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Abstract
Purpose of Review Statin drug-drug interactions (DDIs) are
both troublesome to patients as well as costly to medical re-
sources. The ability to predict and avoid these events could
lead to improved outcomes as well as patient satisfaction. This
review will explore efforts to better understand and predict
these interactions specifically related to one drug transport
system, the organic anion-transporting polypeptides
(OATPs) specifically OATP1B1 and OATP1B3.
Recent Findings Since the publication of the discovery of
OATPs, there have been various pharmacokinetic models that
have been proposed to explain the variation in pharmacoki-
netic and clinical effects related to the OATPs. The effects in
transport activity appear to be partially related to the individ-
ual polymorphisms studied. Drug-drug interactions can occur
when other drugs compete for the metabolic site on the
OATPs. Various medications are identified as substrates and/
or inhibitors of the OATPs, thereby complicating the ability to
fully predict the impact on levels and effects. All of the models
reviewed claim successes but show limited clinical utility.
There are specific populations that have been identified,
predominately various Asian descendants that require lower
doses of statins to avoid adverse events. The concept of attrib-
uting these actions to the OATPs has been explored, but cur-
rent models cannot accurately predict statin blood levels or
elimination constants. The current research only points to
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the differences in the human genome and the single-
nucleotide polymorphisms that exist between us.

Summary Based upon the currently available studies, there is
beginning to be a glimmer in the understanding how different
populations respond to statin transport and elimination.
Additionally and unfortunately, there are other enzymes to
be studied to better predict patient differences. Clearly, there
has been much work completed, yet many more questions
require answering to better understand these transport
proteins.
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Introduction

Basic principles of pharmacokinetics help us understand the
metabolic fate of statins. Pharmacokinetics measures the rate
of absorption, distribution, metabolism, and excretion for
these chemicals. Statins are ingested in their active hydroxylic
acid form with the exception of simvastatin and pravastatin.
They reach peak plasma concentration (T,,,) in the range of
about 4 h. When consumed with food, lovastatin is more effi-
ciently absorbed. Rosuvastatin, pitavastatin, and simvastatin
are not affected by food, whereas fluvastatin, pravastatin, and
atorvastatin have a reduced absorption with food.

Basic Statin Metabolism
Statins undergo a complex metabolic fate, beginning with

absorption, followed by first pass hepatic uptake, metabolism,
and eventually elimination from the liver into either the
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systemic circulation or the biliary tract. P-glycoprotein (P-gp)
efflux transporters generally reduce absorption into the portal
circulation. Within the enterocyte, several members of the
cytochrome P450 (CYP) family can metabolize some statins
before eventual absorption into the portal circulation. Hepatic
uptake is mediated by several membrane transporters, includ-
ing organic anion-transporting polypeptide 1B1 (OATP1B1),
which facilitates metabolism by additional CYP enzymes
(phase I metabolism) and glucuronidation (phase II metabo-
lism). Additional efflux transporters on the canalicular mem-
branes of hepatocytes facilitate biliary excretion.

The solute carrier group (SLC) superfamily is encoded by
22 genes of the human SLC22A family. The human isoforms
include OAT1-4 and 7 as well as URAT 1. The metabolic sites
for the organic anion transporter (OAT) family include the
hepatocytes, proximal tubule of the kidney, the blood-brain
barrier, other sites with in the brain, and many other critical
locations. OATPIBI is a 691-amino acid glycoprotein that
contains 12 putative membrane-spanning domains and a large
fifth extracellular loop. OATP1B1 AND OATP1B3 share
80% of the amino acid identity of each [1].

The general predicted OATP structure consists of proteins
with 12 transmembrane domains [2¢]. Drug transport, while
not fully understood, appears to be by anion exchange which
couples the cellular uptake of substrate with the efflux of var-
ious endogenous intracellular substances in addition to statins.
These include repaglinide, valsartan, digoxin, and
fexofenadine [3].

