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ABSTRACT
Wide interindividual and interethnic variability exists in the plasma concentrations of the
cholesterol-lowering drugs HMG-CoA reductase inhibitors (statins) in their efficacy and risk of
adverse effects. The risk of muscle toxicity as an adverse effect of statin therapy is known to
increase along with elevated plasma statin concentrations.
Organic anion-transporting polypeptide 1B1 (OATP1B1) is an uptake transporter located on the
basolateral (sinusoidal) membrane of human hepatocytes, encoded by the gene SLCO1B1.
OATP1B1 facilitates the hepatic uptake of many endogenous and foreign compounds, such as
oestrogen conjugates, bile acids and statins. Taking into consideration the known interindividual
and interethnic differences in the disposition of many OATP1B1 substrates, particularly statins,
and its functional role in the pharmacokinetics of many drugs, it is important to characterize the
diversity of the SLCO1B1 gene in various ethnic groups and to investigate the effects of
SLCO1B1 polymorphism on statin disposition and response.
The frequencies of SLCO1B1 sequence variations were studied in a population of 468 healthy
Finnish volunteers and globally in various ethnic populations. DNA samples from the
participants were genotyped for the presence of single nucleotide polymorphisms (SNPs) in
SLCO1B1 and the results were analysed using population genetic methods. Secondly, the effects
of SLCO1B1 genotypes on the pharmacokinetics and pharmacodynamics of fluvastatin,
pravastatin, simvastatin, rosuvastatin and atorvastatin, and on cholesterol homeostasis, were
studied in a prospective genotype panel study with 32 healthy volunteers. The subjects ingested
a single dose of each investigated statin in five different phases. Blood samples were collected
before statin administration and up to 48 hours thereafter to determine the concentrations of
plasma statins, statin metabolites, cholesterol and noncholesterol sterols.
Functionally significant variants in the SLCO1B1 gene were detected at varying frequencies in
different populations. Genetic variation in SLCO1B1 was generally similar to that observed for
other autosomal markers, although selective pressure may have acted on SLCO1B1, favouring
low-activity variants in the north. The frequency of the low-activity c.521T>C variant allele was
24% (95% CI, 18–32%) in Native American populations, 20% (95% CI, 15–25%) in the Middle
East, 18% (95% CI, 14–23%) in Europe, 12% (95% CI, 9.5–15%) in East Asia, 9.4% (95% CI,
6.9–13%) in Central/South Asia and 1.9% (95% CI, 0.7–4.8%) in Sub-Saharan Africa. No
carriers of the c.521T>C SNP were found in Oceania. The frequency of the homozygous variant
c.521CC genotype was around 2% in Caucasians and around 4% in the Finnish population. The
greatest genetic diversity was seen in African populations and SLCO1B1 diversity was generally
far greater within than between populations.
The SLCO1B1 genotype significantly affected the pharmacokinetics of most of the statins
investigated. The mean area under the plasma concentration-time curve (AUC) of simvastatin
acid, atorvastatin, pravastatin and rosuvastatin was 3.2-, 2.4-, 1.9- and 1.7-fold, respectively, in
subjects with the SLCO1B1 c.521CC variant genotype compared with subjects with the c.521TT
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control genotype (P < 0.05). The SLCO1B1 genotype had no significant effect on the plasma
concentrations of fluvastatin. Despite the considerable effect on the pharmacokinetics of statins,
the response to a single dose of any of the statins studied was not affected by the SLCO1B1
genotype. Interestingly, the SLCO1B1 variant genotype was associated with an increased
baseline cholesterol synthesis rate, as indicated by a 40% higher desmosterol to cholesterol ratio
in subjects with the c.521CC genotype than in those with the c.521TT genotype (P = 0.043). In
agreement, there was a tendency toward higher plasma concentrations of absolute desmosterol
and lathosterol, as well as lathosterol to cholesterol ratios, and lower plasma concentrations of
cholesterol absorption markers in subjects with the variant genotype.
In conclusion, the low-activity SLCO1B1 c.521T>C variant occurs at varying frequencies in
different ethnic groups and is relatively common in non-African populations. Genetically
impaired activity of the hepatic influx transporter OATP1B1, due to the presence of the
c.521T>C SNP, leads to elevated plasma concentrations of many but not all statins, thus
increasing the risk for muscle toxicity. The SLCO1B1 genotype may partially explain why
individual patients respond differently to various statins and may help to identify subjects who
are at higher risk of developing statin-induced myopathy.
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Several studies in different populations indicate a continuous positive relationship between
blood cholesterol concentrations and coronary heart disease (CHD) risk (Rose and Shipley
1986, Stamler et al. 1993), with no threshold below which a lower cholesterol concentration is
not associated with lower risk (Chen et al. 1991). The 3-hydroxy-3-methyl-glutaryl coenzyme A
(HMG-CoA) reductase inhibitors (statins) are essential drugs in the treatment of
hypercholesterolaemia (LaRosa et al. 1999). They effectively lower cholesterol levels and
consistently and significantly reduce mortality and morbidity in patients with and without a
history of coronary artery disease (Scandinavian Simvastatin Survival Study Group 1994,
Shepherd et al. 1995, Sacks et al. 1996, Baigent et al. 2005). Statins are among the most
prescribed drugs worldwide and the number is increasing, as the need for lipid-lowering therapy
grows together with increase in cardiovascular morbidity, metabolic syndrome and obesity.
Careful assessment of cost-effectiveness, safety and tolerability is essential. The treatment of
hypercholesterolaemia is usually lifelong and patients often have other concomitant diseases and
medications, all of which together with the genetic background increase the risk for adverse
effects. Although statins are fairly well-tolerated, especially in monotherapy, they can cause
myopathy and even rhabdomyolysis as a rare adverse effect (Thompson et al. 2003). The muscle
toxicity of statins is a dose- and concentration-dependent phenomenon (Bradford et al. 1991,
Dujovne et al. 1991), and the risk of toxity increases when the plasma concentrations of statins
are increased, often due to drug interactions or inherited defects in proteins affecting statin
disposition (Staffa et al. 2002, Thompson et al. 2003, Neuvonen et al. 2006). Furthermore,
considerable interindividual variability is evident in the response to statin therapy (Pazzucconi et
al. 1995).
Plasma membrane transporters have been implicated as important determinants of intestinal
absorption and hepatobiliary clearance, especially of hydrophilic statins. Multiple organic aniontransporting polypeptide (OATP) family members are capable of statin transport, and some of
them are abundant in the liver, where they may be involved in the hepatic uptake of statins from
the sinusoidal blood (Abe et al. 1999, Niemi 2007). OATP1B1 is an uptake transporter located
in the basolateral (sinusoidal) membrane of human hepatocytes and involved in the hepatic
uptake of a broad array of endogenous and foreign compounds, such as oestrogen conjugates,
bile acids and statins (Hsiang et al. 1999, König et al. 2000). Several single nucleotide
polymorphisms (SNPs) in the gene encoding OATP1B1, solute carrier organic anion transporter
(SLCO1B1), have been discovered (Tirona et al. 2001, König et al. 2006). Some of them, in
particular the nonsynonymous sequence variation c.521T>C (Val174Ala), have been associated
with reduced activity of OATP1B1 in vitro (Tirona et al. 2001, Iwai et al. 2004, Kameyama et
al. 2005, Nozawa et al. 2005), and increased plasma concentrations of pravastatin, rosuvastatin,
pitavastatin, repaglinide and fexofenadine in vivo in humans (Nishizato et al. 2003, Mwinyi et
al. 2004, Niemi et al. 2004, 2005a,b, Chung et al. 2005, Lee et al. 2005a). The frequency of the
polymorphisms in SLCO1B1 appears to be heavily dependent on ethnic background (Tirona et
al. 2001, Lee et al. 2005a).
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Access into the liver is an important step in the elimination of many endogenous compounds
and xenobiotics, including most drugs. Since statins exert their cholesterol-lowering effects by
inhibiting the HMG-CoA reductase in the hepatocytes, reduced OATP1B1-mediated uptake into
the liver due to genetic polymorphism in the encoding SLCO1B1 gene may both reduce their
efficacy and increase their peripheral plasma concentrations, thus enhancing the risk of systemic
adverse effects, such as myopathy (Niemi et al. 2004).
Characterization of genetic variation in transporter genes is an important step towards
understanding individual variation in drug response and developing personalized and safer drug
therapy. Given the known interindividual and interethnic differences in drug disposition
involving the OATP1B1 transporter, especially in statin therapy, and the functional role of
OATP1B1 in the pharmacokinetics of many clinically important drugs, we investigated
SLCO1B1 polymorphism in several populations and its role in statin pharmacokinetics, statin
pharmacodynamics and cholesterol synthesis.
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1. Pharmacokinetic principles of drug action
After oral administration, drugs pass through the intestinal wall and enter the portal blood
circulation. The portal blood takes the drugs into the liver, after which they reach the systemic
circulation and are distributed to the target sites. Drugs are eliminated from the body by
metabolism and excretion, usually via the liver into the bile or via the kidneys into the urine.
Drug pharmacokinetics is concerned with the stages of a drug in the body, i.e. absorption,
distribution, metabolism and excretion, while pharmacodynamics refers to the biological effects
of a drug on the body. Drug efficacy and response are determined by a complex interplay of
multiple processes regulating drug pharmacokinetics and pharmacodynamics (Rowland and
Tozer 1995).
The rate and extent of intestinal absorption of a drug are dependent on its physicochemical
properties and on active transport processes. The distribution occurs initially into highly
perfused tissues and is dependent on the ability of the drug to penetrate biological membranes,
either by filtration, passive or facilitated diffusion, or active transport. Most drugs are lipophilic
compounds and must be biotransformed into more hydrophilic forms to be excreted from the
body (Meyer 1996). The extent of renal and hepatobiliary excretion is partly determined by the
expression of uptake and efflux transporters in the clearance organs (Shitara et al. 2006).
1.1 Principles of drug metabolism
The liver is the major organ of drug metabolism, in which enzymes located in the endoplasmic
reticulum and cytoplasm of hepatocytes catalyse drug biotransformation. Other organs, e.g. the
gut, kidneys, lung and skin, can also contribute to drug metabolism (Krishna and Klotz 1994).
An orally administered drug can begin to be biotransformed in the gastrointestinal tract by
enterocytes and in the liver after passing through the portal circulation (first-pass metabolism),
which can considerably decrease the oral bioavailability of many drugs (Shen et al. 1997). Drug
biotransformation is often divided into two phases, including phase I functionalization and
phase II conjugation reactions. Phase I enzymes insert a functional group in their substrate,
usually by oxidation, reduction and hydrolysis reactions, leading generally to metabolites less
active than the parent drug (Josephy et al. 2005). These reactions are mainly catalysed by
cytochrome P450 (CYP) enzymes. Phase II reactions are usually conjugation reactions, in which
drugs or their metabolites are conjugated with endogenous molecules to produce more watersoluble compounds in order to facilitate their excretion (Josephy et al. 2005). Phase II enzymes
include uridine diphosphate-glucuronosyltransferases (UGTs), sulphotransferases and
glutathione transferases (Cribb et al. 2005). Some drugs can also be directly excreted after either
phase I or phase II reactions, or even nonmetabolized (Krishna and Klotz 1994). Transporters
expressed in plasma membranes facilitate the import of drugs into metabolizing cells and export
of the drug metabolites produced (Shitara et al. 2006).
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2. Membrane transporters
2.1 General aspects
In addition to the physicochemical properties of a compound such as charge, molecular size,
lipophilicity and solubility, carrier-mediated processes or transporters also affect the
transmembrane passage of substrates. Transporters are usually separated into two major classes
- uptake and efflux transporters (Table 1, Figure 1); it has been estimated that approximately
2000 genes encode transport proteins in humans (Giacomini and Sugiyama 2006). The polarized
expression of transporters in targeted organs such as the intestine, kidney and liver and the
dynamic interplay between uptake and efflux transporters, often with overlapping substrate
capabilities, in the cell membrane of epithelial cells, together determine the direction and extent
of flow of a number of xenobiotic and endobiotic substances (Kerb 2006). Moreover, their
expression on the interfaces of different parts of the body contributes to the maintenance of
several important structural barriers, e.g. the blood-brain barrier and the blood-placental barrier
(Graff and Pollack 2004, Syme et al. 2004, Mölsä et al. 2005). Transporters mediate important
physiologic functions via influx and efflux of endogenous substrates such as amino acids, bile
acids, steroids, sugars, lipids and hormones that are critical for normal homeostasis. They also
play a significant role in mediating the absorption, tissue distribution and elimination of many
environmental toxins and drugs (Ho and Kim 2005, Shitara et al. 2006).

Figure 1. Classification of the solute carriers (SLCs), ATP-binding cassette (ABC) transporters
and channels in the plasma membrane. Adapted and modified from Petzinger and Geyer
(2006).
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2.2 Role of transporters in drug disposition
In the gut, drug absorption from the intestinal lumen is facilitated by uptake transporters and
limited by efflux transporters, both expressed in the brush-border membrane of enterocytes
(Figure 2). Following uptake, drugs are translocated via the basolateral membrane into the portal
blood circulation by efflux transporters such as the multidrug resistance-associated proteins
(MRPs). Many drugs also pass through the enterocytes by passive diffusion and some drugs
already undergo extensive metabolism in the enterocytes (Kullak-Ublick et al. 2004, Glaeser et
al. 2007, Meier et al. 2007).

Figure 2. Drugs pass through the intestinal wall to portal blood via transcellular and
paracellular diffusion, and via uptake and efflux transporters located in the luminal brushborder membrane and basolateral membrane, respectively. Some drugs undergo metabolism,
mainly by CYP3A4, in the enterocytes.

Uptake transporters expressed on the basolateral (sinusoidal) membrane of hepatocytes facilitate
the influx of compounds into the liver (Figure 3). Drugs taken into the hepatocytes often
undergo metabolic transformation and/or conjugation, or they may be excreted unchanged (Pang
and Rowland 1977). Transport of the drugs and their metabolites out of the hepatocyte via the
canalicular membrane into the bile or via the basolateral membrane back into the portal blood
may be mediated by efflux transporters (Shitara et al. 2006). Hepatic clearance can be described
by the following equation (Pang and Rowland 1977, Yamazaki et al. 1996):
CLH

QH

f u CLH ,int,all

QH

f u CLH ,int,all

where CLH, QH, fu and CLH,int,all represent the hepatic clearance, hepatic blood flow, the unbound
fraction of drug in blood and overall hepatic intrinsic clearance, including uptake, metabolism
and biliary excretion, respectively.
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CLH,int,all can be described by the following equation:
CLH ,int,all

PS influx

CLH ,int
PS efflux

CLH ,int

where PSinflux and PSefflux are the membrane permeabilities across the sinusoidal membrane from
the outside to the inside and from the inside to the outside of cells, respectively, and CL H,int
represents the intrinsic clearance for the metabolism and biliary excretion of the unbound drugs.
The uptake of drugs via the sinusoidal membrane (PSinflux), which is partly mediated by
transporters, is a determinant of the net hepatic clearance (CLH,int,all) regardless of the other
processes (CLH,int and PSefflux). Therefore, hepatic clearance (CLH) may be affected when the
uptake clearance of drugs is altered, even if the drug finally undergoes metabolism. On the other
hand, the excretion of drugs via the bile canalicular membrane, which is also partly mediated by
transporters, is a determinant of the net hepatic clearance (CL H,int,all), unless PSefflux is negligibly
low compared with CLH,int. When PSefflux << CLH,int, hepatic uptake predominantly determines
overall hepatic clearance (CL H,int,all = PSinflux) and the hepatic clearance is uptake-limited. On
the other hand, when PSefflux >> CLH,int, all processes affect the overall hepatic clearance. When
a drug is lipophilic with rapid membrane permeability, transport from the outside of the cells to
the inside and in the opposite direction, is symmetric (PSinflux = PSefflux). In this case, the overall
intrinsic clearance equals the exact intrinsic clearance (CLH,int,all = CLH,int) (Shitara et al. 2005,
2006).

Figure 3. Drug elimination in the liver involves uptake into hepatocytes via transporters and/or
passive diffusion, followed by metabolism and efflux to the bile or blood.
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In the kidney, drugs are excreted in the urine as a net result of glomerular filtration, tubular
secretion and reabsorption (Inui et al. 2000, Dresser et al. 2001). Glomerular filtration is simply
ultrafiltration of drugs and xenobiotics not bound to macromolecules (plasma proteins). Several
active mechanisms, including transporters, are involved in the tubular secretion of compounds
into the urine (Figure 4). Some drugs are returned to the systemic circulation via drug
reabsorption, which is also mainly mediated by transporters. Tubular secretion and drug
reabsorption can be inhibited by coadministered drugs (Koepsell and Endou 2004).

Figure 4. Drug elimination in the kidney occurs by glomerular filtration and secretion at the
proximal tubules. Some drugs may return to the systemic circulation via drug reabsorption.
Transporters are involved in tubular secretion and reabsorption.

