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ABSTRACT: Brivanib, a promising tyrosine kinase inhibitor,
is currently undergoing advanced stages of clinical evaluation
for solid tumor therapy. In this work, we investigated possible
interactions of this novel drug candidate with ABC drug efflux
transporters and cytochrome P450 (CYP450) drug-metaboliz-
ing enzymes that participate in cancer multidrug resistance
(MDR) and pharmacokinetic drug−drug interactions (DDIs).
First, in accumulation experiments with various model
substrates, we identified brivanib as an inhibitor of the
ABCB1, ABCG2, and ABCC1 transporters. However, in
subsequent combination studies employing 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide proliferation
assays in both Madin-Darby canine kidney II (MDCKII) and A431 cellular models, only ABCG2 inhibition was revealed to be
able to synergistically potentiate mitoxantrone effects. Advantageous to its possible use as MDR antagonist, brivanib’s
chemosensitizing properties were not impaired by activity of any of the MDR-associated ABC transporters, as observed in
comparative viability assay in the MDCKII cell sublines. In incubation experiments with eight recombinant CYP450s, we found
that brivanib potently inhibited CYP2C subfamily members and the CYP2B6 isoform. Finally, in induction studies, we
demonstrated that brivanib upregulated ABCB1 and CYP1A2 messenger RNA levels in systemic cell models, although this
interaction was not significantly manifested at a functional level. In conclusion, brivanib exhibits potential to cause clinically
relevant pharmacokinetic DDIs and act as a modulator of ABCG2-mediated MDR. Our findings might be used as an important
background for subsequent in vivo investigations and pave the way for the safe and effective use of brivanib in oncological
patients.
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1. INTRODUCTION

Cancer represents a major human health problem and is
expected to surpass cardiovascular diseases as the leading cause
of death in the near future.1 In addition to the considerable
progress in surgery and radiotherapy, anticancer pharmaco-
therapy is dramatically evolving within cancer treatment
approaches, providing new hope for cancer patients. Novel
targeted drugs have revolutionized cancer therapy due to their
selective nature reflected by less toxicity compared with
standard cytotoxic agents.2 Brivanib alaninate, an orally
available prodrug of brivanib (Figure 1), is a dual inhibitor
of fibroblast growth factor- and vascular endothelial growth
factor receptor kinases.

Originally developed by Bristol-Myers Squibb, this small-
molecule-targeted drug has been clinically evaluated for the
treatment of various solid tumors, including hepatocellular
carcinoma and non-small cell lung cancer (NSCLC).3

Although promising results were reported in phase I and II
trials, brivanib did not outperform sorafenib in global phase III
clinical trials,4,5 and further clinical development was halted in
Western countries. However, the considerable clinical out-
comes more specifically obtained in Asian populations and the
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economic aspects led to the transfer of its license to a Chinese
biopharmaceutical company (Zai Lab). Brivanib is currently
being developed for the Chinese drug market (recruiting phase
II study with ClinicalTrials.gov Identifier NCT03516071); it is
believed that it will become an affordable alternative to
sorafenib, which is not widely available in China due to a lack
of coverage by health insurance.6

ABC [adenosine 5′-triphosphate (ATP)-binding cassette]
drug efflux transporters constitute a large group of membrane-
embedded carriers that are functionally expressed mainly in
organs regulating absorption, distribution, and elimination of
drugs (intestine, placenta, testes, brain, liver, and kidney).
These carriers actively extrude a palette of structurally diverse
xenobiotic compounds, including drugs and their metabolites,
out of cells. As implicated by their localization, ABC drug efflux
transporters play an important protective role by diminishing
absorption and distribution while forcing the excretion of
drugs that can cause harmful effects to bodily tissues. These
processes considerably influence the general pharmacokinetic
behaviors of transporter substrates and can cause clinically
relevant pharmacokinetic drug−drug interactions (DDIs)
when the transporters are inhibited or induced.7 The
cytochrome P450 (CYP450) superfamily is another critically
important component in the pharmacokinetic detoxification
unit that closely cooperates with ABC drug efflux transporters
in tissue protection. CYP450s convert lipophilic parent drugs
into reactive metabolites, thus enhancing their conjugation
with endogenous molecules as well as their subsequent
excretion from the body. CYP450s are also recognized as
crucial sites for pharmacokinetic DDIs that can result in either
increased toxicity or decreased efficacy of a victim drug.8 With
respect to this fact, investigation of the interactive potential of
new drugs is strongly recommended by drug regulatory
authorities.9

Apart from their vital roles in xenobiotic tissue protection,
several ABC drug efflux transporters and CYP450 biotransfor-
mation enzymes are overexpressed in tumors and diminish the
accumulation of chemotherapeutic agents by either pumping
the drugs out of the cell or through drug deactivation,
respectively, thus causing pharmacokinetic multidrug resist-
ance (MDR). To date, ABCG2 (breast cancer resistance
protein), ABCB1 (P-glycoprotein), and ABCC1 (multidrug
resistance-associated protein 1) have been demonstrated to be
able to develop MDR at both in vitro and in vivo levels.10,11 In
contrast to transporters, only few studies investigating the roles
of CYP450s in the phenomenon of pharmacokinetic MDR
have been reported. For example, decreased anticancer effects
of vincristine, docetaxel, and paclitaxel have been suggested to
be mediated by the metabolism through CYP2C8 and
CYP3A4/5 isoforms in cancer cells.12−14 CYP3A4 was
experimentally proven to significantly attenuate the cytotoxic
effects of docetaxel (our unpublished data). In previous clinical

trials aiming to circumvent transporter-mediated resistance,
several noncytotoxic ABC transporter inhibitors have been
combined with standard cytostatic drugs; however, despite
promising initial results, clinical development of these
compounds has been discontinued in later stages because of
low efficiency and/or provoking systemic toxic response.15

Nevertheless, targeting pharmacokinetic MDR mechanisms
remained an attractive method for treatment approaches.
Currently, the combination of novel MDR modulators from
the group of targeted drugs with classical cytostatic agents is
believed to become a new therapeutic option for resistant
tumors.16,17 In our lab, we have recently demonstrated that
several novel cyclin-dependent kinase inhibitors can effectively
modulate cytostatic MDR via interactions with ABCB1,
ABCG2, and/or ABCC1.18−22 These dual-mechanism proper-
ties could be beneficially utilized in various combination
regimens following in vivo evaluation.
While the pharmacodynamic behavior of brivanib has been

extensively investigated, the knowledge of its pharmacokinetic
profile is fragmentary. In this work, we aimed to describe the
ability of brivanib to inhibit various ABC transporters and
CYP450s that play roles in both pharmacokinetic MDR and
DDIs. We subsequently evaluated the possible utilization of the
observed interactions to overcome resistance to standard
cytostatic drugs. In addition to investigating brivanib’s
chemosensitization effects, we also evaluated its possible
opposing role in pharmacokinetic MDR, i.e., whether brivanib
might be a victim of this phenomenon. Finally, we tracked the
effect of brivanib on messenger RNA (mRNA) levels and the
functional activities of the examined transporters and enzymes.
Our in vitro work provides the first comprehensive overview of
the potential of brivanib to act as a perpetrator of
pharmacokinetic DDIs and its role in pharmacokinetic MDR.

