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Summary

Neratinib, an irreversible pan-HER tyrosine kinase inhibitor, has been approved for the treatment of HER2-positive (HER2")
early-stage and brain metastatic breast cancer. Thus far, the pharmacology effects and pharmacodynamics of neratinib have been
well studied. However, the disposition of neratinib and its influencing factors in vivo remain unclear. P-glycoprotein (P-gp), one
of the most extensively studied transporters, substantially restricts penetration of drugs into the body or deeper compartments
(i.e., blood-brain barrier, BBB), regarding drug resistance and drug-drug interactions. Thereby, the aim of this study was to
investigate the influence of verapamil (a P-gp inhibitor) on the pharmacokinetics of neratinib in rats. Here, we have established
a high specific, selective and sensitive ultra-performance liquid chromatography-tandem mass spectrometric (UPLC-MS/MS)
method to quantify plasma concentrations of neratinib in rats. Pharmacokinetic results showed that verapamil significantly
increased the system exposure of neratinib, as C,,,, increased by 2.09-fold and AUC,,, increased by 1.64-fold, respectively.
Additionally, the in vitro transport of neratinib was evaluated using Madin-Darby canine kidney II (MDCK II) and human MDR1
gene overexpressed MDCK (MDCK-MDR1) cell line models. As a result, the net flux ratio was over than 2 and decreased over
50% by verapamil, suggesting that neratinib was a substrate of P-gp. Hence, our findings have highlighted the important role
of P-gp in the system exposure of neratinib in vivo, and drug-drug interaction should be considered when coadministration of
P-gp inhibitors with neratinib. These findings may support the further clinical development and application of neratinib.
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HERA4 [1, 2]. The drug reduces phosphorylation and blocks
downstream signaling of these receptors by covalently
binding to the conserved cysteine residues in receptors [3].
Neratinib is the first intensive adjunctive therapy approved
by the US FDA in 2017 for HER2-positive (HER2™") early-
stage breast cancer patients who have completed standard
trastuzumab-based chemotherapy and have not progressed
but still with high risk [1, 2]. When in combination with
capacitation, neratinib has been approved for the treatment
of advanced or metastatic HER2" breast cancer who have
received two or more anti-HER2 agents [4, 5]. A phase III
study of neratinib has demonstrated significant improve-
ment in 5-year disease-free survival rate [6]. Furthermore,
the drug, alone or in combination, has shown antitumor
efficacy for other solid tumors (such as non-small cell lung
cancer, colorectal cancer and glioblastoma) [1, 7, 8]. Thus
far, the pharmacology effects and pharmacodynamics of
neratinib have been well studied. However, the disposition
of neratinib and its influencing factors remain unclear.

The ATP binding cassette (ABC) membrane trans-
porter P-glycoprotein (P-gp), formerly known as multidrug
resistance protein 1 (MDR1), is a transmembrane efflux
pump, which can employ the energy generated by ATP
hydrolysis to excrete a large number of endogenous and
exogenous substrates out of the cell [9]. P-gp is widely
distributed in multiple organs, such as intestine, liver, kid-
ney, blood-brain barrier (BBB), placenta and lymphocytes
[9]. Due to its diverse tissue distribution, P-gp-mediated
efflux can be physiologically considered as a defense
mechanism against the penetration of xenobiotics into the
body or deeper compartments [9, 10]. However, from the
therapeutic perspective, P-gp functions to 1) limit absorp-
tion from the intestine to the systemic circulation with
orally administered drugs, 2) prevent drugs from crossing
blood-brain barrier into the central nervous system, and
3) contribute to the active excretion of drugs from liver
and kidney tissue [10, 11]. Therefore, the inhibition or
induction of P-gp may increase or decrease the systemic
exposure of its substrates, which is related to drug resist-
ance and drug-drug interaction.