2.3 Transporter pharmacogenetics
Recent studies have shown increasing evidence that nucleotide sequence variation
(polymorphism) in drug transporters plays a major role in interindividual differences in drug
disposition. Polymorphism leading to functional changes in drug transporters can affect the
pharmacokinetics and subsequent pharmacodynamics and toxicological effects of drugs. It can
also affect susceptibility to certain diseases (Ho and Kim 2005). Although detailed information
on genetic variability in drug transporter genes is available, our knowledge on identifying those
genetic variants that have functional significance and how they contribute to interindividual
variability in drug response is still limited (Kerb 2006).
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There are many mechanisms by which polymorphism can affect transporter phenotype.
Common polymorphisms include tandem repeated segments, large (copy number variants) and
small segmental deletions/insertions/duplications and substitutions (SNPs). SNPs are an
exceedingly common form of polymorphism that may account for approximately 90% of all
known sequence variation (Collins et al. 1998). Functional SNPs that lead to changes in gene
expression occur in all regions of the genome. SNPs in the coding (exonic) regions of
transporter genes can be nonsynonymous, meaning that they lead to a change in encoded amino
acids, or synonymous (no amino acid change). Although both kinds of SNPs can have an impact
on transporter activity, it is widely accepted that nonsynonymous SNPs are more likely to have
functional consequences. Nonsynonymous SNPs can lead to protein misfolding, polarity shift or
improper phosphorylation. SNPs in the noncoding regions of transporter genes are less
predictable and include variants in the intronic, promoter and 3’-untranslated region (3’UTR).
These variants can affect the splicing or regulation of transporter genes. SNPs in the promoter
region may modify transporter expression by altering the binding sites for transcription factors
(Chorley et al. 2008, Gradhand and Kim 2008).
2.4 Influx transporters and their pharmacogenetics
Influx (uptake) transporters facilitate the entry of drugs into cells. Uptake transporters include
the organic anion-transporting polypeptides (OATPs, SLCO), organic anion transporters (OATs,
SLC22A), organic cation transporters (OCTs, SLC22A), organic cation/carnitine transporters
(OCTNs, SLC22A), peptide transporters (PEPTs, SLC15A) and sodium-dependent taurocholate
cotransporting protein (NTCP, SLC10A1) (Ho and Kim 2005, Zair et al. 2008). Multidrug and
toxin extrusion transporter 1 (MATE1, SLC47A1) and multidrug and toxin extrusion transporter
2-K (MATE2-K, SLC47A2) also participate into the uptake of compounds into the cell
(Tanihara et al. 2007). All of these transporters belong to the superfamily of solute carriers
(SLCs) (Hagenbuch and Meier 2004, Hediger et al. 2004, Seithel et al. 2008a).
OATPs (rodents: Oatps; human: OATPs) are sodium-independent uptake transporters that
mediate the influx of a variety of amphipathic compounds. Their transport mechanism is
electroneutral exchange, coupling the cellular uptake of organic compounds with the efflux of
neutralizing anions such as bicarbonate, glutathione or glutathione-S-conjugates (Satlin et al.
1997, Li et al. 1998, 2000). OATPs have been identified at least in the intestine, liver, kidney,
lung, testis, placenta and blood-brain barrier, and their substrates include endogenous substances
such as bile salts, steroid conjugates and thyroid hormones, as well as several xenobiotics such
as statins (Seithel et al. 2008a). OATP1B1 (previously known as OATP-C, OATP2, liverspecific transporter 1; LST-1), OATP1B3 (previously known as OATP8 and LST-2) and
OATP2B1 (previously known as OATP-B) are expressed in the sinusoidal membrane of
hepatocytes and participate in the active uptake of compounds from the portal blood into the
liver. These three transporters have overlapping substrate selectivity, including endogenous
compounds and several therapeutic drugs (Hagenbuch and Meier 2004, Niemi 2007). OATP2B1
and OATP1A2 are also expressed in the brush-border membrane of enterocytes, indicating a
possible role in the active absorption of drugs from the intestine (Meier et al. 2007). OATP4C1
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is localized in the basolateral membrane of proximal tubule cells and may thus mediate the
uptake of substrates from blood into the kidney (Niemi 2007). Information on the other
members of the OATP family is limited. Numerous genetic polymorphisms in at least the
OATP1B1- and OATP1B3-encoding genes SLCO1B1 and SLCO1B3 have been identified, some
associated with altered transport function. OATPs can be inhibited by cyclosporine, rifampicin,
gemfibrozil and macrolides (Niemi 2007).
OATs are multispecific anion-exchange transporters expressed in a variety of tissues, at least in
the kidney, liver, brain and placenta (Koepsell and Endou 2004). Seven members of this
transporter family have been identified (OAT1–6 and URAT1), and they mediate mostly the
uptake of organic anions of relatively small molecular weight. OATs are mainly important renal
uptake transporters, although OAT2 and OAT5 are localized in the liver, and OAT4 is expressed
in the brush-border membrane of the kidney (involved in the efflux from renal tubules into the
urine). OAT4 is also expressed on the fetal-facing surface of the placenta and is thought to play
a role in the placental uptake of fetal-derived compounds (Rizwan and Burckhardt 2007, Zhou
and You 2007). URAT1 (urate transporter 1) mediates the uptake of urate in the proximal tubule
cells in the kidneys. OATs can be inhibited by certain cephalosporin antibiotics and probenecid
(Dresser et al. 2001, Shitara et al. 2005). Several SNPs specific for certain ethnic groups have
been reported in the OATs, especially in OAT2. However, no certain effect of these SNPs on
transport function, substrate specificity or expression has been found (Zair et al. 2008).
OCTs and OCTNs transport organic cations such as endogenous amines and several drugs.
OCTs act as electrogenic uniporters that mediate facilitated diffusion in either direction. OCT1
is primarily expressed in the sinusoidal membranes of hepatocytes and, to a lesser extent, in
intestinal cells. OCT2 is highly expressed in the kidney and is important for the renal tubular
excretion of many drugs (Inui et al. 2000, Dresser et al. 2001, Koepsell and Endou 2004). Over
200 SNPs have been identified in the SLC22A1 gene encoding OCT1. Some of these have been
associated with altered transport function, e.g. reduced uptake of the OCT1 substrate metformin
(Shu et al. 2008, Zair et al. 2008). A number of genetic variants have been also identified in the
SLC22A2 gene encoding OCT2, some associated with altered uptake of substrate drugs
(Leabman et al. 2002, Zair et al. 2008).
OCTN1 is a pH-dependent cation transporter, while OCTN2 transports carnitine in addition to
cations (Yabuuchi et al. 1999, Koepsell and Endou 2004). OCTNs have been found in the
kidney, liver, intestine, brain, heart, skeletal muscle and placenta (Koepsell et al. 2007). Genetic
variants of the OCTN1 and OCTN2 genes have been associated with inflammatory bowel
disease (Cucchiara et al. 2007). Furthermore, the c.150C>T SNP in the OCTN1 has been shown
to alter the renal transport of the antiepileptic drug gabapentin (Urban et al. 2008).
PEPTs are proton-coupled peptide transporters, located in the intestinal and renal cell
membranes. PEPT1 is mainly expressed in the apical membrane of enterocytes in the
duodenum, jejunum and ileum (Meier et al. 2007), and PEPT1 and PEPT2 are both expressed in
renal epithelial cells (Brandsch et al. 2008). They mediate the uptake of peptides produced by
protein digestion (di- and tripeptides), as well as structurally related compounds such as ß20
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lactam antibiotics and angiotensin-converting enzyme (ACE) inhibitors (Terada and Inui 2004,
Shitara et al. 2006). Over 40 polymorphisms have been identified in the SLC15A1 gene
encoding PEPT1 (Anderle et al. 2006). These SNPs do not significantly affect the transporter
function of PEPT1.
NTCP is primarily a bile salt and bile salt derivative transporter exclusively expressed in the
liver (Hagenbuch and Meier 1994). It also appears to transport certain drugs, such as
rosuvastatin (Ho et al. 2006). NTCP transport is dependent on the sodium gradient. Bile salt
transporters, such as NTCP, can be used for the targeting of chemotherapeutic agents to
hepatocellular carcinomas by using bile salt derivatives coupled with cytostatic agents (Briz et
al. 2002).
MATEs are kidney-specific antiporters localized in the brush-border membrane of renal cells.
They form the human orthologue of the bacterial multidrug and toxin extrusion family and act to
transport drugs and other xenobiotics across the tubular cells, both anions and cations, to excrete
them out of the body (Tanihara et al. 2007). No published data on MATE1 or MATE-K
polymorphisms are currently available (Zair et al. 2008).
2.5 Efflux transporters and their pharmacogenetics
Efflux transporters limit the entry of drugs or enhance their removal from the cell in various
tissues. They often work against high concentration gradients. The main efflux transporters
currently identified are multidrug resistance transporter 1 (MDR1), the canalicular bile salt
export pump (BSEP), the MRP family and breast cancer resistance protein (BCRP). These are
all members of the adenosine triphosphate (ATP)-binding cassette (ABC) superfamily, which
uses energy from ATP hydrolysis to mediate substrate translocation across biologic membranes
(Ho and Kim 2005, Gradhand and Kim 2008). In humans, at least 49 members of this
transporter superfamily have been identified and subdivided into seven subfamilies
(http://nutrigene.4t.com/humanabc.htm).
MDR1 (also known as P-glycoprotein) is encoded by the ABCB1 gene. The clinical importance
of MDR1 was first recognized in cancer chemotherapy, where high levels of expression and
activity of MDR1 caused pleiotropic resistance of cancer cells to chemotherapeutic agents
(Gottesman et al. 1996). MDR1 is also expressed in the epithelial cells of various organs with an
excretory or barrier function: the liver, kidneys and small intestine, and the endothelial cells of
the blood-brain, blood-testes and blood-placental barriers. It can thus inhibit drug absorption
from the gastrointestinal tract and enhance drug excretion into the bile and urine, as well as
protect the brain, testis and placenta by limiting their exposure to drugs (Fromm 2004, Mölsä et
al. 2005). The known drug substrates, inhibitors and inducers of MDR1 are structurally diverse,
and its substrate specificity overlaps with that of CYP3A4 (Kim et al. 1999). Both CYP3A4 and
MDR1 are coexpressed in tissues such as intestinal enterocytes and hepatocytes, and it has been
suggested that MDR1 and CYP3A4 function together to limit oral drug bioavailability (Kim et
al. 1999, Kivistö et al. 2004a). The wide variety of MDR1 substrates includes cytotoxic agents,
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protease inhibitors, immunosuppressants, steroids, statins, calcium channel blockers, betablockers, antihistamines, anticonvulsants and antidepressants (Leschziner et al. 2007). In
addition, MDR1 has been implicated in the regulation of entry of enveloped viruses (e.g. human
immunodeficiency virus (HIV)-1 and influenza virus) into cells (Raviv et al. 2000).
Various polymorphisms have been identified in the MDR1 gene, some associated with
differences in MDR1 expression and function (Kroetz et al. 2003, Leschziner et al. 2007). One
of the most characterized sequence variations in MDR1 is the synonymous c.3435C>T SNP,
which is relatively common in Caucasians (40–50%) and affects protein expression level and
efflux activity (Maeda and Sugiyama 2008). MDR1 polymorphism has been also associated
with susceptibility to renal cell carcinoma, Parkinson’s disease, inflammatory bowel disease and
refractory epilepsy (Bohan and Boyer 2002, Lockhart et al. 2003, Sakaeda et al. 2004).
BSEP, encoded by the gene ABCB11, mediates the canalicular secretion of bile salts in
hepatocytes. It is also expressed in the human testis and several other tissues to a smaller extent
(Noe et al. 2002, Stieger et al. 2007). Polymorphism in the ABCB11 gene encoding BSEP has
been associated with functional defects of BSEP-mediated canalicular bile salt secretion and
cholestasis (Stieger et al. 2007).
MRPs, encoded by the ABCC gene family, are organic anion efflux pumps located in various
tissues, e.g. liver, intestine, kidney, brain and placenta. At least nine members in the MRP
family have been identified but the tissue distribution and function of most of the MRPs remain
to be established (Borst et al. 2007). MRP1 and MRP3 are typically localized in the basolateral
membrane of polarized human cells, whereas MRP2 is largely found in the apical domain. The
expression of MRP2 in hepatocytes plays an important role in the biliary excretion of
endogenous and exogenous compounds (Keppler et al. 1997, Nies and Keppler 2007). MRP4
and MRP5 are ubiquitous transporter proteins; MRP4 is localized both in the basolateral and
apical domains and MRP5 mainly in the basolateral domain of polarized cells (Borst et al.
2007). MRPs have overlapping, but not identical, substrate specificities and are involved in at
least the transport of bile salts, bilirubin glucuronides, steroid hormones, and both unconjugated
and conjugated drugs. MRP4 and MRP5 are also capable of transporting nucleoside and
nucleotide analogues used in antiviral therapies and chemotherapy (Borst et al. 2007). For some
MRPs, transport appears to be dependent on reduced glutathione (Faber et al. 2003, Haimeur et
al. 2004, Gradhand and Kim 2008).
At least 16 nonsynonymous SNPs have been found in the ABCC1 gene encoding MRP1, some
associated with altered membrane expression or function. Genetic deficiency of MRP2 (ABCC2)
is associated with Dubin-Johnson syndrome, and certain ABCC2 SNPs apparently affect
substrate pharmacokinetics. Considerably less information is available on genetic variation in
the MRP3-encoding gene ABCC3, and the few nonsynonymous and synonymous SNPs found
have not been associated with changes in transporter expression, localization or function
(Gradhand and Kim 2008). The available information on genetic variability in MRP4 and MRP5
is still very limited (Gradhand and Kim 2008).
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BCRP is an efflux transporter expressed in the intestine, liver, placenta and blood-brain barrier
(Allen and Schinkel 2002). Structurally, it is a half-transporter that needs to form homodimers to
be functional (Henriksen et al. 2005). BCRP facilitates e.g. the removal of drugs from the liver
and limits drug entry into the central nervous system (CNS). Initially, it was cloned from human
MCF-7 (Michigan Cancer Foundation) breast cancer cells as a multidrug resistance transporter
(Doyle et al. 1998). Many chemotherapeutic agents are BCRP substrates, as are many
antibiotics, antivirals and other therapeutic drugs. The endogenous substrates of BCRP include
sulphated conjugates, such as oestrone-3-sulphate (Suzuki et al. 2003, Gradhand and Kim 2008).
Interestingly, BCRP expression in the liver appears to be higher in men than in women (Merino
et al. 2005). The clinical importance of the nonsynonymous SNPs identified in the ABCG2 gene
encoding BCRP is uncertain (Gradhand and Kim 2008).
2.6 Transporter-mediated drug-drug interactions
Most transporters accept multiple drugs as their substrates and clinically relevant drug-drug
interactions may occur through inhibition or induction of transporter-mediated influx or efflux
(Meier et al. 1997, Kerb 2006). This can affect the tissue distribution of transporter substrate
drugs and lead to altered plasma concentrations and pharmacological activity (Ho and Kim
2005, Kitamura et al. 2008a). The total effect is dependent on the type and localization of the
transporter inhibited or induced (Handschin and Meyer 2003).
The inhibition of transporters is a complex process and can involve multiple mechanisms. For
example, different drugs can inhibit MDR1 by competing for the drug-binding sites of the
transporter, by blocking the ATP hydrolysis process or by both of these mechanisms (Lin and
Yamazaki 2003). Furthermore, many transporters and CYP enzymes share overlapping tissue
expression and substrate capacities, which can also lead to drug-drug interactions. Induction of
several drug transporters is mediated by the same nuclear receptors that regulate CYP gene
expression. The expression of drug disposition genes is under the transcriptional control of
members of the nuclear receptor 1 family of transcription factors, including the constitutive
androstane receptor, pregnane X receptor (PXR) and farnesoid X receptor (FXR) (Handschin
and Meyer 2003, Tirona and Kim 2005).
Known examples of interactions involving drug transporters include elevated plasma
concentrations of digoxin and the central opioid effects of loperamide when used concomitantly
with MDR1 inhibitors (quinidine, verapamil, cyclosporine, clarithromycin, talinolol,
atorvastatin) (Kim et al. 1999), and elevated serum levels of penicillin, ACE inhibitors and
antiviral drugs when co-administered with probenecid, inhibiting OAT-mediated secretion in the
tubular kidney cells (Ho and Kim 2005).

23

REVIEW OF THE LITERATURE

Table 1. Drug transporters belonging to the SLC and ABC transporter families, their tissue distribution
and selected substrates.
Family Member

Tissue distribution Cellular
Examples of substrates
localization

SLCO OATP1A2 Brain, kidney,
liver, intestine
OATP1B1 Liver

OATP1B3 Liver
OATP2B1 Liver, intestine,
placenta, kidney,
skin, heart
OATP4C1 Kidney
SLC22 OAT1

Kidney, brain,
placenta

Important roles

Basolateral Fexofenadine, indomethacin,
CNS distribution,
hormone conjugates,
intestinal
eicosanoids, rosuvastatin, bile
absorption
salts
Basolateral Statins, benzylpenicillin,
Hepatic uptake
rifampicin, irinotecan (SN-38),
methotrexate, bilirubin, bile
salts, eicosanoids, hormone
conjugates, fexofenadine,
troglitazone
Basolateral Digoxin, methotrexate,
Hepatic uptake
rifampicin, bile salts,
eicosanoids, hormone conjugates
Basolateral Digoxin, benzylpenicillin,
Hepatic uptake,
hormone conjugates,
intestinal
rosuvastatin
absorption
Basolateral Digoxin, methotrexate,
Renal uptake
sitagliptin, thyroid hormones
from blood
Basolateral Cidofovir, PAH, acyclovir,
tetracycline, methotrexate,
salicylate
Basolateral Salicylate, tetracyclins,
zidovudine, methotrexate

OAT2

Kidney, liver

OAT3

Kidney, brain,
skeletal muscle

Basolateral

OAT4

Kidney, placenta

Apical
Basolateral

OCT1

Liver, brain, small Basolateral
intestine

OCT2

Kidney, brain,
small intestine

Basolateral

OCT3

Placenta, liver,
adrenal, heart,
brain, skeletal
muscle, intestine

Unknown

Renal uptake
from blood

Renal uptake
from blood,
hepatic uptake
Cimetidine, PAH, methotrexate, Renal uptake
salicylate, valacyclovir,
from blood
tetracycline, oestrone sulphate
Salicylate, PAH, tetracycline
Renal uptake
from blood, renal
secretion into
urine
Cimetidine, corticosteroids,
Hepatic uptake
quinidine, quinine, midazolam,
verapamil, clonidine, prazosin,
procainamide, acyclovir
Amantadine, choline, dopamine, Renal uptake
histamine, norepinephrine,
from blood
serotonin, metformin, quinidine
Cimetidine, epinephrine,
Hepatic uptake
histamine, norepinephrine,
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Table 1. (continued)
Family Member

Tissue distribution Cellular
Examples of substrates
localization

SLC15 PEPT1

Small intestine,
kidney, liver

Apical

PEPT2

Kidney, brain, lung, Apical
mammary gland

ABCB MDR1

Kidney, liver, brain, Apical
small intestine,
placenta

BSEP
ABCC MRP1
MRP2

MRP3
MRP4
MRP5
ABCG BCRP

Liver

Apical

Dipeptides, tripeptides, ß-lactam Intestinal
antibiotics, ACE inhibitors
absorption, renal
uptake from urine
Renal uptake from
urine
Digoxin, cyclosporine,
paclitaxel, vinca alkaloids,
doxorubicin, HIV-1 protease
inhibitors, statins, loperamide,
erythromycin, fexofenadine

Limiting oral
absorption, limiting
CNS distribution,
renal secretion into
urine, biliary
secretion
Vinblastine, tamoxifen, bile salts Biliary secretion

Ubiquitous

Basolateral Vinca alkaloids, methotrexate,
etoposide
Liver, kidney, small Apical
Vinca alkaloids, methotrexate,
intestine
pravastatin, ampicillin,
ceftriaxone, cisplatin, irinotecan,
hormone conjugates, bile salts
Liver, kidney, small Basolateral Doxorubicin, vincristine,
intestine
methotrexate, cisplatin, bile salts
Ubiquitous
6-Mercaptopurine,
azathiopurine, adefovir,
methotrexate, bile salts
Ubiquitous
6-Mercaptopurine, adefovir
Placenta, liver,
small intestine

Apical

Important roles

Transport into the
bloodstream
Biliary excretion,
renal secretion into
urine
Transport into the
bloodstream

Mitoxantrone, doxorubicin,
Limiting oral
topotecan, zidovudine,
absorption, limiting
methotrexate, irinotecan (SN-38) fetal exposure,
biliary excretion

See text for references.
ACE, angiotensin-converting enzyme; CNS, central nervous system; HIV-1, human immunodeficiency virus-1; PAH,
para-aminohippuric acid
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2.7 OATP1B1
Genes encoding the OATP uptake transporters form a large family of solute carrier organic
anion transporters (SLCO) within the SLC superfamily (Hagenbuch and Meier 2004). OATPs in
the OATP/SLCO superfamily are subdivided into families indicated by a number for > 40%
amino acid sequence identity (e.g. OATP1/SLCO1), into subfamilies indicated by a letter for >
60% amino acid sequence identity (e.g. OATP1B/SLCO1B) and into individual genes and gene
products indicated by an additional number (e.g. OATP1B1/SLCO1B1), according to the
phylogenetic relationships and chronology of identification (Hagenbuch and Meier 2004).
OATP1A2 (previously known as OATP-A) was the first member to be described, followed by
the discovery of OATP1B1 in 1999 (Kullak-Ublick et al. 1995, Abe et al. 1999, Hsiang et al.
1999, König et al. 2000). Today, 36 mammalian OATPs and 11 human OATPs have been
identified (Hagenbuch and Meier 2003, Mikkaichi et al. 2004). OATP1B1, encoded by the gene
SLCO1B1, is one of the main sodium-independent bile acid and organic anion transporters in the
liver (Hsiang et al. 1999, König et al. 2000). In a recent study, OATP1B1 was also found at the
messenger ribonucleic acid (mRNA) level in small intestinal enterocytes (Glaeser et al. 2007).
2.7.1 Structure and function
OATP1B1 is a 691-amino acid glycoprotein with 12 putative membrane-spanning domains
(currently accepted structure based on hydropathy analyses) and a large fifth extracellular loop
(Hagenbuch and Meier 2003, Chang et al. 2005). Common to all OATP proteins, OATP1B1
carries N-glycosylation sites in extracellular loops 2 and 5 and the OATP ‘superfamily
signature’ D-X-RW-(I, V)-GAWW-X-G-(F, L)-L at the border between extracellular loop 3 and
transmembrane domain 6. OATP1B1 shares 80% amino acid identity with OATP1B3
(Hagenbuch and Meier 2003). Its apparent molecular mass is 84 kDa, which is reduced after
deglycosylation to 54 kDa (König et al. 2000). Its almost exclusive expression in the human
liver suggests that it plays a crucial role in the hepatic uptake and clearance of amphipathic
organic compounds. The mechanism of substrate transport is not completely understood,
although it has been suggested that OATPs translocate their substrates through a central,
positively charged pore in a so-called rocker-switch type of mechanism (Meier-Abt et al. 2005).
This transport is independent of sodium, chloride and potassium gradients, membrane potential
and ATP levels. The phosphorylation state of at least the rat Oatp1a1 is important for transport,
since extracellular ATP reduces Oatp1a1-mediated bromosulphophtalein (BSP) transport in rat
hepatocytes via phosphorylation of intracellular serine residues (Glavy et al. 2000). No highresolution structures are currently known for OATP1B1, but one recent study using threedimensional quantitative structure-activity relationship models showed that OATP1B1
substrates produce a pharmacophore containing two hydrogen bond acceptors, one hydrogen
bond donor and two hydrophobic regions (Hagenbuch and Meier 2004). In another study using a
meta-pharmacophore approach combining limited datasets from different laboratories, cell types
and species, a meta-model for OATP1B1 was generated in which the hydrophobic features are
centrally located and hydrogen bond features located at the extremities (Chang et al. 2005).
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2.7.2 Substrates
In general, OATP substrates appear to be anionic amphipathic molecules with a rather high
molecular weight (> 450) and a high degree of albumin binding under physiological conditions
(Hagenbuch and Meier 2004). A variety of endogenous compounds such as bile acids, steroid
conjugates, bilirubin glucuronides, thyroid hormones, eicosanoids, cyclic peptides and BSP are
substrates of OATP1B1. Substrate drugs include the ACE inhibitors enalapril and temocapril,
the angiotensin II receptor antagonists olmesartan and valsartan, the antifungal agent
caspofungin, the antibiotics rifampicin and benzylpenicillin, methotrexate, the endothelin
receptor antagonists atrasentan and bosentan, troglitazone sulphate, the active SN-38 metabolite
of the anticancer agent irinotecan, fexofenadine, the glucuronide of the cholesterol-lowering
drug ezetimibe and the statins atorvastatin, cerivastatin, fluvastatin, pitavastatin, pravastatin,
rosuvastatin and simvastatin acid (Table 2). The pharmacokinetics of repaglinide has been
associated with OATP1B1 transport function, although there is no in vitro evidence showing
that it is an OATP1B1 substrate (Niemi et al. 2005a,b, Kalliokoski et al. 2008b). In addition, the
natural toxins microcystin and phalloidin are substrates of OATP1B1 (Hagenbuch and Meier
2003). Reports on unbound bilirubin being a substrate of OATP1B1 are somewhat controversial,
since it has been shown to be transported by this transporter in both HEK293 (human embryonic
kidney) cells and Xenopus laevis oocytes, but no transport was observed in another study with
HeLa (human cervical carcinoma) and HEK293 cells (Cui et al. 2001, Briz et al. 2003, Wang et
al. 2003).
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Table 2. OATP1B1 substrates.
Molecule

