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ABSTRACT

There is little known about the impact of nonalcoholic fatty liver
disease (NAFLD) on drug metabolism and transport. We examined
the pharmacokinetics of oral apixaban (2.5 mg) and rosuvastatin
(5 mg) when administered simultaneously in subjects with magnetic
resonance imaging–confirmed NAFLD (N = 22) and healthy control
subjects (N = 12). The area under the concentration-time curve to the
last sampling time (AUC0–12) values for apixaban were not different
between control and NAFLD subjects (671 and 545 ng/ml 3 hour,
respectively; P = 0.15). Similarly, the AUC0–12 values for rosuvastatin
did not differ between the control and NAFLD groups (25.4 and

20.1 ng/ml 3 hour, respectively; P = 0.28). Furthermore, hepatic
fibrosis in NAFLD subjects was not associated with differences in
apixaban or rosuvastatin pharmacokinetics. Decreased systemic
exposures for both apixaban and rosuvastatin were associated with
increased body weight (P < 0.001 and P < 0.05, respectively). In
multivariable linear regression analyses, only participant weight but
not NAFLD, age, or SLCO1B1/ABCG2/CYP3A5 genotypes, was
associated with apixaban and rosuvastatin AUC0–12 (P < 0.001 and
P = 0.06, respectively). NAFLD does not appear to affect the
pharmacokinetics of apixaban or rosuvastatin.

Introduction

Nonalcoholic fatty liver disease (NAFLD) is the most common liver
disease, affecting approximately 30%of adult North Americans (Sayiner
et al., 2016). It is defined by hepatic steatosis, in the absence of
significant alcohol consumption and other causes of hepatic fat
accumulation (Ludwig et al., 1980). NAFLD encompasses both simple
steatosis and nonalcoholic steatohepatitis (NASH), the latter being a
more advanced stage of the disease involving liver inflammation,
hepatocyte ballooning, and ultimately progressing to fibrosis (Brunt
et al., 2011). NASH fibrosis is of particular concern as it is associated
with increased liver-related and overall mortality (Dulai et al., 2017).
There are no currently approved medications to treat NASH. Current
disease management involves lifestyle modification and pharmacother-
apies for common comorbidities such as hypertension, diabetes, and
dyslipidemia (Rinella and Sanyal, 2016). A number of pharmacologic
agents for NASH are being studied in clinical trials that aim to reverse
the histologic features of the disease, particularly fibrosis (Rotman and
Sanyal, 2017).

Despite the wide prevalence of NAFLD, it is remarkable that
relatively little is known regarding how this disease influences drug
disposition in humans. Few studies have evaluated the pharmacokinetics
of drugs in NAFLD. In one study, antipyrine metabolic clearance was
found to be reduced in NASH (Fiatarone et al., 1991), indicating lower
overall cytochrome P450 (P450) activity for the drug that is metabolized
by multiple P450 isoenzymes (Engel et al., 1996). With respect to
changes to particular P450 enzymes, it has been compellingly estab-
lished that in vivo hepatic CYP2E1 activity is increased in NASH, as
revealed by chlorzoxazone phenotyping (Emery et al., 2003; Orellana
et al., 2006). In addition, we demonstrated that CYP3A activity is
decreased in NAFLD using a combination of oral midazolam phenotyp-
ing and measurement of plasma 4b-hydroxycholesterol (4bHC), an
endogenous metabolic biomarker (Woolsey et al., 2015). This reduced
in vivo CYP3A activity in NAFLD was recently confirmed using a
translational systems pharmacology approach (Krauss et al., 2017). Last,
there are now several studies demonstrating that the systemic exposure
of glucuronide metabolites of drugs, namely acetaminophen and
morphine, are increased in NASH (Barshop et al., 2011; Canet et al.,
2015; Ferslew et al., 2015). These findings were attributed to increased
hepatocyte basolateral membrane expression of multidrug resistance
protein (MRP) 3 and hepatocellular internalization of canalicular MRP2
(Hardwick et al., 2011; Canet et al., 2015). Taken together, there remains
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ABBREVIATIONS: A, apical; AUC, area under the plasma concentration-time curve; AUC0–‘, area under the concentration-time curve to infinity;
AUC0–12, area under the plasma concentration-time curve to the last sampling time; B, basolateral; BCRP, breast cancer resistance protein; CLrenal,
renal clearance; 4bHC, 4b-hydroxycholesterol; KHB, Krebs-Henseleit bicarbonate buffer; LC-MS/MS, liquid chromatography-tandem mass
spectrometry; MR, magnetic resonance; MRI, magnetic resonance imaging; MRP, multidrug resistance protein; m/z, mass/charge ratio; NAFLD,
nonalcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis; OATP, organic anion-transporting polypeptide; P450, cytochrome P450; P-gp,
P-glycoprotein; PNPLA3, patatin-like phosphatase domain containing 3; ROI, region of interest; t1/2, half-life; Tmax, time to maximum plasma
concentration; Xurine,0–12, amount excreted in urine.
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a paucity of information on NAFLD-related changes in pharmacoki-
netics and the potential associated clinical impacts on drug efficacy and
harms.
In this study, we compared the pharmacokinetics of apixaban,