Clinically, approximately 24-28% of HER2* breast
cancer patients will develop brain metastases, which
results in poor prognosis [12]. Trastuzumab is the first-
line drug for HER2* breast cancer. However, its ability to
cross the BBB is limited due to the high molecular weight
(145,531 Da) [13]. Therefore, small-molecular tyrosine
kinase inhibitors, such as neratinib (with a lower molecu-
lar weight, 557 Da), are promising for the treatment of
breast cancer patients with BM as its theoretical ability
to cross the BBB [14]. In fact, neratinib has limited activ-
ity in the CNS when given alone [15, 16]. In addition, a
clinical trial reported negligible neratinib concentrations
in the cerebrospinal fluid (CSF) in a limited number of
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specimens from patients with progressive HER2* breast
cancer brain metastases who received neratinib monother-
apy and undetectable neratinib concentrations in parenchy-
mal CNS samples [16]. What’s more, the factors influenc-
ing the oral bioavailability and the ability to cross the BBB
of neratinib have not fully established. As P-gp is one of
the most investigated efflux transporters and present in
many key organs in drug disposition such as small intes-
tine, BBB, kidney, and liver. Therefore, it is necessary to
determine the role of P-gp in the bioavailability of orally
administered neratinib.

In this study, a UPLC-MS/MS method for the determina-
tion of neratinib in rat plasma was established and validated.
Then the effect of verapamil (a known P-gp inhibitor) on
the pharmacokinetics of neratinib in rats was determined
using this sensitive and reliable UPLC-MS/MS method. Fur-
thermore, Madin-Darby canine kidney (MDCK) II cells and
MDRI1 overexpressed MDCK (MDCK-MDR1) cells were
used to identify whether neratinib was a substrate of P-gp.
We provided the first evidence that P-gp is a major determi-
nant of the bioavailability of orally administered neratinib.

Materials and methods
Chemicals and reagents

Neratinib (purity >99%) and Verapamil (purity >99%) was
purchased from MedChemErpress (Monmmouth Junc-
tion, NJ, United States). Dimethyl sulphoxide (DMSO)
and Sodium chloride solution (0.9%) were analytical grade
and purchased from Sigma-Aldrich (St Louis, MO, United
States). Acetonitrile, methanol and t-butyl methyl ether,
which were LC-MS grade, were bought from Merk KGaA
(Darmstadt, Germany).

Instruments and conditions

The analysis was performed using Waters ACQUITY UPLC
system (Milford, MA) with a Hypersil GOLD™ column
(100x2.1 mm, 1.9 pm particle size; Thermo Scientific).
The temperature of the column was set at 40 °C. The sam-
ples were separated using a gradient of water (containing
2.5 mM ammonium acetate and 0.1% formic acid, mobile
phase A) and acetonitrile (containing 0.1% formic acid,
mobile phase B) at a flow rate of 0.35 mL/min. The gradi-
ent elution programs were as follows: 30% B at 0-0.2 min,
30-35% B at 0.2-1.2 min, 35-95% B at 1.2-1.5 min,
95% B at 1.5-2.0 min, 95-30% B at 2.0-3.0 min, and
30% B at 3.0-4.0 min. The injection volume was 5 pL,
and the auto-sampler chamber temperature was set at 10 °C.

Mass spectrometry analysis was performed on the Xevo
TQD MS (Waters) using the electrospray ionization source
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(ESI) in positive ionization mode. The selected monitor-
ing conditions were as follows: capillary voltage, 4.0 kV;
cone voltage, 50 V; source temperature, 150 °C; desolvation
temperature, 450 °C; desolvation gas flow, 900 L/h; cone
gas flow, 50 L/h. The precursor to daughter transitions of
neratinib and sorafenib (IS) was firstly monitored, and the
optimal collision energy for neratinib and IS was 30 and
35 V, respectively. Then quantification was conducted using
MRM with the precursor-to-product ion transitions at m/z
557.50>111.98 for neratinib and m/z 465.31 >252.11 for
IS, respectively.