Km (µM)

ACU154
Atorvastatin
Atrasentan
Bamet-UD2
Bamet-R2
Benzylpenicillin
Bilirubin (unconjugated)
Bilirubin monoglucuronide
Bisglucuronosyl bilirubin
Bosentan
Bromosulphophtalein

+
12
+
10
10
+
0.0076
0.1
0.3
44
0.1
0.3
2.4
+
+
+
3-18
+
11
+
+
111
39
17
+
22
+
+
262
+
8.2
9.7
3.7
8.2
28
8.3
+
0.2
5.3
13
0.5
+
+
+
+

BQ-123
Caspofungin
Cerivastatin
Cholate
Cholecystokinin octapeptide
Cholyltaurine
DADLE
Demethylphalloidin
DHEAS
DPDPE
Enalapril
E217ßG

E1S

Ezetimibe glucuronide
Fexofenadine

Transporter expression
system
MDCKII
HEK293
HeLa
Oocyte
Oocyte
HEK293
Oocyte
HEK293
HEK293
CHO
HEK293
Oocyte
MDCKII
COS1
Oocyte
HeLa
Human hepatocytes
HEK293
HEK293
HEK293
HEK293
Rat hepatocytes
HEK293
Oocyte
Oocyte
HEK293
Oocyte
Oocyte
HEK293
Oocyte
HEK293
Oocyte
Oocyte
HEK293
MDCKII
HEK293
Oocyte
HEK293
Oocyte
HEK293
HEK293
MDCKII
COS1
HEK293
MDCKII
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Table 2. (continued)
Molecule

Km (µM)

Fluvastatin
Glycocholate
Irinotecan (SN-38 metabolite)
Leukotriene C4
Leukotriene E4
Methotrexate
Microcystin-LR
Olmesartan
Pitavastatin
Pravastatin

Prostaglandin E2
Rifampicin
Rosuvastatin
Simvastatin
Taurolithocholate 3-sulphate
Taurocholate
Temocapril
Thyroid hormones
thyroxine
thyroxine
triiodothyronine
Iodothyronine sulphates
Troglitazone sulphate
Thromboxane B2
Valsartan

2.4
31
+
+
+
+
+
+
7
43
13
3.0
6.7
35
12
24
86
58
+
+
13
1.5
7.3
8.5
+
+
34
14
10
+

Transporter expression
system
MDCKII
Oocyte
Oocyte
Oocyte
HEK293
Oocyte
Oocyte
Oocyte
Oocyte
Oocyte
HEK293
HEK293
Oocyte
HEK293
Oocyte
MDCKII
HEK293
Oocyte
Oocyte
HEK293
Oocyte
HeLa
Oocytes
Oocyte
HEK293
MDCKII
HEK293c18
Oocyte
HEK293
HEK293
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+
3.0
2.7
+
+
+
1.4

HEK293c18
Oocyte
Oocyte
COS1
Oocyte
Oocyte
HEK293

Hsiang et al. 1999
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Abe et al. 1999
van der Deure et al. 2008
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+ Indicates that the molecule is a substrate but the Km value is unknown
ACU154, O-glucuronide of PKI116 (selective inhibitor of tyrosine kinase activity, Novartis Basel); BQ-123,
cyclic-pentapeptide (cyclo[D-Trp-D-Asp-L-Pro-D-Val-L-Leu]); Bamet-R2, bile acid-cisplatin derivative [cisdiamine-chloro-cholylglycinate-platinum(II)]; Bamet-UD2, bile acid-cisplatin derivative [cis-diaminebisursodeoxycholate-platinum(II)]; CHO, Chinese hamster ovary; DADLE, [D-Ala2, D-Leu 5]-enkephalin (opioid
peptide analogue); DHEAS, dehydroepiandrosterone sulphate; DPDPE, [D-penicillamine2,5]-enkephalin (opioidreceptor antagonist); E217ßG, oestradiol-17ß-D-glucuronide; E1S, oestrone-3-sulphate; HEK293, human
embryonic kidney cells; HeLa, human cervical carcinoma cells; Km; Michaelis-Menten kinetic constant;
MDCKII, Madin-Darby canine kidney strain II cells; oocyte, Xenopus laevis oocyte
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2.7.3 Inhibitors
The immunosuppressive drug cyclosporine markedly increases the plasma concentrations of
several OATP1B1 substrates, such as statins and repaglinide (Arnadottir et al. 1993, Regazzi et
al. 1993, Olbricht et al. 1997, Muck et al. 1999, Park et al. 2001, Åsberg et al. 2001, Simonson
et al. 2004, Kajosaari et al. 2005, Hirano et al. 2006). Although inhibition of CYP3A4 may
explain the effects of cyclosporine on its substrate drugs simvastatin, lovastatin, atorvastatin and
cerivastatin, it does not adequately explain its effect on the pharmacokinetics of rosuvastatin,
pitavastatin and pravastatin, which are not significantly metabolized by CYP3A4 (Neuvonen et
al. 2006). It is widely agreed that inhibition of OATP1B1-mediated hepatic uptake of substrate
drugs contributes to these clinically observed drug interactions (Shitara et al. 2003). Gemfibrozil
and its glucuronide metabolite also inhibit OATP1B1 and significantly increase the plasma
concentrations of several OATP1B1 substrate drugs including simvastatin acid (Backman et al.
2000), lovastatin acid (Kyrklund et al. 2001), cerivastatin (Backman et al. 2002), pravastatin
(Kyrklund et al. 2003), repaglinide (Niemi et al. 2003b), rosuvastatin (Schneck et al. 2004) and
atorvastatin (Backman et al. 2005). Rifampicin, a strong inducer of drug-metabolizing enzymes,
has increased the expression of OATP1B1 in cultured human hepatocytes in vitro (Niemi et al.
2003a, Jigorel et al. 2006). This may explain the slight decrease in plasma pravastatin
concentrations when administered concomitantly with rifampicin (Kyrklund et al. 2004). On the
other hand, rifampicin is a relatively potent inhibitor of OATP1B1 and OATP1B3 in vitro
(Vavricka et al. 2002). In addition, the antimicrobial drugs clarithromycin, erythromycin,
roxithromycin and telithromycin as well as the HIV protease inhibitors indinavir, ritonavir and
saquinavir have been identified as OATP1B1 inhibitors in vitro (Campbell et al. 2004, Hirano et
al. 2006, Seithel et al. 2007).
2.7.4 SLCO1B1 pharmacogenetics
The SLCO1B1 gene is located in chromosome 12 (gene locus 12p12). A large number of SNPs,
both nonsynonymous and synonymous, have been discovered in the SLCO1B1 gene, and several
of these affect transport function in vitro and in vivo (Figure 5). Most of the SNPs associated
with altered transport function span the transmembrane domains or extracellular loop 5 of
OATP1B1. In vitro experimental systems expressing mutated OATP1B1 have been used to
demonstrate the effects of SNPs on the uptake clearance of OATP1B1 (Table 3) (Tirona et al.
2001, Iwai et al. 2004, König et al. 2006). The effects of certain SLCO1B1 polymorphisms on
transport function appear to be substrate-dependent (Tirona et al. 2001).

30

REVIEW OF THE LITERATURE

Figure 5. Schematic presentation of the predicted secondary structure of human OATP1B1,
depicting the positions of known amino acid changes.

One of the most characterized SNPs in SLCO1B1, the c.521T>C SNP, predicts the substitution
of alanine for valine at amino acid 174 (Val174Ala). Another prevalent SNP, c.388A>G, causes
an amino acid change at position 130 (Asn130Asp). When the effects of SNPs on the respective
phenotype are assessed, the underlying haplotype structure should be taken into account. The
c.388A>G and the c.521T>C variants are in linkage disequilibrium (LD) and exist in variable
SLCO1B1 haplotypes together. The c.388A-c.521T haplotype is known as *1A (reference
haplotype), c.388G-c.521T as *1B, c.388A-c.521C as *5 and c.388G-c.521C as *15. Moreover,
at least in Europeans, the haplotypes comprising c.388A>G and c.521T>C can be further
subclassified by two promoter region SNPs g.-11187G>A and g.-10499A>C into two other
distinctive and potentially functional significant haplotypes: *16 and *17 (Figure 6) (Niemi et
al. 2004).
The c.521C allele and the haplotypes *5 and *15 (containing the c.521T>C SNP) have been
associated with markedly reduced uptake activity in vitro of the OATP1B1 substrates oestrone3-sulphate, oestradiol-17 -D-glucuronide, atorvastatin, cerivastatin, pravastatin, the SN-38
metabolite of irinotecan and rifampicin (Tirona et al. 2001, 2003, Iwai et al. 2004, Kameyama et
al. 2005, Nozawa et al. 2005). In addition, studies in humans have associated the c.521C allele
with increased plasma concentrations of the statins pravastatin, rosuvastatin and pitavastatin, the
antihistamine fexofenadine and the antidiabetic drug repaglinide (Nishizato et al. 2003, Mwinyi
et al. 2004, Niemi et al. 2004, 2005a,b, Chung et al. 2005, Lee et al. 2005a). Furthermore, the
SLCO1B1 c.521T>C polymorphism has been shown to affect the extent of pharmacokinetic
interaction between cyclosporine and repaglinide (Kajosaari et al. 2005). The c.521T>C variant
is generally referred to as a low-activity variant because it has been associated with markedly
reduced uptake activity of OATP1B1 substrates in vitro and markedly increased plasma
concentrations and reduced oral clearances in vivo compared with the *1A (reference) haplotype
in a variety of studies.
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Studies on the effect of the c.388A>G SNP and the *1B haplotype on OATP1B1 activity are
controversial. In one in vitro study, the c.388G allele was associated with reduced transport
activity of OATP1B1 towards rifampicin (Tirona et al. 2003), but this reduction in in vitro
activity has not been seen in studies with other OATP1B1 substrates (Tirona et al. 2001, Iwai et
al. 2004, Kameyama et al. 2005, Nozawa et al. 2005). On the other hand, the *1B haplotype has
been associated with increased activity of OATP1B1 in vivo and the plasma concentrations of
pravastatin and repaglinide have been approximately 30–35% lower in carriers of the *1B
haplotype than in individuals with the *1A/*1A genotype (Mwinyi et al. 2004, Maeda et al.
2006a, Kalliokoski et al. 2008a). In one in vivo study, the area under the plasma concentrationtime curve (AUC) of ezetimibe was approximately 50% lower in subjects with the *1B
haplotype compared with those with the *1A/*1A genotype (Oswald et al. 2008). Further studies
are required to clarify the effects of the c.388A>G SNP on drug pharmacokinetics in vivo in
humans, but it could be considered as a high-activity variant, at least for some substrates (Liu et
al. 2006). The effects of the SLCO1B1 polymorphism on statins are further discussed in the
context of the pharmacogenomics of statins.
Other, less studied, potentially functional SLCO1B1 variants have also been identified. The
c.467A>G (p.Glu156Gly), c.1058T>C (p.Ile353Thr), c.1463G>C (p.Gly488Ala) and
c.1964A>G (p.Asp655Gly) SNPs have been associated with reduced transport function of
OATP1B1 in vitro but, except for the c.1463G>C variant with an allele frequency of 9% in
African-Americans, these SNPs are very rare (Tirona et al. 2001). In addition, the SLCO1B1
c.578T>G variant (p.Leu193Arg) located in the fourth transmembrane helix has been associated
with significant defects in protein maturation and in transport function, but it was found in only
one liver sample in one study (Michalski et al. 2002). In this study, the c.463C>A (SLCO1B1*4)
variant was also associated with reduced transport activity in the OATP1B1 substrate
taurocholate, but no effect on transport function was seen with the other substrates tested (BSP
or oestradiol-17 -D-glucuronide). The nonsynonymous c.1929A>C SNP (p.Leu643Phe) does
not apparently affect hepatic OATP1B1 expression or transport function (Seithel et al. 2008b).
Very few data on the effects of promoter region SNPs on OATP1B1 transport function are
available. The g.-11187A>G SNP has been associated with reduced OATP1B1 activity in vivo
(Niemi et al. 2004). In addition, the g.-11110T>G, g.-10499A>C and g.-314T>C allele
frequencies have been studied in Chinese, Malay and Indian populations, but no published data
on their functionality are available (Jada et al. 2007).
It is becoming evident that the incidence of sequence variations in the SLCO1B1 gene is heavily
dependent on the ethnic background. A few studies had investigated the frequencies of
SLCO1B1 SNPs in individual populations before I undertook studies on this thesis. The
c.521T>C variant showed an allele frequency of approximately 10–15% in Asian populations,
10–20% in Caucasians and 1–2% in African-American populations. The c.388A>G SNP
showed an allele frequency of approximately 30–45% in Caucasians, 70–80% in AfricanAmerican/Sub-Saharan African populations and 60–90% in Asian populations (Tirona et al.
2001, Nozawa et al. 2002, Niemi et al. 2004, Lee et al. 2005a, Jada et al. 2007). Among
Japanese subjects, most of the c.521C alleles had been reported to be part of the *15 haplotype.
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However, it was unclear what the frequency was of *15 compared with the *5 haplotype in
other populations. In addition, the frequencies of other, potentially functional, SNPs had been
poorly elucidated in any population.
A few studies have shown that the carriers of the sequence variations SLCO1B1 c.388A>G and
c.521T>C are more susceptible to higher levels of unconjugated bilirubin and it has been
suggested that these variations could reduce the normal functional rate of unconjugated bilirubin
elimination (Ieiri et al. 2004, Huang et al. 2005). In addition, the c.388A>G SNP was found to
be a risk factor for severe hyperbilirubinaemia amongst neonates in another study (Huang et al.
2004). Moreover, the SLCO1B1 C.521T>C SNP has been associated with increased levels of
thyroid hormone sulphates (van der Deure et al. 2008).

Figure 6. Schematic representation of functionally distinctive SLCO1B1 haplotypes.
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Table 3. Nonsynonymous sequence variations in the SLCO1B1 gene.
Location
Exon 2
Exon 3
Exon 4
Exon 4
Exon 4
Exon 4
Exon 4
Exon 5
Exon 5
Exon 6
Exon 8
Exon 8
Exon 9
Exon 10
Exon 10
Exon 10
Exon 11
Exon 14
Exon 14
Exon 14

Variant allele frequency (%)
Nucleotide change Amino acid change Europeansa Africansb
East Asiansc
c.217T>C
p.Phe73Leu
0-2
0
0
c.245T>C
p.Val82Ala
0-2
0
0
c.388A>G
p.Asn130Asp
30-45
72-81
62-86
c.452A>G
p.Asn151Ser
0
0
0-4
c.455G>A
p.Arg152Lys
0
0
0
c.463C>A
p.Pro155Thr
13-23
2-10
0-3
c.467A>G
p.Glu156Gly
0-2
0
0
c.521T>C
p.Val174Ala
15-20
1-4
8-16
c.578T<G
p.Leu193Arg
<0.3
Unknown
Unknown
c.721G>A
p.Asp241Asn
0
0
0
c.1007C>G
p.Pro336Arg
0
0
1
c.1058T>C
p.Ile353Thr
0-2
0
0
c.1294A>G
p.Asn432Asp
0-1
0
0
c.1385A>G
p.Asp462Gly
0-1
0
0
c.1454G>T
p.Cys485Phe
0
0
1
c.1463G>C
p.Gly488Ala
0
2-9
0
c.1628T>G
p.Leu543Trp
0
Unknown
<1
c.1929A>C
p.Leu643Phe
3-9
5-7
1
c.1964A>G
p.Asp655Gly
0-2
0
0
c.2000A>G
p.Glu667Gly
0-2
0-34
0

Function
In vitro
In vivo
Unknown
Unknown
Unknown
Unknown

Unknown
Unknown
Unknown

Unknown

Unknown
Unknown

Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown

References
1–5
1–6
1–4, 6–13
3, 4, 7, 8, 14
1, 2, 4, 5, 8
1, 3–6, 10
1–5
1, 3–8, 10–12, 15
16
1, 2, 5
3, 4, 14, 17
1–5
1–5
1, 3–5
1, 3, 4, 14
1–6
14, 18
5, 6, 10, 14
1, 3–5
1, 3–5

1. Tirona et al. 2001; 2. Tirona et al. 2003; 3. Nishizato et al. 2003; 4. Jada et al. 2007; 5. Mwinyi et al. 2008; 6. Thompson et al. 2005; 7. Iida et al. 2001; 8.
Nozawa et al. 2002; 9. Mwinyi et al. 2004; 10. Niemi et al. 2004; 11. Chung et al. 2005; 12. Lee et al. 2005a; 13. Maeda et al. 2006b; 14. Seithel et al. 2008b;
15. Niemi et al. 2005b; 16. Michalski et al. 2002; 17. Kameyama et al. 2005; 18. Morimoto et al. 2004
Indicates unchanged transporter function; Indicates reduced transporter activity; Indicates increased transporter activity
The variant allele frequency is the range of values from different populations in the referenced articles.
a
Includes Europeans and European-Americans.
b
Includes Sub-Saharan Africans and African-Americans.
c
Includes the Chinese and Japanese.
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3. CYP enzymes and their pharmacogenetics
The CYP enzymes are a superfamily of haem-containing monooxygenases located in the
endoplasmic reticulum and involved in the metabolism of a large number of organic compounds
(Wrighton and Stevens 1992, Lewis 2004). Over 2700 individual members of this enzyme
family are known to exist. The CYP enzymes were named after their characteristic peak
absorption wavelength (450 nm), seen when the reduced form of the enzyme is bound to carbon
monoxide (Omura and Sato 1962). The degree of similarity in amino acid sequence divides the
CYP enzymes into families indicated by a number showing > 40% identity with each other (e.g.
CYP3), into subfamilies indicated by a letter showing > 55% amino acid sequence identity (e.g.
CYP3A) and into individual enzymes in which the specific gene is indicated by a number (e.g.
CYP3A4) (Nebert and Russell 2002).
In humans, 57 CYP enzymes have been identified, most present in families CYP1–CYP4. The
CYP1, CYP2 and CYP3 families predominantly participate in the metabolism of exogenous
compounds, whereas the other CYP families are mainly involved in endogenous metabolism
(Lewis 2004). CYP enzymes play a major role in human drug metabolism, mainly catalysing
oxidation reactions in the liver in order to make drugs less active and thus more readily
excretable. However, sometimes the metabolite formed can also be more toxic or the drug can
be metabolically activated (prodrug) (Meyer 1996, Riley 2001).
The endogenous role of CYP enzymes in humans concerns mainly the biosynthesis and
degradation of prostaglandins, steroids, fatty acids, eicosanoids, bile acids and vitamin D3. A
number of CYP enzymes are also involved in the key stages of cholesterol metabolism (Nebert
and Russell 2002). Substantial interindividual and intraindividual variability is seen in CYP
activity, and it can be affected by environmental influences including drug interactions
(inhibition or induction by concomitant medications), genetic variability (polymorphisms) and
physiological as well as disease determinants (Zanger et al. 2008).
The CYP2C subfamily comprises CYP2C8, CYP2C9, CYP2C18 and CYP2C19, which
collectively account for the metabolism of about 20% of clinically described drugs (Nebert and
Russell 2002). The CYP2C18 protein has not been found in any human tissue, despite high
levels of CYP2C18 mRNA expression (Läpple et al. 2003). Other members of the CYP2C
subfamily play major roles in the metabolism of various clinically important drugs. CYP2C9 is
the most abundant CYP2C isoform in both the liver and intestine and it comprises about 17% of
the total liver CYP content (Läpple et al. 2003). CYP2C9 substrates include many weakly acidic
compunds such as warfarin, tolbutamide, losartan, glimepiride, several nonsteroidal antiinflammatory drugs, fluvastatin and rosuvastatin. Other statins are not known to be CYP2C9
substrates. CYP2C9 is inhibited by sulphaphenazole, amiodarone and several azole antifungals,
and induced by rifampicin, dexamethasone and barbiturates (Miners and Birkett 1998). All
CYP2C enzymes are genetically polymorphic and several sequence variations in CYP2C9 have
been described, many of them associated with impaired enzymatic activity. The two most
common variant alleles are CYP2C9*2 (p.Arg144Cys) and CYP2C9*3 (p.Ile359Leu), with an
allele frequency of approximately 10% and 8%, respectively, in Caucasians. The CYP2C9
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polymorphism is of clinical relevance, e.g. in warfarin treatment (Daly 2003, Zanger et al.
2008).
The CYP3A subfamily accounts for approximately 30–40% of the total CYP content in the
human liver and is involved in the metabolism of over 50% of all drugs. The CYP3A subfamily
comprises the CYP3A4, CYP3A5, CYP3A7 and CYP3A43 enzymes. CYP3A4 is the most
abundant CYP enzyme in both the liver and intestine and is the most important drugmetabolizing enzyme in humans (Nebert and Russell 2002, Wrighton et al. 2000). CYP3A5 is
expressed mainly in the liver but also in extrahepatic tissues such as the intestine and lung
(Kivistö et al. 1996a,b). CYP3A5 substrate specifity largely overlaps that of CYP3A4, but the
catalytic activity of CYP3A5 is usually smaller. Substrates of CYP3A include atorvastatin,
simvastatin, midazolam, triazolam, cyclosporine A, erythromycin and several calcium channel
blockers (Wrighton et al. 2000). The expression of CYP3A5 is largely polymorphic; only 20%
of Caucasians are CYP3A5*1 carriers and express significant amounts of the metabolizing
enzyme, while the CYP3A5*3 genotype that produces a nonfunctional protein is common in all
ethnic groups (Lamba et al. 2002, Daly 2003). Several CYP3A4 variant alleles have been found,
but they occur at low frequencies and their contribution in determining CYP3A4 activity
appears negligible (Lamba et al. 2002, Zanger et al. 2008).