a direct-acting oral anticoagulant, and rosuvastatin, an 3-hydroxy-
3-methylglutaryl–CoA reductase inhibitor, in healthy subjects and
patients with NAFLD. These two medications were chosen for
evaluation because 1) they are commonly prescribed in the NAFLD
population, affording a degree of practical relevance; and 2) they are
drugs with well-characterized disposition pathways that may shed new
insights to potential disease alterations in drug-metabolizing enzyme and
transporter activity. Indeed, apixaban is eliminated through hepatic
metabolism byCYP3A4/5, biliary excretion, renal excretion (glomerular
filtration), and intestinal secretion (Raghavan et al., 2009; Wang et al.,
2010). Apixaban is a substrate of the efflux transporters breast cancer
resistance protein (BCRP) and P-glycoprotein (P-gp) (Zhang et al.,
2013). Rosuvastatin is minimally metabolized and eliminated by biliary
and renal secretion (Martin et al., 2003). It is a substrate of BCRP,
MRP2, MRP4, and P-gp (Huang et al., 2006; Kitamura et al., 2008;
Knauer et al., 2010) and the uptake transporters, organic anion trans-
porting polypeptides (OATPs) 1B1, OATP1B3, OATP2B1, and sodium
taurocholate cotransporting polypeptide in liver (Ho et al., 2006), as well
as organic anion transporter 3 in kidney (Windass et al., 2007). Notably,
rosuvastatin is used as an in vivo probe for drug interactions involving
transporters, namely OATP1B1 and BCRP (Stopfer et al., 2016;
Prueksaritanont et al., 2017).

Materials and Methods

Transepithelial Flux of Apixaban and Rosuvastatin in Polarized Caco-2
Cells

Caco-2 cells were obtained from American Type Culture Collection ATCC
(Manassas, VA) and cultured in Dulbecco’s modified Eagle’s medium supple-
mented with 50mg/ml streptomycin, 50 U/ml penicillin, L-glutamine (2 mM), and
10% fetal bovine serum. For transepithelial flux experiments, cells were seeded on
0.4 mm pore size, cell (12-well) culture inserts (VWR International, Mississauga,
ON, Canada) at a density of 90,000 cells/well and grown for 14 days with media
changes every 2 days. Prior to the start of a transport experiment, the media were
removed from each compartment (apical and basal), washed, and replaced with
Krebs-Henseleit bicarbonate buffer (KHB) (pH 7.4). Transport was initiated after
the removal of KHB and replacement with 700 ml of KHB, including apixaban
(22mM; Toronto Research Chemicals, Toronto, ON, Canada) or [3H]rosuvastatin
(42 mM; American Radiolabeled Chemicals, St. Louis, MO), in the donor
compartment. Apixaban (22 mM), rosuvastatin (42 mM), fumitremorgin C
(5 mM), or verapamil (50 mM) were included in both the apical and basolateral
compartments in separate wells. Cells were incubated at 37�C with 5% CO2 in a
humidified environment, and 25-ml aliquots were removed hourly from each
compartment over 4 hours. The concentration of apixaban in samples was
determined by liquid chromatography-tandem mass spectrometry (LC-MS/MS)
as detailed below. The [3H]rosuvastatin concentration was determined by liquid
scintillation spectrometry (TriCarb2900 TR; PerkinElmer, Waltham, MA).

Pharmacokinetic Study Subjects

Healthy individuals (control subjects) and NAFLD patients provided informed
written consent to participate in this study, which was approved by the Human
Subjects Research Ethics Board at the University of Western Ontario. Studies
were conducted in accordance with the ethical standards of the Helsinki
Declaration of 1975 (as revised in 1983). Participants were enrolled after the
clinical assessment and evaluation of serum biochemistry and hematology. The
inclusion criteria for the NAFLD group were age 18 years or older, and diagnosis
based on the American Association for the Study of Liver Disease definition
(Chalasani et al., 2012) and magnetic resonance (MR) imaging (MRI)–confirmed
hepatic steatosis. Exclusion criteria were acute or chronic renal insufficiency, use
of steatogenic medications, use of medications that inhibit or induce CYP3A,

OATPs, BCRP or P-gp and refusal to discontinue grapefruit juice or herbal
medicines that are CYP3A/P-gp inducers 1 week prior to the pharmacokinetic
study.

MR Imaging and MR Elastography

All imaging was performed with the patient in the supine position, on a 1.5-
tesla MRI scanner (Aera; Siemens, Erlangen, Germany).

MR Elastography Examination. A commercial pneumatic driver system
(Resoundant; Mayo Clinic Foundation, Rochester, MN) was used to create
mechanical waves that were introduced into the subject’s liver. The passive driver
was placed anteriorly over the patient’s liver, centered at the level of the xiphoid
process, and secured with an elastic belt. The passive driver was connected via a
polyvinylchloride tube to the active driver, which was placed outside the scan
room to induce 60-Hz vibrations into the liver.