Preparation of plasma samples

Standard stock solutions of neratinib and IS (sorafenib) were
all prepared in DMSO at the concentration of 10 and 2 mg/
mL, respectively. When used, stock solutions were diluted
with mixed solvent of DMSO and methanol (1:4, v/v) to
the desired concentrations as working solutions. 100 pL
aliquot of rat plasma (blank or containing neratinib) was
mixed with 1.5 mL of methyl tert-butyl ether containing IS
(sorafenib, 150 ng/mL) and extracted by vortex for 2 min.
After centrifugation at 5000 g for 15 min (4 °C), the upper
organic portion was transferred to a clean tube and dried
using SP Genevac Ltd.'s miVac Centrifugal Vacuum Con-
centrator (Warminster, England). Finally, the residue was
reconstituted to 150 pL using acetonitrile/water (50:50,
v/v). After centrifugation (12,000 g, 15 min), the super-
natant was subjected to UPLC-TQD/MS (Waters) for
analyses.

Method validation
Selectivity

The purpose of selectivity investigation is to evaluate
whether there is obvious interference of other substances
at the peak position of analytes or IS in matrix. Blank
rat plasma containing neratinib and IS was prepared as
described in Preparation of plasma samples section and
analyzed by UPLC-TQD/MS, and blank matrix was used
as control.

Linearity and lower limit of quantification (LLOQ)

Neratinib was added into blank rat plasma at different concen-
trations (20-4000 ng/mL) to be prepared as standard curve
samples. The internal standard method was used for calibra-
tion. The linear regression equation was obtained by plot-
ting the peak area ratio of the analyte (neratinib) to IS versus
six-point concentrations (20-4000 ng/mL) of the analyte in
plasma. The LLOQ was obtained by the signal-to-noise ratio
of 10:1.

Accuracy and precision

Six replicates of quality control (QC) samples at low (40 ng/
mL), media (400 ng/mL), and high (4000 ng/mL) concentra-
tions in rat plasma were prepared as described in Preparation
of plasma samples section. Then the inter-day and intra-day
accuracies and precisions were determined. Accuracy was
expressed as % recovery according to Eq. (1). Precision was
expressed by coefficient of variation (CV), which was calcu-
lated according to Eq. (2). The maximum allowed deviation
of CV% was within 15%.

measured concentration

Accuracy = x 100%
Y spiked concentration ’ M
Precision = standard deviation % 100%
the average of measured concentration
2

Extraction recoveries and matrix effects

Three different concentrations of neratinib QC samples
(40, 400 and 4000 ng/mL) in rat plasma were prepared and
named as “spiked matrix”. The peak areas of QC samples
detected by UPLC-TQD/MS were described as “A”. Blank
rat plasma matrix was prepared and dried as described in
Preparation of plasma samples section. Then, the residue
was reconstituted to 150 pL of acetonitrile/water (50:50,
v/v) containing neratinib and IS, and make the concentra-
tion of neratinib and IS the same as QC samples. The peak
areas of these samples detected by UPLC-TQD/MS were
named as “B”. For “neat solution” samples, neratinib and
IS were directly added into 150 L of acetonitrile/water
(50:50, v/v) at the same concentration as QC samples. The
peak areas of “neat solution” samples detected by UPLC-
TQD/MS were named as “C”. The extraction recoveries
and matrix effects were calculated according to Eq. (3) and
(4), respectively.

Extraction Recoveries = % x 100% 3)
. B

Matrix Effects = C x 100% 4)

Stability

The stabilities of neratinib at 40, 400, and 4000 ng/mL in
different storage conditions were evaluated, including long-
term (-80 °C for 10 days) and three freeze—thaw cycle sta-
bilities of neratinib in plasma, short term stability (ambient
temperature for 4 h and 4 °C for 24 h) in 50% acetonitrile
solution. Evaluation was carried out in triplicate to quantify
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the %recovery of neratinib concentrations after different
operations to the concentration at time zero.