2. MATERIALS AND METHODS

2.1. Reagents and Chemicals. Brivanib was purchased
from Selleckchem (Houston, TX). Hoechst 33342 and
rhodamine 123 were obtained from Sigma-Aldrich (St. Louis,
MO), and calcein AM was from Thermo Fisher Scientific
(Waltham, MA). Dimethyl sulfoxide (DMSO), mitoxantrone,
daunorubicin, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT), and cell culture-related reagents
were supplied by Sigma-Aldrich. Hepatocyte culture medium
and hepatocyte high performance medium were obtained from
Upcyte Technologies (Hamburg, Germany). Opti-MEM was
purchased from Gibco BRL Life Technologies (Rockville,
MD). LY335979 (zosuquidar) was obtained from Toronto
Research Chemicals (North York, ON, Canada). MK-571
(verlukast) and Ko143 were purchased from Enzo Life
Sciences (Farmingdale, NY). Vivid CYP450 screening kits
specific for CYP1A2, CYP2B6, CYP2C8, CYP2C9, CYP2C19,

Figure 1. Schematic depiction of brivanib activation in vivo.
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CYP2D6, CYP3A4, or CYP3A5 isoforms were from Thermo
Fisher Scientific. The CYP450 model inducers rifampicin
(CYP3A4), omeprazole (CYP1A2), and phenobarbital
(CYP2B6) and CYP450 inhibitors α-naphthoflavone
(CYP1A2), miconazole (CYP2B6 and CYP2C19), montelu-
kast (CYP2C8), sulfaphenazole (CYP2C9), quinidine
(CYP2D6), and ketoconazole (CYP3A4 and CYP3A5) were
from Sigma-Aldrich. The P450-Glo CYP3A4 assay and
screening system with Luciferin-IPA, P450-Glo CYP1A2
induction/inhibition assay, CellTiter-Glo luminescent cell
viability assay, and CellTiter-Glo 2.0 cell viability assay were
from Promega (Madison, WI). The Pierce bicinchoninic acid
(BCA) protein assay kit was obtained from Thermo Fisher
Scientific. The TRI reagent was from Molecular Research
Center (Cincinnati, OH). The InnuPREP RNA mini kit was
purchased from Analytik Jena (Jena, Germany). TaqMan
quantitative real-time polymerase chain reaction (qRT-PCR)
systems specific for ABCB1, ABCG2, and ABCC1, gb Easy
PCR master mix and the gb reverse transcription kit were
purchased from Generi Biotech (Hradec Kralove, Czech
Republic). DNase I, reaction buffer with MgCl2, and 50 mM
ethylenediaminetetraacetic acid as well as oligo (dT)18 primers,
10 mM deoxynucleoside triphosphates and revert aid reverse
transcriptase for DNase digestion and complementary DNA
(cDNA) synthesis, respectively, were from Thermo Fisher
Scientific. qRT-PCR for the analysis of CYP1A2, CYP2B6, and
CYP3A4 expression was performed with a Maxima Probe
qPCR master mix (Thermo Fisher Scientific) and EvaGreen
(Biotium, Fremont, CA).
2.2. Cell Culture. The Madin-Darby canine kidney

(MDCKII) cell sublines stably overexpressing human trans-
porters ABCG2 (MDCKII-ABCG2), ABCB1 (MDCKII-
ABCB1), or ABCC1 (MDCKII-ABCC1) together with
MDCKII-parent (MDCKII-par) cell line were supplied by
Dr. Alfred Schinkel (The Netherlands Cancer Institute,
Amsterdam, The Netherlands). The A431-parent cells derived
from human epidermoid carcinoma and its cytostatic-resistant
ABCB1-, ABCG2-, and ABCC1-overexpressing variants A431-
ABCB1, A431-482R/MX100 (abbreviated as A431-ABCG2 in
this work), and A431-ABCC1, respectively, were kindly
provided by Dr. Balasz Sarkadi (Hungarian Academy of
Sciences, Budapest, Hungary).23 The construction and
characterization of HepG2-CYP3A4, human liver carcinoma
HepG2 cells stably transduced with human CYP3A4, is as
described previously.24 Human A549 cells derived from
NSCLC adenocarcinoma were obtained from the American
Type Culture Collection (ATCC, Manassas, VA). MDCKII,
A431, HepG2, and A549 cells were cultivated in high-glucose
Dulbecco’s modified Eagle’s medium (DMEM) enriched with
10% fetal bovine serum (FBS). The human colorectal
adenocarcinoma Caco-2 and human NSCLC carcinoma
NCI-H1299 cell lines were purchased from ATCC. Caco-2
cells were cultivated in high-glucose DMEM enriched with
10% FBS and 1% nonessential amino acids. NCI-H1299 were
grown in Roswell Park Memorial Institute-1640 supplemented
with 10% FBS, 10 mM 4-(2-hydroxyethyl)-1-piperazineetha-
nesulfonic acid, and 1 mM sodium pyruvate. The human
colorectal adenocarcinoma LS174T cell line was purchased
from the European Collection of Cell Cultures (Salisbury,
U.K.); the cells were cultivated in Eagle’s minimal essential
medium containing 10% FBS, 1% nonessential amino acids,
and 2 mM glutamine. The HepaFH3 hepatocyte cell line was
generated using the upcyte technology and characterized as

described previously.25 Second-generation upcyte hepatocytes
were derived from another donor (no. 653-03) and prepared
by Upcyte Technologies (Hamburg, Germany).26 Both
proliferating primary-like hepatocyte sublines were cultivated
in hepatocyte culture medium, while hepatocyte high perform-
ance medium was utilized for experiments. Both standard
culturing and experiments were performed in media without
antibiotics under common conditions (humidified atmosphere
containing 5% CO2, 37 °C). The cell cultures were checked for
possible mycoplasma infection before and at the end of
experiments. DMSO was used as a vehicle for brivanib at
concentrations ≤0.5%. No-vehicle controls were applied in
cellular accumulation and MTT proliferation experiments; the
effects of 0.5% DMSO (<2% change of particular no-vehicle
control values) were insignificant with respect to the tested
parameters. When DMSO had significant effects on the tested
parameters (in the CYP3A4 inhibitory assay in intact cells as
well as in induction studies), a vehicle control approach was
employed to compensate for the effects of DMSO.

2.3. Cellular Accumulation Assay with Noncytotoxic
Substrates. Briefly, MDCKII-ABCG2, MDCKII-ABCB1,
MDCKII-ABCC1, and MDCKII-parent cells (5.0−6.0 × 104

cells per well) were seeded on transparent 96-well plates. After
24 h, the cells were rinsed twice with 1× phosphate-buffered
saline (PBS) and the solutions of Opti-MEM containing either
brivanib (1, 5, 10, 25, and 50 μM) or model inhibitors (1 μM
Ko143, 1 μM LY335979, and 25 μM MK-571 for ABCG2,
ABCB1, and ABCC1, respectively) were added. The cells were
incubated for 10 min under standard conditions, and then 8
μM Hoechst 33342 (ABCG2/ABCB1 probe substrate) or 2
μM calcein AM (ABCC1 substrate) in Opti-MEM was added
promptly to all of the variants with the exception of blank
samples, and the probe substrate levels in cells were recorded
using a microplate reader (Infinite M200 Pro, Tecan,
Man̈nedorf, Switzerland). Fluorescence signals (excitation/
emission of 350/465 nm for Hoechst 33342 and 485/535 nm
for calcein AM) were gained in kinetic bottom mode at 60 s
intervals for 30 min.

