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Aims

 

Simvastatin, a substrate for CYP3A4, is extensively metabolized during the first pass.
Our aim was to investigate the effect of regular consumption of g rapefruit juice on
the pharmacokinetics of simvastatin.

 

Methods

 

In a randomized cross-over study with two phases, 10 healthy volunteers ingested
grapefruit juice 200 ml or water (control) for 3 days. On day 3, a single 40-mg dose
of simvastatin was administered with grapefruit juice 200 ml or water. Plasma con-
centrations of simvastatin and simvastatin acid were determined up to 24 h.

 

Results

 

Grapefruit juice increased the area under the plasma concentration–time curves from
0 to 24 h [AUC(0–24)] of simvastatin 3.6-fold (range 1.8–6.0-fold; 

 

P

 

 

 

<

 

 0.01) and
that of simvastatin acid 3.3-fold (range 2.1–5.6-fold; 

 

P

 

 

 

<

 

 0.01), respectively. The peak
concentrations (

 

C

 

max

 

) of simvastatin and simvastatin acid were increased 3.9-fold
(range 2.3–9.3-fold; 

 

P

 

 

 

<

 

 0.01) and 4.3-fold (range 2.7–7.9-fold; 

 

P

 

 

 

<

 

 0.01) by grape-
fruit juice.

 

Conclusions

 

Even one glass of grapefruit juice, taken daily, considerably increases the plasma
concentrations of simvastatin and simvastatin acid. Grapefruit juice may increase both
the cholesterol-lowering effect and the risk of adverse effects of simvastatin.

 

Introduction

 

Simvastatin, an HMG-CoA reductase inhibitor, is
widely used in the treatment of hypercholesterolaemia.
It has two separate metabolic pathways. The oxidative
biotransformation of simvastatin is mediated primarily
by CYP3A4 [1]. In the other primary route the inactive
lactone prodrug is hydrolysed to the pharmacologically
active simvastatin acid by carboxyl esterases and also
non-enzymatically. Because of the extensive CYP3A4-
mediated metabolism already during the first pass, sim-
vastatin has a low mean oral bioavailability of about 5%
[2, 3]. Some of the metabolites of simvastatin also show
pharmacological activity. Simvastatin is usually well

tolerated. However, high plasma concentrations increase
the risk of musculoskeletal adverse effects. Thus, myo-
pathies and even rhabdomyolysis with acute renal fail-
ure have been associated with simultaneous use of
simvastatin with CYP3A4 inhibitors, e.g. erythromycin
[4], diltiazem [5] and itraconazole [6], that increase
plasma concentrations of simvastatin and simvastatin
acid.

Grapefruit juice has increased plasma concentrations
of dihydropyridine calcium channel blockers [7],
cyclosporin [8], midazolam [9], and some HMG-CoA
reductase inhibitors [10–12], probably by a selective
downregulation of CYP3A4 at duodenal epithelium
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where CYP3A4 is localized [13]. Repeated consump-
tion of high quantities of grapefruit juice has increased
the AUC values of lovastatin and simvastatin over 10-
fold [10, 11]. In a previous study a daily volume of
250 ml of grapefruit juice had a modest effect on lov-
astatin, but in that study grapefruit juice had been taken
about 12 h apart from statin [14]. The present study
was conducted to investigate the effect of a single daily
glass of grapefruit juice on the pharmacokinetics
of simvastatin  and  its  active  metabolite,  simvastatin
acid.

 

Methods

 

Subjects

 

Ten healthy volunteers (all men; age range 20–24 years;
weight range 63–80 kg) participated in the study. Each
subject was ascertained to be in good health by a med-
ical history, clinical examination, and routine laboratory
testing. The volunteers were not using any continuous
medication, and all of them were nonsmokers. The con-
sumption of grapefruit products was forbidden during
the study (from 2 weeks before the first study day). The
study protocol was approved by the Ethics Committee
for studies in Healthy Subjects of the Hospital District
Helsinki and Uusimaa, and by the Finnish National
Agency for Medicines. The subjects gave written
informed consent before entering the study.

 

Study design

 

A randomized crossover study design with two phases
was used at interval of 2 weeks. The volunteers ingested
200 ml normal-strength grapefruit juice (Valio Ltd, Hel-
sinki, Finland) or water at 08.00 h for 2 days (with
breakfast). On the third day the subjects received 40 mg
simvastatin (Zocor, MSD, Haarlem, the Netherlands) at
09.00 h with 200 ml grapefruit juice or water. The vol-
unteers fasted overnight before administration of simv-
astatin, and a standardized warm meal was served 3 h
and a standardized warm light meal 7 h after simvastatin
intake. The subjects were not allowed to drink coffee,
tea, or cola during the study days.