Pharmacokinetic studies
Animals

Male Sprague—Dawley rats weighing 200-220 g, purchased
from Beijing Vital River Laboratory Animal Technology
Co., Ltd. (Beijing, China), were used for pharmacokinetic
(PK) studies. All animals were raised in standardized envi-
ronmental conditions (12 h light/dark schedule), rearing
standard diet and water, and allowed to adapt to the envi-
ronment for one week before inclusion in the experiment.
All procedures were adhered to the National Institutes of
Health guide for the care and use of Laboratory Animals
(NIH Publications No. 8023, revised 1978) and were granted
by the Medical and Research Ethics Committee of College
of Medicine, Henan University.

Experimental design

Before PK studies, a cannula was inserted into the jugu-
lar vein of the anesthetized rat by 10% chloral hydrate and
administrated carprofen subcutaneously after the surgery. To
evaluate the effects of verapamil on the pharmacokinetic of
neratinib, the rats were randomly divided into two groups of
six rats each, the control and treatment group. The animals
were fasted overnight prior to drug administration but water
was provided ad libitum. Neratinib and verapamil were pre-
pared in a suspension using normal saline containing 0.5%
sodium carboxymethyl cellulose (CMC-Na, the suspending
agent). The treatment group of rats were pretreated with
verapamil at a dose of 10 mg/kg (oral gavage), and the con-
trol group of rats were only administered with equal amounts
of vehicle. After 0.5 h, neratinib was orally administered to
rats by gavage at a dose of 40 mg/kg. Approximately 200
pL blood samples were collected from jugular vein at 0.25,
0.5,1,2,4,6,8, 10, 12, 24 and 48 h after administration of
neratinib. The rats were then immediately injected with the
same amount of saline through a jugular vein cannula at
each sampling time point. Blood samples were immediately
centrifuged at 4 °C (8000 g,10 min) and the plasma was col-
lected, which was stored at -80 °C until analysis.

Samples preparation

100 pL of plasma was transferred to a new tube, samples
were treated with protein precipitation assay according to
the Preparation of plasma samples section. A calibra-
tion curve was prepared to quantify the amount of ner-
atinib in plasma samples.
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Pharmacokinetics analysis

The non-compartmental approach was used to analyze the
plasma data after oral administration. The pharmacokinet-
ics parameters estimation, including the area under the
plasma concentration—time curve (AUC), maximal plasma
concentration (C,,,,), the time for the maximal plasma
concentration (T,,,,), half time (t;;,) and clearance (CL),
were performed using WinNonlin software (Pharmsight,
Mountain View, CA).

Cell culture

Madin Darby canine kidney (MDCK II) cell line was
obtained from the Cell Bank of the Chinese Academy of
Science (Shanghai, China) and were routinely cultured
in Dulbecco’s modified Eagle’s medium (DMEM), sup-
plemented with 10% fetal bovine serum (HyClone, UT,
USA) and 100 IU/mL penicillin/streptomycin. Cells were
cultured at 37 °C in a humidified atmosphere with 5%
CO,. Multidrug resistance 1 gene (MDR1) overexpressed
MDCK II cells (MDCK-MDR1) were constructed in our
previous publications. The culture conditions of MDCK-
MDRI1 cells were the same as those of MDCK cells.

Neratinib cellular uptake assay

In this experiment, MDCK II cells or MDCK-MDRI1 cells
were planted in 6-well plate at the destiny of 2 x 10° cells/
well for 48 h and used to evaluate the uptake of neratinib.
After discarding the old culture medium, the cells were
washed twice with 2 mL of 37 °C prewarmed Hanks’ bal-
anced salt solution (HBSS) buffer (pH=7.2). Then cells
were incubated at 37 °C in 2 mL HBSS buffer containing
neratinib at the final concentrations of 1.25 and 5 uM. P-gp
inhibitor (verapamil, 100 uM), when used, was co-incubated
with neratinib. After incubation for 2 h, the incubation media
was removed, and cells were washed twice using pre-cooled
HBSS buffer. Then cells were collected into 400 uL of ice-
cold MeOH:H,O (1:1, v/v) and sonicated in an ice bath for
15 min. After centrifugation at 12,000 g (4 °C) for 10 min,
the supernatant was collected and injected into UPLC-TQD/
MS to determine intracellular amount of neratinib.