Acquisition Sequences.
MR Elastography. The standard MR elastography protocol for our institution

was used. Initially, axial T2 HASTE (half Fourier single-shot turbo spin-echo)
images of the liver were acquired during inspiration. Based on these images, four
sections of liver were selected by the radiologist for the MR elastography portion
of the study. Stiffness maps were generated using a standard inversion algorithm
and were displayed with a 95% confidence map. Mean stiffness measurements
were calculated based on overall stiffness from each of the four sections acquired,
using a manually drawn region of interest (ROI). The ROI was placed only on
areas within the 95% confidence map. The average stiffness for each liver section,
as well as overall liver stiffness, was then calculated.

Fat Signal Fraction. Chemical shift gradient echo imaging is used commonly
for liver fat quantification. Decreased signal intensity of the liver on out-of-phase
images compared with in-phase images is characteristic of fatty infiltration. In this
study, manual ROIs were placed over the liver on the acquired chemical shift
images (in phase and out of phase). The fat signal fraction (FSF)was calculated by
using the following formula, which takes into account the net signal in liver on
out-of-phase images compared with in-phase images:

FSF ¼ ðSIP2 SOPÞ=2ðSIPÞ

where SIP is the net hepatic signal on in-phase images and SOP is the net hepatic
signal on out-of-phase images (Ma et al., 2009).

Pharmacokinetic Study

Within 1 month of MRI and MR elastography, subjects were admitted to the
Centre for Clinical Investigation and Therapeutics (Lawson Health Research
Institute, London, ON) after an overnight fast. Participants refrained from
consumption of citrus juice or caffeine 1 day prior to the pharmacokinetic study.
The discontinuation of treatment with statins was requested for those prescribed
beginning 3 days prior to the study day. At baseline, a morning blood sample was
provided for the measurement of 4bHC and the extraction of DNA for genetic
analysis. Rosuvastatin 5 mg (Crestor; AstraZeneca, Cambridge, UK) and
apixaban 2.5 mg (Eliquis; Bristol-Myers Squibb, New York, NY) was
administered simultaneously by mouth in 100 ml of water. Prior to dosing and
at 0.5, 1, 2, 4, 6, 8, 10, and 12 hours thereafter, blood samples were obtained
through an indwelling venous catheter for ethylenediaminetetraacetic-acid plasma
drug concentration analysis. Urine was collected in toto over three intervals (0–4,
4–8, and 8–12 hours) after dosing for the assessment of renal drug excretion.
Approximately 4 and 10 hours after dosing, participants were provided with
meals. Plasma and urine samples were stored at 280�C until analysis.

Apixaban and Rosuvastatin Analysis

Plasma and urine samples were analyzed by LC-MS/MS for apixaban and
rosuvastatin concentrations. Apixaban, rosuvastatin and d6-Rosuvastatin were
obtained from Toronto Research Chemicals. The [13C, 2H7]-apixaban was
purchased from Alsachim (Illkirch, Graffenstaden, France). Plasma (50 ml)
proteins were precipitated with acetonitrile (150 ml) containing d6-rosuvastatin
(10 ng/ml) and [13C,2H7]-apixaban (50 ng/ml) and were centrifuged at 13,000g
for 10minutes at 4�C. The resulting supernatant (175ml) was dried in a SpeedVac
at 60�C and reconstituted in 150 ml (0.1% formic acid in water/acetonitrile; 75%/
25%) for injection into the liquid chromatograph (Agilent 1200; Agilent
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Technologies, Santa Clara, CA). Analytes were separated on a Hypersil Gold
C18 column (50� 5 mm, 5 mm; ThermoFisher Scientific, San Jose, CA) under
gradient elution with 0.1% formic acid in water and acetonitrile. With heated
electrospray ionization, mass spectrometric detection (TSQ Vantage; Thermo-
Fisher Scientific) was performed in positive mode with mass transitions
482.2→ 258.1 mass/charge ratio (m/z), 488.1→ 264.2m/z, 460.1→ 443.3m/z,
and 468.1 → 451.3 m/z for rosuvastatin d6-rosuvastatin, apixaban, and [13C,
2H7]-apixaban, respectively. Calibration standards and quality control
subjects were prepared in human plasma (BioreclamationIVT, Baltimore,
MD) and processed as described above. The between-run precision (CV
percentage) and bias (percentage) values for quality control subjects for
apixaban were,14% and,10%, respectively, whereas those for rosuvastatin
were ,12% and 10%, respectively.

4bHC Analysis

4bHC concentration in plasma was determined by the picolinic acid de-
rivatization and electrospray ionization LC-MS/MS method of Honda et al.
(2008), as detailed in our previous report (Woolsey et al., 2016).

