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Table 8
Transport profile of statins in transporter expression sysiems
Transporter name  K,® [uM]  Expression sysiems

(a) Human transporters
Atorvastatin ATP1BI 124 HEK293 cells
Pravastatin OATP1BI 337 293¢18 cells
Pravastatin OATPIBI 115 Xenopus laevis oocyles
Pravastatin OATPIB] 85.7 HEK?293 cells
Cerivastatin OATPIBI + MDCK 11 cells
Pitavastatin OATPIBI 3.0 HEK293 cells
Rosuvastatin =~ OATP1BI 8.5 Xenopus laevis oocytes
Pitavastatin QATPIB3 3.25 HEK293 cells
Pravastatin OATP2BI 2256 HERK293 cells
Pravastatin QAT3 + S, cells
Pravastatin MDRI {ABCBD)  + MDCK 1I cells

(Double transfected cells)
Cerivastatin MDR1 (ABCBl) + MDCK II cells

(Double transfected cells)
Cerivastatin MDR1 (ABCBl) + LLC-PK1 cells
Pravastatin MRP2 (ABCC2) + MDCK II cells

(Double transfected cells)
Cerivastatin MRP2 (ABCC2) + MDCK 11 celis

(Double transfected cells)
Pravastatin BCRP (ABCG2) + MDCK II cells

(Double transfected cells)
Cerivastatin BCRP (ABCG2) + MDCK II cells

(Double transfected cells)
Pravastatin BSEP 124 membrane vesicles from

HEK293 cells
Cerivastatin BSEP - membrane vesicles from

HEK293 cells
Fluvastatin BSEP - membrane vesicles from

HEK293 cells
Pitavastatin BSEP - membrane vesicles from

HEK293 cells

(b) Rat transporters

Pravastatin Qatplal 30 293¢18 cells
Pravastatin Qatplad 293¢18 cells
Pravastatin Oatplad 37.5 Xenopus laevis oocyles
Pravastatin Qatp4 + MDCK 11 cells
(Double transfected cells)
Cerivastatin Oatpl4 1.34 HEK293 cells
Pravastatin Qatpl4 + HEK293 cells
Pravastatin Oat3 134 LLC-PK1 cells
Pravastatin Bsep + membrane vesicles from
HEK293 cells
Cerivastatin Bsep - membrane vesicles from
HEK293 cells
Fluvastatin Bsep - membrane vegicles from

HEK293 cells
membrane vesicles from
HEK?293 cells

Pitavastatin Bsep

Reference: TP-search (http://www. TP-search.jp/).
? 4, transported but no report of Xy, value; -, not transported.

can be metabolized by the multiple pathways shown in Fig. 7:
lactonized statins may be converted to the open acid form again by
carboxy esterase and, subsequently, metabolized or excreted into
the bile or urine, or directly metabolized by P450 as the lactone
forms. Table 9 shows the rate of UGT-mediated glucuronidation
of different statins. The lactone forms of statins are more rapidly
- metabolized by P450 than the open acid forms (Table 9). It may
suggest that there is a metabolic pathway of lactonized statins
mediated by P450 after the UGT-mediated lactonization.

Pruecksarinont et al. have shown that gemfibrozil, a fibrate,
inhibited the P450- and UGT-mediated metabolism of simvasta-
tin, atorvastatin and cerivastatin (Prueksaritanont et al., 2002b). In
addition, when coadministered with gemfibrozil, the plasma
concentration of simvastatin acid increased while the area under
the plasma concentration--time curve (AUC) of the lactone form
of simvastatin was reduced in dogs, suggesting that gemfibrozil
inhibits the lactonization of simvastatin in vivo (Prueksaritanont
et al., 2002b), But the metabolic rates by UGT are 7.2- to 71-fold
lower than those mediated by P450 except for pitavastatin (Table
9} and, thus, this metabolic pathway is not likely to cause a serious
interaction. For pitavastatin, biliary excretion of the intact form is
the main elimination pathway in some experimental animals
including rats, rabbits and dogs (Kojima et al., 1999), suggesting
that the UGT-mediated lactonization makes only a minor
contribution to the total body clearance.

3.5, Urinary excretion
Generally, urinary excretion of stating is low (Table 5).

infravenously administered drug is excreted in the urine in
humans (Hatanaka, 2000). Yamazaki et al. have shown that
pravastatin undergoes renal uptake in rats although urinary
excretion is low (Yamazaki ef al,, 1996¢). In addition, more
recent studies have shown that pravastatin is a substrate of rat
(Oat3 and human OAT3 (SLC2248), which are involved in the
renal uptake of drugs (Hasegawa et al., 2002; Takeda et al.,
2004). In rats, the K}, value for the uptake of pravastatin in rat
kidney slices was similar with that in rat Qat3-expressing LLC-
PK; cells (Hasegawa et al., 2002). In addition, the inhibition
studies of the uptake of pravastatin by p-aminobippurate (a
relatively selective inhibitor of rat Qatl), benzylpenicillin (a
relatively selective inhibitor of rat Qat3) and dibromosul-
fophthalein (a nonspecific inhibitor of rat Oatl and Qat3)
revealed that their K; were similar in rat kidney slices and Qat3-
expressing cells (Hasegawa et al., 2002). These results strongly
support that its renal uptake is mediated by Oat3 (Hasegawa et
al., 2002). Also in humans, OAT3 may be involved in the urinary
excretion of pravastatin. Although Nishizato et al. failed to find a
relationship between SNPs in human OAT3 and the pharmaco-
kinetics of pravastatin, this does not rule out the contribution of
human OAT3 to the elimination of this statin (Nishizato et al.,
2003}. The plasma concentration of pravastatin is affected by
coadministration of gemfibrozil (Kyrklund et al., 2003). In this
study, gemfibrozil reduced the renal clearance of pravastatin
although the contribution of this reduction in urinary excretion to
that in the total body clearance is minor and, thus, reduced renal
clearance cannot fully explain the total pharmacokinetic
alteration (Kyrklund et al., 2003). But, this observation supports
the involvement of a transport system in the urinary excretion of
pravastatin, which is inhibited by gemfibrozil.

3.6. Intestinal absorption and excretion

All statins currently on the market are well absorbed from the

_intestine. The mechanism for the intestinal absorption of statins
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Table 9
P450- and UGT-mediated metabolism of stating in human liver microsomes

P450-mediated metabolism for open

P450-mediated metabolism for

UGT-mediated metabolism

acid forms lactone forms
CLin Isoforms CLip Isoforms CLin (= Vi K) K, Fonax
(uL/min/mg protein) (pL/min/mg protein) (ul/min/mg protein) M) {pmol/min/mg protein)
Simvastatin 284 CYP3A4 1960 CYP3A4 0.4 416 162
Fluvastatin 332 CYP2C9 226 CYP3A4
CYP3A4®
Cerivastatin 20.8 CYP2C8 622 CYP3A4 2.9 8 238
CYP3A4
Atorvastatin 26.0 CYP3A4 1890 CYP3A4 33 16 52
Pitavastatin 2.50 CYP2CS* 5.40 CYP3A4 3.1 78 237
CYp2C8* CYP2D6?

Reference: Fujino et al. (2004c).
* Involved but to a small extent; —, no data.

varies from one drug to another. Simvastatin and lovastatin,
which are lipophilic, can easily penetrate the plasma membrane
in a nonspecific manner while others may be recognized by
specific transport system(s). Tamal et al reported that
pravastatin is taken up into rabbit intestinal brush border
membrane vesicles by coupled transport with protons (Tamai et
al., 1995). They also reported that it takes place more via
specific transport than by passive diffusion (Tamai et al., 1995).
It is inhibited by monocarboxylic acids, acetic acid and nicotinic
acid, suggesting that this statin is also transported by a
transporting system for monocarboxylic acids (i.e. MCT
(monocarboxylic acid transporter)). However, to date, there
have been no reports that pravastatin is a substrate of MCT.
Recently, pravastatin was reported to be a substrate of
OATP2B1 (OATP-B, SLCO2B1/SLC2149), which is expressed
in the intestine (Kobayashi et al., 2003; Nozawa et al., 2004),

T

Statin lactone

OATP2B1-mediated transport is reported to depend on the pH
of the incubation buffer, and this agrees with the results of in

- vivo studies in rats {Tsuji, 1999). Although OATP2BI is a

candidate for one of the tansporters involved in the intestinal
absorption of pravastatin, its function in vivo has not been
determined yet. However, we examined the uptake of
pravastatin into rat everted sacs and found that it was
comparable with that of polyethylene glycol 4000 (PEG4000),
suggesting the minimal contribution of transporter-mediated
absorption for pravastatin in rats (unpublished data; Fig. 8). On
the other hand, a higher transport of cerivastatin was cbserved
than PEG4000 and it was saturable (Fig. 8). The intestinal
absorption of cerivastatin may, thus, be mediated by some
transporter(s). If transporter-mediated intestinal transport takes
place, intestinal absorption can be affected by coadministered
drugs and is also a target for drug- -drug interactions. It has been

Statin open acids

> !