2.4. Cellular Accumulation Assay with Cytostatic
Substrates. MDCKII-ABCG2, MDCKII-ABCB1, MDCKII-
ABCC1, and MDCKII-parent cells (1.5 × 105 cells per well)
were seeded on 12-well culture plates. After 24 h, the cells were
rinsed with 1× PBS, which was followed by the addition of
solutions of Opti-MEM containing either brivanib (0.1, 1, 5 10,
25, and 50 μM) or selective control inhibitors (1 μM Ko143, 1
μM LY335979, and 25 μM MK-571 for ABCG2, ABCB1, and
ABCC1, respectively). The plates were incubated under
standard conditions for 10 min. Subsequently, Opti-MEM
solutions of mitoxantrone (ABCG2 probe substrate) or
daunorubicin (ABCC1/ABCB1 substrate) were added
promptly to the wells (except for background samples)
reaching final concentrations of 1 or 2 μM, respectively. The
cells were incubated under standard conditions for 1 h. The
accumulation/efflux phase was then stopped by placing plates
on ice, rinsing cells twice with ice-cold 1× PBS, and adding
lysis buffer composed of 150 mM NaCl, 25 mM Tris, and 1%
Triton X-100. After automatized shaking (30 min, room
temperature), the lysates were vigorously resuspended,
harvested, and centrifuged (10 000 rpm, 5 min). Supernatants
in 100 μL volume were pipetted into a black 96-well plate, and
the intracellular levels of cytostatic substrates were determined
fluorometrically (excitation/emission of 640/670 nm for
mitoxantrone and 490/565 nm for daunorubicin) using a
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microplate reader (Infinite M200 Pro, Tecan). The Pierce
BCA protein assay kit was employed to quantify the protein
concentrations in samples. The relative fluorescence unit
(RFU) values obtained in the assessments of cytostatic
substrate levels were normalized to the protein concentrations.
2.5. Determination of the Inhibition of Human

Recombinant CYP450s. CYP3A4, an enzyme participating
in docetaxel resistance, and other CYP450 isoforms (i.e.,
CYP1A2, CYP3A4, CYP3A5, CYP2B6, CYP2C8, CYP2C9,
CYP2C19, and CYP2D6) recommended for inhibition screen-
ing by the U.S. Food and Drug Administration (U.S. FDA)
and European Medicines Agency (EMA) were tested in these
experiments. Inhibitory properties of brivanib were evaluated
using Vivid CYP450 screening kits, which contained micro-
somal fractions extracted from insect cells overexpressing
particular human CYP450 isozymes. Experiments were
performed according to the manufacturer′s instructions with
minor modifications. The gradual production of metabolites
was determined fluorometrically in a kinetic mode (1 min
interval for 60 min) using a microplate reader (Infinite M200
Pro, Tecan). The 15 min incubation intervals selected for data
evaluation and concentrations of enzymes were within the
linear portion of the particular reaction velocity curves. The
effects of DMSO on enzyme activities were eliminated by
predilution of brivanib in DMSO such that 0.5% DMSO was
introduced at the tested concentrations. 0.5% DMSO was also
present in all controls (0 and 100% activity controls, model
inhibitors). Model inhibitors were chosen according to the
recommendation of the manufacturer; the compounds were
used as positive inhibitory controls.
2.6. CYP3A4 Inhibitory Assay in Intact Cells. A cell-

based method for testing CYP3A4 inhibition was developed
using a P450-Glo CYP3A4 assay and screening system with
Luciferin-IPA together with the CellTiter-Glo luminescent cell
viability assay. HepG2-3A4 cells were seeded on a transparent
96-well plate at a density of 8.0 × 104 cells per well and
cultured for 24 h. The cells were rinsed once with 1× PBS and
exposed to solutions of Opti-MEM containing DMSO (0.01,
0.1, and 0.4%; vehicle controls), brivanib (1, 10, and 40 μM),
or 10 μM ketoconazole used as model-specific inhibitor and
preincubated for 10 min at 37 °C and 5% CO2. Luciferin-IPA
substrate at a final concentration of 2 μM was added rapidly to
all wells except for the background samples, and the plate was
incubated for 45 min. The cells were placed on ice after
incubation and a portion of the cells’ culture media was
transferred to an opaque white 96-well plate and mixed with
Luciferin detection reagent at a ratio of 1:1 (v/v). The
resulting mixture was incubated at room temperature for 20
min followed by luminescence measurements (integration
time: 250 ms) using a microplate reader (Infinite M200 Pro,
Tecan). The remaining cell culture media was removed, 35 μL
of pure Opti-MEM was added, and plate was equilibrated at
room temperature for 30 min. Subsequently, 25 μL of
CellTiter-Glo reagent was added to the cells and the plate
was placed on an orbital shaker for 2 min to induce cell lysis.
After 10 min of incubation at room temperature, 50 μL of the
resulting mixture was transferred to an opaque white 96-well
plate and luminescent signals corresponding to cell viability
were read under the same conditions as in the previous step.
Data from metabolic testing were normalized to viability values
to compensate for possible inaccuracies caused by nonun-
iformity in cell growth or for false-positive results due to drug
cytotoxicity. Values from particular brivanib concentrations

were normalized to the values of the respective vehicle
controls. The method was thoroughly optimized (procedure,
cell seeding density, incubation intervals, substrate concen-
tration, and check of possible interference of luminescent
signal with drug or drug metabolite) in advance of the
experiments.

2.7. MTT Viability Assay. MDCKII-ABCG2, MDCKII-
ABCB1, MDCKII-ABCC1, and MDCKII-par (1.3 × 104 cells
per well); A431-ABCG2 (1.0 × 104 cells per well); A431-
ABCB1, A431-ABCC1, and A431-par (1.2 × 104 cells per
well); LS174T (5.0 × 104 cells per well); Caco-2 (2.0 × 104

cells per well); NCI-H1299 (0.75 × 104 cells per well); and
A549 (0.80 × 104 cells per well) cells were seeded on 96-well
culture plates. After 24 h of cultivation, the medium was
removed and freshly prepared solutions of the evaluated drugs
or drug combinations were added to the cells. The cells were
incubated with drugs for 48 h under common conditions.
Afterward, the medium was removed and the cells were rinsed
once with 1× PBS, which was followed by the addition of 1
mg/mL MTT in Opti-MEM. Then, the cells were incubated
for 1 h (MDCKII cell lines) or 45 min (the other cell lines).
The MTT solution was removed and the proper lysis of cells
by DMSO was accomplished via automatized shaking for 10
min. Absorbance in samples was determined at 570 and 690
nm using a microplate reader (Infinite M200 Pro, Tecan). The
values obtained at 690 nm (background) were subtracted from
the values measured at 570 nm (detecting MTT formazan
product). To normalize the absorbance values, the absorbance
of samples with drug-free medium was used as 100% viability.
The values of 0% viability were from cells exposed to medium
containing 10% DMSO. The MTT viability assay was
employed to: (1) evaluate the ability of brivanib to overcome
MDR in drug combination studies, (2) determine the influence
of functional expression of ABC transporters on the
antiproliferative effect of brivanib in MDCKII cells, and (3)
choose the proper brivanib concentration to be tested in
transporter-oriented mRNA gene expression assays.

2.8. Drug Combination Studies. Drug combination
experiments were performed in nonconstant ratio setup as
described previously.27 The A431 and MDCKII cell lines were
seeded at the densities described above on 96-well culture
plates 24 h before experiment. The medium was removed, and
freshly prepared solutions of brivanib alone at different
concentrations or a range of probe anticancer drug
(mitoxantrone, daunorubicin) concentrations with or without
15 or 20 μM brivanib were added to the cells. After 48 h
incubation, cell proliferation was assessed using MTT assay
(see method description above). The proliferation data were
transformed to FA (fraction of cells affected; FA = 100 −
viability) values, and the outcomes of drug combinations were
determined via the combination index (CI) method of Chou−
Talalay. This method based on the median-effect equation
offers the possibility to precisely define the outcome of the
combination of two or more drugs. Using the CompuSyn 3.0.1
software (ComboSyn Inc., Paramus, NJ), the dose−FA data for
brivanib alone, daunorubicin/mitoxantrone alone, and their
combinations were analyzed by following a nonconstant ratio
algorithm yielding CI values for each dose point. Based on the
CI, the combination effects are considered as either
antagonistic (CI > 1.1), additive (CI = 0.9−1.1) or synergistic
(CI < 0.9). For more details on the theory, design of
experiments and computer-based simulation of the combina-
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tion drug effects employing the CI method, see the review by
Chou.28