Genotyping

DNA was extracted from whole blood using the MagNA Pure System (Roche
Diagnostics, Laval, QC, Canada). Single nucleotide polymorphism analysis
was performed using TaqMan Allelic Discrimination Assays (Viia7; Ap-
plied Biosystems, Foster City, CA) for SLCO1B1 388A.G (rs2306283),
SLCO1B1 521T.C (rs4149056), ABCG2 421C.A (rs2231142), CYP3A4*22
(rs35599367), CYP3A5*3 (rs776746), and patatin-like phosphatase domain
containing 3 (PNPLA3) I148M (rs738409). These genetic variants were chosen

Fig. 1. Apixaban and rosuvastatin interactions in Caco-2
cells. Apixaban (A) and rosuvastatin (B) apparent
permeabilities (Papp) across polarized Caco-2 cells in the
A-to-B and B-to-A directions. Apixaban and rosuvastatin
directional flux was monitored in the absence or presence
of rosuvastatin, apixaban, fumitremorgin C (BCRP
inhibitor), or verapamil (P-gp inhibitor) applied to both
B and A compartments. Data are presented as the mean
and S.D. (N = 3). ***P , 0.001; ****P , 0.0001 when
compared with control Papp using t test.

TABLE 1

Participant characteristics

Values are the mean 6 S.D., unless otherwise indicated.

Control Group (N = 12) NAFLD Group (N = 22) P Value*
NAFLD-No Fibrosis Group

(N = 11)
P Value*

NAFLD-Fibrosis Group
(N = 11)

P Value*

Age (yr) 46.0 6 9.8 51.3 6 12.4 0.18 50.9 6 12.8 0.32 51.7 6 12.5 0.24
Sex, n (female/male) 10/2 11/11 0.056 7/4 0.28 4/7 0.021
Weight (kg) 65.6 6 10.3 99.9 6 21.9 ,0.001 93.2 6 23.5 0.003 106.6 6 18.8 ,0.001
BMI 23.4 6 2.5 34.0 6 4.5 ,0.001 32.4 6 3.9 ,0.001 35.5 6 4.8 ,0.001
Waist circumference (cm) 76.5 6 5.0 111.4 6 17.9 ,0.001 109.5 6 21.8 ,0.001 113.1 6 14.3 ,0.001
ALT (U/l) 16.5 6 7.5 49.4 6 36.3 ,0.001 49.1 6 32.1 0.007 49.7 6 41.6 0.024
AST (U/l) 24.0 6 10.3 33.1 6 15.5 0.048 30.6 6 10.3 0.14 35.6 6 19.6 0.10
GGT (U/l) 16.6 6 6.3 52.1 6 40.8 ,0.001 43.8 6 21.5 0.002 60.5 6 53.6 0.02
Alkaline phosphatase (U/l) 61.3 6 14.3 77.9 6 18.1 0.006 79.1 6 16.8 0.01 76.7 6 20.1 0.05
Platelets (�109 cells/l) 234 6 40 262 6 75 0.16 261 6 63 0.23 262 6 89 0.34
Serum creatinine (mM) 69.8 6 13.8 67.8 6 12.1 0.67 63.2 6 11.5 0.23 71.9 6 11.7 0.70
HgA1c (%) 5.3 6 0.4 6.3 6 0.9 ,0.001 6.4 6 1.0 0.004 6.2 6 0.8 0.004
Diabetes 0/12 8/22 0.017 2/11 0.12 6/11 0.003
Hypertension 0/12 10/22 0.005 4/11 ,0.001 6/11 0.003
Dyslipidemia 0/12 11/22 0.003 3/11 0.052 8/11 ,0.001
MR fat signal fraction 20.01 6 0.05 0.27 6 0.08 ,0.001 0.30 6 0.09 ,0.001 0.24 6 0.08 ,0.001
4b HC (ng/ml) 16.9 6 3.2 11.9 6 5.4 0.007 13.4 6 5.9 0.13 10.4 6 4.5 0.002
Genotypes, n (Frequency %)a

SLCO1B1 388A.G 7/5/0 (21) 8/9/5 (43) 0.065 5/3/3 (41) 0.14 3/6/2 (46) 0.075
SLCO1B1 521T.C 8/4/0 (17) 15/7/0 (16) 0.935 7/4/0 (18) 0.89 8/3/0 (14) 0.78
ABCG2 421C.A 7/4/1 (25) 20/2/0 (5) 0.012 10/1/0 (5) 0.054 10/1/0 (5) 0.054
CYP3A4*22 12/0/0 (0) 22/0/0 (0) 11/0/0 (0) 11/0/0 (0)
CYP3A5*3 8/3/1 (79) 20/1/1 (93) 0.086 9/1/1 (86) 0.52 11/0/0 (100) 0.023
PNPLA3 I148M 9/3/0 (13) 12/8/2 (27) 0.16 5/5/1 (32) 0.11 7/3/1 (23) 0.36

ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; GGT, g-glutamyltranspeptidase; HgA1c, glycated hemoglobin; Ref, carriers of reference allele; Var, variant
allele.

aGenotypes are reported in the following pattern: Ref-Ref/Ref-Var/Var-Var.
*Two-tailed, t test or x2 test with comparison with control group.
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for evaluation as they are known to influence apixaban (Ueshima et al., 2017) or
rosuvastatin (Keskitalo et al., 2009; DeGorter et al., 2013) pharmacokinetics. For
PNPLA3, the genotype is associated with risk for NAFLD (Romeo et al., 2008).