HO, O Hydrolysis (chemically or enzymaticaily HO.
U by esterase/paraoxonase) S/\COOH
0

DN

CoASH

Eeit

Oxidation (P450s)

ool

Oxidation (P450s)
B-Oxidation

Metabolite lactones

Metabolite open acids

» Metabolite glucuronide /

Fig. 7. Lactonization of statins mediated by UDP-glucuronosyl transferase. This scheme was originally proposed by Prueksaritanont et al. (2002a). The statins have an
acid/lactone interconversion pathway and are metabolized by a complex mechanism. The statin lactones are hydrolyzed to their open acids chemically or enzymatically
by esterases or paraoxonases. The statin acids are converted to the corresponding Jactones by the acy! glucuronide intermediate and by the CoASH-dependent pathway.
Both acyl glucuronide and acyl CoA derivatives may revert to the statin acids by hydrolysis. Reprint from “Glucuronidation of statins in animals and humans: a novel
mechanism of statin lactonization” by Prueksaritanont et al., 2002a, with the permission from the American Society for Pharmacology and Experimental Therapeutics.
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shown that the intestinal absorption of fexofenadine is reduced
by the concomitant intake of orange, grapefiuit and apple juices
(Dresser et al., 2002; Dresser et al., 2005). In addition, these
fruit juices inhibit the OQATPIA2 (OATP-A, SLCOIA2/
SLC2143) mediated uptake of fexofenadine although the
expression and function of OATPIA2 in the intestine is
unknown (Dresser et al,, 2002, 2005). These observations
may suggest a possibility of transporter-mediated drug-diug
interactions (Dresser et al., 2002, 2005). More recently, Satoh et
al. reported that citrus juice (i.e. grapefruit and orange juice) but
not apple juice inhibited OATP2B1-mediated transport {Satoh
et al,, 2005). However, grapefiuit juice does not affect the
pharmacokinetics of pravastatin while it increases the plasma
concentration of atorvastatin, which is possibly the result of a
CYP3A4-mediated drug--drug interaction (Lilja et al., 1999;
Fukazawa et al.,, 2004). The result obtained with the
combination of grapefruit juice and pravastatin suggests that
this interaction was not caused by a transporter-mediated
process. To clarify the mechanism of drug-drug interactions
involved in the intestinal absorption of statins, more details are
required about the molecular mechanism of their intestinal
absorption including the functions and contributions of
fransporters to the intestinal absorption of statins. Contributions
of each transporter also need to be clarified.

Simvastatin, lovastatin, pravastatin, cerivastatin, atorvastatin
and pitavastatin are substrates of P-glycoprotein (P-gp)
(Sakaeda et al., 2002; Hochman et al.,, 2004; Kivisto et al.,
2004a; Matsushima et al., 2005). Although pravastatin was
reported not to be a substrate of MDR1 by Hirai et al. (2001),
Wang et al. (2001} and Sakaeda et al. (2002), it was shown to be
a moderate substrate of MDR1 by Matsushima et al. (2005).
Although Matsushima et al. observed the MDRI1-mediated
transport of pravastatin, its transcellular transport mediated by
OATPIBI and MDR1 was lower than those of cerivastatin and
pitavastatin (Matsushima et al., 2005). The pharmacokinetics of
statins, which are substrates of P-gp, may be affected by P-gp

inhibitors and their bioavailability may be increased. However,
for statins with relatively high bioavailability, their plasma
concentration is not that much affected by P-gp inhibitors. As
the biocavailability of cerivastatin is about 60%, the increase in
its plasma concentration by inhibition of P-gp-mediated
mntestinal efflux does not exceed 5/3-folds of that of the
controls. Thus, cerivastatin is less likely to exhibit a serious
interaction with P-gp inhibitors.

3.7. Distribution to the central nervous svstem

One of the side effects of statins is sleep disturbance (Schaefer,
1988; Barth et al,, 1990}, The distribution of statins to the central
nervous system (CNS) may cause such a side effect. On the other
hand, increasing duta suggest that statins have properties that are
potentially neuroprotective, that is, endothelial protection via
actions on the nitric oxide synthase system, as well as antioxidant,
anti-inflammatory and antiplatelet effects (Cucchiara & Kasner,
2001). Thus, statins can be used also for the treatment of CNS
diseases. Increasing the access of statins to the brain may improve
the therapeutic effects in the CNS although it may also increase
their incidence of CNS side effects. Although simvastatin and
lovastatin cause a sleep disturbance, pravastatin does not,
indicating that simvastatin and lovastatin can easily penetrate
the blood- brain barrier while pravastatin does not (Saheki et al.,
1994). Comparison of pitavastatin and pravastatin suggests that
the brain-to-plasma concentration ratio of pitavastatin is lower
than that of pravastatin although pitavastatin is more lipophilic
than pravastatin (Kikuchi et al., 2004, Table 3). The lower
distribution of pitavastatin to the brain strongly supports the
existence of efflux transporter(s). Kikuchi et al. analyzed the
mechanism of efflux of statins from the CNS in rats and found a
saturable and inhibitable efflux transport system for both of
pitavastatin and pravastatin from the CNS, suggesting the
existence of efflux transporting system(s) (Kikuchi et al., 2004),
Their analyses also suggest that multiple transporters including rat
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Fig. 9. A physiologically based pharmacokinetic model to describe the disposition of stating. Qur analyses of statin disposition were performed using this
physiologically based pharmacokinetic model. The meaning of all the parameters is given in Table 10. Because statins have an interconversion pathway between the
lactones and open acids, the compartment for statins with open acids and Jactones is separately described. In the present analysis, we have assumed that open acid
statins are converted to lactones mainly via an acyl glucuronide intermediated pathway, mediated by UGT in the liver.

Outplad (Oatp2, Sleoia4/Sle2]ad) and Oat3 are involved in the
efflux of these statins from the CNS (Kikuchi et al., 2004). This
process may also be inhibited by the coadministered drugs,
resulting in the alteration of their therapeutic or side effects in the
CNS.

3.8. Distribution (o the skeletal muscle

One of the serious adverse effects of statins is myotoxicity
including serious myopathy and rhabdomyolysis. Recently, there
has been a report regarding the transporter which recognizes stating
as its substrate localized in muscle (Takeda et al,, 2004). Takeda et
al. reported that OAT1 (SLC2246) and OAT3 are expressed in
muscle and OAT3 mediates the pravastatin transport {Takeda et al,|
2004). They also observed that pravastatin, fluvastatin and
simvastatin inhibit OAT1- and 3-mediated transport although the
ICso values are higher than their therapeutic concentrations in
clinical situations (Takeda et al., 2004). OAT3 may be responsible
for the myotoxicity of statins which are its substrates, especially in
the case of statins of low lipophilicity. However, to date, there have
not been any reports of the transporter-mediated saturable and
inhibitable transport of statins to muscle. Thus, we cannot conclude
that transporters mediate the uptake of statins by muscle and itis also
unclear whether the transport of statins to muscle may be a target for
drug--drug interactions or not.

3.9. Elimination mechasnisms

In this section, elimination mechanism for each statin is
summarized. The target for drug--drug interactions is also
provided here.

3.9.1. Simvastatin and lovastatin

Simvastatin and lovastatin are lipophilic statins with
lactone forms, which easily cross the plasma membrane
and, thus, they are easily absorbed from the intestine.
However, they are substrates of CYP3A4 and P-gp with
high affinities. CYP3A4 and P-gp are expressed in the liver
and intestine and play an fmportant role in the clearance in
these tissues. Especially in intestine, these 2 systems
coordinately work in drug detoxification and, thus, most of
drugs, which are their bisubstrates, are well metabolized in
intestine and their gut extraction is high (Benet et al., 1999).
In part due to this mechanism, the bicavailabilities of these
statins are low (<5 and 5% for simvastatin and lovastatin,
respectively). Inhibition of CYP3A4 and/or P-gp may result in
the increased absorption and cause a drug—drug interaction. In
addition, mainly they are eliminated from the liver by the
CYP3A4-mediated metabolism and, so, they are susceptible to
CYP3A4-mediated drug-drug interactions also in the drug
elimination process.
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3.9.2. Pravastatin, rosuvastatin and pitavastatin

Pravastatin and rosuvastatin are not metabolized by P450.
Although pitavastatin is metabolized by CYP2C9 in vitro, its
metabolic rate is quite low. These statins are mainly eliminated
from the body by a transporter-mediated excretion mechanism
in the liver. Because they are substrates of OATP1BI, they are
extensively taken up by the liver. In the particular case of
pravastatin, a number of studies have investigated its transport
mechanism. These suggest that enterohepatic recirculation
contributes to its liver-specific distribution as shown in Fig. 5.
For these statins, although P450-mediated drug-drug interac-
tions are not possible, they are likely to be affected by
transporter-mediated drug--drug interactions.

3.9.3. Fluvastatin

Fluvastatin is metabolized mainly by CYP2C9. It is unique
among statins that are ehiminated mainly by metabolism. This
statin is not affected by CYP3A4 inhibitors although it is
susceptible to CYP2CY-mediated drug--drug interactions. As
fluvastatin is also a statin with a low lipophilicity, it is possible
that some transport systems are involved in its hepatic uptake.

3.9.4. Cerivastatin
As this statin is no longer on the market, this information is
of no clinical use. However, as this statin has some special

characteristics, we will provide information about this statin,
Cerivastatin is metabolized by 2 different enzymes, CYP2CS8
and 3A4. This dual metabolic pathway is unique among statins,
However, their estimated contributions are 61% and 37%,
respectively (Shitara et al, 2004), and, due to the major
contribution of C'YP2CE, it is susceptible to CYP2C8-mediated
drug—drug interactions. Generally, drugs, which have multiple
metabolic pathways, are less susceptible to severe drug -drug
interactions. However, if a contribution of 1 enzyme or
transporter is relatively high, drug—drug interactions involving
the process of metabolism or transport should be possible. As
cerivastatin is a substrate of QATPIBI, transporter-mediated
drug—drug interactions can also occur.