2.9. mRNA Expression Studies. Although both trans-
porter- and enzyme-oriented gene expression studies were
performed using qRT-PCR analysis of mRNA levels, the
methodologies used vary considerably; therefore, they are
described separately.
For transporter analysis, an appropriate concentration of

brivanib was selected based on the results of MTT viability
assay (see above). For mRNA expression studies, LS174T,
Caco-2, NCI-H1299, or A549 (100 × 104, 50 × 104, 18 × 104,
or 24 × 104 cells per well, respectively) cells were seeded on
12-well plates. After 24 h incubation, the medium was removed
and solutions of 10 μM brivanib or 25 μM rifampicin or 0.1%
DMSO (vehicle control) were added to the cells. Sampling was
performed using the TRI reagent at 24 and 48 h intervals, total
RNA from samples was then extracted and purified based on
the manufacturer’s protocol. The quality and integrity of RNA
samples were checked by agarose gel electrophoresis. Reverse
transcription was performed using the gb reverse transcription
kit transcribing 1000 ng of RNA per sample. mRNA levels of
ABCG2, ABCB1, and ABCC1 were quantified with TaqMan
qRT-PCR systems and the gb Easy PCR master mix in 384-
well plates (20 ng of cDNA was amplified per reaction). The
analysis of the changes in mRNA levels of tested ABC
transporters was performed by employing the 2−ΔΔCt method
using the geometric mean of B2M and HPRT1 housekeeping
genes as an internal control. The qRT-PCR experiments were
run on a QuantStudio 6 thermocycler (Life Technologies,
Carlsbad, CA) applying an initial single denaturation at 95 °C
for 3 min and 40 cycles consisting of 95 °C for 10 s and 60 °C
for 20 s.
In the CYP450 analysis, the effect of brivanib on HepaFH3/

upcyte cell viability was also assessed before gene expression
experiments to select a correct concentration. Briefly,
HepaFH3 and upcyte hepatocytes were seeded at a density
of 12 500 cells per well on collagen I-coated 96-well plates 4
days before starting the experiment. Then, the medium was
removed and freshly prepared medium containing different
concentrations of brivanib was added to the cells. The cells
were incubated for 72 h with daily medium exchange including
brivanib, and viability was analyzed with the CellTiter-Glo 2.0
cell viability assay according to the manufacturer’s protocol.
The luminescence was measured using a microplate reader
(FLUOstar Omega, BMG Labtech, Ortenberg, Germany). For
the gene expression studies, HepaFH3 and upcyte hepatocytes
were seeded on collagen I-coated 12-well plates (1.6 × 105

cells per well) 4 days before the experiment to reach full
confluence. Subsequently, the medium was removed and
freshly prepared solutions of 10 μM brivanib, 50 μM
omeprazole, 750 μM phenobarbital, 25 μM rifampicin, or
0.1% DMSO (vehicle control) were added to the cells. Total
RNA was isolated after 72 h and the medium was changed
daily, including the respective substances using the InnuPREP
RNA mini kit according to the manufacturer’s instructions.
The total RNA content was measured using a NanoDrop, and
3 μg of RNA per sample was subjected to DNase I digestion
followed by agarose gel electrophoresis for the verification of
RNA integrity. Reverse transcription was conducted using the
revert aid reverse transcriptase and 1 μg of DNase-digested
RNA. The mRNA levels of CYP1A2 (forward, 5′-
TCGTAAACCAGTGGCAGGT-3′ , and reverse, 5′-
GGTCAGGTCGACTTTCACG-3′), CYP2B6 (forward, 5′-

CTCTCCATGACCCACACT-3′, and reverse, 5′-CTCTCA-
GAGGCAGGAAGTTG-3′), and CYP3A4 (forward, 5′-
GTGGGGCTTTTATGATGGTCA-3′, and reverse, 5′-
GCCTCAGATTTCTCACCAACACA-3′) were determined
using the Maxima Probe qPCR master mix and EvaGreen in
96-well plates following the manufacturer’s protocol (0.3 μL of
cDNA was amplified per reaction). The analysis of the changes
in mRNA levels of tested CYP enzymes was performed by
employing the 2−ΔΔCt method using the geometric mean of
GAPDH (forward, 5′-TGCACCACCAACTGCTTAGC-3′,
and reverse, 5′-GGCATGGACTGTGGTCATGAG-3′) and
SDHA (forward, 5′-CGAACGTCTTCAGGTGCTTT-3′, and
reverse, 5′-AAGAACATCGGAACTGCGAC-3′) housekeep-
ing genes as an internal control. qRT-PCR was performed on a
CFX96 Touch Real-Time PCR detection system (Bio-Rad,
Hercules, CA) with an initial denaturation at 95 °C for 3 min
and 45 cycles consisting of 95 °C for 10 s, 62 °C for 10 s, and
72 °C for 30 s, followed by melting curve analysis.

2.10. ABCB1 and CYP1A2 Activity Assays. The impact
of positive results obtained in the gene induction studies was
evaluated at the functional level using ABCB1 and CYP1A2
activity assays.
For the ABCB1 activity assay, LS174T cells were seeded at a

density of 7.5 × 104 cells per well on 96-well plates and
cultivated for 24 h. At time 0, medium was replaced with fresh
medium containing 10 μM brivanib or 25 μM rifampicin or
0.1% DMSO (vehicle control). Sampling was performed at 24,
48, and 72 h intervals; variants with or without drug washout 6
h before sampling were tested for brivanib. Medium was
removed and the cells were washed with 1× PBS. Rhodamine
123 (specific ABCB1 probe substrate) in Opti-MEM at a final
concentration of 10 μM was added promptly to all of the
variants with the exception of blank wells. After 30 min of
incubation, the plates were placed on ice, the media was
removed, and the cells were washed twice with ice-cold 1×
PBS. The cells were lysed in lysis buffer (25 mM Tris, 150 mM
NaCl, and 1% Triton X-100, pH 7.8) in an incubator for 30
min. The lysates from three wells were pooled and subjected to
centrifugation (12 000g for 5 min) to obtain pure lysates free
of cellular debris. The fluorescence (excitation/emission
wavelengths of 490/525 nm) of the lysates was assessed in
black 96-well plates using a microplate reader (Infinite M200
Pro, Tecan). The protein contents of the cell lysates were
assessed by employing Pierce BCA protein assay kit. The RFU
values obtained in the assessment of rhodamine 123 levels
were normalized to the protein concentrations.
For the CYP1A2 activity assay, HepaFH3 and upcyte

hepatocytes were seeded on collagen I-coated 96-well plates
(4.35 × 104 cells per well) 4 days before the experiment to
reach full confluence. Subsequently, the medium was removed
and solutions of 10 μM brivanib, 50 μM omeprazole, or 0.1%
DMSO (vehicle control) were added to the cells. The cells
were incubated for 72 h with daily medium exchange including
the tested compounds. The P450-Glo CYP1A2 induction/
inhibition assay was performed according to the manufacturer’s
protocol in 96-well plates. Briefly, cells and blank medium
controls were incubated with 50 μL of substrate solution in 1×
PBS for 60 min at 37 °C. Then, 25 μL of the resulting
solutions were transferred to a white-walled 96-well plate and
incubated for 20 min at room temperature in the dark with 25
μL of detection reagent, after which luminescence signals were
measured using a FLUOstar Omega microplate reader. To
normalize values to the seeded cell numbers, the CellTiter-Glo
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2.0 cell viability assay was performed according to
manufacturer’s protocol after incubation of the cells with
substrate solution from the P450-Glo assay. Shortly thereafter,
25 μL of CellTiter-Glo 2.0 reagent was added to 25 μL of the
remaining substrate solution per well. The plates were shaken
at 350 rpm for 2 min and incubated for 10 min at room
temperature in the dark. The mixtures were transferred to a
white-walled 96-well plate and luminescence signals were
measured using a microplate reader as described above.
2.11. Statistical Analysis. The obtained results were

statistically evaluated using GraphPad Prism software version
7.03 (GraphPad Software Inc., La Jolla, CA). The one-way
analysis of variance (ANOVA) followed by Dunnett’s post hoc
test or a two-tailed unpaired t-test was used to assess statistical
significance, while p < 0.05 was considered statistically
significant. GraphPad Prism software was further used to
generate half-maximal inhibitory concentration (IC50) values
while applying nonlinear regression analysis using 1/SD2

weighting method. All experiments were performed as three
independent repetitions with biological triplicates for each
repetition.