Bidirectional transport experiments

MDCK II and MDCK-MDRI cells were seeded into 12-well
Transwell polycarbonate membrane inserts (12 mm diam-
eter inserts, 0.4 pm pore size, Corning Costar) at a den-
sity of 6x 10° cells/well in complete DMEM medium. The
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transepithelial electrical resistance (TEER) of the polarized
cell monolayer was monitored until the tight confluent cell
monolayer formed with the TEER values over 200 Qecm?.
Transport studies of neratinib were performed from the api-
cal (AP)-to-basolateral (BL) (AP-BL) and BL to AP (BL-
AP) directions. All the bidirectional transport experiments
were conducted in HBSS buffer (pH="7.2) with gentle shak-
ing (60 rpm) at 37 °C. On the day of the experiment, cells
were washed twice with warm (37 °C) HBSS and preincu-
bated at 37 °C for 30 min.

Briefly, neratinib that dissolved in HBSS at a final con-
centration of 5 pM was added to either apical or basolateral
compartment as donor compartment. For receiver compart-
ment, blank HBSS was added. The effects of verapamil
(100 pM) on the transport of neratinib were investigated by
adding to both compartments during the incubation period.
The volume of incubation medium on the apical side (AP)
and basolateral side (BL) were 0.5 mL and 1.5 mL, respec-
tively. Samples (100 pL) were withdrawn at specific time
points (0.5, 1, 1.5 and 2 h) from the receiver compartment
and then replaced with 100 pL of blank HBSS at 37 °C. For
analysis after incubation, all samples were mixed with 50
pL acetonitrile, and after centrifugation at 4 °C (12,000 g,
10 min), the supernatant was subjected into UPLC-TQD/
MS system.

The apparent permeability coefficient (P,,,) for both direc-
tions, including from the AP side to the BL side (Py,, Ap.g1)
and from the BL side to the AP side (P, g .p), Was calcu-
lated according to the following Eq. (5).

dQ/dt
app - A X CO (5)
where P,,, is the apparent permeability coefficient (cm/s),

dQy/dt is the rate at which neratinib permeates in the receiver
chamber (nmol/s), A is the area of polycarbonate membrane
(A=1.12 cm?), and C, is the initial concentration of ner-
atinib in the donor compartment (LM).

Further, the efflux ratio (ER) was calculated according to
Eq. (6). The net flux ratios were calculated by dividing the
ER obtained in MDCK-MDRI1 cells by the ER obtained with
the parent line MDCK II. A net flux ratio over 2 indicated
the efflux of test compound was specifically mediated by

P-gp [17].

ER = Pupp,BL—AP (6)
Papp,AP—BL
Immunoblot analysis

Protein expression of P-gp in MDCK II and MDCK-MDR1
cells was determined by immunoblotting. In brief, pro-
tein samples (30 pg) were analyzed by sodium dodecyl

sulfate—polyacrylamide gel electrophoresis (10% resolving
and 5% stacking gels) and then transferred to a polyvinylidene
fluoride (PVDF) membrane. After blocked for 2 h in 5% non-
fat milk, membrane was incubated with primary antibody
(1:1000 dilution for P-gp and p-actin antibody) overnight at
4 °C, and then incubated with HRP-conjugated secondary
antibody for 2 h at room temperature. A chemiluminescence-
enhanced image of the target protein bands was detected using
autoradiography. Grayscale scan and semi-quantitative analy-
sis of band intensities was performed using the Quantity One
software.