Low intracellular pH appears to stimulate substrate by var-
ious OATPs, also suggesting that intestinal OATP uptake
could be altered if the pH was made more neutral.
Therefore, changes in diet or ingestion of herbal supplements
may affect drug transport via the organic ion transport pro-
teins. Ginger, St. John’s wort, liquorice, and grapefruit juice
have been documented to affect cyclosporine levels via a po-
tential p-glycoprotein or CYP3A4 interaction but OAT inter-
actions cannot be ruled out [4].

Regulation of OATPs

The general regulation of the organic transport proteins ap-
pears to be multifactorial.

Hepatic OATP1B1 and OATP1B3 may be controlled by
the liver-enriched hepatocyte nuclear factor la (HNF1x).
Both transcription (e.g., the synthesis of RNA from DNA)
and translation (synthesis of a protein from an mRNA) may
be involved in regulating OATP activity. With respect to drug
development, the complexity of OATP regulation requires
in vitro measurements of more than one OATP substrate and
metabolite [5]. Table 1 displays the pertinent transporter with
respect to statin metabolism. Figure 1 and Table 2 display
other transporter enzymes involved in statin transport and
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Table 1  Organic lon transporters involved in statin metabolism [2e, 3]
Transporter ~ Substrate Inhibitor Where located
(gene)
OATI1BI1 aka Statins  Cyclosporine, Hepatocytes
OATP-C and rifampicin, and (sinusoidal)
or OATP2 other some protease
(SLCOI1BI) drugs inhibitors
OAT1B3 aka Statins  Same as above Hepatocytes
OATP-8 and (sinusoidal)

(SLCOIB3) other

drugs
OATP1A2 Statins Rifampicin and some Brain capillaries,
aka and protease inhibitors endothelia,
OATP-A other cholangiocytes,
(SLCO1A2) drugs distal nephron

metabolism. Of importance, OATP is not the only transporter
or enzyme involved in statin metabolism. Table 2 and Fig. 1
show the full gamut of transporters with respect to the indi-
vidual medications.

Current Research Models

A separate conundrum in studying drug interactions is the lack
of'a good in vitro model.

Laboratory mice may express threefold activity of
OAT1B3 compared to humans [7¢¢]. Additionally, multiple
pharmacokinetic analyses have shown that plasma concentra-
tions of statins are often different when comparing predicted
to observe [6]. Given that OATP2B1 and the OATP1B sub-
family transporters are of particular importance for hepatic
statin drug disposition, this article will focus predominantly
on those two entities.

The OATP inhibitors are often at the same time inhibitors
or inducers of CYP enzymes and other transporters. This
makes the isolation of the OATP actions difficult. Efforts have
been concentrated on better understanding of the interactions
of various statins and other medications that affect the organic
ion transport system.

Gemfibrozil and gemfibrozil-glucuronide are known inhib-
itors of OATP1B1 and OATP2B. Co-administration of gem-
fibrozil with substrate drugs of OATP1B1 and OATP2BI can
change hepatic clearance and are also specific to OATP2BI1,
result in alterations of intestinal drug absorption. Since the
withdrawal of cerivastatin, it has also been known that gem-
fibrozil and gemfibrozil-glucuronide inhibit CYP2CS8 and
CYP2C9. This combination has been shown clinically to re-
sult in decreased metabolism and/or reduction of hepatic up-
take ultimately resulting in renal failure.

Rifampin is transported by OATP1B1 and OATP1B3.
Additionally, rifampin induces metabolic enzymes and trans-
porters via binding to the pregnane-x-receptor (PXR), which
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Fig. 1 Metabolic fate(s) of
ingested statins

Ingested
Statins

can activate CYP3A4. Statins such as atorvastatin and

Table 2  Transporters and enzymes affecting statins [6]

Statin Transporters and enzymes affecting metabolism

Simvastatin
lovastatin

CYP3A4 (intestinal and hepatic)
OATIB1

p-glycoprotein

MDRI1

BCRP

BCRP (intestinal)

CYP3A4 (intestinal and hepatic)
OAT1B1 and OAT2B1
p-glycoprotein

BCRP (intestinal)