4. Cholesterol homeostasis
Cholesterol is a major component of mammalian cell membranes modulating fluidity and
maintaining the barrier between the cell and the environment. Cholesterol is also essential for
tissue growth, bile acid synthesis in the liver, vitamin D production in the skin and steroid
hormone synthesis in the adrenal glands, ovaries and testes (Brown and Goldstein 1986). The
transport of cholesterol in the circulatory system is facilitated by lipoproteins. Lipoproteins are
spherical particles with a hydrophobic core of esterified cholesterol and triglycerides and a
surrounding hydrophilic shell of apolipoproteins (apos), phospholipids and unesterified
cholesterol. Plasma lipoproteins can be divided according to their density in ultracentrifugation
into chylomicrons (< 95 g/ml), very-low-density lipoprotein (VLDL; 0.95–1.006 g/ml),
intermediate-density lipoprotein (IDL; 1.006–1.019 g/ml), low-density lipoprotein (LDL; 1.019–
1.063 g/ml) and high-density lipoprotein (HDL; 1.063–1.210 g/l). The apolipoproteins (A, B, C,
E) serve as structural proteins, cofactors for enzymes and ligands for cell surface receptors of
lipoprotein particles, and as raw material for production of lipoproteins. Lipoprotein receptors,
prototypically LDL receptors located on the surfaces of cells, bind LDL and carry cholesterol
into the cells by receptor-mediated endocytosis, where it is used by the cell or stored in the form
of cytoplasmic cholesteryl ester droplets (Brown and Goldstein 1983, Brown and Goldstein
1986, Martini and Pallottini 2007).
In humans, cholesterol is acquired either by de novo synthesis or by absorption from the diet.
Accumulation of cholesterol in tissues due to increased dietary intake is generally prevented by
several feedback responses down-regulating absorption or synthesis of cholesterol or enhancing
cholesterol excretion (Gylling and Miettinen 1992). High cholesterol intake exceeding the
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capacity of adaptive changes in cholesterol metabolism generally increases the serum levels of
total cholesterol and LDL-C, accelerating the formation of atherosclerotic plaques and possibly
leading to coronary heart disease (Brown and Goldstein 1986).

Figure 7. The first and rate-limiting step in cholesterol synthesis is the synthesis of mevalonate
from acetate. Mevalonate is further metabolized to squalene, which is cyclized to lanosterol.
The formation of cholesterol from lanosterol involves several metabolic reactions in the late
cholesterol biosynthesis pathway.
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HO

Cholesterol
Figure 8. Chemical structure of cholesterol.

4.1 Cholesterol synthesis
The liver is the major organ for cholesterol synthesis, but most human organs such as the
intestine, skin and muscle are also capable of synthesizing cholesterol (Dietschy 1984). Under
normal cholesterol intake and metabolism conditions, endogenous synthesis of cholesterol
contributes two-thirds of the total cholesterol input into the whole-body cholesterol pool
(Dietschy 1984, Miettinen et al. 1992). Cholesterol is synthesized from acetyl coenzyme A
(acetyl-CoA) through mevalonate (HMG-CoA reductase) pathway in the cytoplasm,
endoplasmic reticulum and peroxisomes in a multistep manner (Figure 7 and 8) (Biardi and
Krisans 1996). In the liver, acetyl-CoA is mainly derived from fatty acids. The cholesterol
synthesis rate is regulated by variable factors including cholesterol and fatty acid intake,
cholesterol absorption and enterohepatic circulation of bile salts (Table 4) (Martini and Pallottini
2007). Sterol regulatory-element binding proteins (SREBPs) are transcription factors, which
sense the intracellular and membrane levels of fatty acids and cholesterol and coordinate the
uptake, de novo synthesis and oxidative catabolism of lipids (Raghow et al. 2008).

Table 4. Factors affecting cholesterol synthesis rate.
Determinant
Interrupted enterohepatic
circulation of bile acids
Cholesterol malabsorption
Dietary intake of
Cholesterol
Polyunsaturated fatty acids
Saturated fatty acids
Squalene
Fibres
Diabetes
Thyroid hormones
Obesity
Weight reduction

Effect

References
Färkkila et al. 1988
Gylling and Miettinen 1995

,
,

Indicates reduced cholesterol synthesis rate;

Gylling and Miettinen 1992, Duane 1993
Connor et al. 1969, Glatz and Katan 1993
Connor et al. 1969, Glatz and Katan 1993
Strandberg et al. 1990
Kesäniemi et al. 1990, Theuwissen and Mensink 2008
Gylling and Miettinen 1997
Abrams and Grundy 1981
Miettinen 1971
Leijd 1981
Indicates increased cholesterol synthesis rate
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4.2 Cholesterol absorption
Intestinal cholesterol consists of a mixture of cholesterol derived from dietary lipids, bile and
the desquamation of mucosal cells. Free cholesterol in mixed micelles is translocated from the
intestinal lumen into the enterocytes by the Niemann-Pick C1-like 1 (NPC1L1) protein (Dawson
and Rudel 1999, Huff 2003, 2006, Martini and Pallottini 2007). In the enterocytes,
approximately 75% of the absorbed cholesterol is esterified by acyl-coenzyme A:cholesterol
acyltransferase (ACAT). Cholesterol esterification facilitates chylomicron assembly, which
prevents the resecretion of cholesterol back into the intestinal lumen via the ABCG5/G8
transporter (Martini and Pallottini 2007). Cholesterol, cholesterol esters, triglycerides and
phospholipids are packaged within the endoplasmic reticulum together with apoB48 into
chylomicrons that enter the circulation via the thoracic duct (Huff 2003). Nascent chylomicrons
acquire other apolipoproteins from endogenous lipoproteins and the chylomicron triglycerides
are hydrolysed by endothelial cell-bound lipoprotein lipase into cholesterol-rich chylomicron
remnants. These remnants are taken into the liver with the interaction of apoE and lipid
receptors such as the LDL receptor. Within the hepatocyte, remnant derived cholesterol can
regulate cholesterol metabolism through down-regulation of HMG-CoA reductase and
expression of LDL receptors. Remnant cholesterol can be packaged into endogenous
lipoproteins that enter the circulation, catabolised to bile acids or secreted into the bile (Dawson
and Rudel 1999).
4.3 Cholesterol elimination and bile acid metabolism
The enzymatic catabolism of cholesterol in the liver produces amphipathic steroidal compounds
called bile acids, predominantly cholic acid (CA) and chenodeoxycholic acid (CDCA).
Cholesterol 7 -hydroxylase (CYP7A1) is encoded by the CYP7A gene and is the first and ratelimiting step in bile-acid synthesis in the main (classical) pathway. The catabolism of
cholesterol to bile acids is an important route for the elimination of cholesterol from the body,
accounting for approximately 50% of the cholesterol eliminated daily. The nonhepatic pathways
of cholesterol elimination are via production of steroid hormones and desquamation of epithelial
cells (Russell 1999, St-Pierre et al. 2001).
After their synthesis in hepatocytes, bile acids are conjugated with the amino acids glycine or
taurine to improve their solubility and excreted as bile salts. The detergent properties of bile
salts allow solubilization of biliary phospholipids and free cholesterol into mixed micelles,
which are translocated across the hepatocyte canalicular membrane (Table 5). A small part of
the bile is directly returned to the liver by intrahepatic cycling through the periductular capillary
plexus (cholehepatic shunt pathway), but most of the bile is secreted via the bile duct and gall
bladder into the lumen of the small intestine (St-Pierre et al. 2001, Meier and Stieger 2002,
Kullak-Ublick et al. 2004, Stieger et al. 2007). In the intestinal lumen, bile salts act as detergents
to emulsify dietary lipids and lipid-soluble vitamins as well as regulate pancreatic secretions and
the release of gastrointestinal peptides, and thus play an essential role in lipid absorption (Koop
et al. 1996).
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Reabsorption of bile salts occurs primarily in the ileum via active uptake of bile salts into the
enterocytes (Table 5) and by passive diffusion in the small and large intestines (Lin et al. 1990,
Dawson et al. 2005, Alrefai and Gill 2007). The absorbed bile salts are then returned to the liver
via the portal circulation and resecreted into the bile. Approximately 80% of the hepatic uptake
of bile salts back into the hepatocytes is mediated by NTCP and the rest is transported by
sodium-independent mechanisms, mainly OATPs (Table 5) (St-Pierre et al. 2001, Kullak-Ublick
et al. 2001, Lee et al. 2005b, Niemi 2007). Cholesterol and bile salts that escape intestinal
reabsorption are excreted into the faeces (Dietschy 1984).
Bile salts can regulate their own uptake and efflux systems and also the expression of key bile
acid-synthesizing enzymes and thus cholesterol homeostasis through activation of nuclear
hormone receptors such as PXR and FXR (Russell 1999, Meier and Stieger 2002). Overall,
hepatic cholesterol availability is regulated by complex feedback loops that involve cholesterol
synthesis, intestinal absorption, and elimination, and the enterohepatic circulation of bile acids
(Miettinen et al. 1992, Huff 2003).
4.4 Plasma noncholesterol sterols
In addition to cholesterol, small amounts of noncholesterol sterols, including plant sterols from
dietary plant materials and cholesterol precursor sterols, circulate in the human blood stream.
Plasma concentrations of several noncholesterol sterols, including demethylated and methylated
cholesterol precursor sterols, cholesterol derivatives and plant sterols reflect the rate of
cholesterol metabolism in humans (Miettinen 1970, Miettinen et al. 1986).
Lathosterol and desmosterol are late intermediates in the cholesterol synthesis pathway and the
major demethylated precursor sterols present in fasting plasma. Their plasma levels are
associated with the activity of hepatic HMG-CoA reductase and, accordingly, reflect the
cholesterol synthesis rate in a normal population (Björkhem et al. 1987, Miettinen et al. 1990).
Squalene is synthesized from acetate and further metabolized to cholesterol. The dietary intake
of squalene also contributes significantly to the total squalene pool in humans. Squalene plasma
levels reflect cholesterol synthesis less consistently, but are also used to assess lipid homeostasis
(Miettinen 1970, Miettinen and Vanhanen 1994).
Cholestanol is a 5 -saturated derivative of cholesterol that is derived mainly from endogenous
synthesis; less than 5% of the intestinal cholestanol from dietary intake is absorbed (Miettinen et
al. 1989). On the other hand, plant sterols such as sitosterol, avenasterol and campesterol are not
synthesized in humans but are acquired from dietary sources, including vegetable oils and nuts.
Around 5–10% of plant sterols are absorbed from the intestine. In normal populations, fasting
plasma levels of plant sterols and cholestanol reflect cholesterol absorption efficiency
(Miettinen et al. 1989, 1990).
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Table 5. Bile acid transporters in humans.
Cell type
Hepatocyte
Cholangiocyte

Localization Transporter Function
Basolateral NTCP
Na+-dependent uptake of
bile acids into hepatocytes
OATP1A2 Na+-independent uptake
of bile acids, multispecific

Hepatocyte

Basolateral

OATP1B1

Hepatocyte

Basolateral

OATP1B3

Enterocyte
Cholangiocyte
Renal tubular cell

Apical

ASBT

Hepatocyte

Apical/
Canalicular

BSEP

Hepatocyte

Apical/
Canalicular

MRP2

Hepatocyte
Cholangiocyte
Enterocyte
Hepatocyte

Basolateral

MRP3a

Basolateral

MRP4a

Enterocyte

Cytosolic

IBABP

Enterocyte

Basolateral

OST /ß

References
Hagenbuch and Meier
1994
Kullak-Ublick et al.
2001, Hagenbuch and
Meier 2004
Na +-independent uptake
Kullak-Ublick et al.
of bile acids into
2001, Hagenbuch and
hepatocytes, multispecific Meier 2004
Na +-independent uptake
Kullak-Ublick et al.
of bile acids into
2001, Hagenbuch and
hepatocytes, multispecific Meier 2004
Na+-dependent uptake of Wong et al. 1995,
bile acids into enterocytes, Craddock et al. 1998
cholangiocytes and reuptake into renal tubules
ATP-dependent excretion Noe et al. 2002
of bile acids into
canaliculus
ATP-dependent excretion Keppler et al. 1997
of bile acids into
canaliculus, multispecific
ATP-dependent bile acid Scheffer et al. 2002,
efflux?, multispecific
Borst et al. 2007
ATP-dependent bile acid
efflux?, multispecific
Intracellular bile acid
transport in enterocytes
Na+-independent bile acid
efflux from enterocytes
into portal blood

Zelcer et al. 2003, Borst
et al. 2007
Lin et al. 1990
Dawson et al. 2005

ASBT, Apical sodium dependent bile acid transporter; BSEP, Bile salt export pump; IBABP, Ileal bile acid
binding protein; MRP, Multidrug resistance-associated protein; NTCP, Sodium-dependent taurocholate cotransporting protein; OATP, Organic anion-transporting polypeptide; OST, Organic solute transporter
a

The role of MRP3 and MRP4 in bile salt homeostasis is uncertain (Borst et al. 2007).
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5. HMG-CoA reductase inhibitors (statins)
Several classes of lipid-modifying drugs are available, including HMG-CoA reductase inhibitors
(statins), bile acid-binding resins (e.g. cholestyramine), nicotinic acid (niacin), fibrates (e.g.
gemfibrozil) and cholesterol-absorption inhibitors (e.g. ezetimibe). Of the lipid-modifying
therapies, statins are the most commonly prescribed (Downton and Clark 2003). Large-scale
studies have demonstrated the beneficial effects of statins in both primary and secondary
prevention of cardiovascular disease, regardless of gender, age or baseline lipid values
(Scandinavian Simvastatin Survival Study Group 1994, Shepherd et al. 1995, Sacks et al. 1996,
Strandberg et al. 2001, 2008, Heart Protection Study Collaborative Group 2002, Law et al.
2003).
The technique for cholesterol-lowering with statins emerged from the discovery in 1976 of a
class of fungal metabolites that inhibit HMG-CoA reductase. The original compound,
compactine, is a Penicillium citrium derivative. It is a potent competitive inhibitor of HMGCoA reductase, with an inhibitory constant of approximately 10-9 M (Endo et al. 1976, Alberts
et al. 1980, Endo 1985). Lovastatin is a product of Aspergillus terreus fermentation, and it was
the first statin to become available for prescription in 1987. Simvastatin and pravastatin are
chemically modified derivatives of lovastatin and were approved for marketing in 1988 and
1991, respectively. Fluvastatin, atorvastatin, cerivastatin, rosuvastatin and pitavastatin are all
totally synthetic statins and were approved for marketing in 1994, 1997, 1998, 2003 and 2003
(only in the Asian market), respectively (Tobert 2003, Mahley and Bersot 2006). Six different
statins (simvastatin, lovastatin, pravastatin, fluvastatin, atorvastatin and rosuvastatin) are
currently on the Finnish market together with other lipid-modifying agents, and over 600 000
Finnish patients receive statin therapy (Ruokoniemi et al. 2008; http://www.nam.fi).
5.1 Pharmacodynamics and clinical use
Statins are reversible competitive inhibitors of the HMG-CoA reductase enzyme, which
catalyses the first and rate-limiting step from HMG-CoA to mevalonate in de novo cholesterol
synthesis (Figure 9). Inhibition of this enzyme reduces cholesterol synthesis in the hepatocytes,
leading to a reduction in intracellular cholesterol concentration and a responsive increase in
LDL receptor expression on the hepatocyte cell surface. This results in increased extraction of
LDL-C from the blood and decreased circulating total cholesterol and LDL-C concentrations. A
meta-analysis showed that statins can lower LDL-C by an average of 1.8 mmol/l, which reduces
the risk of CHD events by about 60% and stroke by 17% (Law et al. 2003).
In addition to lowering plasma LDL-C and total cholesterol levels, statins also moderately
reduce triglyceride levels and increase HDL-cholesterol levels (Kreisberg and Oberman 2002).
Secondary mechanisms by which statins may reduce lipoprotein levels include inhibition of
hepatic synthesis of apoB100 and reduction in synthesis and secretion of triglyceride-rich
lipoproteins (VLDL and IDL). In addition, the inhibition of synthesis of nonsteroidal isoprenoid
compounds (also produced from mevalonate) (Figure 9) may explain the pleiotropic properties
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of statins leading to beneficial cardiovascular effects independent of their lipid-modifying
properties. These include restoration of endothelial cell function, modification of inflammatory
responses, antithrombotic and antioxidant effects, as well as reduction of smooth muscle cell
proliferation and cholesterol accumulation. These biological effects beyond LDL reduction may
differ among statins (Rosenson and Tangney 1998, Chong et al. 2001, Bonetti et al. 2003).
Statins have been shown to slow the progression or even promote regression of coronary
atherosclerosis, possibly due to shrinkage of the lipid core of the atherosclerotic plaque,
avoiding plaque rupture that would otherwise trigger intramural haemorrhage and intraluminal
thrombosis (Kreisberg and Oberman 2002, Liao 2002).
The roughly equipotent doses of statins needed to reduce LDL-C by 25–35% from baseline are
fluvastatin 80 mg, pravastatin 40 mg, simvastatin 20 mg, rosuvastatin 5 mg and atorvastatin 10
mg (Jones et al. 1998, Chong et al. 2001, Law et al. 2003). Generally, doubling a statin dose
results in an additional 6% decrease in LDL-C. However, considerable interindividual
differences exist in the efficacy of statins (Jones et al. 1998).
Statins are principally administered with the evening meal or at bedtime, due to diurnal variation
in the cholesterol synthesis rate (Miettinen 1980). However, statins such as atorvastatin (and its
metabolites) and rosuvastatin have long half-lives and therefore administration any time of the
day is equally effective (Table 6).