 

Blood sampling

 

On the third study day, a plastic cannula was inserted
into a forearm vein of each participant and was kept
patent with an obturator. Timed blood samples were
drawn into ethylenediaminetetraacetic acid (EDTA)-
containing tubes before the administration of simvasta-
tin and 0.5, 1, 2, 3, 4, 6, 8, 10, 12, and 24 h later. Plasma
was separated within 30 min and stored at 

 

-

 

70 

 

∞

 

C until
analysis.

 

Determination of plasma simvastatin and simvastatin 
acid concentrations

 

Plasma simvastatin and simvastatin acid concentrations
were measured by liquid chromatography–ion spray
tandem mass spectrometry [15]. The limit of quantifica-
tion was 0.10 ng ml

 

-

 

1

 

 for simvastatin and simvastatin
acid. The between-day coefficient of variation (CV) was
14.8% at 0.10 ng ml

 

-

 

1

 

, 6.2% at 5 ng ml

 

-

 

1

 

, and 5.2%
at 50 ng ml

 

-

 

1

 

 (

 

n

 

 = 3) for simvastatin and 15.3% at
0.10 ng ml

 

-

 

1

 

, 8.5% at 5 ng ml

 

-

 

1

 

, and 11.5% at 50 ng
ml

 

-

 

1

 

 (

 

n

 

 = 3) for simvastatin acid.

 

Pharmacokinetic analysis

 

The 

 

C

 

max

 

 and 

 

t

 

max

 

 of simvastatin and simvastatin acid
were obtained directly from the original data. The ter-
minal log-linear phase of the plasma concentration–time
curve was visually identified for each curve. The elimi-
nation rate constant (

 

k

 

e

 

) was determined by a linear
regression analysis of the log-linear part of the plasma
concentration–time curve. The area under the plasma
concentration–time curve up to the last quantified data
point [AUC(0–24)] was calculated by the linear trape-
zoidal rule. The elimination half-life (

 

t

 

1/2

 

) was deter-
mined by the equation:

 

t

 

1/2

 

  =  ln2/

 

k

 

e

 

Statistical analysis

 

The data are expressed as mean values 

 

±

 

 SD, except for

 

t

 

max

 

, which is presented as median with range. For all
variables, except 

 

t

 

max

 

, 95% confidence intervals (CI)
were calculated on the mean difference between water
and grapefruit juice phases. Data were analysed by Stu-
dent 

 

t

 

-test (two-tailed) for paired values or, in case of

 

t

 

max

 

, by the Wilcoxon test. The statistical program Systat
for Windows, version 6.0.1 (Systat, Evanston, IL, USA)
was used for the analysis. Differences were considered
statistically significant at 

 

P

 

 

 

<

 

 0.05.

 

Results

 

Simvastatin

 

Grapefruit juice considerably increased plasma concen-
trations of simvastatin in each subject (Figure 1 and
Table 1). The mean AUC(0–24) of simvastatin was
increased 3.6-fold (range 1.8–6.0-fold; 

 

P

 

 

 

<

 

 0.001) and
the mean 

 

C

 

max

 

 was increased 3.9-fold (range 2.3–9.3-
fold; 

 

P

 

 

 

<

 

 0.001) by ingestion of grapefruit juice. There
were no statistically significant changes between the
grapefruit juice and water phases in the 

 

t

 

max

 

 and 

 

t

 

1/2

 

 of
simvastatin.
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Simvastatin acid

 

The mean AUC(0–24) and 

 

C

 

max

 

 of simvastatin acid were
increased about 3.3-fold and 4.3-fold [AUC(0–24):
range 2.1–5.6-fold; 

 

P

 

 

 

<

 

 0.001; 

 

C

 

max

 

: range 2.7–7.7-fold;

 

P

 

 

 

<

 

 0.001] by grapefruit juice compared with water
(control). The 

 

t

 

max

 

 of simvastatin acid was unchanged,
but the 

 

t

 

1/2

 

 averaged 2.9 h in the water phase and 2.4 h
in the grapefruit juice phase (

 

P 

 

<

 

 0.05).