3. RESULTS
3.1. Brivanib Increases the Intracellular Accumula-

tion of Noncytotoxic Substrates in MDCKII-ABCB1,
MDCKII-ABCG2, and MDCKII-ABCC1 Cells. In the initial
experiments, we investigated whether brivanib could affect the
accumulation of probe noncytotoxic substrates in the MDCKII
sublines. Brivanib significantly inhibited all three examined
ABC drug efflux transporters with different potencies. Hoechst
33342 efflux mediated by ABCB1 was moderately inhibited
with an IC50 of 18.4 μM, while maximal inhibition was equal to
63% of the LY335979 effect (Figure 2A). Brivanib strongly
inhibited ABCG2 activity with an IC50 of 6.98 μM and reached
the potency of the model inhibitor Ko143 (Figure 2B). In
contrast, affinity toward ABCC1 was very low; a statistically
significant increase in calcein AM accumulation was only
recorded at the 25 μM concentration of brivanib, with the
maximal inhibitory effect equal to only 19% of the MK-571
effect (Figure 2C). As expected, no significant changes were
detected in the control MDCKII-par cells (Figure 2A−C).
3.2. Effect of Brivanib on the Intracellular Accumu-

lation of Cytotoxic Substrates in the MDCKII Sublines.
The cytostatic substrates mitoxantrone and daunorubicin were
used to confirm the results from the initial investigation with
noncytotoxic substrates. Since these cytotoxic drugs were
subsequently employed in MDR reversal studies, the outcomes
of the experiments also served to clarify whether brivanib had
the potential to be applied as an MDR modulator.
Similar to the results obtained with the MDCKII sublines

(Figure 2), brivanib exhibited more than 4-fold higher
inhibitory potency toward ABCG2 compared to ABCB1 as
reflected by the IC50 values of 9.61 and 44.1 μM, respectively.
The maximal ABCB1 and ABCG2 inhibitory effects reached by
brivanib in our setup were equal to 55 and 68% of LY335979
and Ko143, respectively (Figure 3A,B). In the daunorubicin
accumulation assay, brivanib showed a relatively potent
inhibition of ABCC1 efflux activity with an IC50 of 25.3 μM
and a maximal effect of 72% compared to MK-571 (Figure
3C). No statistically significant changes were observed in the
control MDCKII-par cells (Figure 3A−C).
3.3. Modulation of ABC Transporter-Mediated MDR

by Brivanib. Here, we evaluated whether the inhibitory

properties of brivanib toward ABCG2, ABCB1, and ABCC1
could be exploited to circumvent MDR to the established
resistance victim substrates mitoxantrone and daunorubicin.
This hypothesis was first tested in MDCKII cells and then a

Figure 2. Effect of brivanib on the intracellular accumulation of
fluorescent noncytotoxic substrates in (A) MDCKII-ABCB1, (B)
MDCKII-ABCG2, and (C) MDCKII-ABCC1 cells. The results
obtained with control MDCKII-par cells are shown for each variant.
The inhibitors 1 μM Ko143, 1 μM LY335979, and 25 μM MK-571
were used as inhibitory controls; the chosen concentrations were
experimentally verified to show the maximum possible inhibition of
particular transporters. The cells were incubated with tested drug or
control inhibitors for 10 min, after which 2 μM calcein AM or 8 μM
Hoechst 3342 was added, and the probe substrate levels were
determined in a kinetic setup for 30 min. Data are expressed as mean
± standard deviation (SD) obtained from three independent
experiments with biological triplicates for each repetition. IC50 values
were determined as absolute values considering the model inhibitor
response as 100% inhibitory effect. Statistical analysis was performed
using one-way ANOVA followed by Dunnett’s post hoc test (*p <
0.05 and ***p < 0.001 compared to the control).
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similar study was performed in a human model of cytostatic-
resistant A431 cell lines. The following three criteria were used
for the selection of brivanib concentrations for the MDR

modulatory experiments: (1) caused significant transporter
inhibition; (2) showed only negligible (<20%) cytotoxicity in
the tested cell lines; and (3) are achievable in the plasma of
oncological patients receiving a standard dose of 800 mg once
daily.29

Brivanib partly reversed daunorubicin resistance in
MDCKII-ABCB1 cells as observed by significant 2.62-fold
IC50 shift (Figure 4A and Table 1). Corresponding to its high
inhibitory potency toward ABCG2, this drug candidate
completely overcame mitoxantrone resistance in ABCG2-
overexpressing MDCKII cells (significant IC50 shift of 8.60)
reaching IC50 values of parent cells in the presence of
modulator (Figure 4B and Table 1). Although brivanib showed
relatively potent inhibition of ABCC1 in the daunorubicin
accumulation assay (Figure 3C), it failed to modulate ABCC1-
mediated resistance to daunorubicin, as no significant IC50 shift
was observed in MDCKII-ABCC1 cells after the addition of
brivanib (Figure 4C and Table 1). In the A431-ABCB1 cell
line, the tested drug did not cause any significant changes in
sensitivity to daunorubicin (Figure 4D and Table 1). In
contrast, the significant 7.84-fold IC50 shift obtained in A431-
ABCG2 confirmed the potential of brivanib to act as an
effective modulator of ABCG2-mediated resistance to
mitoxantrone (Figure 4E and Table 1). Similar to that
observed in MDCKII-ABCC1 cells, we detected an insignif-
icant decrease in IC50 values following brivanib exposure
together with daunorubicin in A431-ABCC1 cells (Figure 4F
and Table 1). Finally, insignificant IC50 shifts were observed
for all combination variants in the control MDCKII-par and
A431-par cells (Figure 4A−F and Table 1). In addition, the
participation of ABCG2 inhibition in the modulation of
mitoxantrone resistance was confirmed using the analysis of
results according to Chou−Talalay’s combination index
method; this widely used method offers a quantitative
definition of an additive effect, synergism, or antagonism in
drug combination studies. While a predominantly antagonistic
effect was observed for the parent cells, the synergistic pattern
of the brivanib−mitoxantrone combination was found in
ABCG2-overexpressing cells (Figure 5B,E). For MDCKII-
ABCB1 and A431-ABCC1, similar trends were observed but
only at extremely high or low FA (fraction of cells affected)
values (Figure 5A,F). For the last two remaining variants
(MDCKII-ABCC1 and A431-ABCB1), antagonism was
recorded across almost the whole FA range with no significant
differences between the transporter-overexpressing and parent
cells (Figure 5C,D).

3.4. ABCB1, ABCG2, and ABCC1 Transporters Do Not
Confer Resistance to Brivanib. Following the investigation
of brivanib’s chemosensitization effects, we evaluated its
possible opposite role in pharmacokinetic MDR, i.e., whether
brivanib might be a victim of this phenomenon. In this study,
we compared the sensitivity of parent versus transporter-
transduced MDCKII cells exposed to brivanib. Only
insignificant differences in brivanib’s antiproliferative capacity
were recorded between MDCKII-par (IC50 = 49.1 μM) and
MDCKII-ABCB1 (IC50 = 34.4 μM), MDCKII-ABCG2 (IC50 =
42.3 μM), or MDCKII-ABCC1 (IC50 = 34.8 μM) cells (Figure
6). These results suggest insignificant roles of all three tested
transporters in the development of resistance to brivanib.