Figure 9. Simplified scheme of the biosynthetic pathway of cholesterol and other cometabolites.
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5.2 Pharmacokinetic properties
The chemical structures of fluvastatin, pravastatin, simvastatin, rosuvastatin and atorvastatin are
shown in Figure 10. These structures can be divided broadly into three parts: an analogue of the
natural substrate (HMG-CoA), a complex hydrophobic ring structure that is covalently linked to
the substrate analogue and involved in the binding of statin to the reductase, and side groups on
the rings that define the solubility and other pharmacokinetic properties (Schachter 2005).
Crystal structures have shown that statins act by binding to the active site of the HMG-CoA
reductase enzyme, thus sterically preventing the substrate from binding. The substrate-binding
pocket of the enzyme undergoes a conformational change that enables the hydrophobic ring
structures of statins to be accommodated to the enzyme (Istvan and Deisenhofer 2001). The
significance of the differences in the binding sites of different statins is not fully understood, but
the additional binding interactions of rosuvastatin with the HMG-CoA reductase may explain in
part its increased potency compared with other statins (Schachter 2005).
Simvastatin is administered as a lipophilic lactone prodrug, whereas fluvastatin, pravastatin,
rosuvastatin and atorvastatin are given as active acid forms. Generally, the lipophilic statins are
more readily distributed into the peripheral tissues by passive diffusion than hydrophilic statins
such as pravastatin and rosuvastatin (Lennernäs and Fager 1997, Hamelin and Turgeon 1998).
However, many statins are converted in the body to their lactone forms or metabolites that can
be more lipophilic than the parent acid form. Both acid and lactone forms as well as metabolites
can be important in statin interactions (Neuvonen et al. 2006). Generally, lipophilic drugs appear
to be more susceptible to oxidative metabolism by CYP enzymes than hydrophilic drugs
(Schachter 2005).
Substantial interindividual differences are seen in the pharmacokinetics of different statins. For
example, AUC of pravastatin ranges by more than 10-fold in young healthy adults (Shitara and
Sugiyama 2006). Since many statins are subject to considerable first-pass metabolism in the
intestinal wall and liver and substrates of various transporters, the variable activity of
metabolizing CYP enzymes and transporters mediating statin uptake and efflux can lead to
considerable differences in statin bioavailability (Lennernäs and Fager 1997, Schachter 2005).
The contents and pH of the gastrointestinal tract during statin absorption can also cause
variability in statin bioavailability (Neuvonen et al. 2006). The pharmacokinetic properties of
statins are summarized in Table 6.
5.2.1 Fluvastatin
Fluvastatin is administered in the active hydroxyl acid form; its octanol/water partition
coefficient (logP) is 3.2. Over 90% of the fluvastatin is absorbed from the intestinal tract and a
substantial proportion undergoes first-pass hepatic extraction, leading to a systemic
bioavailability of around 30%. Fluvastatin is highly bound to plasma proteins in the circulation.
It is almost completely biotransformed to inactive metabolites, mainly by CYP2C9. The 6hydroxy and N-desisopropyl metabolites are formed by CYP2C9, and the 5-hydroxy metabolite
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is formed by CYP2C9, CYP3A4, CYP2C8 and CYP2D6. Fluvastatin has a short elimination
half-life (t½) of 0.5 to 1 hour and is excreted mainly as metabolites, primarily into the bile
(Fischer et al. 1999, Scripture and Pieper 2001, Schachter 2005). Fluvastatin is also available in
extended-release formulations, the pharmacokinetic properties of which differ from those
introduced here (Sabia et al. 2001). Fluvastatin is a substrate of at least the OATP1B1,
OATP1B3 and BCRP transporters (Hirano et al. 2005b, Kopplow et al. 2005).
Itraconazole or other CYP3A inhibitors do not have a significant effect on fluvastatin
pharmacokinetics (Kivistö et al. 1998, Neuvonen et al. 2006). Fluconazole, a potent CYP2C9
inhibitor, has increased the AUC of fluvastatin by 80% (Kantola et al. 2000, Scripture and
Pieper 2001). Gemfibrozil, an inhibitor of CYP2C8 and OATP1B1, has not affected the plasma
concentrations of fluvastatin (Spence et al. 1995) and cyclosporine, an inhibitor of at least
OATP1B1, OATP2B1, OATP1B3, MRP2, MDR1 and CYP3A4, has only moderately increased
the plasma concentrations of fluvastatin (Åsberg 2003, Neuvonen et al. 2006). Rifampicin, an
inducer of CYP3A4, OATP1B1 and MDR1, has decreased the fluvastatin AUC by 50%
(Scripture and Pieper 2001, Niemi et al. 2003a, Jigorel et al. 2006).
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Figure 10. Chemical structures of HMG-CoA and the investigated statins.
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5.2.2 Pravastatin
Pravastatin is a relatively hydrophilic statin (logP –0.2) (Igel et al. 2002). It is administered as
the sodium salt of active pravastatin acid, preferably without food intake, which seems to
decrease pravastatin bioavailability by approximately 35–40% (Pan et al. 1993). The hepatic
extraction ratio of pravastatin is 45–66%, and the resulting bioavailability around 20%
(Lennernäs and Fager 1997). The circulating levels of unbound pravastatin are high (50%)
compared with other statins, which are in general largely bound to plasma proteins. Sulphation
is more important than CYP-mediated metabolism in pravastatin elimination, but principally
pravastatin is excreted unchanged into both the bile and urine (Igel et al. 2002). Carriermediated processes are important for the hepatic uptake of especially hydrophilic statins, such as
pravastatin, to enable hepatic accumulation and biliary excretion. Pravastatin is a substrate of at
least the uptake transporters OATP1B1, OATP2B1, OAT3, as well as the efflux transporters
MRP2, MDR1 and BCRP (Nakai et al. 2001, Nozawa et al. 2004a, Takeda et al. 2004, Chen et
al. 2005, Matsushima et al. 2005). In addition, BSEP transported pravastatin in one study
(Hirano et al. 2005a).
Itraconazole, or other strong inhibitors of CYP3A, do not significantly increase the plasma
concentrations of pravastatin (Neuvonen et al. 1998, 2006). Cyclosporine has increased the
AUC of pravastatin by 5–10-fold (Åsberg 2003, Hedman et al. 2004). Gemfibrozil increases and
rifampicin decreases the pravastatin AUC by 30% and 100%, respectively (Kyrklund et al.
2003, 2004).
5.2.3 Simvastatin
Simvastatin is a semisynthetic derivative of lovastatin and is administered as a rather lipophilic
lactone prodrug (logP 4.7), of which approximately 60–85% is absorbed from the
gastrointestinal tract. The plasma protein binding of simvastatin is high (> 95%) compared with
that of the more hydrophilic statins. The inactive parent simvastatin lactone is either oxidized by
CYP3A4 (and by CYP3A5) in the intestinal mucosa and liver to more than 10 metabolites, or
hydrolysed to simvastatin acid, the main active metabolite of simvastatin (Vickers et al. 1990,
Igel et al. 2002). The bioavailability of simvastatin is only around 5%, largely due to its
extensive first-pass metabolism in the intestinal wall and liver (Todd and Goa 1990). The major
active metabolites are the ß-hydroxy acid and its 6’-hydroxy, 6’-hydroxymethyl and 6’exomethylene derivatives (Vickers et al. 1990, Lennernäs and Fager 1997). Active simvastatin
acid is also further metabolized, mainly by CYP3A4 and CYP2C8 (Prueksaritanont et al. 2002,
2003). The active metabolites also account for the HMG-CoA reductase inhibition (Schachter
2005). Simvastatin is eliminated principally as metabolites into the bile. Simvastatin lactone is
not transported by OATP1B1, but simvastatin acid strongly inhibits OATP1B1-mediated
hepatic uptake of pravastatin, suggesting it to be an OATP1B1 substrate (Hsiang et al. 1999,
Chen et al. 2005). In addition, simvastatin acid is an MDR1 substrate (Chen et al. 2005).
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CYP3A4 inhibitors markedly elevate the plasma concentrations of both simvastatin and
simvastatin acid (Neuvonen et al. 2006). For example, concomitant administration of
itraconazole increased the AUC of simvastatin by approximately 20-fold (Neuvonen et al.
1998). On the other hand, gemfibrozil, which is an inhibitor of CYP2C8 and OATP1B1, but not
CYP3A4, increases the simvastatin acid AUC by approximately 200%, but does not
significantly affect the parent lactone form (Backman et al. 2000). Rifampicin decreases
simvastatin and simvastatin acid AUC by approximately 90% (Kyrklund et al. 2000).
Cyclosporine increased the AUC and plasma concentrations of simvastatin by approximately 6to 8-fold (Arnadottir et al. 1993, Ichimaru et al. 2001, Åsberg 2003).
5.2.4 Rosuvastatin
Rosuvastatin is a relatively hydrophilic (logP -0.3) statin, with a long t½ (19 hours) (McTaggart
et al. 2001, Schachter 2005). Approximately 50% of the rosuvastatin is absorbed from the
intestinal tract and the hepatic extraction ratio is 63%. The oral bioavailability of rosuvastatin is
about 20% and its level of protein binding is rather high (90%), despite marked hydrophilicity.
Faecal excretion accounts for approximately 90% of the elimination of oral rosuvastatin and its
metabolites, probably due to high levels of hepatic extraction, and only 10% is recovered in the
urine (McTaggart et al. 2001, Lee et al. 2005a). Metabolism is not a major mechanism for
rosuvastatin elimination, but it is partly biotransformed via CYP2C9-mediated N-demethylation
and UGT1A1- and UGT1A3-mediated acyl-glucuronidation and spontaneous lactonization
(Prueksaritanont et al. 2002). Rosuvastatin is a substrate of the uptake transporters OATP1B1,
OATP2B1, OATP1B3, OATP1A2 and NTCP. Rosuvastatin efflux is mediated by at least the
efflux transporters BCRP and MRP2 (Cooper et al. 2003, Hirano et al. 2005b, Ho et al. 2006,
Huang et al. 2006, Kitamura et al. 2008b).
Itraconazole has had only a modest effect on rosuvastatin plasma concentrations (Cooper et al.
2003), while fluconazole has increased the rosuvastatin AUC only marginally (Cooper et al.
2002). Cyclosporine and gemfibrozil increase the AUC of rosuvastatin approximately 7-fold and
2-fold, respectively (Schneck et al. 2004, Simonson et al. 2004). Rifampicin does not
significantly affect the pharmacokinetics of rosuvastatin (Zhang et al. 2008).
5.2.5 Atorvastatin
Atorvastatin is administered as the calcium salt of the active hydroxy acid form (logP 4.1). It is
well absorbed but undergoes marked first-pass metabolism, resulting in an oral bioavailabity of
about 15% (Lennernäs 2003). The administration time of the day affects the rate and extent of
atorvastatin absorption but does not appear to affect the lipid-lowering response (Schachter
2005). Atorvastatin has a relatively long half-life of 14 hours. Atorvastatin acid is
biotransformed to the more lipophilic atorvastatin lactone, either by a coA-dependent or an acyl
glucuronide intermediate pathway (Kearney et al. 1993, Prueksaritanont et al. 2002). Both
atorvastatin and its lactone form are metabolized primarily by CYP3A4, and also by CYP2C8 at

47

REVIEW OF THE LITERATURE

a low rate (Jacobsen et al. 2000, Neuvonen et al. 2006). The lactone forms of atorvastatin and its
metabolites can be hydrolysed to the respective acid forms nonenzymatically or by esterases and
paraoxonases. The major hydroxy acid metabolites, 2-hydroxyatorvastatin and 4hydroxyatorvastatin, are pharmacologically active, contributing to HMG-CoA reductase
inhibition during atorvastatin treatment (Lennernäs 2003). Atorvastatin acid is a substrate of
OATP1B1, OATP2B1 and the efflux transporters MDR1 and BCRP (Wu et al. 2000, Chen et al.
2005, Hirano et al. 2005b, Grube et al. 2006).
The atorvastatin plasma concentrations have been significantly elevated when administered
concomitantly with CYP3A4 inhibitors, gemfibrozil and cyclosporine (Hermann et al. 2004,
Neuvonen et al. 2006). Gemfibrozil only moderately increases the AUC values of atorvastatin
and its active acid metabolites, whereas cyclosporine has increased the AUC of atorvastatin 6to 15-fold (Åsberg et al. 2001, Hermann et al. 2004). Itraconazole has increased the AUC of
atorvastatin 3-fold (Kantola et al. 1998). Multiple-dose rifampicin decreases the atorvastatin
AUC by about 80% (Backman et al. 2005), but a single dose of rifampicin has increased the
atorvastatin AUC by over 600% (Lau et al. 2006, 2007). This is probably due to the inhibition of
OATP-mediated hepatic uptake of atorvastatin by rifampicin (Vavricka et al. 2002).
Table 6. Pharmacokinetic properties of statins.
Fluvastatin

Pravastatin

Simvastatin

Optimal time of dosing

60–85
78–87

Rosuvastatin
Any time of
day
~50
63–90

Atorvastatin
Any time of
day
30
70

Evening

Evening

Evening

Absorption (%)
Hepatic extraction
(% of absorbed dose)
Bioavailability (%)
Effect of food on
bioavailability
tmax (h)
t½ (h)
Solubility
Protein binding (%)
Elimination half-life (h)
Substrate of OATP1B1a
Metabolizing CYP
enzymes (of metabolite)
Active metabolites
Renal excretion (%)
Max FDA approved
dose (mg)

> 90
68

35
45–66

24-30

18

<5

20

12

0.5–1.5
1–3
Lipophilic
98
1.2
Yes
CYP2C9

0.9–1.6
1–3
Hydrophilic
~50
1.8
Yes
(CYP3A4)

No
6
80

No
20
80

1.3–2.4
2–5
Lipophilic
95–98
2
Yesb
CYP3A4
CYP2C8
Yes
13
80

3
20
Hydrophilic
90
19
Yes
CYP2C9
(CYP2C19)
Minor
10
40

2–4
7–20
Lipophilic
98
14
Yes
CYP3A4
(CYP2C8)
Yes
<5
80

Adapted from Igel et al. (2002), Schachter (2005) and Neuvonen et al. (2006)
Indicates that food reduces bioavailability;
Indicates that food does not affect bioavailability
FDA, Food and Drug Administration (US)
a
Obtained from Niemi (2007) b Simvastatin acid is a substrate of OATP1B1
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5.3 Adverse effects
In general, statins are regarded as a safe and well-tolerated class of drugs; serious adverse events
are rare (Pasternak et al. 2002). A small percentage of patients experience asymptomatic,
reversible increase in liver enzymes (notably alanine and aspartate transaminases), but this
increase is not generally associated with liver damage (Armitage 2007). Statins can also cause
muscle pain or weakness (myalgia), sometimes in association with elevated creatine kinase
(CK) levels (myopathy), which may progress to muscle breakdown (rhabdomyolysis),
myoglobin release, renal failure and even death (Vaklavas et al. 2008). Asymptomatic elevation
of CK can sometimes also occur with statin therapy, but the clinical relevance of this is unclear.
In addition, some patients receiving statin therapy develop significant muscle symptoms with
demonstrable weakness and histopathologic findings of myopathy despite normal CK levels
(Phillips et al. 2002).
The mechanisms by which statins cause these muscle-related adverse effects remain largely
unknown, but myopathy appears to be a class-effect of statins, dose-dependent and associated
with statin concentrations in the blood (Bradford et al. 1991, Dujovne et al. 1991, Laaksonen
2006). Nonspecific muscle aches or joint pains that are not associated with significant increases
in CK are reported generally by 1–5% of participants in placebo-controlled trials, with no
significant differences in reporting between the statin and the placebo groups (Thompson et al.
2003, Armitage 2007). The incidence of statin-induced myopathy is approximately 11 in 100
000 person-years of follow-up, whereas rhabdomyolysis is even more rare (approximately 3.4
per 100 000 person-years), but the incidences of both increase with higher doses of statins and
other predisposing factors (Graham et al. 2004, Law and Rudnicka 2006, Armitage 2007).
However, accurate estimation of the occurrence of muscle-related symptoms less severe than
rhabdomyolysis is difficult, due to poor reporting and general exclusion of patient groups prone
to statin-induced myopathy from large clinical trials (Law and Rudnicka 2006, Vaklavas et al.
2008). It has been suggested that the frequencies of mild and moderate muscle symptoms with
high-dose statin therapy may be more common than as estimated from the large clinical trials.
For example, in the PRIMO (Prediction du Risque Musculaire en Observationnel) study, 10.5%
of patients receiving high-dose statin therapy complained of muscle pain, and the highest rate
(18.2%) was associated with high-dose simvastatin treatment (Bruckert et al. 2005).
Most of the predisposing factors for statin-induced muscle-related adverse effects promote
myopathy by altering the metabolism and increasing the bioavailability of statins (Table 7).
Comedication with drugs that share common metabolic pathways can significantly increase the
likelihood of muscle toxicity (Thompson et al. 2003, Law and Rudnicka 2006, Neuvonen et al.
2006, Armitage 2007). This was emphasized by the worldwide withdrawal of cerivastatin from
the market in August 2001 after the drug was associated with approximately 100
rhabdomyolysis-related deaths. Many of these cases occurred in patients using concomitant
fibrates, especially gemfibrozil, and cerivastatin, which is mainly metabolized via CYP2C8
(Staffa et al. 2002). The pharmacokinetic interaction between statins and gemfibrozil leading to
substantially elevated plasma concentrations of statins is probably due mainly to the inhibition
of the CYP2C8-mediated metabolism and OATP1B1-mediated hepatic uptake of statins by
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gemfibrozil (Backman et al. 2002). The combination of statins with a fibrate is an attractive
option for effective treatment of complex hyperlipidaemias since statins primarily lower plasma
LDL-C, and fibrates primarily lower plasma triglycerides and increase HDL. Gemfibrozil has a
greater probability of causing myotoxicity in both monotherapy and in combination therapy with
statins compared with other fibrates, such as fenofibrate, bezafibrate and ciprofibrate, which
employ different pathways for their elimination than statins (Graham et al. 2004, Owczarek et
al. 2005, Law and Rudnicka 2006, Vaklavas et al. 2008).

Table 7. Potential factors predisposing to statin-induced myopathy.
Alcohol consumption
Coadministration of interacting drugs (CYP3A4 inhibitors, fibrates, cyclosporine, amiodarone)a
Diabetes
Genetic differences in drug disposition genesb
Increasing age
Increasing statin dose
Female gender
Renal insufficiency
Hepatic dysfunction
Hypothyroidism
Perioperative period
Metabolic muscle diseases
Polymyalgia rheumatica
Steroid use
Strenuous exercise
Freely adapted from Vaklavas et al. (2008) and Armitage (2007), with some additions
a
CYP3A4 inhibitors: itraconazole, ketoconazole, erythromycin, clarithromycin, HIV protease inhibitors,
grapefruit juice (Neuvonen et al. 2006)
b
e.g. SLCO1B1 c.521T>C SNP

Genetic differences in drug metabolizing enzymes or drug transporters can also predispose to
statin myotoxicity. An article published during the final preparation of this thesis associated
SLCO1B1 polymorphism with a considerably elevated risk for myopathy (SEARCH
Collaborative Group 2008). In this study, two sets of patient and control groups from large trials
involving approximately 12 000 and 20 000 participants were treated with 80 mg and 40 mg of
simvastatin per day, respectively. A strong association was found between myopathy and two
tightly linked variants in SLCO1B1, the other one being the c.521T>C variant. The odds ratio
for myopathy was 4.5 per copy of the c.521C allele, and 16.9 in c.521CC, compared with the
c.521TT homozygotes. In this large-scale study, approximately 60% of the simvastatin-induced
myopathy cases were attributable to the c.521 variant allele. In a previous Japanese study, the
SLCO1B1*15 haplotype also containing the c.521T>C SNP (c.388G-c.521G) was associated
with pravastatin-induced myopathy (Morimoto et al. 2004, 2005).
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Despite concerted efforts, little is known about the precise mechanisms through which statins
are transported into skeletal muscle cells and how they produce muscle injury. The inhibition of
HMG-CoA reductase by statins also reduces the production of downstream intermediate
metabolites in the cholesterol synthesis pathway, including isoprenoid cometabolites (Figure 9).
This in turn may interfere with protein modification at multiple levels and affect protein
prenylation and glycosylation, leading to depletion of muscle fibres from growth signals and
susceptibility to mechanical stress (Thompson et al. 2003, Dirks and Jones 2006, Shitara and
Sugiyama 2006). Statin-induced myopathy may also be associated with mitochondrial
dysfunction, since ubiquinone biosynthesis is interrupted (Laaksonen 2006, Littarru and
Langsjoen 2007). High-dose statin therapy has been shown to lead to changes in skeletal muscle
sterol metabolism and to decreased mitochondrial volume and mitochondrial DNA in skeletal
muscle (Päivä et al. 2005, Schick et al. 2007).
5.4 Pharmacogenetics
Interindividual variation in the response to statins limits the beneficial effects of statin therapy.
The factors influencing the statin response of a patient include diseases, concomitant
medications and adherence to treatment, physiologic condition, and genetic background (Hutz
and Fiegenbaum 2008).
Several studies with controversial results have associated different polymorphisms in the genes
encoding statin-metabolizing enzymes and statin transporters with altered pharmacokinetics and
pharmacodynamics of statins. The CYP2C9*3 allele has been associated with increased AUC of
fluvastatin (Kirchheiner et al. 2003). Expression of CYP3A5 was associated with impaired
cholesterol-lowering efficacy of lovastatin, simvastatin and atorvastatin, but not fluvastatin and
pravastatin, in one study with 69 Caucasian patients (Kivistö et al. 2004b). The CYP3A4*1B
allele has been associated with lower posttreatment LDL levels of atorvastatin, but these results
have not been confirmed in later studies (Kajinami et al. 2004a, Thompson et al. 2005). In a
large study with 16 candidate genes and 43 SNPs, the only significant associations with
enhanced LDL reduction in atorvastatin therapy were found with the apoE2 phenotype and with
the c.2677G>T SNP in ABCB1 (Thompson et al. 2005). However, these findings were not
considered clinically relevant. The ABCB1 c.3435C>T variant allele has also been associated
with enhanced LDL-C reduction of atorvastatin and simvastatin (Kajinami et al. 2004b,
Fiegenbaum et al. 2005). The ABCC2 c.1446C>G variant has been associated with increased
hepatic expression of MRP2 and a markedly reduced AUC of the MRP2 substrate pravastatin
(Niemi et al. 2006), and the ABCG2 c.421C>A polymorphism has been associated with elevated
plasma concentrations of rosuvastatin in Chinese subjects (Zhang et al. 2006).
In previous studies, the SLCO1B1 c.521C allele has been associated with increased plasma
concentrations of pravastatin, rosuvastatin and pitavastatin (Nishizato et al. 2003, Mwinyi et al.
2004, Niemi et al. 2004, Chung et al. 2005, Lee et al. 2005a). In addition, the acute effect of
pravastatin on hepatic cholesterol synthesis was significantly reduced in carriers of the *17
haplotype (g.-11187A-g.-10499A-c.388G-c.521C) (Niemi et al. 2005c), although this effect was
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not seen in a 3-week multiple-dose pravastatin study (Igel et al. 2006). On the other hand, the
c.521TC genotype has been associated with a reduced cholesterol-lowering efficacy in Japanese
patients using simvastatin, atorvastatin or pravastatin (Tachibana-Iimori et al. 2004). Moreover,
the c.521T>C variant and the c.388A>G variant were associated with a slightly attenuated
response (1.28% ± 0.25% smaller reduction in LDL-C per c.521C allele) and a slightly
enhanced response (0.62% ± 0.18% larger reduction in LDL-C per c.388G allele) in 4–6 weeks
of simvastatin therapy, respectively (Heart Protection Study Collaborative Group 2002,
SEARCH Collaborative Group 2008). This is in line with studies that have associated the
SLCO1B1 c.521T>C variant with decreased activity of OATP1B1 and the SLCO1B1*1B
haplotype with increased activity of OATP1B1 (Mwinyi et al. 2004, Maeda et al. 2006a).
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AIMS OF THE STUDY
Several sequence variations have been discovered recently in the OATP1B1-encoding
SLCO1B1 gene, some associated with altered transporter activity in vitro and in vivo. However,
the frequencies of different SLCO1B1 sequence variations in individual populations have not
been systematically investigated. Furthermore, the effects of SLCO1B1 polymorphism on the
disposition of different statins have not been compared. In addition, SLCO1B1 polymorphism
may affect cholesterol synthesis. Thus, we investigated SLCO1B1 polymorphism in Caucasians
(Finnish population) and in different ethnic populations globally, and compared the effects of
SLCO1B1 polymorphism on statin pharmacokinetics and pharmacodynamics as well as on
cholesterol homeostasis.