CYP2C9 (minor)

OATI1B1 andOAT1B3

NTCP

OAT2BI1

BCRP (intestinal)
OAT1B1 and OAT1B3
OAT2B1

BCRP (intestinal)
OATP1B1
OAT1B3
OAT2B1
CYP2C9
CYP3A4

BCRP (intestinal)
MDRI1

OATI1B1 andOAT1B3
OATP2B1

CYP2C9 (minor)

Atorvastatin

Rosuvastatin

Pravastatin

Fluvastatin

Pitavastatin

BCRP breast cancer resistant protein, CYP cytochrome P450, MDR1
multidrug resistant protein, OAT organic anion transporters, OATP organ-
ic anion-transporting polypeptides

= CYP2C9

Liver

Conjugation
Glucuronidation

= CYP3A4

OAT1B1

MDR1
(aka pGp
or ABC1)

Portal
Blood

@
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simvastatin when co-administered with rifampin can result
in decreased concentrations of the acid metabolite and a de-
crease in the area under the curve. Due to the dual interaction
mechanism of rifampin, simultaneous co-administration of
atorvastatin with rifampin is recommended, as delayed admin-
istration of atorvastatin after administration of rifampin has
been associated with a significant reduction in atorvastatin
plasma concentrations.

Finally, most are aware of the effect of cyclosporine on
statins. Cyclosporine is both an inhibitor of OATP2B1 and
OATPI1BI as well as a substrate for CYP3A4. This dual effect
can result in either inhibition or increased exposure with
CYP3A4 substrates. The third possible explanation is an in-
crease in hepatocellular accumulation. Cyclosporine also in-
teracts with intestinal ABCB1 or ABCC2. Drugs co-
administered with cyclosporine can show enhanced intestinal
absorption and enhanced clinical effect [6].

Like other enzyme systems, single-nucleotide polymor-
phisms (SNPs) can result in altered and unpredicted metabo-
lism of many medications. Tirona and colleagues demonstrat-
ed these SNPs in a hetergenous population of African- and
European-Americans. Human liver cells were used in an RNA
extraction procedure to produce OAT clones for testing. These
unrelated subjects were found to have 14 non-synonymous
polymorphisms in OATP-C. While statins were not studied,
there was markedly reduced uptake in estrone sulfate and
estradiol glucuronide in several of the OATP variant patients.
The authors noted that as more medications are identified as
OATP-C substrates, human differences in genetic heterogene-
ity in OATP-C drug disposition will become more apparent.
OATP-C effect uptake of drugs compared to other OATPs
should also be explored. A full study on all OATP

Statin === Statin

. ]
Acid Lactone
CYP3A4

CYP3A4
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polymorphisms must be conducted. This would also need to
include the regulatory control mechanisms involved in the
transcriptional activation of OATP-C [8].

In a small Japanese study, pravastatin was used as a probe
drug, and the results showed reduced renal and non-renal
clearance. In a group of 120 healthy individuals, there were
five non-synonymous variants and one non-synonymous var-
iant observed in the OATP-C and OAT3 genes, respectively.
The OATP-C variants were associated with differences in the
disposition kinetics of pravastatin. Identified polymorphisms
in the OAT3 gene did not appear to be associated with changes
in renal and tubular secretory clearance. The results that
showed a different haplotype in the Japanese resulted in a
significantly higher serum concentration after a 10-mg dose
of pravastatin. Larger gene pool studies may further clarify the
results noted in this article [9].