3.5. Effect of Brivanib on the Activity of Clinically
Relevant Recombinant CYP450 Isoenzymes. Inhibition of
the recombinant CYP1A2, CYP3A4, CYP3A5, CYP2B6,
CYP2C8, CYP2C9, CYP2C19, and CYP2D6 isoforms was

Figure 3. Influence of brivanib on the intracellular accumulation of
fluorescent cytotoxic substrates in (A) MDCKII-ABCB1, (B)
MDCKII-ABCG2, and (C) MDCKII-ABCC1 cells. Values obtained
with control MDCKII-par cells are presented for each variant. The
inhibitors 1 μM Ko143, 1 μM LY335979, and 25 μM MK-571 were
used as inhibitory controls; the chosen concentrations were shown to
yield the maximum possible inhibition of particular transporters. The
cells were incubated with tested drug or control inhibitors for 10 min,
after which 1 μM mitoxantrone or 2 μM daunorubicin was added.
Accumulation was stopped at 1 h interval, the cells were lysed, and the
probe substrate levels were determined fluorometrically. Obtained
values were subsequently normalized to the protein contents. Data are
expressed as mean ± SD obtained from three independent
experiments with biological triplicates for each repetition. The IC50
values were assessed as absolute values considering the model
inhibitor response as 100% inhibitory effect. Statistical analysis was
performed using one-way ANOVA followed by Dunnett’s post hoc
test (*p < 0.05, **p < 0.01, and ***p < 0.001 compared to the
control).
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assessed to estimate the potential of brivanib to cause
pharmacokinetic DDIs and modulate CYP3A4-mediated
resistance to docetaxel. Brivanib strongly inhibited the
CYP2B6, CYP2C19, CYP2C8, and CYP2C9 isoforms with
IC50 values of 5.95, 3.64, 3.08, and 1.39 μM, respectively, and
reached potencies comparable to the model inhibitors.
Furthermore, low to moderate inhibitory activities were
recorded for the CYP1A2, CYP3A4, and CYP2D6 isoenzymes
(IC50 values of 44.5, 26.2, and 34.7 μM, respectively).
Negligible level of interaction was observed for CYP3A5
(Figure 7).
3.6. Brivanib Does Not Affect CYP3A4 Metabolic

Activity in Intact Cells. In these experiments, we aimed to
confirm the potential of brivanib as a modulator of CYP3A4-
mediated docetaxel resistance. However, in our HepG2-
CYP3A4 cell-based assay, no CYP3A4 inhibition was observed
at any of the brivanib concentrations; instead, a slight
induction of enzyme activity was observed. In contrast, 10
μM of the model inhibitor ketoconazole reached 99.1%

inhibition, demonstrating the validity of the method (Figure
8).

3.7. Effect of Brivanib on the mRNA Expression of
Selected ABC Drug Efflux Transporters and CYP450
Isozymes. The upregulation of CYP450 isoenzymes and ABC
transporters is another mechanism through which brivanib
might influence the pharmacokinetics of simultaneously
administered drugs. To explore this possible scenario, we
investigated the effects of brivanib on the expression of
ABCB1, ABCG2, ABCC1, CYP1A2, CYP3A4, and CYP2B6 in
the corresponding systemic cellular models (LS174T and
Caco-2 cell lines, HepaFH3, and upcyte hepatocytes).
Moreover, transporter-oriented gene expression studies were
also performed in the NSCLC cell lines NCI-H1299 and A549
to estimate whether brivanib could influence resistance profile
of one of its major target cells.
The selection of the brivanib concentration (i.e., 10 μM)

followed two crucial rules: (1) the concentration exhibited
negligible cytotoxicity in the tested cell lines (Figures 9A and

Figure 4. Effect of brivanib on the antiproliferative activities of daunorubicin or mitoxantrone in (A) MDCKII-ABCB1, (B) MDCKII-ABCG2, (C)
MDCKII-ABCC1, (D) A431-ABCB1, (E) A431-ABCG2, and (F) A431-ABCC1 cells. Values obtained with parent cells are presented for each
variant. The cells were treated with model cytotoxic drugs alone or in combination with 15 or 20 μM brivanib (mitoxantrone or daunorubicin
combinations, respectively) for 48 h, and then cell proliferation was assessed by employing an MTT viability assay. Obtained results are subjected
to subsequent analyses in Figure 5 and Table 1. The values are expressed as the mean ± SD of three independent experiments with biological
triplicates in each repetition.
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10A) and (2) corresponded to plasma levels recorded in the
patients with advanced or metastatic solid tumors.29 Based on
EMA guidance,30 ABC transporter-related results were positive
for induction (more than 100% change in mRNA level) only in
the case of the ABCB1 gene in the LS174T systemic model.
The level of ABCB1 induction evoked by brivanib was rather
low, with fold-induction values of 2.54 and 2.09 compared to
the model inducer rifampicin that reached fold-induction
values of 5.94 and 4.89 after 24 and 48 h intervals, respectively
(Figure 9B−E). In proliferating upcyte and HepaFH3
hepatocyte models, brivanib upregulated CYP1A2 by 36.1-
and 13.3-fold, although the induction potency was much lower
compared to omeprazole, which caused 5703- and 1618-fold
induction, respectively. Changes in CYP2B6 and CYP3A4
expression did not meet the criteria for induction/down-
regulation in either of the cell lines (Figure 10B,C).
3.8. Brivanib Does Not Functionally Induce ABCB1

and CYP1A2. Herein, we aimed to evaluate the impact of
mRNA changes that positively fit for induction according to
EMA guidelines in previous experiments. Functional ABCB1
and CYP1A2 activity studies were employed in LS174T and
HepaFH3/upcyte hepatocytes, respectively.
Competition between inhibition and induction is apparent

from the ABCB1-oriented brivanib results. After 24 h, ABCB1
inhibition predominated, which was observed as a significant
increase in rhodamine 123 accumulation by 24%. At 48 h,
probe substrate accumulation was increased by 6% but without
statistical significance. At 72 h, ABCB1 induction prevailed,
which was observed as a 4% decrease in rhodamine 123
accumulation (Figure 11A). This observation is in accordance
with protein induction as a long-lasting process; ABCB1
induction was not significantly manifested at the functional
level as it was counterbalanced by inhibition throughout the
experiment. Aware of the ABCB1-inhibitory properties of

brivanib, we tried to evaluate the effect of drug withdrawal 6 h
before activity assessment to eliminate transporter inhibition
interference effects. Brivanib potentially maintained intra-
cellular concentrations sufficient for transporter inhibition
following withdrawal, as there were no significant differences
between the data trends with or without brivanib washout
(substrate accumulation increase by 21%, 0% change, and 6%
decrease at 24, 48, and 72 h intervals, respectively). According
to expectations, the model inducer rifampicin significantly
decreased rhodamine 123 accumulation by 23, 30, and 38% at
the 24, 48, and 72 h intervals, respectively (Figure 11A).
In HepaFH3 and upcyte hepatocytes, no significant increase

in CYP1A2 activity was observed following 72 h exposure to
brivanib. The model inducer omeprazole enhanced the
metabolic function of CYP1A2 by 5.26- and 2.67-fold in
HepaFH3 and upcyte hepatocytes (Figure 11B), respectively.