The specific aims of the study were:

1.

To investigate the frequency of SLCO1B1 sequence variations in different ethnic
populations.

2.

To compare the effects of SLCO1B1 polymorphism on the pharmacokinetics of
fluvastatin, pravastatin, simvastatin, atorvastatin and rosuvastatin.

3.

To investigate the effect of SLCO1B1 polymorphism on the short-term effects of
statins and cholesterol homeostasis.
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1. Population genetic studies (I, II)
1.1 Subjects and study design
In all, 468 healthy Finnish volunteers (223 women and 245 men) participated in Study I. One
blood sample was obtained from each participant for DNA extraction during a time period of
approximately 6 months. The study was fully carried out in the Department of Clinical
Pharmacology, University of Helsinki.
In Study II, blood specimens from 1064 individuals belonging to 52 ethnically diverse
populations were collected by investigators of the Human Genome Diversity Project (HGDP)
(Cann et al. 2002). The DNA of these samples was obtained from cultured lymphoblastoid cell
lines (LCLs) deposited at the Fondation Jean Dausset – Centre d’Étude du Polymorphisme
Humain (CEPH), Paris, France (http://www.cephb.fr/HGDP-CEPH-Panel). From the 1064 DNA
samples obtained, duplicate pairs, close relative pairs and atypical samples were excluded
(Ramachandran et al. 2005), as well as samples that were not available in our sample set. The
samples from individuals in different populations were grouped into eight large geographic
regions (Table 8): Sub-Saharan Africa, North Africa, Middle East, Central/South Asia, East
Asia, Oceania, Europe and America. This grouping followed the original CEPH documents,
with the exception of dividing Asia into two regions (Rosenberg et al. 2002). Apart from the
collection of blood samples and the DNA extraction, Study II was carried out in the Department
of Clinical Pharmacology, University of Helsinki.
1.2 Blood sampling and genomic DNA extraction
A 10-ml blood sample from each participant was collected in a tube containing
ethylenediaminetetraacetic acid (EDTA) and stored at -20 ºC prior to DNA extraction (Study I).
Genomic DNA was extracted with standard methods (QIAamp DNA Blood Mini Kit; Qiagen,
Hilden, Germany).
1.3 Genotyping
In all, 11 and 12 sequence variations were investigated in Study I and Study II, respectively
(Table 9 and 10). The SNPs studied cover the entire SLCO1B1 gene, from the promoter area to
the 3’ UTR. The reference sequences were obtained from the National Center for Biotechnology
Information (NCBI; Bethesda, MD, USA) database (http://www.ncbi.nlm.nih.gov/). Genotyping
was performed, using allelic discrimination with Taqman 5’ nuclease assays. The reaction
volume in polymerase chain reactions (PCR) was 12 µl containing assay-specific primers,
allele-specific TaqMan minor groove binder (MGB) probes, TaqMan 2x Universal PCR Master
Mix No AmpErase uracil-N-glycosylase (UNG) and genomic DNA. The PCR was carried out in
an Applied Biosystems 7300 Real-Time PCR system or a 2720 Thermal Cycler (Applied
Biosystems, Foster City, CA, USA). Pre- and post-PCR fluorescence measurements and
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genotype calls were performed with the 7300 Real-Time PCR System. Genotyping for
c.571T>C, c.597C>T and c.*439T>G were performed with Validated TaqMan Genotyping
Assays, and genotyping for c.1086C>T and c.1463G>C were performed with the TaqMan DME
assays. All of these assays were purchased from Applied Biosystems. The genotyping assays,
except for c.*439T>G, c.1086C>T and c.1463G>C which had been validated by Applied
Biosystems, were validated by genotyping 41 previously sequenced samples (Niemi et al. 2004).
The genotyping accuracy was 100% for all SNPs.
Table 8. Subjects in the global population genetic study.
Population (country)
Sub-Saharan Africa
Biaka Pygmies (Central African Republic)
Mbuti Pygmies (Congo)
Mandenka (Senegal)
Yoruba (Nigeria)
Bantu (Kenya)
San (Namibia)
Bantu (South Africa)
Total
North Africa
Mozabite (Algeria)
Middle East
Bedouin (Israel)
Druze (Israel)
Palestinian (Israel)
Total
East Asia
Han (China)
Tujia (China)
Yizu (China)
Miaozu (China)
Oroqen (China)
Daur (China)
Mongola (China)
Hezhen (China)
Xibo (China)
Uygura (China)
Dai (China)
Lahu (China)
She (China)
Naxi (China)
Tu (China)
Yakut (Siberia)
Japanese (Japan)
Cambodian (Cambodia)
Total

n
23
13
22
22
11
6
8
105
29
46
42
45
133
44
10
10
10
9
10
10
9
9
10
10
8
10
9
10
25
27
9
239

Population (country)
Central/South Asia
Brahui (Pakistan)
Balochi (Pakistan)
Hazara (Pakistan)
Makrani (Pakistan)
Sindhi (Pakistan)
Pathan (Pakistan)
Kalash (Pakistan)
Burusho (Pakistan)
Total
Oceania
Papuan (New Guinea)
NAN Melanesian (New Guinea)
Total
Europe
French (France)
French Basque (France)
Sardinian (Italy)
North Italian (Italy)
Tuscan (Italy)
Orcadian (Orkney Islands)
Adygei (Russia Caucasus)
Russian (Russia)
Total
America
Pima (Mexico)
Maya (Mexico)
Colombian (Colombia)
Karitiana (Brazil)
Surui (Brazil)
Total

n

14
21
7
14
8
64

Total

941

25
24
22
25
24
24
23
25
192
17
11
28
23
22
28
13
8
15
17
25
151

NAN, Non-Austronesian; a In some analyses, the Uygur population from China (East Asia) was analysed together
with the populations from Central/South Asia.
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Table 9. PCR conditions.
Study I
Study II

Initial Steps
AmpliTaq Gold DNA Polymerase activation
95 ºC for 10 min
Initial Steps
AmpliTaq Gold DNA Polymerase activation
95 ºC for 10 min

PCR (each of 40 cycles)
Melting
Annealing/Extending
92 ºC for 15 s
60 ºC for 1 min
PCR (each of 50 cycles)
Melting
Annealing/Extending
92 ºC for 15 s
60 ºC for 90 s

1.4 Population genetics and statistical analyses
The SNP and haplotype frequencies are given with 95% confidence intervals (CI). Arlequin
software version 2.000 (University of Geneva, Switzerland; http://lgb.unige.ch/arlequin) was
used to evaluate the SNP and genotype frequencies for consistency with the Hardy-Weinberg
equilibrium. The significance of departure from the Hardy-Weinberg equilibrium was tested
using the procedure described by Guo and Thompson (1992), with a test analogous to the Fisher
exact test on a 2 x 2 contingency table, but extended to a triangular contingency table of
arbitrary size. The test was done using a modified version of the Markov-chain random walk
algorithm. The LD for each pair of SNPs within each geographical region and in the Finnish
population was quantified by the correlation r2 and D’ values calculated with the program
Linkage Disequilibrium Analyzer 1.0 (Beijing, China; http://www.chgb.org.cn/lda/lda.htm).
Small populations (North Africa and Oceania) were excluded from the LD analysis. The
haplotypes were statistically inferred with the software PHASE version 2.1.1, using an
algorithm based on Bayesian inference (Stephens et al. 2001, Stephens and Donnelly 2003). To
facilitate the comparison of frequencies of functionally significant haplotypes, a haplotype
analysis with only the c.521T>C and c.388A>G SNPs was also carried out in Study II.
In Study II, genetic diversity was quantified at three levels: between members of the same
population, between populations within the same region and between geographical regions, by
analysis of molecular variance (AMOVA), using Arlequin software version 3.11 (Excoffier et
al. 1992). Correlation of the SNP and haplotype frequencies with the latitude in the Northern
Hemisphere was investigated with Pearson correlation coefficients using SPSS software 13.0
(SPSS Inc., Chicago, IL, USA). Prior to analysis, the allele and haplotype frequencies were
changed into the form arcsin( p), where p is the frequency (angular transformation). Matrices of
geographic (great circle) distances and genetic distances were calculated between all pairs of
populations. The likely routes of human migration out of Africa via five waypoints were used in
estimating the geographic distances to make the distance estimates more reflective of human
migration patterns. These waypoints were: Anadyr, Russia (64ºN, 177ºE); Cairo, Egypt (30ºN,
31ºE); Istanbul, Turkey (41ºN, 28ºE); Phnom Penh, Cambodia (11ºN, 104ºE); and Prince
Rupert, Canada (54ºN, 130ºW) (Ramachandran et al. 2005). The genetic distances were
estimated as pairwise fixation index (FST) values. Correlation of Slatkin’s linearized FST values
with the great circle distances, using waypoints, was investigated with a Mantel test of matrix
correlation. P values below 0.05 were considered statistically significant.
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Table 10. SLCO1B1 SNPs investigated in population genetic studies.
Location

SNP

dbSNP ID

Amino acid

Promoter g.-11187G>A rs4149015

X

Promoter g.-11110T>G

Exon 4
Exon 4

c.388A>G
c.411G>A
c.463C>A

X

X

Promoter g.-10499A>C rs59710386
Exon 4

Study Study Primersa
I
II

rs2306283

Asn130Asp

rs11045818 Ser137Ser
rs11045819 Pro155Thr

X

X

X

X

X
X

X
X

TaqMan MGB probes

5’-CATATATGCATCCTCACATTACCACAT-3’

VIC-TGTATACAGGTAAAAGTG

5’-AATAAAGTACAGACCCTTCTCTCACATAAA-3’

FAM-TGTGTATACAAGTAAAAG

5’-CTCATATATGCATCCTCACATTACCACAT-3’

VIC-ACACTTTTCTGAAATATATATAT

5’-GAAATAAAGTACAGACCCTTCTCTCACA-3’

FAM-ACTTTTCTGAAATAGATATAT

5’-TGTTAAGATTAACAAAAAATAATGTGAGAATTCTGAGAAAT-3’ VIC-TCACTCCAGTTGCCAAT
5’-ATGTCATTGCTCTAGTCAAACATATAAAACCT-3’

FAM-ACTCCAGGTGCCAAT

5’-TTTAATTCAGTGATGTTCTTACAGTTACAGGT-3’

VIC-CTAAAGAAACTAATATCAATTCAT

5’-GAGTGATAAAATTTGATTAATTAAACAAGTGGATAAGGT-3’

FAM-AAAGAAACTAATATCGATTCAT

5’-CAGTGATGTTCTTACAGTTACAGGTATTCT-3’

VIC-AATTCAACATCGACCTTAT

5’-GTCAATATTAATTCTTACCTTTTCCCACTATCTCA-3’

FAM-AAATTCAACATCAACCTTAT

5’-CAGTGATGTTCTTACAGTTACAGGTATTCTAA-3’

VIC-ACTATCTCAGGTGATGCT

5’-GAAGACTTTTTACTGTCAATATTAATTCTTACCTTTTCC-3’

FAM-CACTATCTCAGTTGATGCT
VIC-TACCCATGAACACATATA

5’-CCCCTATTCCACGAAGCAT-3’

FAM-TACCCATGAACGCATATA

Exon 5

c.521T>C

rs4149056

Val174Ala

X

X

5’-GAAACACTCTCTTATCTACATAGGTTGTTTA-3’

Exon 5

c.571T>C

rs4149057

Leu191Leu

X

X

C_1901691_10b

Exon 5

c.597C>T

rs2291075

Phe199Phe

X

X

C_1901690_1b

Exon 8

c.1086C>T

rs57040246 Tyr362Tyr

X

C_25605972_20b

Exon 10

c.1463G>C

rs59502379 Gly488Ala

X

C_30633910_10b

Exon 14

c.1929A>C

rs34671512 Leu643Phe

X

5’-GGGCTTGTCTTCAATGTTAAGAGTCT-3’

VIC-TTCATGGCATAAATTAATATA

5’-GACACTTCCATTTTCTGATGCATTGATAT-3’

FAM-ATGGCATAAATGAATATA

3’UTR

c.*439T>G

rs4149087

X
X

X

C_1901734_10

b

The positions of the SNPs are given in relation to the NCBI reference sequences NM_006446.2 (coding DNA; c.) and NC_000012.9 (genomic; g.) with the first
nucleotide of the ATG first codon set to 1 and the nucleotide 5’ of ATG set to -1. The position of c.*439T>G is given with the first nucleotide 3’ of the stop codon
(TAA) set to *1.
dbSNP ID, NCBI single nucleotide polymorphism database identity; MGB, minor groove binder
a
Upper line, forward primer; lower line, reverse primer
b
Assay ID for validated TaqMan genotyping assays
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2. Pharmacokinetic and pharmacodynamic studies (III–VI)
2.1 Subjects
A total of 32 (14 female and 18 male) healthy volunteers participated in Studies III-VI (Table
11). The subjects were recruited from a pool of over 300 healthy genotyped subjects and were
selected based on the SLCO1B1 c.521T>C SNP as well as the g.-11187G>A, g.-10499A>C and
c.388A>G SNPs. The subjects were allocated into one of three groups according to the
genotype: the c.521CC group comprised four subjects, the c.521TC group comprised 12
subjects and the c.521TT (control group) comprised 16 subjects. The participants were
ascertained to be healthy by medical history, physical examination and routine laboratory tests
before entering the study. One subject (in the control group) was a tobacco smoker, and none
used any continuous medication, including oral contraceptives. The use of other drugs was
prohibited for 1 week and the use of grapefruit products was prohibited for 3 days before each
study day. Participation in any other trial and blood donation within 4 weeks before and after the
study were also prohibited.
2.1.1 Genotyping
The subjects were genotyped for SLCO1B1 SNPs as described previously (see Materials and
Methods, section 1.3). In addition, the participants were genotyped for the CYP3A5*3
(g.6986A>G) and the ABCC2 c.1446C>G alleles (Kivistö et al. 2004b, Niemi et al. 2006), as
described previously. Genotyping for the CYP2C9*3 (c.1075A>C) allele was carried out with
TaqMan Pre-Developed Assay Reagents for Allelic Discrimination (Applied Biosystems) using
the 7300 Real-Time PCR system according to the manufacturer’s instructions. Only subjects
with the CYP3A5 nonexpressor genotype (CYP3A5*3/*3), CYP2C9 c.1075AA reference
genotype and ABCC2 c.1446CC reference genotype were recruited.
2.2 Study design
Studies III–VI were prospective genotype panel investigations with a crossover design and five
phases (1–5) and were carried out in the Department of Clinical Pharmacology, University of
Helsinki. Following an 8-hour overnight fast, the subjects ingested a single oral dose of
fluvastatin, pravastatin, simvastatin, rosuvastatin or atorvastatin with 150 ml water at 08:00
hours (Table 12). A standardized warm meal was served 4 hours after statin ingestion and a
standardized light meal after 7 and 10 hours. During the study days, the subjects were under
direct medical supervision. There was a washout period of at least 1 week between each phase.
Food intake was identical in the different study phases.
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Table 11. Characteristics of the subjects in pharmacokinetic and pharmacodynamic studies.
SLCO1B1 genotypea
c.521CC (*16/*17)
c.521CC (*16/*17)
c.521CC (*16/*16)
c.521CC (*16/*16)
Mean SD
c.521TC (*1A/*17)
c.521TC (*1A/*17)
c.521TC (*1B/*17)
c.521TC (*1A/*17)
c.521TC (*1B/*16)
c.521TC (*1A/*16)
c.521TC (*1B/*16)
c.521TC (*1A/*16)
c.521TC (*1B/*15)
c.521TC (*1A/*15)
c.521TC (*1B/*15)
c.521TC (*1A/*15)
Mean SD
c.521TT (*1A/*1A)
c.521TT (*1A/*1A)
c.521TT (*1A/*1A)
c.521TT (*1A/*1A)
c.521TT (*1A/*1A)
c.521TT (*1A/*1A)
c.521TT (*1A/*1A)
c.521TT (*1A/*1A)
c.521TT (*1A/*1A)
c.521TT (*1A/*1A)
c.521TT (*1A/*1A)
c.521TT (*1A/*1A)
c.521TT (*1A/*1A)
c.521TT (*1A/*1A)
c.521TT (*1A/*1A)
c.521TT (*1A/*1A)
Mean SD

Subject
No.
1
2
3
4

Sex
m
f
m
m

5
6
7
8
9
10
11
12
13
14
15
16

m
f
m
f
f
m
f
m
f
m
m
m

17
18
19
20
21
22
23
24
25
26
27
28b
29
30
31
32

f
f
f
m
f
m
m
f
m
f
f
m
m
f
m
m

Age
(years)
22
21
25
24
23 2

Height
(cm)
185
170
187
178
180 8

Weight
(kg)
92
74
90
80
84 8

BMI
(kg/m2)
26.9
25.6
25.7
25.3
25.9 0.7

29
21
21
21
20
27
34
21
21
24
23
20
24 4
22
21
21
22
20
24
22
22
24
21
27
25
22
28
19
21
23 2

181
160
187
172
160
173
167
178
175
188
175
175
174 9
172
175
165
181
165
184
182
165
172
172
170
177
180
154
182
186
174 9

77
53
71
66
65
82
61
70
65
73
75
75
69 8
68
67
54
83
70
78
65
63
58
57
60
85
83
56
68
80
68 10

23.5
20.7
20.3
22.3
25.4
27.4
21.9
22.1
21.2
20.7
24.5
24.5
22.9 2.2
23.0
21.9
19.8
25.3
25.7
23.0
19.6
23.1
19.6
19.3
20.8
27.1
25.6
23.6
20.5
23.1
22.6 2.5

BMI, body mass index; f, female; m, male; SD, standard deviation
a
The predicted diplotype based on the g.-11187G>A, g.-10049A>C, c.388A>G, and c.521T>C SNPs is
given in parenthesis.
b
This subject was a tobacco smoker.
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Table 12. Details of the drugs used in the studies.
Phase
1
2
3
4
5

Statin
Fluvastatin
Pravastatin
Simvastatin
Rosuvastatin
Atorvastatin

Dose
40 mg
40 mg
40 mg
10 mg
20 mg

Medicinal
product
Canef tablet
Pravachol tablet
Zocor tablet
Crestor tablet
Lipitor tablet

Manufacturer
AstraZeneca AB, Södertälje, Sweden
Bristol-Myers Squibb, Epernon, France
Merck Sharp & Dohme, Haarlem, The Netherlands
AstraZeneca AB, Södertälje, Sweden
Pfizer, Freiburg, Germany

2.3 Blood sampling
A forearm vein of each subject was cannulated for blood sampling on the study days and the
timed blood samples (5–10 ml each) were collected prior to and at 0.5, 1, 1.5, 2, 3, 4, 5, 7, 9 and
12 hours (phases 1–3) after administration of statin. In phases 4 and 5, similar blood samples
were drawn before and 0.5, 1, 2, 3, 4, 5, 7, 9, 12, 24, 34 and 48 hours after statin administration.
In all phases, the venous samples were taken into tubes containing EDTA and placed
immediately on ice after sampling. The plasma was separated by centrifugation within 30
minutes after blood sampling and stored at -70 °C until analysis.
2.4 Quantification of plasma statins
Plasma fluvastatin, pravastatin, simvastatin, atorvastatin and rosuvastatin concentrations were
quantified by the use of liquid chromatography-tandem mass spectrometry (LC-MS-MS) (Table
13). The systems used were the SCIEX Q-Trap mass spectrometer (Sciex Division of MDS Inc,
Foster City, CA, USA) for fluvastatin, rosuvastatin, atorvastatin and atorvastatin metabolites,
and PE SCIEX API 3000 mass spectrometer (Sciex Division of MDS Inc, Toronto, Ontario,
Canada) for pravastatin, simvastatin and simvastatin acid. No authentic reference compounds
were available for atorvastatin lactone, 2-hydroxy atorvastatin acid and 2-hydroxy atorvastatin
lactone, and their concentrations are given in arbitrary units (u/ml) relative to the ratio of the
peak height of each metabolite to that of the internal standard in the chromatogram.
Table 13. Summary of the quantification methods.
Phase
1
2
3
4
5