Clinical Issues

With respect to statins, other population differences are
noted. Pharmacokinetic data have shown that Asians tak-
ing statins have higher serum levels of these drugs than
Caucasians. The FDA has issued caution when treating
Chinese patients with simvastatin doses exceeding
20 mg/day when administered with niacin. This followed
the observation in the Heart Protection Study 2 of in-
creased risk of myopathy in those taking simvastatin
40 mg administered with niacin-containing products
(> 1 g/day). Current rosuvastatin labeling notes higher
blood levels in patients of Asian heritage (Filipino,
Chinese, Japanese, Korean, Vietnamese, or Asian-
Indian). A 5-mg rosuvastatin initiation dose may be ap-
propriate for this group. Pitavastatin was approved based
on a largely research in Japanese patients. Differences in
Japanese and Caucasian pharmacokinetics with
pitavastatin are still under investigation. No specific rec-
ommendations appear in the pitavastatin labeling.
Atorvastatin and fluvastatin offer no current special pop-
ulation warning for Asian groups. Labeling in Asian
countries differs from the higher doses used in the USA.
Initiation of therapy with low doses of all statins in Asian
and Asian-American patients remains the most prudent
approach [10].

The aforementioned ethnic differences may likely be
attributed to differences in OATP1B1 pharmacokinetics.
Li and colleagues developed an experimental model that
measured both unbound drug fraction in liver, permeabil-
ity between liver compartments, and permeability limited
distribution to selected tissues [11, 12]. An older model
examined described SLCO1B1 and ABCG2 genotyped
pharmacokinetic time course data atorvastatin,
pitavastatin, pravastatin, repaglinide, and rosuvastatin in
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Caucasian and Asian populations [13]. The authors sug-
gest that their model may accurately predict rosuvastatin
pharmokinetic values by controlling for allele frequencies
with respect to Caucasian, Chinese, and Korean groups
and low-dose statin administration. The major limitation
of this study was the inclusion of only one SLCOI1BI1
allele. The study result also suggested that there were
unpredictable differences in biliary secretion of
rosuvastatin noted in different ethnic groups and leading
to different statin exposure levels. The study suggested
development of techniques that can simultaneously se-
quence genes of other enzymes as well as organic trans-
porters to better predict clinical outcomes [12].

Currently, the focus is to develop better models to predict
transporter-related drug interactions. Yee and colleagues have
conducted in vitro studies suggesting the fatty acid decarbox-
ylates tetradecanedioate (TDA) and hexadecanedioate (HDA)
that are substrates of OATP1BI as well as OAT1 and OAT3
may useful in the future to predict SNPs and DDIs [14e°].

Other pharmacokinetic modeling is currently proposed to
model physiologic pharmacokinetic parameters (PBPK). A
model taking into account at least nine different pharmacoki-
netic parameters has been proposed by Yoshikado and col-
leagues and may hold promise but needs more clinical valida-
tion [15].

The varying sites of drug metabolism can interfere with
pharmacokinetic predictions as well. Other factors such as
unbound drug concentrations in the blood and the liver, trans-
port across the hepatic sinusoidal membranes, rate of hepatic
metabolism, and/or excretion into bile make predictions diffi-
cult. To solve this, Patilea-Vrana and colleagues have pro-
posed and extended clearance model (ECM). Drugs entering
the liver that are metabolized or excreted into the bile faster
than the drug can exit the sinusoidal membrane; the loss of the
drug from the systemic circulation will be determined only by
sinusoidal uptake. The proposed ECM may predict in the fu-
ture whether transporters or metabolic enzymes or both can be
better explored and utilized to predict the metabolism of drugs
and the impact of DDIs within patients with SNPs. In vitro and
potentially in vivo trials are needed to test the model and
validate its predictability. The model is entirely theoretical
and cannot be utilized clinically without better and replicable
methods of determining sinusoidal influx (CLg;,) and efflux
clearances (CL.y), canalicular efflux (biliary) clearance
(CL¢ep), metabolic clearance (CL,e), hepatic blood flow,
(Qp), and fraction unbound of the drug in the blood/plasma
(fup) [16].

The larger question is the overall clinical significance of the
OATP drug interactions. In a study of 278 patients with famil-
ial hypercholesterolemia (FH), Khine and colleagues have
reviewed the incidence of myopathy by drug and other char-
acteristics. Simvastatin was the most common statin and most
associated with muscle symptoms. Rosuvastatin and
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pravastatin were the most tolerated in FH. Genotyping was
done in this population, and it was concluded that OATP1B1
genotypes were not associated with statin muscle symptoms.
The authors concluded that age, not genotype, was the stron-
gest risk factor for statin-associated muscle pain [17].