3.9.5. Atorvastatin

This statin also undergoes to CYP3A4-mediated metabo-
lism. However, this hydrophilic statin is a substrate of
OATPIB1 and actively taken up into the liver (Kameyama et
al., 2005; Lau et al., 2006) prior to the metabolism. Lau et al.
showed that saturable transport system involves in the hepatic
uptake of atorvastatin in rats in vivo and it is inhibited by
probenecid (Lau et al., 2006). As described in the Section 3.2,
its clearance is affected not only by the metabolic rate but by
the uptake rate (see Eq. (6)). This statin may be susceptible to
the CYP3A4- and OATPIB1-mediated drug—drug interaction,

4. Model analysis of pharmacokinctic alterations of 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors

In Section 3, some factors affecting the pharmacokinetics of statins were reviewed, In this section, we present some
quantitative analyses of the effects of these factors (i.e. the increase or decrease in metabolic or transport rates) based on a
physiological model. A physiological model based analysis is useful for the quantitative estimation of the impact of these factors
on the plasma concentration or AUC. Here, we have carried out an analysis based on a physiological model as shown in Fig. 9
and Table 10. In this model, drug elimination from the liver is described by a hybrid process of uptake (PS,jnme) and efflux

Table 10
Parameters used in the physiologically based pharmacokinetic model

Oy hepatic blood flow

Cy concentration of statins in the liver

Cinler concentration of statins at the inlet to the liver

Cops concentration of statins in the circulating blood

X, total amount of statins pooled for the intestinal absorption

Xi total amount of stating in the epithelial cells in the intestine

Vy volume of liver

Vigtet volume of inlet to the liver

Fovs distribution volume of stalins in the central compartment

PSinthux permeability square product for the hepatic uptake of statins

P8, estux permeability square product for the efflux of stating across the sinusoidal membrane
CLim CLim,mm + CLint,hIlc

CLintmet intrinsic clearance of stating for the hepatic metabolism

CLigtbite intrinsic clearance of statins for the biliary excretion

R fraction of statins reabsorbed afier biliary excretion

CLopen,t clearance for conversation to the open acid form in the blood {including central compartment and inlet to the liver)
CLaopen,z clearance for conversion to the open acid form in the liver

CLgpen,3 clearance for conversion to the open acid form in the intestine

Cliactone clearance for conversion to the lactone form in the liver

K rate constant for the absorption from the intestinal epithelium to the hepatic portal vein
Ka rate constant for the absorption from the intestinal lumen into the epithelium

Ja protein unbound fraction in the circulating biood

£ protein unbound fraction in intestine

Ja protein unbound fraction in liver
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Fig. 10. Compartment model to describe elimination from the liver. The elimination from the liver can be deseribed by the hybrid process of uptake (PS, jon.) and
efflux (PS, ) across the sinusoidal membrane and biliary excretion at the bile canalicular membrane (CLin iie) and/or metabolism {CLinmer). CLiy represents the
summation of CLi,pie a0d Cling, mer.

(PSyermu) across the sinusoidal membrane and subsequent biliary excretion (CLiypie) and/or metabolism (CLipger)
(CLint=Clintpite T Clinmer) (Fig. 10). In this model, hepatic intrinsic clearance can be described by PSx {CLint/PSy efux
+CLn). This is close to PS, janux when PSy emux € Cling 0F PSy g ¥ {CLintP Sy ettn) When PS, e > CLiy (see Bq. (7) or
Eq. (8)). Based on this model, the mass balance equations to express the drugs transported in and out of the each compartment
can be described as follows:

dCys

Vovs P O - Cinter—(CLlisyr + On) - Coys + A CLopen1 - Clys (10)
Vintet d(dljm = O Coys—(Qu—i " PSuiniox ) Cintet =~ /3 CLQpcn;I “Cintet + 4 X+ fir - PSyetux - Cr (11)
Fu dg;ﬂ = fu PSuinfiux - Cinter 71~ (PSuetmux + CLintbite + Clingmer = CLisctone) * Cit + A CLopen.2 - Clr (12)
d(f = —ky Xy + R CLipwpite i1 Cu (13)
= Kk K+ Clapens (14
Vays dgjyy = O Chuee— (CLfgr + Ou + £ CLopen1 ) Clys (135)
Vi “T = O Cla (O +f3 Pt K- CLopins) G~ KX =ik ‘PShan” Ch (16)
Va %ﬁ = A - PS{jnnx * Cluter + /i Cliactone * Cor At * (Cliopen2 + PShemmo + CLinepite = Cliutmer) * C (17)
B XL R CLisoe S Ch 18)
%"; =K ~Xa’—<k{ S Clopens C;°pe“*3> X (19)

Table 10 shows the means of the parameters. Applying the Laplace wansformation (7(5) = [T e F(r)dr) and s—0, the
following equations are obtained.

QH ' A{»Icin}e(_(CLNH + QH) 'AI-JCsys +_/;” ‘CLopen, 1 AUC;ys =90 (20)

On - AI»JCS)’S_(QH "’f.l ’ Psu,inﬂux) - AUC e '“/"1; ’ CLopen,] "AUCH e + & / Xide +,/H ’ PSu,eﬁﬂux “AUCy =0 (2“
0
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Ju PSunsivn - AUCiiec/ir - (PSyetmux + CLingbite + CLintmer + Cliactone) - AUCH + fit* CLopen2 - AUCH = 0 (22}
—k - /0” Xodt -+ R Clintpie fir - AUCy = —F, - D (23)
ot /O " Xdik ( /0 " xd +5l9;°”“3 g " xdi=0 (24)
O AUCie ~(CLyn"+ O + /" CLopen,1 ) AUC: "= 0 (25)
On - AUCqy ~(On + /3" PSunin + /o CLopen,1 ) - AUCie + &' /0’0‘ XAt + f3 PSu it - AUCH = 0 (26)

ﬁzl pSu,inﬂux" AUCinlctl +jH : CL]acwnc ’AUCH _fH " (CLOpcn,Z + PSu,efﬂux,'E~ CLu,cf.ﬂux '+ CLim,bilc""i‘ CLinl,mct,) “AU CH !

=0 (27)
~—ky ' / Xo'dt ~ R Climipie” fit- AUCY = —F,"- D’ (28)
0
ka’-/ 'Xydr-<ki-" J—(—L‘Li>/ Xidt = 0 (29)
Ja Vi o )

where F, is the fraction absorped in intestine, and D and I’ are the dose of statins admininstered as open acid and lactone
forms, respectively.

In the case of open acid statins, the ratio of the area under the time-unbound concentration of statins in the circulating blood
curve (f#AUC,) to that under the time-unbound concentration of statins in the liver curve (f*AUCy) can be described as
follows:
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As this ratio of f;- AUCy to fi;- AUCy decreases, this means that the drug distdbutes to the liver specifically with low exposure
to other tissues. Therefore, the drug with a lower ratio does not distribute to the target organ of the side effects but is highly
exposed to the liver, suggesting a low likelihood of side effects with high pharmacological effects. In other words, this kind of
statin has a wide therapeutic index with a wide safety margin. The reciprocal of the Eq. (30), that is, the ratio of ;- AUCK to
Ju AUC,,, reflects the width of the therapeutic index. When CLiycione 15 negligibly low, the reciprocal of the Eq. (30) gives the
following equation:

fi AUCH  On+Claw PS4 infc

. - ~ ~ (:3 1 )
f oAl Csys QH PSu,cfﬂux -+ (-'Lim,bi]e + (fLim,me[

As the extrahepatic clearance is negligible for all statins, this equation means that the safety margin of statins correlates with the
ratio of the uptake of the statins by the liver (PSypmu) to the efflux, biliary excretion and metabolism (PS4 efux + CLlint bite
+CLintmer. For a statin with a high hepatic uptake and low efflux, biliary excretion and metabolism will result in a marked
pharmacological effect. Because the lactonization rate is, in fact, low as shown in Table 9, the safety margin is determined only
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Fig. 11. Pharmacokinetic alterations associated with the change in PSy e (influx into hepatocytes), PS, emu (efflux from hepatocytes across the sinusoidal

membrane) and CLixy (a hybrid parameter for biliary excretion and metabolism). The relationship between parameters (PSy imflux, PSueftex and CLin) and fiy - AUC

fur AUC,y ratio. Simulated pharmacokinete alterations caused by a change i PS, iunux, PSuemu and CLig, are shown. The ff; - AUCy value represents the exposure of

unbound statins to the liver, a targel organ. A high fiy- AUCy means a high pharmacological effect and a high f, - AUC,,, may lead 1o exposure of unbound statins to

other tissues and, therefore, a potential toxic side effect. Thus, a low f; - AUC,y, with a high f3;- AUC,; means a selective distribution of statins 1o the liver, suggesting a

high pharmacological effect with a low risk of side effects. Therefore, a statin with a high fir AUCH/fy AUC,ys 1atio has a wide therapeutic index, with a high

pharmacological effect and low likelihood of side effects.