 

Discussion

 

The present study shows that even once daily consump-
tion of a glass of grapefruit juice considerably increases
plasma concentrations of simvastatin. There was a
marked interindividual variability in the grapefruit

juice–simvastatin interaction, e.g. the increase in the

 

C

 

max

 

 of simvastatin ranged from 2.3-fold to 9.3-fold and
that in the AUC(0–24) from 1.8-fold to 6.0-fold. These
findings show that the quantitative effects of grapefruit
juice on the pharmacokinetics of simvastatin are hardly
predictable on an individual level. For safety reasons,
only a single dose of simvastatin was administered dur-
ing both phases in the present study. However, previous
studies suggest that the effect of grapefruit juice remains
also in a steady-state administration of the study drug
[16, 17].

The increased 

 

C

 

max

 

 and AUC of simvastatin and sim-
vastatin acid during the grapefruit juice phase can be
explained by inhibition of their CYP3A4-mediated first-
pass metabolism in the intestinal wall. Because of
its extensive CYP3A4-mediated first-pass metabolism,
simvastatin is susceptible to metabolic pharmacokinetic
interactions. For example, the potent CYP3A4 inhibitor
itraconazole increased simvastatin AUC 19-fold [18]
and double-strength grapefruit juice consumed t.i.d. for
3 days increased the AUC of simvastatin about 16-fold
[11]. Two calcium channel blockers, verapamil and dil-
tiazem, increased simvastatin AUC almost five-fold [19,
20]. Thus, the effect of one daily glass of grapefruit juice
is comparable to these two calcium-channel blockers.
Grapefruit juice increased simvastatin acid concentra-
tions almost to the same degree as those of simvastatin.
This can be explained by two mechanisms: first, due to
the dynamic equilibrium between simvastatin lactone
and simvastatin acid, and second, also the metabolism
of simvastin acid by CYP3A4 can be inhibited by grape-
fruit juice.

This study suggests that even a small amount of
grapefruit juice contains sufficiently active ingredients
to inhibit considerably the first-pass metabolism of sim-
vastatin in the intestinal wall. As a result of a consider-
able increase in simvastatin acid concentrations, an
augmentation in both the cholesterol lowering effect and
the risk of concentration-dependent adverse effects of
simvastatin can be anticipated. In practice, it can be
difficult to predict the increase in the therapeutic effect
of simvastatin by grapefruit juice, because of the large
interindividual variation in CYP3A4-mediated drug
metabolism. For example, variation between juice
batches and the potential of grapefruit juice to interact
with other drugs are disadvantages of augmentation of
simvastatin bioavailability by grapefruit juice. Common
orange juice instead of grapefruit juice could be coad-
ministered with simvastatin to avoid the potentially
harmful interaction. Pravastatin, fluvastatin and rosuv-
astatin are HMG-CoA reductase inhibitors not metabo-
lized to a relevant degree by CYP3A4, and hence their

 

Figure 1

 

Mean plasma concentrations of simvastatin (upper panel) and simvastatin 

acid (lower panel) after administration of a single 40-mg dose of 

simvastatin with 200 ml water (control) (

 

�

 

) or grapefruit juice (

 

�

 

) 

 

ingested once daily for 3 days
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plasma concentrations are not likely to be markedly
increased by concomitant ingestion of grapefruit juice
[12].

In a previous study, a 250-ml volume of grapefruit
juice ingested once daily for 3 days increased the AUC
of lovastatin and lovastatin acid by 94% and 57%,
respectively [14]. The authors of that study concluded
that grapefruit juice administered once daily has only a
minor effect on the pharmacokinetics of lovastatin.
However, the range in the magnitude of the interaction
(1.2–4.3-fold increase in the AUC of lovastatin) sug-
gests that grapefruit juice–lovastatin interaction can be
important in some subjects even if administered 12 h
apart [14]. Results of that study and those of our study
can be reconciled if different dosing schedules of grape-
fruit juice are taken into consideration, i.e. in the former
study grapefruit juice was ingested 12 h before admin-
istration of lovastatin and in the present study grapefruit
juice and simvastatin were ingested simultaneously. The
effect of grapefruit juice on simvastatin pharmacokinet-
ics dissipates considerably during the first 24 h after
ingestion of grapefruit juice [15].

To conclude, once-daily consumption of normal-
strength grapefruit juice considerably increases plasma
concentrations of simvastatin and simvastatin acid,
probably by inhibiting their CYP3A4-mediated first-

pass metabolism in the intestinal wall. Because of the
extent of this interaction and its unpredictability on an
individual level, the concomitant intake of grapefruit
juice and simvastatin is not recommended.
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C

 

max

 

 (ng ml

 

-

 

1
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