4. DISCUSSION

Brivanib is a promising tyrosine kinase inhibitor expected to
enter the drug market for the treatment of solid tumors in
China. While the pharmacodynamic behavior of this drug
candidate has been described in a sufficient detail, its
pharmacokinetic characteristics, especially interactions with
drug-metabolizing enzymes and transporters, need to be
addressed. In this study, we evaluated the possible interactions
of brivanib with several ABC drug efflux transporters and
CYP450 isoenzymes and aimed to address its potential for the
modulation of pharmacokinetic MDR.
We first explored the possible inhibitory affinity of brivanib

toward ABCG2, ABCB1, and ABCC1. While comparable
trends were observed for ABCB1 and ABCG2, the inhibitory
potencies varied by approximately 2-fold among fluorescent
probe substrates and cytostatic model drugs. In our previous
study focusing on the cyclin-dependent kinase inhibitor SNS-

Table 1. Detailed Analysis of the Co-treatment of MDCKII and A431 Cells with the Combinations of Brivanib with
Chemotherapeutic Drugs

cell line drug(s)a IC50
b (μM) 95% CI (μM) IC50 shift

c (fold)

MDCKII-parent daunorubicin 0.955 (0.750−1.23)
mitoxantrone 1.50 (1.24−1.85)
daunorubicin + brivanib 0.541ns (0.388−0.733) 1.77
mitoxantrone + brivanib 1.16ns (0.871−1.57) 1.29

MDCKII-ABCB1 daunorubicin 12.3 (10.9−13.8)
daunorubicin + brivanib 4.70* (3.85−5.82) 2.62

MDCKII-ABCG2 mitoxantrone 9.55 (8.80−10.4)
mitoxantrone + brivanib 1.11** (0.754−1.72) 8.60

MDCKII-ABCC1 daunorubicin 5.29 (4.63−5.97)
daunorubicin + brivanib 4.09ns (3.85−5.12) 1.29

A431-parent daunorubicin 0.143 (0.0893−0.240)
mitoxantrone 0.154 (0.0565−1.50)
daunorubicin + brivanib 0.0644ns (0.0261−0.137) 2.22
mitoxantrone + brivanib 0.0952ns (0.0752−0.116) 1.62

A431-ABCB1 daunorubicin 4.72 (2.51−8.40)
daunorubicin + brivanib 6.01ns (4.56−7.46) 0.785

A431-ABCG2 mitoxantrone 7.77 (5.48−10.4)
mitoxantrone + brivanib 0.991* (0.724−1.24) 7.84

A431-ABCC1 daunorubicin 2.05 (1.43−3.29)
daunorubicin + brivanib 1.37ns (0.661−3.03) 1.50

aBrivanib at the concentration of 15 or 20 μM was combined with mitoxantrone or daunorubicin, respectively. bIC50 values were calculated from
the curves depicted in Figure 4. The IC50 values of mitoxantrone or daunorubicin alone were compared to IC50 of their combinations with brivanib
in particular cell sublines using the two-tailed unpaired t-test (*p < 0.05 and **p < 0.01). ns, not significant.. cIC50 shift values represent the ratio of
IC50 of mitoxantrone or daunorubicin alone to IC50 of their combinations with brivanib within a particular cell subline.

Molecular Pharmaceutics Article

DOI: 10.1021/acs.molpharmaceut.9b00361
Mol. Pharmaceutics XXXX, XXX, XXX−XXX

I

http://dx.doi.org/10.1021/acs.molpharmaceut.9b00361


032, we also observed similar variations.19 Since ABC drug
efflux transporters bear multiple substrate-binding sites that
can be specific for particular model substrates,31 our results
suggest that brivanib probably affects the sites with a different
degree of affinity. Based on our findings, the preferential
affinity of substrates and inhibitors should be considered when
performing transporter interaction studies since employing
single substrates can eventually result in misleading inter-
pretations. Importantly, only ABCG2 inhibitory activity of
brivanib might potentially result in clinically relevant
pharmacokinetic DDIs with respect to EMA/FDA guide-
lines,30,32 the total Cmax of 16.5 μM determined in patients with
advanced or metastatic solid tumors29 and the human plasma
protein binding extent of 98.7%.33 According to a basic model,
in vitro hepatic interactions with efflux transporter systems can
be considered potentially clinically relevant when the Ki (or
IC50) ≤ 50-fold unbound Cmax. For intestinal interactions,

possible clinical relevance is expected when Igut/Ki (or IC50) ≥
10, where Igut = dose of inhibitor/250 mL.30,32

In the follow-up drug combination studies, we evaluated
whether the observed inhibitory interactions could be utilized
to reverse MDR to conventional drugs that are ABC
transporter substrates. ABCG2 inhibition was clearly demon-
strated to produce this effect in both MDCKII and A431
cellular models, whereas ABCB1 and especially ABCC1
participation in the modulation of MDR was questionable.
This finding is in accordance with brivanib’s inhibitory affinity
toward particular transporters, where ABCG2 was most
effectively inhibited followed by ABCB1 and ABCC1, and
also conclusion concerning possible clinical relevance of
observed transporter interactions mentioned above. In
addition to the evaluation of the ability of brivanib to
overcome MDR using IC50 shift analysis, we further aimed
to exactly quantify outcomes of drug combinations in the

Figure 5. Quantification of the effects of combinations of brivanib with mitoxantrone or daunorubicin in MDCKII and A431 cells according to the
combination index method. The data depicted in Figure 4 along with brivanib viability data (not shown) were subjected to median-effect analysis in
the CompuSyn software. (A) Combination of brivanib with daunorubicin in MDCKII-ABCB1 or MDCKII-par cells, (B) combination of brivanib
with mitoxantrone in MDCKII-ABCG2 or MDCKII-par cells, (C) combination of brivanib with daunorubicin in MDCKII-ABCC1 or MDCKII-
par cells, (D) combination of brivanib with daunorubicin in A431-ABCB1 or A431-par cells, (E) combination of brivanib with mitoxantrone in
A431-ABCG2 or A431-par cells, and (F) combination of brivanib with daunorubicin in A431-ABCC1 or A431-par cells. In Chou−Talalay’s
method, CI > 1.1 demonstrates an antagonism, CI > 0.9 and <1.1 shows an additivity, and CI < 0.9 determines a synergism. The data points are
expressed as mean ± SD derived from three independent experiments with biological triplicates for each repetition.
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present work. In contrast to daunorubicin combination effects,
which predominantly showed slight antagonism or additivity,
strong synergism was observed in ABCG2-overexpressing cell
lines over a significant portion of the FA range. This is a crucial
result as a synergism between drugs is hidden beyond the
success of numerous chemotherapy regimens; it allows for the
reduction of doses of simultaneously administered drugs,
which dramatically increases the treatment safety and/or
efficacy.34 Limited information can be found regarding
prospective combinations of brivanib with other antitumor
agents. Recent preclinical studies employing various hepato-
carcinoma cell lines or human lung cancer xenografts showed
synergism for brivanib combinations with dasatinib or
ixabepilone, respectively.35,36 Furthermore, there are rational
expectations that brivanib could overcome the pharmacody-
namic resistance to doxorubicin that promoted by fibroblast
growth factor receptor-mediated Raf-dependent survival
signals.37

In addition to the characterization of brivanib as a
chemosensitizer, we also aimed to explore its possible
contrasting role in MDR, i.e., whether it can act as its victim.
In our experiments, no significant differences in brivanib-
induced antiproliferative effects were observed between parent
and ABC transporter-overexpressing MDCKII cells. These
results suggest that brivanib lacks high substrate affinity toward
the examined transporters, and thus negligible effects of
transporter functional expressions on tumor response to
brivanib can be expected. In contrast to the prodrug brivanib
alaninate (weak base, pKa ≈ 7.6), brivanib behaves as a very
weak acid (pKa ≈ 14.1) with dramatically reduced ionizability
and water solubility in organisms. Additionally, brivanib is a
relatively highly lipophilic drug (log P ≈ 2.9) (calculated using
Advanced Chemistry Development Software version 11.02).
Based on both these properties, brivanib can readily penetrate
biological membranes through passive diffusion. It is well
known that physicochemical properties favoring drug passive
diffusion, such as lipid solubility, are inversely correlated with
its active transport by ABC drug efflux transporters.38 In other

words, moderate transporter-mediated efflux can be largely
compensated for by passive membrane diffusion. These facts
support the observed lack of the effect of ABCG2, ABCB1, and
ABCC1 functional expression on the resistance to brivanib.

Figure 6. Comparison of cell sensitivity to brivanib in MDCKII-par
and its transporter-overexpressing counterparts. The cells were treated
with brivanib, and their proliferation was assessed by employing an
MTT proliferation test following 48 h of incubation. Data were
subjected to statistical analysis using one-way ANOVA followed by
Dunnett’s post hoc test. For each particular concentration, the
viability values of the transporter-overexpressing cells were compared
to those from parental cells; however, only insignificant differences
were found at all of the points. Additionally, IC50 values were
calculated and those from the transporter-overexpressing cells were
compared to those from the parent cells using the two-tailed unpaired
t-test, but only insignificant differences were found for all of the
transporter-overexpressing sublines. Data are presented as mean ± SD
from three independent experiments with biological triplicates for
each repetition.