by the balance of PSynauw, PSueme a0d CLiy (=CLippie™ Clingme). Fig. 11 shows the correlation between PSuintees PSuefiiux
and Cly and the ratio of fir- AUCH/, - AUC,y,. As shown in this figure, statins with a high PS, jnaux and low PS, o and ClLyy,
are safe statins with a wide therapeutic index. A reduction in the PS, ;. caused by infer-individual differences in the
transporter function or transporter-mediated drug--drug interactions will reduce the therapeutic index of statins.
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Fig. 12, Simulated blood and liver concentrations of statins for different PS, ;,n,, values. The blood (g, €) and liver (b, d) concentrations of statin were simulated based
on the physiologically based pharmacekinetic model shown in Fig. 9. (a, b) Simulation analysis shown by the solid line was performed using pravastatin parameters.
Dotted and dashed lines show the simulated blood and Hver concentrations of pravastatin when PS, j,n,, i reduced to 50% and 23% of the control, respectively (¢, d).
Similar simulation analyses were performed when the CLyy was negligibly low. In this case, the area under the liver concentration—time curve is not altered by a
change in PSy junay. However, the liver concentration—time profile is different when PS, sy 18 reduced.
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The AUCy; can be expressed by the following equation:
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This equation suggests that, for statins with an extrahepatic clearance (CLygy) of 0 or close to zero, S AUCy, that is, the
exposure of statins to the liver, is not affected by PS, juaux hepatic uptake. This means that a reduction in PS,, inmux does not affect
the pharmacological effects of statins if there is a correlation between fi;- AUCy and the pharmacological effect when CLyy is
negligibly low. Fig. 12 shows the plasma and liver concentrations of statins for different PSyimmux values. When PSyi.aux
decreases, that is, the hepatic uptake decreases, the plasma concentration increases. On the other hand, the liver concentration of
statins falls for reduced PS8, j,qux values because of the reduced hepatic uptake. When CLyr=0 or close to zero, the Ju-AUCy is
not altered for different PS, jynux values as described above (Fig. 12(d)). However, even in this case, the liver concentration-time
profile appears to change with different PS, pnuy values, leaving the fiy- AUCy unchanged (Fig. 12(d)). If the phanmacological
effect correlates with the fi- AUCy, it would not change even if the PSy innux was altered. However, if it was correlated with the
liver concentration—time profile, then the pharmacological effect might be changed in the case of altered PS, insx Values because
the maximum liver concentration and elimination rate from the liver is changed.

5. Clinically relevant drug—drug interactions with
3~hydroxy-3~methylglutaryl coenzyme A reduetase inhibitors

5.1. OATPIBI inhibitor

Among OATPIBI inhibitors, there are only a few drugs
which may cause a drug—drug interaction with coadministered
drugs in clinical situations because of the lower therapeutic
concentrations compared with X; (Shitara et al., 2005). Among
them, cyclosporin A (CsA) is one of the drugs which may
affect the pharmacokinetics of other drugs by the inhibition of
OATPIBI-mediated hepatic uptake. In addition, CsA also
affects CYP3A4 and P-gp as well as OATPIBI. CsA affects
the plasma concentrations of simvastatin, lovastatin, pravasta-
tin, fluvastatin, cerivastatin, atorvastatin, pitavastatin and
rosuvastatin (Arnadottir et al., 1993; Regazzi et al., 1993;
Goldberg & Roth, 1996; Olbricht et al., 1997; Muck et al.,
1999; Asberg et al., 2001, Ichimaru et al.,, 2001; Park et al.,
2001; Hasunuma et al., 2003; Simonson et al., 2004). The
pharmacokinetic changes in these stating are shown in Table
{1. Among them, the interactions with pravastatin, pitavastatin
and rosuvastatin are possibly due to OATPIB1 inhibition
because they are not substrates of CYP3A4 and P-gp. As far as
the interaction with cerivastatin is concemed, it has been
reported that CsA inhibits QATP1B1-mediated hepatic uptake
but not P450-mediated metabolism at therapeutic concentra-
tions, suggesting this interaction is caused by transporter-
inhibition (Shitara et al., 2003). In fact, the plasma
concentration of cerivastatin was increased in patients
concomitantly taking CsA (Muck et al, 1999}, The plasma
concentration of cerivastatin with or without coadministration
of CsA is shown in Fig. 13(a). It is unotable that
coadministration of CsA increased the AUC, in other words,
it decreased the oral clearance but it did not change the
elimination half life (#,). It is quite different from the
interaction with gemfibrozil, which is shown in Fig. 13(b). #;»

life can be described by using CL, and distribution volime
(V4) as following:

Va

CLtot ( )

[1/2 =In2-

In the case of the interaction between cerivastatin and
CsA, CsA decreased the hepatic uptake and clearance of
cerivastatin. As cerivastatin is highly and selectively distiib-
uted to the liver via transporter-mediated hepatic uptake,
decreased hepatic uptake by the inhibition of hepatic uptake
transporter leads to the reduction in not only CL, but also
V4 Thus, CsA decreased the ¥, and CL,, values of
cerivastatin equally at the same time, resulting in little change
of 11 (see Eq. (33)).

Schneck et al. reported that gemfibrozil altered the plasma
concentration of rosuvastatin by the inhibition of its
OATP1B1-mediated hepatic uptake (Schneck et al., 2004).
They showed that gemfibrozil inhibited the OATPIBI1-
mediated uptake at the relatively lower concentration (i.e.
1C50=4.0 uM) using OATP1Bl-expressing Xenopus laevis
oocytes. On the other hand, our group has shown that
gemfibrozil and its glucuronide may not inhibit the
OATP1IBI-mediated hepatic clearance of cerivastatin at
therapeutic unbound concentrations (ie. 0.65-1.0 and
2 uM for gemfibrozil and its glucuronide, respectively)
with the ICsy values of 72 and 24 pM, respectively, using
OATP1B1-expressing mammalian cells (Shitara et al., 2003).
This discrepancy may be due to the difference in the
experimental system. However, gemfibrozil actually altered
the pharnmacokinetics of rosuvastatin and pravastatin to a
small extent although it did not alter that of pitavastatin
{Kyrklund et al., 2003; Mathew et al., 2004; Schneck et al.,
2004; Table 11). Thus, gemfibrozil or its metabolite may
reduce the OATP1BI-mediated hepatic uptake to a small
extent. In the case of the interaction between cerivastatin and
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Table 11
Pharmacokinetic alterations of statins following coadministration of CsA or
gemiibrozil

AUC fold increase Crose 101d increase

Coadministration of Cs4

Simvastatin 2.6 2.1
8.0 7.6
Lovastatin 20 -
Pravastatin 7.9 228
5-7 -
Flavastatin 1.9 13
3.1-3.5 4.1-6.0
Cerivastatin 3.8 5
Atorvastatin 7.4 6.7
Pitavastatin 4.5 6.5
Rosuvastatin 7.1 10.6
Coadminisiration of gemfibrozil
Simvastatin 2.5 2.1
Lovastatin 2.8 2.8
Pravastatin 2 1.8
Fluvastatin 1.1 i1
Cerivastatin 4.2 8
4.4 2.5
Pitavastatin 1.3 1.1
Rosuvastatin 1.9 2.2
-, N0 report.

References: Arnadottir et al. (1993}, Regazzi et al. {1993), Spence et al. (1995),
Goldberg and Roth (1996), Olbricht et al. {1997), Muck et al. (199%), Backman
etal. (2000), Asberg et al. (2001}, Ichimaru et al. (2001), Kyrklund et al. {2001),
Mueck et al. {2001}, Park et al. {(2001), Hasunuma et al. (2003), Kyrklund et al.
(20033, Mathew et al. (2004) and Schneck et al. (2004).

gemfibrozil, as shown in Fig. 13(b), gemfibrozil altered t
of cerivastain and it is different from the interaction between
cerivastatin and CsA. The increase in ¢y, can be explained if
the hepatic clearance is decreased to a higher extent than the
distribution volume (V). It suggests that the pharmacokinetic

alteration of cerivastatin caused by gemfibrozil is not mainly
due to the reduction in the hepatic uptake although it may be
involved to a limited extent.

5.2. CYP2CS inhibitor

Cerivastatin is the only statin which is metabolized by
CYP2C8. Our group has shown that the interaction between
gemfibrozil and cerivastatin is due to CYP2C8 inhibition by
gemfibrozil glucuronide (Shitara et al., 2004). Although
gemfibrozil itself also inhibits CYP2C8-mediated metabolisin,
the 1Csq values obtained were around 80 pM. This is much
higher than its plasma unbound concentration in clinical
situations, suggesting that clinically relevant drug—drug
interactions are unlikely. On the other hand, gemfibrozil
glucuronide is a more potent inhibitor of CYP2C8 whose 1Cs,
value is 4 uM. However, this ICs, value is still higher than the
plasma unbound concentration of gemfibrozil glucuronide in
clinical situations (2 uM). We hypothesized that gemfibrozil
glucuronide is actively taken up into the liver and concentrated
there to high concentration enough to inhibit the CYP2C8-
mediated metabolism. More recently, Ogilvie et al. reported
that gemfibrozil glucuronide is a metabolism-dependent
inhibitor of CYP2CE (Ogilvie et al, 2006). Its inhibitory
effect was enhanced by preincubation in the presence of
NADPH with human liver microsomes in an incubation time
dependent manner. Their data support it as an irreversible or
quasi- frreversible inactivator of CYP2CS8. The results by
Ogilvie et al. have important implications for the mechanism
of the clinically relevant interaction between gemfibrozil and
CYP2C8 substrates such as cerivastatin, in addition to the
higher concentration of gemfibrozil glucuronide in the liver
compared to the plasma. The ICsq value for the inhibition of
CYP2C8-mediated metabolism by gemfibrozil glucuronide
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Fig. 13. Altered pharmacokinetics of cerivastatin by coadministrations of CsA (a) or gemfibrozil (b). (a) Plasma concenirations of cerivastatin in kidney transplant
recipients receiving CsA treatment ({_]) or healthy subjects not receiving CsA(B) are shown. In kidney transplant recipients taking CsA, the AUC of cerivastatin was
increased 3.8-fold: the Cpy, and ¢» were increased 5.0- and 1.2-fold, respectively. (b) Plasima concentrations of cerivastatin in healthy volunteers concomitantly taking
gemfibrozil (1) or placebo (B) are shown. Concomitant administration of gemfibrozil increased the plasma concentration of cerivastatin. The AUC was increased 4.4~
fold: the Cryy and £y,» were increased 2.5- and 2.4-fold, respectively. Reprint from “Increase in cerivastatin systemic exposure after single and multiple dosing in
cyclosporine-treated kidney transplant recipients” by Muck et al., 1999, and “Gerafibrozil greatly increases plasma concentrations of cerivastatin” by Backman et alL.,
2002, with permissions from the American Society for Clinical Pharmacology & Therapeutics.
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decreased from 24 to 1.8 pM after 30 min preincubation with
human liver microsomes and NADPH. In this case, the rate of
inactivation (1) of CYP2C8 can be described by the following
Eq. (34):