Analytes quantified
Fluvastatin
Pravastatin
Simvastatin
Simvastatin acid
Rosuvastatin
Atorvastatin

LC-MS-MS system used
SCIEX Q-Trap
PE SCIEX API 3000
PE SCIEX API 3000
PE SCIEX API 3000
SCIEX Q-Trap
SCIEX Q-Trap

a

Limit of quantification
0.5 ng/ml
0.1 ng/ml
0.05 ng/ml
0.1 ng/ml
0.25 ng/ml
0.1 ng/ml

Interday CV a
< 13%
< 9%
< 6%
< 10%
< 15%
< 11%

Interday coefficient of variation (CV) was determined for different concentrations in the relevant concentration
range; the highest of these values is presented.
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2.5 Quantification of plasma sterols
The plasma cholesterol and noncholesterol sterol concentrations were measured by gas-liquid
chromatography (GLC). For this purpose, 0.2 ml of plasma was saponified using 5 -cholestane
as an internal standard. The extracted sterols were analysed as trimethyl silyl derivatives with
GLC on a 50-m capillary column (Ultra 2, 5890, Hewlett Packard, Wilmington, DE, USA). The
noncholesterol sterol concentrations were adjusted for plasma total cholesterol analysed in the
same GLC run and are expressed as absolute concentrations (µg/100 ml) and as ratios to
cholesterol (µg/100 mg cholesterol). The lower limit of quantification for sterols was 5 µg/100
ml. The coefficients of variation (CVs) for the various sterols at relevant concentrations were:
cholesterol 3.2%, cholestanol 2.7%, desmosterol 6.0%, lathosterol 3.7%, campesterol 1.8% and
sitosterol 2.4% (n = 24).
2.6 Pharmacokinetic calculations
The pharmacokinetics of the statins studied and their metabolites, if applicable, were
characterized by peak concentration (C max), time to peak concentration (t max), t½, AUC from 0 to
infinity (AUC0- ) and to the last point of measurement (AUC0-t). The Cmax and tmax values were
taken directly from the original data. The terminal log-linear part of each concentration-time
curve was identified visually, and the elimination rate constant (ke) was determined from lntransformed data with linear regression analysis. The t½ was calculated by the equation t½ =
ln2/ke. The AUC values were calculated by a combination of the linear and log-linear
trapezoidal rules, with extrapolation to infinity, when appropriate, by division of the last
measured concentration by ke.
2.7 Pharmacodynamic variables
Desmosterol, lathosterol and squalene were used to assess the cholesterol synthesis rate and
cholestanol, campesterol, sitosterol and avenasterol were used to assess the cholesterol
absorption rate. Baseline (fasting) values of plasma cholesterol and the above-mentioned
noncholesterol sterols and their ratios to cholesterol were used to characterize differences
between the genotype groups in cholesterol homeostasis.
The statin response was determined by changes in the noncholesterol sterol to cholesterol ratios
after statin intake. Incremental net areas under the plasma sterol to cholesterol ratio versus the
time curve were calculated from 0 hours to 12 hours (AUC0-12) with the linear trapezoidal rule.
The mean percentage changes from baseline were obtained by dividing the incremental net area
by 12 hours and expressing this value as a percentage of the respective baseline value. In
addition, the percentages of maximum decreases from the respective baseline values in the
plasma sterol to cholesterol ratio were determined.
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2.8 Statistical analysis
The data were analysed with the statistical program SPSS 11.0 for Windows (SPSS Inc.). The
differences were considered statistically significant at a P value of less than 0.05. Statistical
comparisons of the pharmacokinetic variables of statins, and their metabolites if applicable,
between subjects with the SLCO1B1 c.521TT, c.521TC, and c.521CC genotypes and between
the sexes were done using analysis of variance (ANOVA) and pairwise testing with the Tukey
test. Homogeneity of variance was tested using Levene’s Test of Equality. Compatibility of the
residuals with the normal distribution was assessed with the Shapiro-Wilk test. In case of
unequal variances or unsatisfactory distribution of the residuals, pairwise testing was performed
with the Games-Howell test, or the data were logarithmically transformed before analysis or
analysed, as were the tmax data, using the Kruskal-Wallis test with a posteriori pairwise testing
by the Mann-Whitney U test with Bonferroni correction, as appropriate. Differences in the
effect of SLCO1B1 polymorphism on the AUC0-48 of atorvastatin and rosuvastatin were tested
with the paired t-test. The possible contributions of subject characteristics (sex, weight and
BMI) to variability in the AUC0- of pravastatin and fluvastatin were investigated using a
forward stepwise multiple linear regression analysis. A P value threshold of 0.05 was used for
entering and removing independent variables from the model.
The results of Study VI are expressed as mean values and estimated marginal mean values with
95% CIs. Comparisons of the cholesterol and non-cholesterol sterol variables were done using
ANOVA for repeated measurements, with study phase as a intrasubject factor and the SLCO1B1
genotype as a intersubject factor. When the ANOVA P value was below 0.05, pairwise
comparisons between genotypes were performed using a Dunnet’s t-test, adjusting for multiple
testing, with the c.521TT group used as a control.

3. Ethical considerations
All participants (I, III–VI) received both oral and written information and gave written informed
consent before entering the studies. In Study II, the LCLs were freely donated under conditions
of informed consent and confidentiality was ensured by CEPH by reviewing consent forms,
institutional review board approvals or detailed reports from the investigators who organized the
collection of the samples. Only samples for which sufficient evidence was found of informed
consent were included in the panel. Information on each LCL was limited to sex, population and
geographic origin of the individual (Cann et al. 2002). The studies were approved by the
Coordinating Ethics Committee of the Helsinki and Uusimaa Hospital District (I, II) or by the
Coordinating Ethics Committee of the Helsinki and Uusimaa Hospital District and the National
Agency for Medicines (III–VI).
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1. SLCO1B1 allele frequencies
1.1 Finnish population (I)
All SNPs, except the g.-11110T>G and c.1929A>C, occurred at allele frequencies higher than
5%. The frequency of c.521T>C SNP was 20.2% (95% CI, 18–23%) and the frequency of the
c.388A>G SNP was 46.2% (95% CI, 43–49%) (Table 14). In the Finnish population, the
c.521CC genotype occurred with a frequency of 4.3% (95% CI, 2.8–6.5%). The three promoter
SNPs g.-11187G>A, g.-11110T>G and g.-10499A>C were relatively rare in the Finnish
population; they occurred at frequencies of less than 10% each. The observed genotype
frequencies were in the Hardy-Weinberg equilibrium.
The variants c.411G>A and c.463C>A were in perfect LD, with an r2 value of 1.00. The
c.521T>C SNP showed the strongest correlation with the g.-10499A>C SNP (r2 = 0.33, D’ =
0.98). The most common haplotype contained the variant allele C at position c.571 and had the
reference nucleotide at all other positions. The c.521T>C SNP was found in four major
haplotypes: *5, *15, *16 and *17, which occurred at frequencies of 2.7% (95% CI, 1.8–3.9%),
2.4% (95% CI, 1.6–3.5%), 7.9% (95% CI, 6.3–9.8%) and 6.9% (95% CI, 5.5–8.8%),
respectively.
1.2 Global analysis (II)
Large differences in allele frequencies existed between different populations (Table 14). The
highest frequencies of the c.521T>C SNP were found in America (24%; 95% CI, 18–32%),
Middle East (20%; 95% CI, 15–25%) and Europe (18%; 95% CI, 14–23%); the smallest
frequency of c.521T>C was found in Sub-Saharan Africa (1.9%; 95% CI, 0.7–4.8%). The
frequency of c.521T>C was 12% (95% CI, 9.5–15%) in East Asia and 9.4% (95% CI, 6.9–13%)
in Central/South Asia. No carriers of the c.521T>C SNP were found in Oceania. The frequency
of the homozygous variant c.521CC genotype was around 1.3% (95% CI, 0.4–4.7%) in
Europeans (Caucasians). Three population-specific SNPs were found, namely g.-10499A>C
(Europe), c.1086C>T (Sub-Saharan Africa) and c.1463G>C (Sub-Saharan Africa). The
frequency of c.388A>G was over 40% in all populations, with the highest frequency found in
Sub-Saharan Africa (79%; 95% CI, 74–84%). The African continent showed the highest
diversity, since all investigated SNPs were found there.
The LD was generally strong in all populations, suggesting that intralocus recombination has
played only a minor role in shaping SLCO1B1 variation. The largest number of haplotypes was
found in South/Central Asia (28 different haplotypes). In the present study, the most common
haplotype was that containing the c.571C allele and the reference nucleotide at other positions.
The second most common haplotype contained the G allele at position c.388 and at position
c.*439, and the reference nucleotide at other positions. These two most common haplotypes
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were found in all regions and accounted for 42% of all chromosomes. The frequencies of the
SLCO1B1 haplotypes *1A, *1B, *5 and *15 varied considerably among geographical regions
(Figure 11). The *5 was found only in North Africa, Europe and the Middle East. The *1B was
more frequent than the reference haplotype *1A in North Africa, East Asia, Sub-Saharan Africa,
Oceania and America.
The differences between regions accounted for 8.5% of the total molecular variance (AMOVA).
This is consistent with estimates based on neutral markers. Sub-Saharan Africa and Oceania
showed the highest variance among populations (6.3% and 7.7%, respectively). In general, the
variance within populations considerably exceeded the variance between populations.
The frequency of the SLCO1B1 c.521C allele and the *15 haplotype correlated positively with
latitude in the Northern Hemisphere (r = 0.525, P < 0.001 and r = 0.510, P < 0.001,
respectively). In contrast, the frequency of the high-activity haplotype *1B showed a negative
correlation with northern latitude (r = -0.405, P = 0.006). There was also a tendency towards a
negative correlation in the c.388A>G variant allele frequency (r = -0.249, P = 0.099). The
normalized SLCO1B1 genetic distances correlated significantly with geographic great circle
distances between populations (r = 0.235, P = 0.001).
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Figure 11. Distribution of the SLCO1B1 haplotypes.
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2. Effect of SLCO1B1 polymorphism on statin pharmacokinetics
2.1 Fluvastatin (III)
The SLCO1B1 genotype was not significantly associated with the pharmacokinetics of
fluvastatin. In subjects with the c.521CC genotype, the AUC0- of fluvastatin was approximately
19% larger than that in subjects with the c.521TT genotype, but the difference was not
statistically significant (Figure 12). No subject characteristic, including sex, was associated with
fluvastatin pharmacokinetics.
2.2 Pravastatin (III)
The SLCO1B1 genotype was significantly associated with the pharmacokinetics of pravastatin.
In subjects with the homozygous variant c.521CC genotype, the mean C max and AUC0- of
pravastatin were 107% (P = 0.009) and 91% (P = 0.018) larger than those in subjects with the
reference c.521TT genotype and 92% (P = 0.021) and 74% (P = 0.044) larger than those in
subjects with the heterozygous variant c.521TC genotype (Figure 12). The C max and AUC0- of
pravastatin varied 19-fold and 11-fold between individual subjects. The SLCO1B1 genotype was
not associated with differences in the tmax or t½ of pravastatin.
The effect of the genotype was greater in men than in women. In men with the c.521CC
genotype, the mean Cmax and AUC0- of pravastatin were 275% (P = 0.001) and 232% (P =
0.002) larger than those in men with the c.521TT genotype and 120% (P = 0.026) and 102% (P
= 0.040) larger than those in men with the c.521TC genotype. The Cmax and AUC0- of
pravastatin were generally similar among women with different SLCO1B1 genotypes. Women
with the c.521TT genotype had a 147% larger mean Cmax (P = 0.028) and a 124% larger mean
AUC0- (P = 0.034) than those in men with the c.521TT genotype. No subject characteristic
other than sex was significantly associated with the pharmacokinetics of pravastatin and
adjusting the variables by subject weight or lean body weight only slightly changed the results
but did not affect the statistical significance. No statistically significant differences were seen in
the pharmacokinetic variables of pravastatin between the c.521TC heterozygous subjects with
different SLCO1B1 haplotypes (*15, *16 and *17).
2.3 Simvastatin (IV)
The SLCO1B1 genotype was significantly associated with the pharmacokinetics of simvastatin
acid, but not with the pharmacokinetics of the parent simvastatin lactone. In subjects with the
variant c.521CC genotype, the mean Cmax and AUC0- of simvastatin acid were 200% (P <
0.001) and 221% (P < 0.001) larger than those in subjects with the reference c.521TT genotype
and 162% (P < 0.001) and 120% (P < 0.001) larger than those in subjects with the heterozygous
variant c.521TC genotype (Figure 12). In addition, the tmax of simvastatin acid was significantly
shorter in participants with the c.521CC genotype than in those with the c.521TC or c.521TT
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genotypes (P < 0.05); no significant effect of the SLCO1B1 genotype was seen on t½. The Cmax
and AUC 0- of simvastatin acid varied 25-fold and 16-fold between individual subjects. One
participant with the c.521TC genotype was excluded from statistical analysis as an outlier,
because the simvastatin acid C max and AUC0- values were more than 3 standard deviations
(SDs) above the respective mean values. No statistically significant differences were seen in the
pharmacokinetic variables of simvastatin or simvastatin acid between the c.521TC heterozygous
subjects with different SLCO1B1 haplotypes (*15, *16 and *17).
2.4 Rosuvastatin (V)
The SLCO1B1 genotype was significantly associated with the pharmacokinetics of rosuvastatin.
In subjects with the variant c.521CC genotype, the mean Cmax and AUC0-48 of rosuvastatin were
79% (P = 0.003) and 65% (P = 0.002) larger than those in subjects with the reference c.521TT
genotype (Figure 12). The mean Cmax and AUC0-48 were 52% and 58% larger in c.521CC
subjects than those in subjects with the heterozygous c.521TC genotype, but the differences
were not statistically significant (P = 0.062 and P = 0.053, respectively). The Cmax and AUC0-48
of rosuvastatin varied 20-fold and 12-fold between individual subjects. The SLCO1B1 genotype
was not associated with differences in the tmax or t½ of rosuvastatin. No statistically significant
differences were seen in the pharmacokinetic variables of rosuvastatin between the c.521TC
heterozygous subjects with different SLCO1B1 haplotypes (*15, *16 and *17).
2.5 Atorvastatin (V)
The SLCO1B1 genotype was significantly associated with the pharmacokinetics of atorvastatin.
In subjects with the variant c.521CC genotype, the mean AUC0-48 of the parent atorvastatin
(acid) was 144% (P < 0.001) larger than that in subjects with the reference c.521TT genotype
and 61% larger (P = 0.049) than that in subjects with the heterozygous c.521TC genotype
(Figure 12). The Cmax and AUC 0-48 of atorvastatin varied 17-fold and 7-fold between individual
subjects. No statistically significant differences were seen in the pharmacokinetic variables of
atorvastatin between the c.521TC heterozygous subjects with different SLCO1B1 haplotypes
(*15, *16 and *17). The SLCO1B1 genotype was not associated with differences in the Cmax,
tmax or t½ of atorvastatin.
The mean AUC0-48 of 2-hydroxyatorvastatin (acid) was 100% larger in subjects with the
c.521CC genotype than that in subjectes with the c.521TT genotype (P = 0.018). The SLCO1B1
genotype was not associated with differences in the Cmax, t max or t½ of 2-hydroxyatorvastatin.
The mean plasma concentrations of atorvastatin lactone and 2-hydroxyatorvastatin lactone were
lower in subjects with the c.521TT genotype than those in subjects with the c.521CC genotype,
but the effect of the SLCO1B1 genotype was not statistically significant on any of the
pharmacokinetic variables.
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Figure 12. Effect of SLCO1B1 genotype on the AUC0- , Cmax and t½ of fluvastatin, pravastatin,
simvastatin, rosuvastatin and atorvastatin. Bars represent geometric mean ratios and the
whiskers represent 95% confidence intervals.
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3. Effect of SLCO1B1 polymorphism on statin pharmacodynamics (VI)
No significant differences were seen between the SLCO1B1 genotype groups in the response to
a single dose of any investigated statin. Among cholesterol synthesis markers, the greatest
response after statin intake was seen in the lathosterol to cholesterol ratio, which was decreased
by all statins compared with the baseline value. The desmosterol to cholesterol ratio decreased
only to a limited extent after statin ingestion. The maximum percentage decrease (0–12 hours)
in the desmosterol to cholesterol ratio throughout the study population ranged from a mean of
7.5% ± 3.5% (fluvastatin) to 11.6% ± 4.3% (atorvastatin) and there were no significant
differences between the genotype groups.
Among cholesterol absorption markers, the greatest response after statin intake was seen in the
avenasterol to cholesterol ratio. All statins decreased the avenasterol to cholesterol ratio
compared with the baseline value. Even though there was a trend towards a larger decrease in
the avenasterol ratio in the variant c.521CC subjects, the difference between the genotypes was
not significant.