Statistical analysis

Data are presented as mean + standard deviation (SD). One-way
analysis of variance (ANOVA) and two-tailed Student’s t-test
was used to analyze statistical differences between the mean
values. P <0.05 was considered as statistically significant.

Results

Chromatography and mass spectrometry analysis
for neratinib in rat plasma

The UPLC-MS/MS conditions were initially optimized
for maximum sensitivity and resolution. It was found that
addition of 2.5 mM ammonium acetate in mobile phase A
(water) could significantly improve peak shape and increase
signal strength. The addition of 0.1% of formic acid to both
mobile phases was found to be essential for promoting the
ionization of both analytes, which further increased detec-
tion sensitivity. Neratinib and IS (sorafenib) were detected
both under positive and negative ion mode, and the positive
mode was finally selected because the analytes were more
efficiently ionized. In the positive ion mode, neratinib and IS
showed a protonated molecular ion at m/z 557.50 and 465.31
(Fig. 1), respectively. Parameter optimization of mass spec-
trometer settings revealed the most abundant daughter ions
were m/z 111.98 for neratinib (Fig. 1A) at a collision energy
of 30 V and 252.11 for IS (Fig. 1B) at a collision energy
of 35 V. Hence, ion transitions for quantification were m/z
557.50>111.98 for neratinib and m/z 465.31 > 252.11 for
IS monitored using the MRM technique (Fig. 1).

Method validation
Specificity
The MRM chromatograms of plasma with the analyte and

IS show no interference at the respective retention regions of
neratinib (1.96 min) and IS (2.91 min) (Fig. 2A and B). The
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result indicated that the method for neratinib quantification
was highly selective.

Linearity and LLOQ

Neratinib showed good linearity in the concentration range
of 20-4000 ng/mL (y=0.0115x+0.336) with the correla-
tion coefficient (R?) of >0.999. The LLOQ of neratinib in
plasma was 2 ng/mL (Fig. 2C).

Accuracy and precision

The assay for neratinib was validated with an acceptable
intra-day and inter-day accuracies (n=6) ranged between
99.14% and 102.96% (Tablel). The CV% values were with
10% during the intra-day and inter-day precision study for
all concentrations (Table 1) and conformed to the accepted
variable limits.

Extraction recoveries and matrix effects
The extraction recoveries of neratinib in plasma for three
concentrations (40 ng/mL, 400 ng/mL and 4000 ng/mL)

were not less than 90% (Table 2). The matrix effects ranged
from 103.80% to 107.35% for neratinib in plasma for all
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concentrations (Table 2). The CV% for extraction recoveries
and matrix effects were within 10% (Table 2), respectively.
These results suggested an optimum extraction assay and
negligible matrix effect for analysis of neratinib in plasma.

Stability

The stabilities of neratinib (40 ng/mL, 400 ng/mL and
4000 ng/mL) under different stressing conditions were
evaluated. As shown in Table 3, %recoveries of neratinib
for all concentrations in plasma at -80 °C for 10 days and
after three freeze—thaw cycles were between 98.78% and
103.03%. In addition, we also determined the stabilities of
neratinib in 50% acetonitrile solution at 4 °C for 24 h and
ambient temperature for 4 h. The %recoveries of all samples
were not less than 96%. All of the above results indicated
neratinib was stable under the studied stress conditions.

