Patients who developed symptoms due to withdrawal of lipid-lowering medication or
whose systolic BP or diastolic BP respectively exceeded 180 mmHg or 110 mmHg following
discontinuation of antihypertensive therapy were withdrawn from the study and appropriate therapy re-
established. The study protocol, consent forms, and volunteer information documents were approved by
‘Hamamatsu University School of Medicine Independent Review Board. All subjects provided written
.informed consent before participating in the trial.

Blood sampling

Blood samples were obtained on the last day of each of the three 4-week periods. After an overnight
fast, a pre-dosing venous biood sample was taken, and then simvastatin (5 mg) and/or diltiazem (30 mg)
was/were given. All patients drank a glass of water after swallowing the tablets. Blood samples were
then taken 2, 3, 4 and 6 hours later. Standardized breakfast and lunch were served 2 and 4 hours after
drug intake. Plasma was separated within 30 minutes and stored at —70 °C until analysis.

Blood pressure measurement

On the last day of each trial periods, systolic BP and diastolic BP were measured twice each using an
automatic electronic sphygmomanometer (BP-103i II, Nippon Colin, Komaki, Japan) at the sitting
position before and 2, 3, 4 and 6 hours after the administration of the drug(s).

Determination of diltiazem concentration

Diltiazem concentrations were measured by an HPLC assay with an ultraviolet detection, as described
by Abemethy et al. (1985). Diltiazem was resolved from the internal standard desipramine with a mobile
phase of 0.06 mol/l acetate buffer/acetonitrile/methanol (58:37:5) that contained 5 mmol/l heptane
sulfonic acid and glacial acetic acid to adjust pH to 6.4. A reversed-phase C;guBondapak column (30
cmx3.9 mm, Waters Chromatography, Milford, MA) was eluted at 1.8 ml/min and detection was
performed by ultraviolet absorbance at 254 nm. The calibration range was 5-300 ng/ml. The intra-day
and inter-day coefficients of variation were less than $%.

Determination of simvastatin HMG-CoA reductase inhibitor concentrations

HMG-CoA reductase inhibitor concentrations were determined as previously described (Arnadottir et
al., 1993). An equal volume of methanol was added to the plasma samples and the mixtures were vortexed
thoroughly, kept on ice for 10 minutes and centrifuged. Fifty microliters of the supernatants were dried in
an evaporator (SpeedVac, Savant Instr. Farmingdale, NY). The reaction mixture (96 pl) was added
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directly to the dried residues to make a final volume of 100 pl containing 0.1 M KPQ4 (pH 7.4), 10 mM 1,
4-dithiothreitol (DTT), 0.2 mM NADH" (made fresh daily), 5 mM glucose-6-phosphate, 1.4 U/ml
glucose-6-phosphate dehydrogenase and 1 mg/ml bovine serum albumin. The reaction mixture was
incubated for 5 minutes at 37 °C and soluble rat liver HMG-CoA reductase was added to 2 pl buffer A:
0.04 M XPO, (pH 7.4), 0.05 M KCI, 0.1 M sucrose, 0.03 M ethylenediaminetetraacetic acid (EDTA) and
0.01 M DTT (added immediately before use). The mixture was incubated at 37 °C for 5 minutes in the
presence of the inhibitor-containing plasma sample. The reaction was then started with 2 pl of .25 mg/ml
HMG-CoA containing 17.5 uCi/m! glutaryl-3-[**C]-HMG-CoA. After an additional 6-minute incubation
at 37 °C, 20 ul of 5 N HCl was added to lactonize the mevalonic acid formed. After 15 minutes, 3.5 ml ofa
1:1 suspension of BioRad AG 1 X 8 resin (200-400 mesh) was added and the tubes (13 x 100) were
thoroughly vortexed. [**C]-mevalonolactone was filtered from the resin suspension through polystyrene
filters (pore size 70 pm, EverGreen, Los Angeles, CA) into scintillation vials containing 15 ml of
Aquasol-2 (New England Nuclear, Newton, MA) and counted on a scintillation counter. Percent
inhibition was converted to the inhibitor concentration using a standard curve constructed by extracting
from the control plasma containing known amounts of L-654, 969, the free acid form of simvastatin. The
results were expressed as nanograms of inhibitor per milliliter of plasma. The intra-day and inter-day
coefficients of variation for the HMG-CoA reductase activity assay were less than 6%.

Statistical analysis

Data were analyzed by 2-way ANOVA, a paired Student’s ¢ test, or Wilcoxon signed-rank test where
appropriate. Differences with P values < 0.05 were considered statistically significant. All values are
given as means + S.D.

Results
Pharmacokinetic interactions between simvastatin and diltiazem

HMG-CoA reductase inhibitor concentrations after simvastatin administration with or without
diltiazem are shown in Fig. 1A. HMG-CoA reductase inhibitor values for Cmax, time to Cmax (Tmax)
and AUC, ¢, after simvastatin administration without diltiazem were 7.8 + 2.6 ng/ml, 2.3 + 0.5 h and
21.7 £ 4.9 ng-W/ml, respectively. Co-administration of diltiazem with simvastatin increased Cmax and
AUCq_¢, of HMG-CoA reductase inhibitor concentrations to 15.4 £ 7.9 ng/ml (P <0.01) and 43.3 +
23.4 ng-h/ml (P < 0.01), respectively (Fig. 1B), but did not affect Tmax of HMG-CoA reductase
inhibitor (2.3 + 0.5 h). There was a considerable inter-individual variability in the effect of diltiazem on
the levels of HMG-CoA reductase inhibitor (Fig. 1B): the AUC, g, of HMG-CoA reductase inhibitor
concentration was increased by 422% in a patient and 7% in another.

Diltiazem concentrations after diltiazem administration with and without simvastatin are shown in
Fig. 2A. After the last oral intake of diltiazem without simvastatin, Cmax, Tmax and AUCy g, of
diltiazem were 74.2 3 36.4 ng/ml, 3.4 + 1.2 h and 365 + 153 ng-h/ml, respectively. In contrast to the
effects of the combined treatment on the pharmacokinetics of HMG-CoA reductase inhibitor
concentrations, co-administration of simvastatin with diltiazem decreased Cmax and AUCy g, of
diltiazem to 58.6 + 18.9 ng/mi (P < 0.05) and 287 + 113 ng-h/ml (P < 0.01), respectively, while the