A= M (34)

Kiapp + ]

where ki, 1] and K app are the maximal rate of inactivation,
inhibitor concentration and the inhibitor concentration which
produces half the maximal rate of inactivation, respectively.
They estimated %y, to be 0.21 min™! and K app to be 20 and
52 uM with human liver microsomes at the concentration of
0.1 and 1.0 mg/mL, respectively. The fold increase in the oral
AUC by coadministration of gemfibrozil was estimated by
using the following Eq. (35), which was reported by Lu et al.
(2003).

AUCpq; 1
AUCpo() <1— o fupsso ) < [1=(fa frpaso) ]

(35)

rd

where AUCpq and AUC,oq) represent oral AUC with or
without coadministration of metabolism-dependent inhibitors,
and fu. fupaso and k, are fraction of the concomitantly
administered drug metabolized by a P450 isoform in interest
and the rate constant for enzyme degradation (0.0008 min ),
respectively, For cerivastatin, the /i, /o paso for CYP2C8 is 0.61
(Shitara et al., 2004). Thus, the fold increase in the oral AUC of
cerivastatin by the metabolic alteration caused by gemfibrozil
glucuronide is calculated to be 2.2-2.4 using the maximum
plasma concentration (C.y) of gemfibrozil glucuronide not
bound to plasma protein (2.3 M). It is less than the clinically
observed increase in the oral AUC of cerivastatin, that is, 4.4-
fold. Thus, this increase may not be explained only by the
inhibition of CYP2CS. However, it should be kept in mind that
the fu/fmpaso of CYP2CS to the total clearance might exhibit
interindividual differenceand for some individuals, the inhibi-
tion of CYP2C8 mediated metabolism may play more important
role. In addifion, the inhibition of transporter mediated
transporter (hepatobiliary transport, renal uptake and secretion,
and mtestinal efflux) should be also taken into consideration in
understanding the interactions between statins and gemfirozil.
Table 11 shows the pharmacokinetic changes in statins produced
by coadministration of gemfibrozil. Except for cerivastatin, the
effect of gemfibrozil on other statins is small (Table 11). In the
cases of simvastatin and lovastatin, the plasma concentration of
the open acid form of the statin is affected while that of the
lactone form is not. This may be explained by the inhibition of
UGT-mediated lactonization (Prucksaritanont et al, 2002b).
But, the reported 1Csq values for the lactonization are also much
higher than the therapeutic unbound concentration.

5.3. CYP344 inhibitor

As most statins are substrates of CYP3 A4, many interactions
involving CYP3A4-mediated metabolism have been reported.

Table 12 shows the pharmacokinetic changes of statins
following coadministration of CYP3A4 inhibitors.

The coadministration of itraconazole changed the plasma
concentrations of statins (Fig. 14). It drastically increases the
plasia concentration of simvastatin and lovastatin (Neuvonen
& lalava, 1996; Kivisto et al., 1998; Neuvonen et al., 199%),
Itraconazole also increases the plasma concentration of
atorvastatin (Kantola et al., 1998a; Mazzu et al,, 2000). But
the effect of itraconazole on the plasma concentration of
atorvastatin is smaller than that of simvastatin and lovastatin
although the dosing regimens and dosage periods were similar
in these different studies and, thus, the different effects could
not be attributed to the inhibitor concentrations. This difference
will be explained below. On the other hand, itraconazole did not
interact with statins, which are not substrates of CYP3A4 (i.e.
pravastatin, fluvastatin and rosuvastatin} (Kivisto et al., 1998;
Mazzu et al., 2000; Cooper et al., 2003a). In addition, there was
no interaction with cerivastatin although it is metabolized by
CYP3A4 (Kantola et al., 1999; Mazzu et al., 2000). This is
due to the dual metabolic pathway involving CYP3A4 and 2C8
and the smaller contribution of CYP3A4 compared with 2C8
(Shitara et al, 2004). There have been some reports that
coadministration of itraconazole causes a higher risk of
myotoxicity as well as the pharmacokinetic changes (Viahakos
et al.,, 2002). This is due to the higher exposure of statins to
muscle.

There are also many reports of interactions with macrolide
antibiotics. Coadministration of erythromycin results in high
plasma concentrations of simvastatin (Kantola et al., 1998b).
Erythromycin and clarithromyein increase the plasma concen- .
tration of atorvastatin while azithromycin does not (Siedlik et
al., 1999; Amsden et al,, 2002). This observation is matched by
the report that the inhibitory effect of azithromycin is less than
erythromycin and clarithromycin (Ito et al., 2003). There are
some reports that coadministration of macrolide antibiotics,
including erythromyecin and clarithromycin, and statins, includ-
ing simvastatin and lovstatin, results in rhabdomyolysis and,
thus, care should be taken when using these combinations
{Spach et al., 1991; Grunden & Fisher, 1997; Lee & Maddix,
2001, Kahri et al,, 2004; Trieu et al., 2004).

Human immunodeficiency virus (HIV) protease inhibitors
also interact with statins. The plasma concentrations of sim-
vastatin and atorvastatin are increased by coadministration of
nelfinavir and combined therapy with ritonavir and saquinavir
(Hsyu et al, 2001; Fichtenbaum et al., 2002). On the other
hand, Fichtenbaum et al. reported that combination therapy
involving ritonavir, saguinavir and pravastatin resulted in a
reduction in the plasma concentration of pravastatin (58% of
control in Cay; Fichtenbaum et al., 2002). These HIV protease
inhibitors inhibit OATP1 A2-mediated transport and this statin
may be taken up into the intestine via QATP family transporter
(s) (Cvetkovic et al., 1999; Kobayashi et al,, 2003), Thus, the
HIV protease inhibitors may inhibit the intestinal absorption of
pravastatin although the mechanism of intestinal absorption of
pravastatin in humans in vivo is unknown. There have been
some reports of severe myotoxicity caused by the coadminis-
trations of HIV protease inhibitors and statins, which are
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Table 12
Clinically relevant pharmacokinetic alterations of stating following coadministration
of CYP3A4 inhibitors

Inhibitor Substrate AUC fold Cona f0ld ta
increase increase increase
Ttraconazole Simvastatin 10< 10«
Simvastatin acid 19 17 +25%
Lovastatin 20« 20<
Lovastatin acid 20 13
Lovastatin 15< 5
Lovastatin acid 15 2
Pravastatin <2 <2 -
Pravastatin 1.51 1.24 +23%
Fluvastatin NS NS +17%
Atorvastatin 2.5 1.38 +30%
Atorvastatin 3 NS x 3
Cerivastatin 1.27 1.25 +19%
Rosuvastatin 1.39 1.36
(10 mg)
Rostvastatin 1.28 1.15
(80 mg)
Ketoconazole Rosuvastatin 1.02 0.934
Fluconazole Pravastatin NS NS
Fhyvastalin 1.84 144 +80%
Rosuvastatin 1.14 1.09
Erythromycin Simvastatin acid 39 5
Atorvastatin 1.33 1.38
Cerivastatin NS NS
Rosuvastatin NS NS NS
Clarithromycin Atorvastatin 1.82 1.56
Azithromycin Atorvastatin NS NS
Nelfinavir Simvastatin acid 6.05 6.17
Atorvastatin 1.74 2.22
Ritonavir+ Simvastatin acid 30.59 31
Saquinavir Atorvastatin 3.47 431
Pravastatin 0.5 0.58
Verapamil Simvasgtatin acid 2.8 34
Grapefruit juice Simvastatin 36 39
Simvastatin acid 33 4.3
Simvastatin 134 12
Simvastatin acid 451 5.03
Simvastatin 16 9
Simvastatin acid 7 7
Lovastatin 15 i2
Tovastatin acid 5 4
Lovastatin 1.94 2.26
Lovastatin acid 1.57 1.65
Pravastatin NS NS
Pravastatin 0.92 0.94
Atorvastatin 14
Atorvastatin 2.46 1.06

NS, not significantly increased.

References: Neuvonen and Jalava {1996), Kantola el al. (1998a, 1998b, 1998¢),
Kivisto et al. (1998), Lilja et al. (1998), Neuvonen et al. {1998), Kantola et al.
(1999), Lilja ¢t al. (1999}, Rogers et al. (1999), Siedlik et al. (1999), Lilja et al.
{2000), Mazzu et al. (2000), Hsyu et al. (2001), Amsden et al. (2002)
Fichtenbaum et al. (2002), Cooper et al. (2003a), Fukazawa et al. (2004) and
Lilja et al. (2004).

metabolized by CYP3A4 and, thus, concomitant use of these
drugs should be carefully monitored (Cheng et al., 2002; Hare
et al., 2002).