Pharmacokinetic Calculations

Pharmacokinetic analysis was performed using model-independent methods.
The area under the concentration-time curve to the last sampling time (AUC0–12)
was calculated using linear trapezoid method. The area under the concentration-
time curve to infinity (AUC0–‘) was calculated as the sum of AUC0–12 and C12/k,
where C12 is the last sampled concentration and k is the elimination rate constant
obtained from the regressed slope of ln-transformed terminal concentrations.
Half-life (t1/2) was determined from ln2/k. Cmax and time to Cmax (Tmax) were
obtained directly from the observed results. Renal clearance (CLrenal) was
calculated as the amount of drug excreted in urine from 0 to 12 hours
(Xurine,0–12) divided by AUC0–12.

Statistical Analysis

Comparisons of demographics, and serum biochemistry and pharmacokinetic
parameters with subjects in the control group andNAFLD groupswere performed
using two-tailed, unpaired Student’s t test or x2 test (Excel; Microsoft, Redmond,
WA). Univariate associations between subject weight and drug AUC0–12 values
were performed to obtain Pearson’s correlation coefficients (r) using GraphPad
Prism (GraphPad Software, La Jolla, CA). Multivariable linear regression
analyses were performed to determine the contribution of covariates (NAFLD
status, age, weight, and SLCO1B1, ABCG2, andCYP3A5 genotypes) to apixaban
and rosuvastatin AUC0–12 using SPSS (version 23; IBMAnalytics, Armonk, NY).
In multivariable linear regression analyses, we used an additive model for
genotypes.

Results

Apixaban and Rosuvastatin Transport Interactions In Vitro.We
assessed the possibility that simultaneous oral administration of
apixaban and rosuvastatin may result in mutual pharmacokinetic
interactions using the in vitro Caco-2 model. The transport of apixaban
(22 mM) across polarized Caco-2 cells grown in the two-compartment
configuration in either the apical (A)-to-basolateral (B) or B-to-A
directions was not affected by the presence of rosuvastatin (42 mM)
applied to both compartments (Fig. 1A). In parallel experiments, the
presence of fumitremorgin C (5 mM), a BCRP inhibitor, reduced both
the A-to-B and B-to-A permeability of apixaban (Fig. 1A). Furthermore,
the B-to-A flux of apixaban was attenuated by the presence of the P-gp
inhibitor verapamil (50 mM) (Fig. 1A). Our findings on the effects of
BCRP and P-gp inhibitors on apixaban permeability in Caco-2 cells are
similar to those reported previously (Zhang et al., 2013). Conversely, the
presence of apixaban did not affect the transepithelial flux of rosuvas-
tatin in both A-to-B and B-to-A directions (Fig. 1B). However, both
fumitremorgin C and verapamil reduced the B-to-A transport of
rosuvastatin (Fig. 1B). These results demonstrate a lack of mutual
effects on bidirectional transport across Caco-2 cells for apixaban and
rosuvastatin.
Cohort Characteristics. Twelve healthy control and 22 NAFLD

subjects were enrolled in the pharmacokinetic study. Detailed participant
characteristics are presented in Table 1. MRI was used to detect and
quantify the degree of hepatic steatosis for the inclusion of subjects into
the control and NAFLD study groups. Fat signal fraction values of$0.1
were used as a cutoff for the presence of hepatic steatosis and inclusion
in the NAFLD group. The NAFLD cohort was segregated into
NAFLD-no fibrosis (N = 11) and NAFLD-fibrosis (N = 11) subgroups
by the presence of fibrosis as determined from liver biopsy findings or a
positive MR elastography result (mean liver stiffness, $2.9 kPa).
Participant age was similar between the control and NAFLD groups.
Females tended to be over-represented in the control group (83%) than

the NAFLD group (50%) (P = 0.056). Subjects were Caucasian with the
exception of one African American participant in the control group.
Total body weight, body mass index, waist circumference, and
concentrations of serum biomarkers of liver function (alanine amino-
transferase, aspartate aminotransferase, g-glutamyltranspeptidase, and
alkaline phosphatase) were significantly greater in the NAFLD group
than the control group (Table 1). Serum creatinine levels were similar
between groups. In the NAFLD group, diabetes, hypertension, and
dyslipidemia were prevalent, with higher proportion of comorbidities in
the NAFLD-fibrosis subgroup than in the NAFLD-no fibrosis subgroup.
The allelic frequencies of the SLCO1B1 388A.G, SLCO1B1 521T.C,
andCYP3A5*3 polymorphismswere similar between theNAFLDgroup
and control subjects. No CYP3A4*22 alleles were carried by any study
participant. The decreased function ABCG2 421C.A polymorphism
(Keskitalo et al., 2009) was found at a higher allelic frequency in the

Fig. 2. Plasma concentration-time curves after simultaneous oral administration of
apixaban 2.5 mg (A) and rosuvastatin 5 mg (B) in healthy control subjects (open
circles; N = 12) and patients with NAFLD (closed circles; N = 22). Data are
presented as the mean 6 S.E.M.
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control group than in the NAFLD group (P = 0.012). Last, the PNPLA3
I148M variant, previously associated with hepatic steatosis and NASH
risk (Romeo et al., 2008), was at similar prevalence between the control
and NAFLD groups.