Effects of verapamil on the pharmacokinetics
of neratinib in rats

The validated UPLC-MS/MS method was used to determine
the oral pharmacokinetics of neratinib in Sprague—Dawley rats
with or without pretreatment of verapamil. The mean plasma
concentration—time curves of neratinib in the two groups were
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Fig.2 Representative MRM A
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depicted in Fig. 3 and the pharmacokinetic parameters were
presented in Table 4. After pretreatment with verapamil, the
area under the plasma concentration—time curve (AUC,_,) of
neratinib significantly increased by 1.64-fold (P <0.05). The
maximum plasma concentration (C,,,) of neratinib showed
a significant increase by 2.09-fold (P <0.001) and the time to

reach it (T,,,,) was earlier in pretreatment group rats compared

to control group rats. However, the half time (t;,,) was not
significantly different between the two groups. Further, the
Vd/F and CL/F decreased significantly from 26.86 to 14.63 L/
kg (P<0.05) and 2.70 to 1.66 L/kg/h (P <0.05), respectively.
These results indicated the systemic exposure of neratinib in
rats was increased when administered in combination with
verapamil.

Table 1 Intra-day and inter-day precisions and accuracy of neratinib at low, medium, and high concentrations in rat plasma (Mean +SD, n=06)

Spiked conc.  Intra-day (n=06) Inter-day (n=6)
(ng/mL) - —
Measured conc. (ng/mL) Precisions  Accuracy (%) Measured conc. (ng/mL) Precisions  Accuracy (%)
(CV, %) (CV, %)
40 41.18+1.49 3.61 102.96 40.64 +2.18 5.36 101.59
400 398.40+6.84 1.72 99.60 397.75+6.45 1.62 99.44
4000 3965.48 +54.48 1.37 99.14 3988.34 +105.45 2.64 99.71

@ Springer



20

Investigational New Drugs (2023) 41:13-24

Table 2 Extraction recoveries and matrix effects of neratinib at low,
medium and high concentrations in rat plasma (Mean+SD, n=3)

Spiked conc. Extraction Recovery Matrix effect (%)
(gmL) (%)

Mean +SD CcvV Mean +SD CcvV
40 90.00+6.92  7.69 103.80+3.85  3.70
400 90.89+5.51  6.06 104.62+0.20  0.19
4000 94.74+3.41  3.60 107.35+2.65  2.47

Intracellular accumulation of neratinib in MDCK II
and MDCK-MDR1 cells

Western blotting results showed that P-gp was successfully
overexpressed in MDCK-MDRI1 cells compared to MDKC
II cells (Fig. 4A). At both high (5 pM) and low (1.25 uM)
dosing concentrations, the intracellular amount of neratinib
in MDCK II cells was significant higher (P <0.001) than
that in MDCK-MDRI1 cells (Fig. 4B). Further, the effect of
verapamil (100 pM) on the intracellular accumulation was
determined. As shown in Fig. 4C, verapamil did not alter
the accumulation of neratinib in MDCKII cells. By contrast,
the intracellular amount of neratinib in MDCK-MDRI1 cells
was markedly increased (P <0.001) by verapamil (Fig. 4D).
Taken together, this result indicated that P-gp might be
involved in the transport of neratinib and verapamil could
inhibit the efflux of neratinib in MDCK-MDRI1 cells.

Transport of neratinib across MDCK 11
and MDCK-MDR1 cell monolayers

To further investigate whether neratinib was a substrate of
P-gp, the MDCK II and MDCK-MDRI1 cell monolayers
were utilized. As shown in Fig. 4E and Table 5, neratinib
exhibited directional transport in MDCK-MDRI1 cells. The
P,pp value of neratinib from basal-to-apical (P, gy ap)
was 24.24 +2.75 x 107° cm/s, which was significant higher
(P <0.001) than that (9.84 +0.66 X 107° cm/s) form apical-
to-basal (P, sp.gr)- The efflux ration was further calculated
as 2.46 (>2) based on P, g; _ap divided by P, xp.p;- When
verapamil was used, the P, g 5p Of neratinib was signifi-
cantly decreased to 15.60 +0.04 x 107 cm/s, as the efflux

[ 51

6

S§34

= = -« Neratinib + Verapamil
=) -~ Neratinib
c 3 34

83

: —

Q £ 24

°%

g5

§, c 14

o)

o

] T T Ll 1 T T ;
0 6 12 18 24 30 36 42 48
Time (h)