The concomitant intake of grapefruit juice also causes an
interaction with statins. The plasma concentrations of simvas-
tatin, lovastatin and atorvastatin have been reported to be
increased by the intake of grapefruit juice although its effect
differs from one statin to another (Kantola et al., 1998c; Lilja et
al., 1998, 1999; Rogers et al., 1999; Lilja et al., 2000; Fukazawa
et al., 2004; Lilja et al,, 2004).

Table 12 shows many CYP3A4 inhibitors increased the
AUC and Cp,, of atorvastatin to a lesser extent than those
of simvastatin and lovastatin although they are all CYP3A4
substrates (also refer to Fig. 14). This gap may be
explained taking the involvement of hepatic uptake
transporter(s) into consideration. For atorvastatin, a hydro-
philic statin with an open acid form, specific transporter(s)
including OATPIBl are involved in its hepatic uptake
(Kameyama et al., 2005; Lau et al., 2006). In this case, the
Clinean can be described by the Eq. (6). Although the
change of PSyiyau. correlates with Cliye.y, the change of
CLiy, which includes metabolic clearance does not neces-
sarily correlate with it. On the other hand, for simvastatin
and lovastatin, liopophilic statins with lactone forms, their
membrane permeabilities are mainly mediated by passive
diffusion and not by the transporter-mediated mechanism.
In this case, CLy, .y can be described by the Eq. (9) and
those of simvastatin and lovastatin are directly affected by
CYP3A4 inhibitors. Thus, the change of the metabolic rate
drastically alters the pharmacokinetics of simvastatin and
lovastatin while it makes a smaller alteration in that of
atorvastatin.

5.4. CYP2CY inhibitor

As fluvastatin is mainly metabolized by CYP2C9 and
eliminated by this pathway, the effect of CYP2C9 inhibitors
could be important. However, there have been few reports of
any clinically relevant drug -drug interactions involving
fluvastatin and CYP2C9 inhibitors, including omeprazole
and tolbutamide, and multiple P430 inhibitors, including
cimetidine, fluvoxamine and azole antifungals. On the other
hand, there are some reports that fluvastatin affects the
pharmacokinetics of other drugs which are metabolized by
CYP2C9. For example, fluvastatin produces a slight
reduction in the clearance of glyburide, tolbutamide and
diclofenac (Appel et al, 1995; Transon et al, 1995).
However, it does not affect the plasma concentration of
losartan (Meadoweroft et al., 1999). Although fluvastatin
affects the plasma concentrations of glyburide and tolbuta-
mide, it has no effects on their hypoglycemic action, which
suggests that the pharmacokinetic changes are not great
enough to influence their pharmacological effects (Appel et
al., 1993).

3.5, Effect of enzyme induction
There are also some reports of drug—drug interactions

associated with enzyme induction. When coadministerered with
drugs that are enzyme inducers, the plasma concentrations of



Y. Shitara, Y. Sugiyama / Pharmacology & Therapeutics 112 (2006) 71-105

95

T 200 200 20

-

E a b

3 (@ (b}

5 150 0 150 1

g q

£ 1004 ; ° 1001 ;%

8 oo -

S ol " 2

o 5071 . 509

£ ; . o

@ : “a.. = ‘o,

2 M—,ﬁ_‘_ e g

& o 0 -mesE—f—a—H :
0 6 12 18 24 0 6 12 18

Time [h]

Fig. 14. Plasma concentrations of simvastatin (a), lovastatin (b), atorvastatin (¢) with or without coadministration of itraconazole. The plasma concentrations of
different statins in humans with () or without (B itraconazole, a potent inhibitor of CYP3A4, are shown. While the plasma concentrations of simvastatin and
lovastatin were drastically altered by itraconazole, that of atorvastatin was altered (o a much smaller extent. It can be explained by the involvement of active wansport
system for atorvastatin though no involvement for simvastatin and lovastatin. Reprint from “Itraconazole drastically increases plasma concentrations of lovastatin and
lovastatin acid” by Neuvonen and Jalava, 1996, and “Simvastatin but not pravastatin is very susceptible to interaction with the CYP3A4 inhibitor itraconazole” by
Neuvonen et al., 1998, with permissions from the American Society for Clinical Pharmacology & Therapeutics.

statins may be reduced, leading to the decrease in their
cholesterol-lowering effects.

The effects of rifampicin bave been reported. When
coadministered with rifampicin, the plasma AUC of simvastatin
and simvastatin acid are reduced to 23% and 7% of the controls,
respectively (Kyrklund et al., 2000; Niemi et al., 2003). This
pharmacokinetic change may be caused by the induction of
CYP3A4. In addition, rifampicin reduces the AUC of
fluvastatin, a substrate of CYP2C9, to 50% of the control
(Jokubaitis, 1994). Interestingly, it also reduces the AUC of
pravastatin to 69% of the control although pravastatin is not
metabolized by P450 (Kyrklund et al., 2004). It may suggest
that rifampicin alse induces drug transporters as well as
metabolizing enzymes. As rifampicin induces MRP2, the
plasma concentration of pravastatin may be affected by the
induction of intestinal MRP2, leading to suppression of
intestinal absorption (Fromm et al., 2000).

Carbamazepine reduces the plasma concentration of simvas-
tatin by enzyme induction (Ucar et al., 2004). It reduces the
AUC of simvastatin and simvastatin acid to 25% and 18% of'the
confrols, respectively.

There was a case report showing that phenytoin reduce s the
pharmacological effect of simvastatin (Murphy & Dominiczak,
1999). The serum cholesterol level in patients with hypercho-
lesterolemia taking simvastatin is increased after taking
phenytoin although there have been no reports about its plasma
concenfration (Murphy & Dominiczak, 1999). This can be
explained by the induction of CYP3A4, leading to an increase
in the clearance of simvastatin,

St. John’s wort also reduces the plasma concentration of
statins by the induction of CYP3A4. Sugimoto et al. reported
that the administration of St. John’s wort reduces the plasma
AUC of simvastatin and simvastatin acid to 66% and 48% of
control, respectively, although it has no effect on pravastatin
concentrations {Sugimoto et al.,, 2001).

6. Interindividual variations in the

pharmacokinetics of 3-hydroxy-3-methylglutaryl
coenzyme A reducatasc inhibitors and changes in their
pharmacodynamics associated with pharmacokinetic alterations

6.1. OATPIBI

There have already been some reports of pharmacokinetic
alterations of statins associated with the genetic polymorphism
of OATPIBI (Nishizato et al, 2003; Iwal et al., 2004;
Morimoto et al., 2004; Mwinyi et al, 2004; Niemi et al.,
2004; Tachibana-limori et al., 2004). Fig. 15 shows the reported
genetic polymorphisms of this transporter and Table 13 shows
the allelic frequencies of the variants found in the OATPIBI
gene (Tirona et al,, 2001; Nozawa et al., 2002; Nishizato et al.,
2003; Niemi et al., 2004). It should be noted that there exist
great differences in the allelic frequencies of some SNPs, which
may possibly lead to the ethnic differences observed in the
pharmacokinetics of some statins. Nishizato et al. and Mwinyi
et al. reported the pharmacokinetic alterations in pravastatin
associated with the genetic polymorphism of OATPIBI
{(Nishizato et al., 2003; Mwinyi et al, 2004; Niemi et al,,
2004: Table 14). Nishizato et el. analyzed the relationship
between the polymorphism in OATPIBI and the pharmacoki-
netics of pravastatin in Japanese subjects (Nishizato et al., 2003;
Fig. 16(a)). In the Japanese population, subjects with
OATP1IB1#1b/x1b are at the most common (Nishizato et al.,
2003). Fig. 16(a) shows the plasma concentration of pravastatin
in Japanese subjects with OATP1B1#1b/#1b, #1b/=15 and =15/
*15. It was higher in subjects having the QOATP1B1=%15 allele
(Fig. 16(a}). The clearance of pravastatin in subjects with #1b/
*15 is significantly lower than that in subjects with =1b/*1b.
Also, in subjects with =15/x15, the clearance is reduced and the
plasma concentration of pravastatin is higher although the
difference was not statistically significant due to the small
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Fig. 13. Reported alignment of OQATPIBI haplotypes. The genetic polymorphism of GATPIB1 is summarized.

sample size. They also examined the correlation with the SNPs
in OAT3, which is involved in the renal excretion of pravastatin,
but they were unable to find any relationship. Mwinyi et al,
examined the pharmacokinetics of pravastatin in comparison
with the subjects with OATPIBIxla/+1a (Mwinyi et al., 2004).