Apixaban Pharmacokinetics. The mean plasma concentration-time
profiles for apixaban in each study group are presented in Fig. 2A.
Apixaban AUC0–12, AUC0–‘, and Cmax were not different between the
control and NAFLD groups, although there was a trend toward lower

TABLE 2

Apixaban pharmacokinetic parameters

Values are the mean 6 S.D., unless otherwise indicated.

Control Group
(N = 12)

NAFLD Group
(N = 22)

P Value*
NAFLD-No Fibrosis
Group (N = 11)

P Value*
NAFLD-Fibrosis
Group (N = 11)

P Value*

AUC0–12 (ng/ml � h) 671 6 174 545 6 265 0.15 580 6 228 0.30 511 6 304 0.15
AUC0–‘ (ng/ml � h) 840 6 326 715 6 351 0.31 725 6 290 0.38 705 6 417 0.40
Cmax (ng/ml) 98 6 31 78 6 44 0.13 82 6 40 0.33 74 6 49 0.17
Tmax (h) 2.6 6 1.1 2.7 6 1.3 0.78 2.6 6 1.1 0.96 2.8 6 1.4 0.66
t1/2 (h) 4.5 6 1.5 5.0 6 1.2 0.34 4.5 6 0.5 0.97 5.5 6 1.4 0.12
Xurine,0–12 (mg) 611 6 148 544 6 182 0.26 527 6 176 0.23 562 6 194 0.51
CLrenal (ml/min) 16.2 6 5.4 19.6 6 9.1 0.25 17.3 6 8.5 0.71 21.8 6 9.4 0.11

*Two-tailed, t test or x2 test with comparison with control group.

Fig. 3. Relationships between total body weight and AUC0–12

for apixaban (A) and rosuvastatin (B) in healthy control subjects
(open circles; N = 12) and patients with NAFLD (closed circles;
N = 22). Pearson’s r values, r2 values, and P values are noted.
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values for these parameters in theNAFLDgroup (P = 0.15,P = 0.31, and
P = 0.13, respectively) (Table 2). Tmax, t1/2, Xurine,0–12, and CLrenal

values were similar between the control the NAFLD groups (Table 2).
Additionally, pharmacokinetic parameters were not different between
either the NAFLD-no fibrosis subgroup or the NAFLD-fibrosis sub-
group and the control group (Table 2). The apixaban AUC0–12 value was
strongly correlated with total body weight with univariate (P , 0.001)
(Fig. 3A) and multivariable linear regression analyses (Table 3). Neither
NAFLD status, age, or CYP3A5 or ABCG2 genotypes was associated
with apixaban AUC0–12, as indicated by multivariable linear regression
analyses (Table 3).
Rosuvastatin Pharmacokinetics. Mean plasma concentration re-

sults for rosuvastatin are shown in Fig. 2B. Rosuvastatin AUC0–12,
AUC0–‘, and Cmax were similar between control and NAFLD groups
(Table 4). Furthermore, Tmax, t1/2, Xurine,0–12, and CLrenal were similar
among study groups (Table 4). Pharmacokinetic parameters were not
different between the control and either the NAFLD-no fibrosis
subgroup or the NAFLD-fibrosis subgroup (Table 4). With univariate
comparison, there was a small but significant correlation between the
rosuvastatin AUC0–12 value and total body weight (P = 0.035) (Fig. 3B)
and a trend (P = 0.06) with multivariable linear regression analysis
(Table 5). Rosuvastatin AUC0–12 was not associated with NAFLD
status, age, or SLCO1B1 or ABCG2 genotypes with multivariable linear
regression analysis (Table 5).

Discussion

Apixaban pharmacokinetics were not different between healthy
control and NALFD subjects (Fig. 2A; Table 2). Previously, we found
that CYP3A activity was moderately decreased in a separate NAFLD
group (Woolsey et al., 2015). In the current cohort, we also observed
reduced CYP3A activity in the NAFLD group, as suggested by
examination of plasma 4bHC concentrations (Table 1). These decreased
4bHC concentrations were most pronounced in the NASH-fibrosis
subgroup. Thus, it could have been anticipated that apixaban AUC