Summary

There is a lot of current effort being placed on better under-
standing DDIs due to the organic ion and other transporters.
As noted, the largest effort consists of finding mediated sub-
stances or pharmacokinetic models that will better predict
these interactions. There is a need for continued model devel-
opment, in vitro testing as well as human research to better
predict, understand, and avoid these interactions.

Compliance with Ethical Standards
Conflict of Interest Kenneth Kellick declares no conflict of interest.

Human and Animal Rights and Informed Consent This article does
not contain any studies with human or animal subjects performed by any
of the authors.

References

Papers of particular interest, published recently, have been
highlighted as:

+ Of importance

*« Of major importance

1. Konig J, Cui Y, Nies AT, Keppler D. Localization and genomic
organization of a new hepatocellular organic anion transporting
polypeptide. J Biol Chem. 2000;275(30):23161-8. https://doi.org/
10.1074/jbc.M001448200.

2.» The International Transporter Consortium, Giacomini KM, Huang
SM, Tweedie DJ, Benet LZ, Brouwer KL, et al. Membrane trans-
porters in drug development. Nat Rev Drug Discov. 2010;9(3):215—
36. https://doi.org/10.1038/nrd3028. This essential reference
provides a background overview of various transporters and
their role in drug metabolism. This will serve as a primer for
learners interested in how transporters work and potential
study design for better understanding their effect.

3. Hsiang B, Zhu 'Y, Wang Z, Wu Y, Sasseville V, Yang WP, et al. A
novel human hepatic organic anion transporting polypeptide
(OATP2). Identification of a liver-specific human organic anion
transporting polypeptide and identification of rat and human
hydroxymethylglutaryl-CoA reductase inhibitor transporters. J
Biol Chem. 1999;274(52):37161-8.

4. Colombo D, Lunardon L, Bellia G. Cyclosporine and herbal sup-
plement interactions. J Toxicol. 2014;2014:145325. https://doi.org/
10.1155/2014/145325.

5. Harper CR, Jacobson TA. Avoiding statin myopathy: understanding
key drug interactions. Clin Lipidol. 2011;6:665-74.

10.

11.

12.

13.

14,0

15.

16.

17.

Kellick KA, Bottorff M, Toth PP, The National Lipid Association’s
Safety Task F. A clinician’s guide to statin drug-drug interactions. J
Clin Lipidol. 2014;8(3 Suppl):S30—46. https://doi.org/10.1016/].
jacl.2014.02.010.

Prasad B, Evers R, Gupta A, Hop CE, Salphati L, Shukla S, et al.
Interindividual variability in hepatic organic anion-transporting
polypeptides and P-glycoprotein (ABCB1) protein expression:
quantification by liquid chromatography tandem mass spectrosco-
py and influence of genotype, age, and sex. Drug Metab Dispos.
2014;42(1):78-88. https://doi.org/10.1124/dmd.113.053819. The
article reveals a prediction methodology for patients taking
rosuvastatin.. using frozen liver hepatocytes in a small
number of samples,/ Transporter expression in the liver tissue
was comparable to that in the cryopreserved hepatocytes.
Using a in vitro prediction role, there was some ability to
predict AUC changes with rosuvastatin.

Tirona RG, Leake BF, Merino G, Kim RB. Polymorphisms in
OATP-C: identification of multiple allelic variants associated with
altered transport activity among European- and African-Americans.
J Biol Chem. 2001;276(38):35669-75. https://doi.org/10.1074/jbc.
M103792200.

Nishizato Y, Ieiri I, Suzuki H, Kimura M, Kawabata K, Hirota T,
et al. Polymorphisms of OATP-C (SLC21A6) and OAT3
(SLC22A8) genes: consequences for pravastatin pharmacokinetics.
Clin Pharmacol Ther. 2003;73(6):554-65. https://doi.org/10.1016/
S0009-9236(03)00060-2.