They found that the plasma AUC of pravastatin in subjects with
xla/*5 was significantly higher than that in those with #la/*la.
As #15 and *5 commonly have the same variation in T521C,
this variation may be involved in the reduced clearance, that is,
reduced hepatic uptake of pravastatin. Mwinyi et al also

Table 13 Table 14
Allelic frequencies of variations found in the OATPIB1 gene Pharmacokinetic alterations of pravastatin in subjects with a genetic
European  African Japanese® Japunese® Finnish? polymorphism in OATPIBI
American!  American' (#=534) (n=240) (»=82) Variation 7 Crosx AUC te [B] ka2
{(n=98) (n=44) [ng/ml] [ng h/ml]
T217C 0.02 0.00 - - - 11187GG 35 46434 1004:69.1 1.640.3
T245C 0.02 0.00 - - 11187GA 6 9461  200£1264 1.9402
A388G 0.30 0.74 0.534 0.4358 0.447 321TT 28 40429 9064 1.7+0.1
(A388G/T521C) 0.103 0.130 521TC 11 8457 1804105 1.6::0.2
G411A - - - - 0.066 521CC 2 52419 1404393 1.84:0.4
A452G - - - 0.038 - non-carriers 37 48439 110480 1.740.3
G455A - - 0.00 - - of ¥15B
Ca63A 0.16 0.02 - - 0.066 heterozygous 4 92+£37 210120 7£03
A467G 0.02 0.00 of ¥15B
T521C 0.14 0.02 0.007 0.000 0.183 non-carriers of *17 38 47+£37 110480 1.6%0.3
(A388G/T521C) 0.103 0.150 heterozygous of *17 3 120£50 250+70 2.0:+0.2
T571C 0.512 *la*la 2 61 0.17
T578G 0.000 *1a/*1b 4 47427 0.28+0.09
C597T 0.415 *1b/*1b 4 4446 0.31£0.09
G721A *1b/*1b 4 44+6 0.31£0.09
T1058C 0.02 8.00 - - - *1b/*15 9 62422 0.26+0.09
Al294G 0.01 0.00 - - - *15/*15 1 110 0.21
A1385G 0.01 0.00 - - - *1h/*1b 4 4416 0.31£0.09
G1463C 0.00 .09 - - - *1b/*16 2 110 .21
A1929C - - - - 0.085 *1a/*la 10 58+38 110470
Al1964G 0.02 6.00 - - - *aibor *1b/™*1b 10 37421 75436
A2000G 0.02 0.34 - - - *la*la 10 358+38 11070
*1a*s 10 84432  160+60

References: (1) Tirona et al. {2001), (2) Nozawa et al. (2002), (3) Nishizato et al.
(2003), (4) Niemi et al. (2004},

References: Nishizato et al. (2003); Niemi et al. (2004); Mwinyi et al. (2004).
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Fig. 16. Plasma concentration of pravastatin in subjects with genetic polymorphism in OATPIBI. (a) The plasma concentration of pravastatin in 23 Japanese male
subjects with OATPIB1+1b/+1b (B, n=4), *1b/*15 (¢, n=9) and *15/%15 (A, n=1) are shown. In subjects having +15 allele, the plasma concentration of pravastatin
was increased. (b) The plasma concentration of pravastatin in 30 white male subjects in Germany with OATPIB1#1a/1a (X, n=10), *1a/¢1b or *1b/+1b (O, n=8 for
*1a/#1b, n=2 for *1b/+1b) and =1a/%5 (0, n=10). In subjects having +5 allele, the plasma concentration was increased comparing to the subjects with *1a/#1a. On the
other hand, in subjects having #1b, it was decreased. Reprint from “Polymorphisms of CATP-C (SLC21A6) and OAT3 (SLC22A8) genes: consequences for
pravastatin pharmacokinctics” by Nishizato ct al., 2003, and “Bvidence for inverse effects of OATP-C (SLC21A6) 5 and 1b haplotypes on pravastatin kinetics” by
Mwinyi et al,, 2004, with permissions from the American Society for Clinical Pharmacology & Therapeutics,

compared the plasma concentration of pravastatin in patients
with OATP1B1#la/+1a and those with *1a/+1b or *1b/*1b. As
shown in Fig. 16(b), in patients having #1b, the plasma
concentration of pravastatin seems to be lower than that in
patients with =l1a/+1a. Thus #1b seems to increase the plasma
clearance of pravastatin although 4 statistically significant
difference was not observed. Tirona et al. reported that in Hela
cells transfected with cDNA encoding OATP1B1x%5, the amount
of OATPIBI protein on the cell surfuce is reduced although
total amount remains unchanged (Tirona et al, 2001). In
addition, the fransport activity in OATPIBI#5 is significantly
reduced in the case of estradiol 17p-p-glucuronide and estrone
3-sulfate. In the case of estrone 3-sulfate, the maximum uptake
rate, reflecting the transport capacity, is significantly reduced.
On the other hand, Iwai et al. reported that the total protein
expression and transport activity in *15 are markedly lower
although the corresponding values in *5 are not altered in
cDNA transfected HEK293 cells (Iwai et al., 2004). However,
they did not determine the transporter expression level on the
cell surface. These results suggest that allelic variations *5 and
*15 are associated with reduced intrinsic transport acitivity and/
or protein expression level on the cell surface, which would
explain the in vivo phenomenon. Michalski et al. also showed
that there is altered tansporter expression on the plasma
membrane associated with genetic polymorphism in human
liver tissue samples (Michalski et al., 2002).

Tachibana-limori et al. carried out a retrospective cohort
study of the pharmacological effect of statins in subjects with
different OATP1B1 alleles (Tachibana-Iimori et al., 2004; Table
15). They found that the reduction in the total serum cholesterol
was reduced in patients with the T521C variation, This variation
was associated with higher plasma concentrations of pravastatin
as reported by Nishizato et al. and Mwinyi et al,, suggesting

higher exposure (Nishizato et al., 2003; Mwinyi et al., 2004).
Thus, in patients with higher plasma concentration of statins,
the cholesterol lowering effect was decreased. It can be
explained by our estimation that, as shown in the Section 4,
the AUC of protein unbound statins in the liver is decreased by
the reduction in the hepatic uptake rate when the renal excretion
18 not negligible (Fig. 12; also see Eq. (32)). Tachibana-limori et
al. investigated patients taking statins including pravastatin,
atorvastatin and simvastatin (Tachibana-limori et al., 2004).
Among them, the renal excretion of pravastatin is not
negligible, allowing them to observe different pharmacological
effects of stating associated with SNPs in OATPIBL. In
addition, even for statins with a very low renal clearance, the
hepatic uptake rate affects the liver concentration—time profile
of statins (Fig. 12). This change may affect the pharmacological
effect.

Genetic polymorphism in the hepatic uptake transporter(s)
may also lead to a change in the frequency of the side effects of

Table 15
Association of lipid-lowering effect by statins and OATP1BI1 polymorphism
TS21C »n  Pre (mg/dL) Post (mg/dL)} % Change p
TC iT 44 26040 200+30 -22 <0.03
TC 20 26030 21030 -17 0.094
LDL-C IT 39 17040 120£30 -29 0.745
TC 20 160+50 12020 =12 0.492
HDL-C TIT 38 56=15 57+14 2
TC 20 6326 65217 11
TG T 40 17090 13070~ 11
TC 19 150100 13060 34

TC, total cholesterol; LDL-C, low-density lpoprotein cholesterol; TG,
triglyceride; HDL-C, high-density lipoprotein cholesterol; CI, confidence
interval; UL, upper limit; LL, lower limit.
Reference: Tachibana-limori et al. (2004).
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statins. Morimoto et al. found a novel polymorphism in
OATPIBI (T1628G; L543W) in patients with myopathy who
were taking pravastatin (Morimoto et al.,, 2004). They also
reported an association between OATPIB1#15 and pravastatin-
or atorvastatin-induced myopathy (Morimoto et al., 2005a,
2005b). This may be explained by the different exposure to
pravastatin due to the altered pharmacokinetics associated with
the polymorphism in OATP1B1.

6.2. CYP2CS

CYP2C8 is involved in the pharmacokinetics of cerivastatin
(Muck, 2000; Shitara et al., 2004). Ishikawa et al. analyzed
genetic polymorphisms in OATP1B1, CYP2C8 and CYP3A4,
which are determinants of cerivastatin pharmacokinetics, in
patients with rhabdomyolysis taking cerivastatin and found
variations in CYP2C8 (Ishikawa et al., 2004). They identified
475delA, G874C and T1551C and, among them, 475delA was
found to be homozygous. As the 475delA alteration generally
completely deletes the function of CYP2CS, this should result
in a drastic reduction in the cerivastatin elimination rate
although there have not been clinical data showing the change
in pharmacokinetics and/or pharmacodynamics associated with
such genetic polymorphisms. As the contribution of CYP2CS to
the metabolism of cerivastutin is relatively high, the altered
function of CYP2C8 should lead to severe side effects. Hichiya
et al. described other SNPs and, among them, R186X and
R186G were associated with a change in the amino acid
sequence, resulting in altered function (Hichiya et al., 2005).