would be greater in NAFLD subjects than in control subjects given that
this anticoagulant is metabolized by CYP3A enzymes (Wang et al.,
2010). It should be considered, however, that CYP3A-mediated metab-
olism is not a dominant elimination pathway for apixaban, as was
evidenced by moderate increases (2-fold) in apixaban plasma AUC
when coadministered with ketoconazole, a strong inhibitor of both
CYP3A and P-gp (Frost et al., 2015). Approximately 27% of apixaban
clearance occurs through glomerular filtration in the kidney (Raghavan
et al., 2009), and we observed that the renal elimination pathway was not
different among the control and NAFLD groups whose serum creatinine
concentrations were also similar. We found that the apixaban AUC
strongly correlated with the total body weight of subjects, with lower
systemic exposure seen with increasing mass (Fig. 3A). This result
confirms previous observations at the extremes of body weight (Upreti
et al., 2013), demonstrating that apixaban clearance follows allometric
principles. We are unable to discern from the pharmacokinetic results
whether NAFLD is associated with alterations in intestinal absorption or
biliary and/or intestinal secretion of apixaban, which may have offset the
observed reduction in CYP3A activity. Last, both CYP3A5*3 and
ABCG2 421C.A genetic variations were not associated with apixaban
AUC in this relatively small cohort despite that these genetic markers
were recently linked to greater plasma trough concentrations in Japanese
patients with atrial fibrillation (Ueshima et al., 2017). Although we did
not find differences in apixaban plasma pharmacokinetics, additional
focused studies are necessary to examine whether NAFLD may have
specific effects on intestinal absorption and individual organ elimination
pathways.
Interestingly, rosuvastatin systemic exposure was similar between the

control and NAFLD groups (Fig. 2B; Table 4) despite there being
reasons to expect otherwise. For example, NASH liver tissues have
increased protein expression of OATP1B1 and reduced protein
expression of OATP1B3 (Clarke et al., 2014b). Furthermore, the
expression of MRP3, MRP4, MRP5, P-gp, and BCRP is increased in
NASH (Hardwick et al., 2011). Although also upregulated, MRP2 is
internalized from the hepatocyte canalicular membrane in NASH (Canet
et al., 2015). Furthermore, there is reduced protein glycosylation of
OATPs and MRP2 in NASH that may influence transporter function
(Clarke et al., 2017). These changes in liver transporter expression
appear to have an effect on the pharmacokinetics of glucuronide
metabolites of acetaminophen and morphine (Barshop et al., 2011;
Canet et al., 2015; Ferslew et al., 2015). Last, in a rodent model of
NASH, the systemic and liver disposition of simvastatin was altered,
owing to the downregulation of hepatic Oatps (Clarke et al., 2014a).
However, our current findings indicate that there is either a lack of
functional changes in rosuvastatin transporters in NAFLD or that a
complex interplay of altered activities of uptake and efflux transporters
in different tissues results in no changes in rosuvastatin systemic

TABLE 3

Multivariable linear regression analysis of apixaban AUC0–12

Variable Coefficient (95% CI) P Value

Constant 1069 (608, 1529)
Weight (kg) 27.97 (211.76, 24.18) ,0.001
Age (yr) 2.16 (24.21, 8.52) 0.49
NAFLDa 146 (260, 352) 0.16
CYP3A5*3 6.7 (2142, 155) 0.93
ABCG2 421C.A 29.5 (2139.8, 198.8) 0.72

CI, confidence interval.
aControl = 0, NAFLD = 1; R2 = 0.46.

TABLE 4

Rosuvastatin pharmacokinetic parameters

Values are the mean 6 S.D., unless otherwise indicated.

Control Group
(N = 12)

NAFLD Group
(N = 22)

P Value*
NAFLD-No Fibrosis
Group (N = 11)

P Value*
NAFLD-Fibrosis
Group (N = 11)

P Value*

AUC0–12 (ng/ml � h) 25.4 6 11.0 20.1 6 14.3 0.28 21.5 6 13.5 0.46 18.6 6 15.7 0.25
AUC0–‘ (ng/ml � h) 30.7 6 13.6 25.4 6 17.0 0.35 27.0 6 15.4 0.58 23.7 6 19.2 0.36
Cmax (ng/ml) 3.7 6 2.0 3.0 6 2.6 0.42 3.3 6 2.6 0.70 2.8 6 2.7 0.39
Tmax (h) 3.9 6 2.0 3.8 6 1.9 0.86 3.7 6 2.1 0.81 3.9 6 1.8 0.95
t1/2 (h) 4.4 6 1.2 5.4 6 2.9 0.21 4.8 6 1.4 0.54 6.0 6 4.0 0.25
Xurine,0–12 (mg) 257 6 107 209 6 186 0.34 244 6 230 0.87 174 6 130 0.11
CLrenal (ml/min) 180 6 64 178 6 69 0.93 178 6 84 0.94 178 6 53 0.94