Figure 7. Effect of brivanib on the activities of human CYP1A2,
CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2D6, CYP3A4, or
CYP3A5 determined using Vivid CYP450 screening kits. Brivanib and
model inhibitors were preincubated with enzymes for 10 min, and
then the reaction was started by the addition of a mixture of NADP+

with a particular vivid substrate. Raw data from 15 min incubation
intervals were normalized; the RFU values of variants with the
enzyme and 0.5% DMSO were considered as the maximal (100%)
enzyme activity. Fluorescence corresponding to 0% activity was
obtained from samples incubated with the enzyme solvent buffer
without enzyme and 0.5% DMSO. Data are presented as mean ± SD
of three independent experiments with biological triplicate for each
repetition.
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Our data introduce brivanib as a dual-mechanism drug whose
modulatory capabilities are not impaired by the activities of
any of MDR-associated ABC drug efflux transporters. In
contrast, being both a transporter inhibitor and a high-affinity
substrate, which is a disadvantageous feature of MDR
modulators, is quite frequently seen for other tyrosine kinase
inhibitors acting as dual-mechanism drugs.39

CYP3A4 constitutes an important mechanism for pharma-
cokinetic docetaxel resistance (unpublished data and refs
12−14 and 40). Therefore, it is of interest to further investigate
the inhibitory activity of brivanib toward CYP3A4 to reveal its
possible potential to attenuate this specific kind of resistance.
Along with its role in resistance, CYP3A4 is also responsible
for mediating a huge number of pharmacokinetic DDIs along
with CYP1A2, CYP3A5, CYP2B6, CYP2C19, CYP2C8,
CYP2C9, and CYP2D6;30,32 these eight isoforms were
included in testing to examine this additional issue.
Considering the brivanib Cmax

29 and the extent of plasma
protein binding,33 only CYP2C subfamily members and the
CYB2B6 isoform could eventually become a clinically relevant
site of brivanib-mediated DDIs, as shown in our results. Similar
to hepatic efflux transporters, in vitro CYP450 inhibitory
interactions are considered potentially clinically relevant when
Ki (or IC50) ≤ 50-fold unbound Cmax.

30,32 Brivanib also
partially inhibited recombinant CYP3A4, but this interaction
was not confirmed at the cellular level. These results highlight
the importance of cell-based or in vivo testing in enzymatic
studies, as some substances may be potent inhibitors in an
isolated system such as recombinant enzyme, but their
biological activities in cells or tissues may be compromised
by numerous factors (limited penetration through biological
membranes, high cytotoxicity, efflux by transporters, metabo-
lism by enzymes, sequestration into endosomes, etc.). Failure
of brivanib inhibitory effects at the cellular level is in
accordance with the reported lack of its effects on the
pharmacokinetics of midazolam, a CYP3A4 substrate, in
healthy subjects.41

In the final study, we examined the possible changes in ABC
drug efflux transporter and CYP450 mRNA expression and
activity in systemic and NSCLC models. With regard to our

Figure 8. Effect of brivanib on human CYP3A4 metabolic activity in
HepG2-CYP3A4 cells. The cells were preincubated with drugs for 10
min and then the reaction was started by the addition of luciferin-IPA
substrate. After 45 min, the reaction was stopped and luminescence
was assessed in the samples, which was followed by the determination
of viability. Data from metabolic testing were normalized to viability
values to compensate for possible inaccuracies caused by nonun-
iformity in cell growth or for false-positive results due to drug
cytotoxicity. The resulting data were renormalized to % of inhibition.
Data are expressed as mean ± SD of three independent experiments
with biological triplicate for each repetition.

Figure 9. Changes in the expression of ABCG2, ABCB1, and ABCC1
in (B, C) systemic and (D, E) NSCLC model cell lines following
exposure to 10 μM brivanib. The brivanib concentration was chosen
according to the (A) data from MTT assays and the brivanib Cmax. In
the gene expression studies, cell lines were incubated with 10 μM
brivanib or 25 μM rifampicin and the mRNA levels of the examined
genes were analyzed at 24 and 48 h intervals via quantitative real-time
reverse transcription PCR. The analysis of the changes in mRNA
levels of target genes was performed by employing the 2−ΔΔCt method
using the geometric mean of B2M and HPRT1 values as an internal
comparator. ABCG2 and ABCB1 were undetectable in LS174T and
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results, it is reasonable to anticipate that brivanib does not
significantly affect the resistance profile of one of its target

tumor cells and is not able to cause systemic drug−drug
interactions due to the induction of CYP450 enzymes or ABC
transporters. Since no significant CYP3A4 induction has been
observed, CYP2C subfamily members should also be
insensitive to expression changes caused by brivanib (both
subfamilies are co-induced following PXR nuclear receptor
activation).30,32 To date, no information is available regarding
the effects of brivanib on the expression of ABC transporters
and CYP450s playing role in drug resistance or DDIs.
In conclusion, we demonstrate brivanib as an inhibitor of

ABCG2 and several CYP450 isoenzymes with potential to act
as a perpetrator of clinically relevant pharmacokinetic DDIs. In
addition, interactions with ABCG2 could be utilized for the
attenuation of chemotherapeutic resistance, thus providing
possible new therapeutic options for oncological patients. Of
note, brivanib’s modulatory abilities are not impaired by MDR-
associated transporter efflux. We believe that the in vitro
findings obtained in the present work might be used as an
important background for subsequent in vivo investigations.
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Figure 9. continued

A549 cells, respectively. The dotted lines define the boundaries of
induction/downregulation positivity according to the recommenda-
tions given by drug regulatory authorities. Data are presented as mean
± SD of three independent experiments with biological triplicate for
each repetition.

Figure 10. Effect of 10 μM brivanib on CYP1A2, CYP2B6, and
CYP3A4 mRNA levels in primary-like hepatocyte models derived
from two different human donors: (B) upcyte and (C) HepaFH3
hepatocytes. The brivanib concentration was chosen based on the
brivanib Cmax and according to the (A) results of an ATP detection-
based CellTiter Glo 2 viability assay. In the gene expression studies,
the cells were incubated with 10 μM brivanib, 50 μM omeprazole, 750
μM phenobarbital, or 25 μM rifampicin and the mRNA levels of the
examined genes were analyzed after 72 h via quantitative real-time
reverse transcription PCR. The analysis of the changes in mRNA
levels of target genes was performed with the 2−ΔΔCt method using the
geometric mean of GAPDH and SDHA values as an internal
comparator. The dotted lines define the limits for induction/
downregulation positivity according to the recommendations given
by drug regulatory authorities. Data are expressed as mean ± SD of
three independent experiments with biological triplicate for each
repetition.

Figure 11. Changes in the activity of (A) ABCB1 in LS174T cells and
(B) CYP1A2 in HepaFH3/upcyte hepatocytes following exposure to
10 μM brivanib. The cell lines were incubated with 10 μM brivanib or
the respective model inducers, and the activity levels of examined
proteins were analyzed using rhodamine 123 assay at 24, 48, and 72 h
intervals (for ABCB1) or using a commercial P450-Glo CYP1A2
induction/inhibition assay at a 72 h interval (for CYP1A2). Raw
activity data were normalized to protein contents or ATP levels.
Normalized data were subjected to statistical analysis using the two-
tailed unpaired t-test (*p < 0.05, **p < 0.01, and ***p < 0.001).
Values of drug-treated samples were compared to the vehicle control
values from a particular time interval (for ABCB1) or within a
particular hepatocyte cell line (for CYP1A2). Values are expressed as
mean ± SD of three independent experiments with biological
triplicate for each repetition.
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