6.3. CYP344/345

CYP3A4 is involved in the metabolism of many statins.
Thus, a genetic polymorphism in CYP3A4 can be associated
with the pharmacokinetic, pharmacodynamic and toxic effects
of many statins. To date, there have been no reports of
pharmacoikinetic changes in statins produced by SNPs in
CYP3A4. However, there are some reports of a changed
pharmacological effect associated with SNPs in CYP3A4
{Kajinami et al., 2004a; Wang et al., 2003). Table 16 shows
these reports. Wang et al. reported stimulation of the
pharmacological effect of simvastatin by the genetic variation
of [118V in CYP3A4, which resulted in reduced metabolism
(Wang et al.,, 2005). In Section 4, we showed that reduced
metabolism (CLye) results in an increase in the plasma
concentration and the AUC of statins and enhancement of the
pharmacological effect. Thus, the clinical report by Wang et
al. agrees with our simulation analysis. Kajinami et al.
examined the effects of a variation in the promoter region, A-
290G, and amino acid substitution, M455T, on the pharma-
cological effect of atorvastatin (Kajinami et al., 2004a). They
found a significant reduction in the pharmacological effect
only in patients with A-290G (Table 16). The variation A-
290G might alter the transcription of CYP3A4. However,
they did not measure the enzyme activity. Their report was
not confirmed by our simulation showing that a reduction in
the metabolic rate should be associated with enhancement of

Table 16

Association of lipid-lowering effect by statins and CYP3A4/3A5 polymorphism

{a) Association of the effect of simvastatin and CYP3A4 Tlel18Val

Heli8Val n  Pre Post % ¥4
{mmol/L) (mmol/L) Change

TC Ile/lle 5.6+0.8 44207 -224£20  0.034
le/Val 5.1+0.8 3,107 —36x10

LDL-C  He/lle 3.5+£0.7 252406  ~29%7 0.072
He/Val 32409 2.0:.04 3749

TG Hle/lle 2.341.0 1.9x0.6 ~2548 0.002
He/Val 2.0£0.8 14204 ~38:%8

(b} Association of the effect of simvastatin and CYP3A4 A-290G

A-290G  n Pre Post %o pAA p
(mg/dl) (mg/dl) Change  vs. (AA+AG)
AG vi. GG
TC AA 305 272426 199226 —27+8 0.604 0.385
AG 27 262422 190+24 -29=9
GG § 269+19 203229 -24=12
LDL-C  AA 305 18722 117419 -37=10 0372 0.113
AG 27 190+£23 116418 ~38=z10
GG § 193x15 131=2] ~31=z14
HDL-C AA 305 30+11 54=12  +8%12 0182 0672
AG 2 4910 +6%15
GG 5 +9:£ 16
TG AA 16:-31 0.096 034
AG 1919
GG

(c) Association of the effect of atorvastatin and CYP3A4 Metd45Thr

Met#4SThr  » Pre Post %o r
{mg/dL) {mg/dl)  Change
TC Met/Met 335 270430 20030 -27+8 0.542
Met/Thr 5 26020 180420  —29z6
LDI-C  MetMet 335 190%20 120£20 3710 0469
Met/Thr 5 170£30 100£20 ~40=14
HDL-C  Met/Met 335 50+11 53£12 +8413  0.662
Met/Thr 35 50+11 5616 +10£22
TG Met/Met 335 170470 14060 —~17=30 0.836
Met/Thr 5 200130 150480 15243

(d) Association of the effect of lovastatin, simvastatin or atorvastatin and
CYP3AS polymorphisims

Variation  » Pre Post % ?
(mmol/l)  (mmolL)  Change
TC *1/%3 7 17420 0.026
*3/%3 39 ] ‘31413
LDL-C *1/%3 7 3.920.6 25208 ~31+26 0.083
*3/%3 39 3.9+0.6 2.1=05 ~46+18

(e) Association of the effect of

fluvastatin or pravastatin and CYP3AS

polymorphisms
Variation 7 Pre Post % P
{mmol/L} (mmol/L} Change
TC *1/%3 6 43405 -22=7 0.99
17 4.540.5 218
LDL-C 6 2.14:04 3548 0.90
*3/%3 17 24+0.5 34414

TC, total cholesterol; LDI-C, low-density lipoprotein cholesterol; TG,

wiglyceride; HDL-C, high-density lipoprotein cholesterol.

References: Kajinami et al. (2004a), Kivisto et al. (2004b) and Wang et al.

(20055,
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the pharmacological effect. However, in patients with SNPs in
CYP3AA4, the serum cholesterol level may be different due to
the altered metabolism of endogenous hormones metabolized
by CYP3A4. This may account for the discrepancy between
our simulation and the clinical data.

Interestingly, Kivisto et al. have described the effect of a
polymorphism in CYP3AS (Kivisto et al., 2004b). Due to a
small sample size, they analyzed the effect of polymorphism
in CYP3A5 on total cholesterol and LDL-cholesterol lowering
effects of stating in patients dividing into 2 groups: lovastatin,
simvastatin or atorvastatin taking group and fluvastatin or
pravastatin taking group; although the effect may be different
between lovastatin or simvastatin group and atorvastatin
group due to the involvement of the hepatic uptake
transporter(s) as described in the Section. 5.3. In patients
with reduced activity of CYP3AS produced by the %3 variant,
enhanced pharmacological effects of lovastatin, simvastatin
and atorvastatin were reported. On the other hand, the effects
of pravastatin and fluvastatin were unchanged because they
are not metaobolized by CYP3A4. The enhancement of
pharmacological effects associated with the reduced metabo-
lism was matched by the report by Wang et al. (2005) and is
fully explained by our analysis given in the Section 4.

Table 17

6.4. CYP2C9

CYP2C9 is involved in the metabolism of fluvastatin and,
thus, interindividual differences in this enzyme may result in
changes in the pharmacokinetics of this statin. To date, there has
been only one report by Kirchheiner et al. (2003) concerning the
effect of a genetic polymorphism in CYP2C9 on the
pharmacokinetics and pharmacodynamics of fluvastatin. Table
17 shows the results. In patients with CYP2C9#3/%3, the plasma
concentration is increased whereas the pharmacological effect is
reduced. The pharmacokinetic and pharmacodynamic changes
conflicted and the mechanism is unknown.

7. Conclusion

In this review, we have described the pharmacokinetic
properties and physicochemical features of the statins. In
addition, we have performed a model-based analysis and
shown how sensitively the pharmacokinetic alterations are
caused by a change in the metabolizing enzymes and/or
transporters. In the case of combination therapy with statins,
their elimination puthways and mechanism, which includes the
metabolizing enzyme(s) and transporter(s) involved in their

Association of lipid-lowering effect and pharmacokinetics of fluvastatin, and CYP2C9 or CYPZD6 polymorphisms

(a) Association of the pharmacokinetics of fluvastatin and CYP2C9 or CYP2D6 polymorphisms

3 {-}-3S,5R-fluvastatin {+)-3R,55-fluvastatin
AUC Crnaxe tim - AUC Conax 20 Tax
{ug ML) {ng WL} ty o) {ng b'L) (ng/L) ) &)
CYP2C9*1/*1 N 2302130 2004130 0.6::0.3 1.0:0.3 120480 0.8+:0.4 1.1£0.4
CYP2C9*1/*2 4 210=40 160+70 0.6:+0.3 1.1=0.3 110+40 1.3+0.8 13203
CYP2C9*2/%2 3 290=110 150+110 1.0+0.4 1.8+1.0 814354 13+0.6 1.8=1.0
CYP2C9*1/*3 5 360=100 300:£90 0.5+0.1 1.1=03 170+£60 0.640.1 1.1£0.3
CYP2C9*2/*3 4 520190 20090 1.540.7 1.4:0.5 + 120430 2.0£04 13£0.6
CYP2C9*3/*3 3 1100300 490110 1.4£0.6 1.0=0.1 530120 250+40 0.9+0.3 1.04+6.1
g:;,;z;)z*:z and 2 300::220 3504220 0.4:40.2 (3.5:20.0 2102170 2204160 0.45:0.1 0.5::0.0
(b) Association of pharmacodynamic effect of fluvastatin and CYP2CY or CYP2D6 polymorphisms
n Baseline Difference % Change
(mg/dL) (mg/dl.)
T CYP2CO*1/%1, *1/%2 and *2/%2 12 210440 35425 16
CYP2C9*1/%3 and *2/*3 9 200::40 36422 18
CYP2CH*3/%3 3 18020 2419 +1.1
CYP2D6™4/%4 (CYP2C9*1/¥1) 2 20020 3+16 +1.5
TG CYP2CO*1/*1, *1/*2 and *2/*2 12 9326 15240 +16
CYP2CI*1/%3 and *2/*3 9 110270 1841 +16
CYP2C9%3/%3 3 57+13 20=19 +35
CYP2D6™4/*4 (CYP2CH*1/%1) 2 110£70 3=41 +2.8
HDL-C CYP2C9*1/%1, *1/*2 and *2/*2 12 63221 0=7 0
CYP2CO*1/%3 and *2/%3 9 64=14 1=6 +1.6
CYP2C9*%3/*3 3 6812 442 +3.9
CYP2D6*4/*4 (CYP2CI*1/%1) 2 5546 744 +13
LDL-C CYP2CO*1/*1, *1/*2 and *2/%2 12 130230 38424 29
CYP2CO*1/%3 and *2/*3 9 11030 34421 30
CYP209*%3/%3 3 10010 6418 6.1
CYP2DE*4/%4 (CYP2CIF14D) 2 12020 412 33

Reference: Kirchheiner et al. (2003).
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elimination, need to be known in order to predict and avoid
any drug -drug interactions. The confribution of each enzvme
or transporter in the liver, intestine and kidney to the total
elimination and absorption also needs to be considered. Prior
to the coadministration with other drugs, a consideration
should be given to their effects on these enzymes or
transporters. The inhibitory effects of other drugs must be
predicted by comparison of K; and therapeutic unbound
concentrations. If the unbound concentration of the inhibitor
drug(s) in clinical situations is much lower than K, a drug—
drug interaction is unlikely to occur. The concentration of
stating in the tissue is also important for the estimation of the
extent of changes in pharmacological and toxicological effect
caused by drug—drug interactions because the tissue concen-
tration 18 their determinant. For the development of new
statins, the balance of safety versus toxicity is also important.
In other words, the pharmacokinetic properties, that is,
selective distribution to the pharmacological target organs
(liver for statins) but not to the toxic organs (muscle and
brain}, as well as the intrinsic potency of the pharmacological
effect, that is, the affinity for the HMG-CoA reductase, need to
be taken into consideration.
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