Administration USFaD. Ongoing safety review of high-dose Zocor
(simvastatin) and increased risk of muscle injury. In:
Communication FDA, 2011-2017.

Li R, Barton HA, Yates PD, Ghosh A, Wolford AC, Riccardi KA,
et al. A “middle-out” approach to human pharmacokinetic predic-
tions for OATP substrates using physiologically-based pharmaco-
kinetic modeling. J Pharmacokinet Pharmacodyn. 2014;41(3):197—
209. https://doi.org/10.1007/s10928-014-9357-1.

Li R, Barton HA. Explaining ethnic variability of transporter sub-
strate pharmacokinetics in healthy Asian and Caucasian subjects
with allele frequencies of OATP1B1 and BCRP: a mechanistic
modeling analysis. Clin Pharmacokinet. 2017; https://doi.org/10.
1007/s40262-017-0568-7.

Niemi M, Pasanen MK, Neuvonen PJ. Organic anion transporting
polypeptide 1B1: a genetically polymorphic transporter of major
importance for hepatic drug uptake. Pharmacol Rev. 2011;63(1):
157-81. https://doi.org/10.1124/pr.110.002857.

Yee SW, Giacomini MM, Hsueh CH, Weitz D, Liang X, Goswami
S, et al. Metabolomic and genome-wide association studies reveal
potential endogenous biomarkers for OATP1B1. Clin Pharmacol
Ther. 2016;100(5):524-36. https://doi.org/10.1002/cpt.434. This
study explored various metabolites that interfere with
OATP1B1. The group revealed potential biomarkers that can
be used during drug development to possibly better predict
drug-drug interactions mediated by OATP1B1.

Yoshikado T, Yoshida K, Kotani N, Nakada T, Asaumi R,
Toshimoto K, et al. Quantitative analyses of hepatic OATP-
mediated interactions between statins and inhibitors using PBPK
modeling with a parameter optimization method. Clin Pharmacol
Ther. 2016;100(5):513-23. https://doi.org/10.1002/cpt.391.
Patilea-Vrana G, Unadkat JD. Transport vs. metabolism: what de-
termines the pharmacokinetics and pharmacodynamics of drugs?
Insights from the extended clearance model. Clin Pharmacol Ther.
2016;100(5):413-8. https://doi.org/10.1002/cpt.437.

Khine H, Yuet WC, Adams-Huet B, Ahmad Z. Statin-associated
muscle symptoms and SLCO1BI rs4149056 genotype in patients
with familial hypercholesterolemia. Am Heart J. 2016;179:1-9.
https://doi.org/10.1016/j.ahj.2016.05.015.

@ Springer


https://doi.org/10.1074/jbc.M001448200
https://doi.org/10.1074/jbc.M001448200
https://doi.org/10.1038/nrd3028
https://doi.org/10.1155/2014/145325
https://doi.org/10.1155/2014/145325
https://doi.org/10.1016/j.jacl.2014.02.010
https://doi.org/10.1016/j.jacl.2014.02.010
https://doi.org/10.1124/dmd.113.053819
https://doi.org/10.1074/jbc.M103792200
https://doi.org/10.1074/jbc.M103792200
https://doi.org/10.1016/S0009-9236(03)00060-2
https://doi.org/10.1016/S0009-9236(03)00060-2
https://doi.org/10.1007/s10928-014-9357-1
https://doi.org/10.1007/s40262-017-0568-7
https://doi.org/10.1007/s40262-017-0568-7
https://doi.org/10.1124/pr.110.002857
https://doi.org/10.1002/cpt.434
https://doi.org/10.1002/cpt.391
https://doi.org/10.1002/cpt.437
https://doi.org/10.1016/j.ahj.2016.05.015

	Organic Ion Transporters and Statin Drug Interactions
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Basic Statin Metabolism
	Regulation of OATPs
	Current Research Models
	Clinical Issues
	Summary
	References
	Papers of particular interest, published recently, have been highlighted as: • Of importance •• Of major importance