*Two-tailed, t test or x2 test with comparison with control group.
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exposure. In this regard, it can be considered that the efficiency of renal
secretion (i.e., CLrenal) of rosuvastatin is unaffected by NAFLD
(Table 4). Moreover, the recovery of rosuvastatin in urine (i.e.,
Xurine,0–12) was similar between NAFLD subjects and control subjects
(Table 4), indicating that NAFLD did not change the bioavailabilty or
the relative contribution of liver and kidney in the overall elimination.
However, it is not certain whether hepatocyte intracellular concentra-
tions and intrinsic biliary clearance of rosuvastatin differs in NAFLD
subjects, given that these may be poorly reflected by the plasma
concentrations. The genetic polymorphisms in SLCO1B1 (521T.C)
and BCRP (421C.A) are associated with increased rosuvastatin plasma
concentrations (Pasanen et al., 2007; Keskitalo et al., 2009; DeGorter
et al., 2013). However, this was not observed herein and likely is a
consequence of the relatively small cohort size. Other genetic markers
that may be associated with rosuvastatin disposition were not examined.
There was a modest correlation between rosuvastatin AUC and body
weight (Fig. 3B). This result is in keeping with a pharmacokinetic study
in children and adolescents that showed rosuvastatin oral clearance was
associated with weight (Macpherson et al., 2016).
It is possible that the experimental strategy of simultaneous admin-

istration of apixaban and rosuvastatin may have masked the impacts of
NAFLD on drug disposition. A pharmacokinetic drug-drug interaction
between rosuvastatin and apixaban as a study complication was
considered unlikely for a number of reasons. First, apixaban is not
expected to inhibit rosuvastatin transporters, includingOATPs and P-gp,
at clinical doses (Zhang et al., 2013; Tsuruya et al., 2017). Moreover,
rosuvastatin is not an inhibitor of CYP3A or P-gp (Martin et al., 2002;
Sakaeda et al., 2006), proteins that impact apixaban pharmacokinetics.
However, it remains a possibility that apixaban and rosuvastatin
mutually interact with BCRP or MRP transporters. To assess potential
interactions on these efflux transporters, we examined the transcellular
flux of both apixaban and rosuvastatin in the presence and absence of the
alternate medication in the in vitro Caco-2 cell model (Fig. 1). We found
a lack of mutual interactions between apixaban and rosuvastatin on
bidirectional flux across the Caco-2 cells, which express BCRP, MRPs,
and P-gp, lending support for the use of simultaneous drug administra-
tion in the pharmacokinetic study. Nevertheless, we used the lowest
available commercial doses for apixaban (2.5 mg) and rosuvastatin
(5 mg) both for safety reasons as well as for minimizing a potential drug-
drug interaction. The drug interaction potential may be different at
higher doses of apixaban and rosuvastatin.
MRI andMR elastography were used to quantify hepatic steatosis and

fibrosis, respectively. Both techniques have been well validated against
liver biopsy, which is currently considered the gold standard for
assessment of the presence and severity of histologic features of NAFLD
(Dulai et al., 2016). Whereas fibrosis can be accurately measured with
elastography, assessment of hepatic inflammation (NASH) requires liver
biopsy. In the absence of liver histology, we were therefore not able to
distinguish precisely those NAFLD subjects with NASH but no fibrosis.

Consequently, it is possible that the NAFLD-no fibrosis subgroup may
be composed of subjects with NASH in addition to those with only
simple steatosis. Within the NAFLD-fibrosis subgroup, we are similarly
unable to completely define those participants with NASH. As the
presence of fibrosis is highly associated with steatohepatitis (McPherson
et al., 2015), we expect that the majority of subjects in the NAFLD-
fibrosis subgroup have NASH. Indeed, liver stiffness as measured by
MR elastography, has been proposed as a noninvasive method to detect
NASH (Chen et al., 2011). In the NAFLD subgroup analyses, the
pharmacokinetics of apixaban and rosuvastatin were not different
between subjects without or with fibrosis in comparison with control
subjects. We suspect that no pharmacokinetic differences would also be
apparent if the NAFLD group were stratified into simple steatosis and
NASH subgroups.
The findings of this study may inform the safety profiles of apixaban

and rosuvastatin in the NAFLD population. As with other direct-acting
anticoagulants (Ruff et al., 2015), higher bleeding risk with apixaban
will likely associated with increased plasma concentrations. NAFLD
does not appear to alter the plasma concentration-anticoagulation
response effects of apixaban (Bos et al., 2017). Given that the mean
apixaban exposure was not greater in NAFLD subjects compared with
control subjects, the disease itself may not necessarily be a factor for
determining bleeding risk or therapeutic dose. For rosuvastatin, in-
creased plasma concentrations have been associated with a risk for
severe myopathy (Jacobson, 2006); however, we found that systemic
exposures were not greater in NAFLD. Although our results do not
reveal whether rosuvastatin hepatocyte intracellular concentrations are
affected by NAFLD, the use of statins in this population with low-grade
transaminitis appears safe from a hepatotoxicity perspective (Bril et al.,
2017). It is important to note that our findings for apixaban and
rosuvastatin in NAFLD should not be extrapolated to more advanced
stages of the disease, such as in NASH cirrhosis. Moreover, the current
pharmacokinetic results do not permit conclusions to be drawn with
respect to the influence of NAFLD on the pharmacodynamics of
apixaban and rosuvastatin.
In conclusion, we demonstrate that the pharmacokinetics of apixaban

and rosuvastatin are not affected by NAFLD. These findings provide
additional insights into our understanding of pharmacological factors
that may affect drug response and adverse effects in patients with this
highly prevalent disease.
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