4. Effect of SLCO1B1 polymorphism on cholesterol homeostasis (VI)
The SLCO1B1 genotype had no significant effect on the fasting plasma total cholesterol
concentrations. The mean total cholesterol concentration was 148.4 mg/100 ml (95% CI, 136.8–
159.9 mg/100 ml), 161.0 mg/100 ml (95% CI, 147.7–174.4 mg/100 ml) and 164.0 mg/100 ml
(95% CI, 140.9–187.1 mg/100 ml) in subjects with the c.521TT, c.521TC and c.521CC
genotype, respectively (P = 0.256).
The mean fasting desmosterol to cholesterol ratio was 40% higher (P = 0.022) or 45% higher (P
= 0.018) in subjects with the homozygous c.521CC variant genotype than in those with the
c.521TT or c.521TC genotypes, respectively. The difference in desmosterol to cholesterol ratio
between genotype groups was consistently seen during all five study phases. In addition, the
plasma concentrations of desmosterol were higher in the c.521CC group than in the control
group (P = 0.051): the mean desmosterol concentration was 141.5 µg/100 ml (95% CI, 108.3–
174.6 µg/100 ml), 148.4 µg/100 ml (95% CI, 110.1–186.7 µg/100 ml) and 233.0 µg/100 ml
(95% CI, 166.7–299.3 µg/100 ml) in subjects with the c.521TT, c.521TC and c.521CC
genotypes, respectively.
The mean lathosterol to cholesterol ratio was 30% higher in subjects with the c.521CC genotype
than in those with the c.521TT genotype, but the difference was not statistically significant (P =
0.298). The mean plasma lathosterol concentration was 187.5 µg/100 ml (95% CI, 143.1–231.8
µg/100 ml), 210.3 µg/100 ml (95% CI, 159.1–261.5 µg/100 ml) and 266.7 µg/100 ml (95% CI,
178.0–355.3 µg/100 ml) in subjects with the c.521TT, c.521TC and c.521CC genotypes,
respectively (P = 0.273). The SLCO1B1 genotype had no significant effect on fasting plasma
plant sterol concentrations or their ratios to cholesterol, although they tended to be lower in
individuals with the c.521CC genotype than in those with the c.521TT or c.521TC genotype.
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1. Methodological considerations
1.1 Population genetic studies
The population genetic studies were large-scale investigations in which 468 (I) and 941 (II)
DNA samples were genotyped from volunteers in different populations. From the CEPH panel
of 1064 samples, individuals that were close relatives were excluded. Information on the degree
of relationship of the subjects was not specifically gathered in Study I. The information on the
genotypes and the participants was kept in a secured file with limited access and the genotype
data were analysed in coded form. Random sampling variation affecting the results of SNP and
haplotype frequencies was reduced with the large number of subjects enrolled in the studies.
The allelic frequencies were in the Hardy-Weinberg equilibrium.
The SNPs investigated in Study I were selected, based on a previous study in which the
SLCO1B1 gene was completely sequenced in 41 healthy Finnish subjects (Niemi et al. 2004).
All identified coding region SNPs were included. In addition, one common SNP in the 3’UTR
of SLCO1B1 gene was selected from the NCBI single nucleotide polymorphism database
(dbSNP) to cover the entire gene. In Study II, the g.-11110T>G SNP was excluded due to rarity
and lack of effect on transporter function, based on published studies. In addition, two other
SNPs (c.1086C>T and c.1463G>C) with potential impact on transporter function were included
in Study II. Rapid and robust genotyping assays were established for the SNPs investigated and
were validated by genotyping previously sequenced samples.
The SNPs studied were originally discovered in North American individuals of European or
African ancestry or in Caucasians. Typing of SNPs known to be polymorphic in certain
populations may lead to an underestimation of the genetic variation in other populations, and the
statistics estimated may therefore suffer from ascertainment bias. It is possible that other
SLCO1B1 SNPs, not yet identified, may also explain some of the variation in OATP1B1 activity
among populations.
1.2 Pharmacokinetic and pharmacodynamic studies
The pharmacokinetic and pharmacodynamic studies were carried out using a prospective
genotype panel study design with 32 healthy volunteers with different SLCO1B1 genotypes
(homozygous variant group, 4 subjects; heterozygous variant group, 12 subjects; control group,
16 subjects). The subjects served as their own controls in the five phases, which enabled
comparison of the effects of the SLCO1B1 polymorphism on the pharmacokinetics of different
statins. The number of subjects in each genotype group was estimated to be sufficient to detect
possible clinically meaningful effects of the SLCO1B1 polymorphism on the pharmacokinetics
of each statin (approximately 50% greater AUC in subjects with the c.521CC genotype than in
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those with the c.521TT genotype), with a power of at least 80% ( -level 0.05), while avoiding
unnecessary exposure of healthy volunteers to drugs.
The number of subjects in the homozygous variant (c.521CC) genotype group was small
compared with the other genotype groups. The frequency of the homozygous
SLCO1B1 c.521CC genotype is 1–5% in Caucasians and the four homozygotes for the variant
allele were recruited from a pool of over 300 subjects. In addition, only subjects with the
CYP3A5*3/*3, ABCC2 c.1446CC, and CYP2C9 c.1075AA genotypes were included in the
study to exclude other polymorphisms affecting statin pharmacokinetics, which also decreased
the number of possible subjects to be considered for participation in the study.
The subjects were not screened for rare mutations in SLCO1B1 and it is thus not possible to
exclude the possibility that a rare mutation in SLCO1B1 or in some other gene could have
affected the disposition of statins in the study subjects. However, the other known functional
SNPs in SLCO1B1 are rare in Caucasians and it is unlikely that any of the subjects would have
been a carrier of such a variant. So far, there is no certain evidence for in vivo significance of
SLCO1B1 variants other than the c.388A>G and the c.521T>C SNPs.
The statin doses used were selected to be sufficient for reliable quantification, yet to allow the
least possible drug exposure to the healthy subjects. The washout period of at least 1 week was
sufficient to minimize possible carry-over effects, since the t½ of the investigated statins and
their metabolites have been reported to be no more than 19 hours. Timed blood samples were
drawn up to 48 hours after rosuvastatin and atorvastatin ingestion, and up to 12 hours after
fluvastatin, pravastatin and simvastatin ingestion, due to the varying elimination kinetics of
these different statins. Food intake may have minor effects on the pharmacokinetics of
fluvastatin, pravastatin and atorvastatin. The investigated statins were administered after an
overnight fast and food intake during the five study days was standardized and controlled.
In clinical practice, statins are administered on a regular basis. However, the results from this
single-dose study can be extrapolated to multiple-dose statin therapy when a steady state has
been achieved. According to the pharmacokinetic theory (Rowland and Tozer 1995), the relative
differences in the dose-interval AUC at steady state between individuals with different
SLCO1B1 genotypes should not be significantly different from those in the AUC after a single
dose.
The pharmacodynamic study (VI) investigating the effect of the SLCO1B1 polymorphism on the
response to a single dose of different statins had sufficient power to detect only a relatively large
difference in statin response between genotypes (40%). Moreover, the study was not designed to
compare the effects of different statins, since their doses were not equally effective and the
sampling time (12 hours) covered only a part of their total effect. Thus, the effect of the
SLCO1B1 polymorphism on the effects of statins on cholesterol synthesis and absorption during
long-term use of a statin may differ from the effects observed in this single-dose study.
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In Study VI, the baseline cholesterol and noncholesterol sterol samples were drawn after an
overnight fast of at least 8 hours (beginning at 00:00 hours). The last meal in the evening was a
nonstandardized normal diet meal and the overnight fast was not controlled under in-house
conditions. The use of alcohol was prohibited the evening before statin ingestion and on the
study days. The use of any medication was prohibited for 1 week before administration of
statins and the use of grapefruit juice and grapefruit was prohibited for 3 days before the
administration of statin and on the study days. No vegetarians participated in the study and all
subjects were young and healthy with a normal activity level. The use of caffeine and level of
cholesterol in normal everyday diets were not controlled. Thus, not all factors affecting the
baseline cholesterol homeostasis could be strictly standardized in this study.

2. Population genetics of SLCO1B1
Our data on the genetic variation of the SLCO1B1 gene confirm that SLCO1B1 is highly
polymorphic and functional variants occur at varying frequencies in different populations. The
allelic frequencies in the Finnish population and in the 52 ethnic populations in eight
geographical regions throughout the world found in this study are generally in line with previous
and later studies on SLCO1B1 diversity.
The high-activity *1B haplotype (and the c.388A>G SNP) is encountered rather frequently in all
populations, since it is the most common of the haplotypes formed by the c.388A>G and
c.521T>C SNPs (*1A, *1B, *5, *15) in North African (48%), Sub-Saharan (77%), East Asian
(63%), Oceanian (66%) and American populations (39%). The low-activity *5 and *15
haplotypes (and the c.521T>C SNP) are encountered considerably less frequently (0–5% and 0–
24% in all populations, respectively). Moreover, a cline in the Northern Hemisphere was seen in
the frequencies of *1B and *15 haplotypes, in which the frequency of *1B (and c.388A<G SNP)
was higher in populations near the equator, whereas the frequency of *15 (and c.521T>C SNP)
was higher in populations in the north. The contrasting geographical patterns of distribution of
these two haplotypes with contrasting functional consequences suggest that selective pressure
may have acted on the global distribution of SLCO1B1 variants. However, SLCO1B1 diversity,
within and among populations, was generally similar to that found with neutral autosomal
markers, suggesting that SLCO1B1 variation is mainly determined by the same factors affecting
random genome markers.
SLCO1B1 diversity was greatest in Africa which is consistent with the out-of-Africa
replacement model of modern human origin, stating that African populations are the oldest
human populations and have therefore accumulated the most genetic variants. Furthermore, the
SLCO1B1 genetic distances correlated with the geographic great circle distances between
populations, consistent with human migration patterns. Geographic distance is a good predictor
of genetic distance on a global scale (Ramachandran et al. 2005).
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Due to the geographical differences in the distribution of SLCO1B1 variants and to the
substantial functional effect of certain variants on statin pharmacokinetics (III–V), the efficacy
and risk of adverse effects of statins that are affected by OATP1B1 activity could also show
geographical distribution. For example, the benefit-to-risk ratio of simvastatin therapy could be
more attenuated in populations in the Middle East, Europe and America, with high frequencies
of low-activity variants. On the other hand, interindividual differences in statin therapy could be
largest in areas, such as North Africa and America, with high frequencies of both low- and highactivity variants. Substantial interethnic differences have been described in the
pharmacokinetics of SLCO1B1 substrate drugs. For example, European-Americans have
significantly higher plasma pravastatin AUCs than African-Americans (Ho et al. 2007). In
addition, the AUC of rosuvastatin is significantly higher in Chinese, Malay and Indian subjects
than in Caucasian subjects, all residing in the same environment (Lee et al. 2005a). However,
the differences in these studies could not be explained by the SLCO1B1 c.521T>C or c.388A>G
SNPs. To what extent other genetic characteristics concerning the SLCO1B1 gene or other genes
can explain these differences, remains to be clarified.

3. Role of SLCO1B1 polymorphism in statin pharmacokinetics and
pharmacodynamics
It is becoming increasingly evident that SLCO1B1 polymorphism, notably the c.521T>C SNP,
has a major effect on OATP1B1 activity and on the disposition of many OATP1B1 substrates.
In our studies, substantial differences existed in the effects of the SLCO1B1 c.521T>C variant
on the pharmacokinetics of different statins. The variant c.521CC genotype had the greatest
effect on the plasma concentrations of active simvastatin acid (mean increase 221%). It also
considerably increased the plasma concentrations of atorvastatin, pravastatin and rosuvastatin,
but had no significant effect on the plasma concentrations of fluvastatin. The smaller effect of
the SLCO1B1 polymorphism on the pharmacokinetics of fluvastatin may be explained by its
relatively high lipophilicity facilitating passive diffusion through the hepatocyte plasma
membrane. Alternatively, some other transporters apart from OATP1B1 in the sinusoidal
membrane of hepatocytes could mediate the uptake of fluvastatin or compensate for the reduced
uptake by OATP1B1.
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In a similar manner to that of cyclosporine, the SLCO1B1 c.521T>C SNP increased mainly the
Cmax and AUC of the investigated statins, with no effect on their elimination half-lives. This is
also generally seen with other OATP1B1 substrates, e.g. repaglinide (Niemi et al. 2005a). In
drugs with very high hepatic extraction ratios, this lack of effect on the t ½ values could be due to
increase in only the oral bioavailability as:

F

1 EI

CL

QH

1 EH

and

EH

where F, EI, EH, CL and QH represent oral bioavailability, intestinal extraction ratio, hepatic
extraction ratio, clearance and hepatic blood flow, respectively. However, statins do not
generally have such high hepatic extraction ratios (EH) which suggests that the lack of effect of
reduced OATP1B1 activity on the elimination half-life (t½) of statins (and on that of other
OATP1B1 substrates) could be mainly explained by corresponding decreases in drug clearance
(CL) and the volume of distribution (Vd) when access to the hepatocyte is limited, as:

t½

ln 2 Vd
CL

Genetically impaired activity of OATP1B1 may decrease the entry of statins into their
intracellular site of action, thus limiting their inhibition of HMG-CoA reductase while
increasing statin plasma concentrations. The SLCO1B1 c.521T>C SNP was very recently found
to be a considerable risk factor for simvastatin-induced myopathy in high-dose simvastatin
therapy (Figure 13) (SEARCH Collaborative Group 2008). In this genomewide study conducted
by the Study of the Effectiveness of Additional Reductions in Cholesterol and Homocysteine
(SEARCH) Collaborative Group, 300 000 SNPs were screened in each patient with myopathy
while taking 80 mg simvastatin per day and the prevalences of these SNPs were compared with
that in matched control patients using the same dose of simvastatin without myopathy
(SEARCH Collaborative Group 2008). The only genetic marker strongly associated with
myopathy was the SLCO1B1 c.521T>C SNP, the same variant that was associated with
considerably higher plasma concentrations of simvastatin acid in Study IV (Figure 13). The risk
for muscle toxicity increases greatly along with increased statin doses and increased statin
concentrations in peripheral blood and muscle cells (Baigent et al. 2005). Although myopathy is
a class effect of statins, our studies suggest that the increased risk for myopathy imposed by the
c.521T>C variant may be smaller with statins other than simvastatin and possibly negligible
with fluvastatin.
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Figure 13. Effect of SLCO1B1 polymorphism on the pharmacokinetics of simvastatin and on
myopathy risk during high-dose simvastatin therapy. (A) Mean plasma concentrations of active
simvastatin acid after a single 40-mg oral dose of simvastatin in healthy volunteers according to
the SLCO1B1 c.521T>C genotype (II). (B) Estimated cumulative risk of myopathy associated
with 80-mg daily simvastatin therapy according to the SLCO1B1 c.521T>C genotype
(SEARCH Collaborative Group 2008; Copyright © 2008 Massachusetts Medical Society. All
rights reserved).

There may also be other genetic factors that substantially affect the pharmacokinetics and
pharmacodynamics of statins or cellular mechanisms of muscle damage, which could determine
an individual’s susceptibility to myopathy during statin therapy. For example, lipidomics-based
safety biomarkers are a novel approach for predicting statin safety. Plasma lipidomic profiles
may be used as sensitive biomarkers to assess statin-induced metabolic changes in muscle
before muscle toxicity occurs and to identify patients susceptible to myopathy (Laaksonen et al.
2006, 2008).
Despite the significant effect on statin pharmacokinetics, the SLCO1B1 genotype did not affect
the response to a single dose of statin in our studies. This lack of effect may be partly explained
by the log-linear relationship between drug concentration and effect. Moreover, the impact of
SLCO1B1 polymorphism on statin response could be different during long-term treatment. In
the Heart Protection Study, the c.521T>C variant was associated with a slightly smaller
reduction in plasma LDL-C produced by 40 mg simvastatin, whereas the c.388A>G was
associated with a slightly larger reduction in plasma LDL-C (Heart Protection Study
Collaborative Group 2002).
Interestingly, a single dose of all the statins investigated decreased the plasma avenasterol to
cholesterol ratio compared with the baseline. There was a trend towards a larger decrease in the
avenasterol to cholesterol ratio in the c.521CC subjects, but the differences between the
genotype groups were not significant. In a previous study, the ratios of plant sterols to
cholesterol were increased in long-term simvastatin treatment (Miettinen et al. 2000). The
clinical relevance of the effect of statins and the SLCO1B1 genotype on plant sterols warrants
further studies.
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4. Role of SLCO1B1 polymorphism in cholesterol homeostasis
The SLCO1B1 c.521CC variant genotype was associated with an increased baseline cholesterol
synthesis rate. Individuals with the c.521CC genotype had higher plasma desmosterol to
cholesterol ratios and higher plasma desmosterol concentrations than those with the c.521TT
(control) genotype. In line with this finding, the plasma lathosterol to cholesterol ratio and
plasma lathosterol concentration tended to be higher in the c.521CC subjects than in the
c.521TT subjects. Desmosterol and lathosterol as well as their respective ratios to cholesterol
reflect the cholesterol synthesis rate. In contrast, a trend towards lower plasma concentrations of
the plant sterols reflecting the cholesterol absorption rate was seen in the c.521CC subjects
compared with the c.521TT subjects.
A functional link between cholesterol homeostasis and OATP1B1 could be through bile acid
homeostasis, as the regulation of bile acid synthesis and cholesterol homeostasis is tightly linked
(Figure 14) (Fuchs 2003). The hepatic uptake of approximately 20% of bile acids is thought to
be mediated by basolateral OATP transporters (OATP1B1, OATP1B3, OATP2B1), although
the exact contribution of different OATPs to the uptake of individual bile acids is unknown.
OATP1B1 may play a major role in the uptake of certain bile acids. The intracellular bile acid
concentration is determined by the balance of basolateral uptake, intracellular synthesis, and
sinusoidal and basolateral efflux. Excess cholesterol in the liver is catabolised into bile acids,
whereas excess bile acids in the liver down-regulate cholesterol catabolism. Impaired activity of
OATP1B1 could decrease the bile acid concentration in the liver by limiting the access of bile
acids from the portal blood into the liver. This could lead to increased cholesterol catabolism via
CYP7A1, which reduces the negative feedback loop on HMG-CoA reductase and accelerates
cholesterol synthesis. Another possible association between OATP1B1 and the cholesterol
synthesis rate may be through thyroid hormones, because thyroid hormones increase the
cholesterol synthesis rate and are OATP1B1 substrates (Abrams and Grundy 1981, Abe et al.
1999, Hsiang et al. 1999, van der Deure et al. 2008).
The exact mechanism and clinical importance of the higher basal cholesterol synthesis rate in
individuals with the c.521CC genotype requires further investigations to be clarified. However,
the driving force for the cline seen in the functional SLCO1B1 haplotypes *15 and *1B could be
partly related to the differences in cholesterol homeostasis seen in this study.

77

DISCUSSION

Figure 14. Schematic representation of the interrelationship between bile acid and cholesterol
homeostasis. Solid arrows indicate metabolic pathways involving cholesterol and bile acids.
Dashed arrows indicate activation (+) or suppression (-) of transcription factors. Solid lines
indicate increase (+) or decrease (-) in gene expression. Acetyl-CoA, acetyl-coenzyme A; HMGCoAR, 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase; CYP7A1, cholesterol 7 hydroxylase; CYP8B1, sterol 12 -hydroxylase; SREBP2, sterol regulatory element binding
protein 2; LXR, liver X receptor; SHP, small heterodimer partner; FGF-19, fibroblast growth
factor-19; FXR, farnesoid X receptor; CA, cholic acid; CDCA, chenodeoxycholic acid;
OATP1B1, organic-anion transporting polypeptide 1B1.

5. Clinical implications
It already became apparent in the 1950s and 1960s that elevated concentrations of plasma
cholesterol are a major risk factor for the development of coronary heart disease. During recent
decades, health research has contributed significantly to the reduction in deaths caused by
cardiovascular diseases (Tunstall-Pedoe et al. 2000). The observed decrease in death rates
evolved partially from better understanding of the main modifiable risk factors for
cardiovascular disease, including high cholesterol level, but also smoking, high blood pressure
and diabetes, as well as from use of pharmacologic interventions to reduce these factors. Expert
panels throughout the world have recommended lifestyle changes and, according to each
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patient’s individual risk for developing cardiovascular disease, also lipid-modifying therapy to
decrease elevated cholesterol concentrations (De Backer et al. 2003). Statins have the potential
to lighten the global burden of cardiovascular disease, because they reduce the incidence of
major coronary events, coronary revascularization and stroke by about 20% for each reduction
of 1 mmol/l in the plasma LDL-C level (Baigent et al. 2005). In addition, statins are generally
safe and well-tolerated (Law and Rudnicka 2006, Armitage 2007). Since the extent of CHD risk
reduction is directly proportional to the degree to which LDL-C is lowered (Chen et al. 1991),
there has been an increasing trend towards aggressive treatment with high statin doses, which
increases the risk of adverse effects of statins, e.g. myopathy (Thompson et al. 2003).
Generally, the potential causes and mechanisms of adverse drug effects are diverse, with one
possibility being genetic variations predisposing the patient to altered drug disposition. The
identification and characterization of these genetic variations may aid in developing more
personalized drug therapies, taking into account the susceptibility of an individual patient to
adverse effects. In this thesis, the SLCO1B1 c.521T>C variant allele was associated with
substantially increased exposure to certain statins, suggesting that it could increase the risk of
statin-induced myopathy in patients with the SLCO1B1 variant genotype. In addition, since the
effects of the genotype varied between different statins, this increased risk could be different
depending on the statin used. The large-scale study published during the final preparation of this
thesis showed an unequivocal association between the c.521T>C allele and simvastatin-induced
myopathy (SEARCH Collaborative Group 2008). It has been suggested that avoiding high-dose
simvastatin administration to patients carrying the c.521C allele (approximately 32% of the
Finnish population in our studies) could reduce the incidence of simvastatin-induced myopathy
by nearly 60% (Nakamura 2008). Alternatively, simvastatin could be avoided in patients with
the c.521CC genotype (approximately 4% of the Finnish population) and prescribed only at
lower doses to patients who are carriers of one c.521C allele. The risk for myopathy imposed by
the c.521C allele could be predicted to be smaller in users of some other statins. Interestingly,
there have been very few, if any, published cases of rhabdomyolysis and relatively low
incidences of myopathy in patients using fluvastatin (Law and Rudnicka 2006), the
pharmacokinetics of which was least sensitive to the effect of the c.521C variant allele.
Moreover, since the frequencies of SLCO1B1 variants differ markedly between populations, the
clinical importance of the increased risk for statin-induced myopathy imposed by the c.521C
variant may vary according to the ethnic background.
In conclusion, SLCO1B1 genotype-based prescription may help to achieve the benefits of statin
therapy more safely and effectively. In addition, SLCO1B1 polymorphism could also be of
clinical importance in therapies with other OATP1B1 substrate drugs.

79

CONCLUSIONS

CONCLUSIONS
Functionally significant sequence variations in SLCO1B1 are widely distributed globally and
their frequencies vary considerably between different populations. The frequencies of SLCO1B1
SNPs in the Finnish population are consistent with those in other Caucasian populations. The
functionally detrimental homozygous variant c.521CC genotype is relatively common in
Caucasians. SLCO1B1 diversity is far greater within than between populations.
The SLCO1B1 polymorphism was significantly associated with the pharmacokinetics of
pravastatin, simvastatin acid, rosuvastatin and atorvastatin. Subjects with the homozygous
variant c.521CC genotype had considerably higher plasma concentrations of these statins than
those with the c.521TT (reference) genotype. Differences existed in the effect of the SLCO1B1
genotype on statin pharmacokinetics and the most profound effect was seen in the plasma
concentrations of simvastatin acid, the main active form of simvastatin. Since the risk of statin
myotoxicity is clearly associated with increased plasma concentrations of statins, SLCO1B1
polymorphism could considerably decrease the benefit-to-risk ratio of certain statin therapies
and render patients more susceptible to statin-induced myopathy. Fluvastatin pharmacokinetics
was not significantly associated with SLCO1B1 polymorphism.
The SLCO1B1 polymorphism was not associated with the short-term effects of any of the statins
investigated on the markers for cholesterol synthesis and absorption. However, the effect of this
polymorphism on statin response during long-term treatment may differ from the effects
observed in a single-dose study. In addition, the SLCO1B1 polymorphism was associated with
increased basal cholesterol synthesis rate, as characterized by significantly higher plasma
cholesterol synthesis marker concentrations.
These studies underline the importance of large-scale genotyping studies in investigating genetic
variation in clinically important transporter genes to better understand interindividual and
interethnic variation in drug response. In addition, the results of these studies highlight the
clinical importance of the SLCO1B1 polymorphism in statin therapy and may help to clarify
why individual patients respond differently to various statins.
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