Fig.3 Plasma concentration—time profile of neratinib (100 mg/kg) in
rats after an oral administration with or without verapamil (10 mg/kg)
pretreatment. Each point is shown as the average concentration with
the error bar representing the S.D. (n=5)

ratio decreased to 1.01. As shown in Table 5, preincubation
with verapamil resulted in a decrease in the net flux ratio of
79.6% for neratinib. These results indicated that neratinib was
identified as a P-gp substrate with a net flux ratio reduced
more than 50% by verapamil, attesting to the specificity of
P-gp mediated efflux.

Discussion

In this study, we have constructed a highly specific, selec-
tive and sensitive UPLC-MS/MS method for the simultaneous
quantification of neratinib and IS (sorafenib) in rat plasma
(Figs. 1 and 2, Tables 1, 2 and 3). This validated UPLC-MS/
MS assay was successfully applied to the pharmacokinetic
determination of neratinib in rats. Our findings have dem-
onstrated that pre-treatment with verapamil (a known P-gp
inhibitor) resulted in significant increase in system exposure
of neratinib in rats, as the value of C,, and AUC,  increased
and CL/F of neratinib decreased (Fig. 3 and Table 4). Fur-
ther, our study was the first one to confirmed that P-gp was
involved in the transport of neratinib using MDCK II and
MDCK-MDRI cells model (Fig. 4 and Table 5).

Neratinib is currently approved for the treatment of patients
with early-stage and metastatic HER2" breast cancer [1].
However, it is estimated that about 70% of HER2" breast can-
cer patients are either innately resistant or acquire resistance

Table 3 Stabilities of neratinib

. . Spiked conc.  In rat plasma (%) In 50% acetonitrile solution (%)
at low, medium and high (ng/mL)
concentrations in rat plasma -80 °C for 10 days Freeze—thaw 3 cycles 4°Cfor24h Ambient
under different storage temperature
conditions (Mean + SD, n=23) for4 h
40 101.71+7.58 102.63 +6.39 101.83 +1.52 96.00+3.65
400 103.03+2.76 99.18+2.11 99.74+7.55 99.84 +4.17
4000 99.40+4.85 98.78+2.79 100.50+2.18 98.85+1.20
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Table 4 Pharmacokinetic parameters determined using noncompart-
mental analyses after oral administration of neratinib (40 mg/kg) with
or without pretreatment of verapamil (10 mg/kg) to Sprague—Dawley
Rats (Mean+SD, n=5)

Parameters  Units Control Pretreatment of verapamil
ti h 6.78 +£0.80 6.10+0.58

Tnax h 3.60+0.80 2.50+0.87

Crnax pg/mL 1.60+0.56 3.35+£0.70%**

AUC, pg/mL*h  14.95+5.65 24.52+3.87*

AUC, ;¢ pg/mL*h  16.05+4.68 24.66+3.88*

Vd/F L/kg 26.86+8.71 14.63+2.62%

CL/F L/kg/h 2.70+0.72 1.66 +0.24*

*P<0.05; P <0.001 compared to control group

to HER2-targeted drugs [18, 19]. Abbas et al. have identified
neratinib as a sensitive substrate for CYP3A4 enzyme, and
co-administration with CYP3A4 inhibitor caused significant
increased system exposure of neratinib [18, 20, 21]. There-
fore, increased CYP3A4 activity has been considered to be an
important mechanism of neratinib resistance. In addition to

the action of metabolic enzymes, drug excretion mediated by
efflux transporters, overexpressed in tumor cells, also confers
to the commonly known phenomenon of multidrug resistance
against certain antineoplastic agents [22, 23]. P-gp has been
known to transport a wide range of drugs and xenobiotics
from intra- to extracellular at many biological interfaces
such as the intestine, liver, blood-brain barrier (BBB), and
kidney. Hence, activity inhibition of P-gp may raise blood
concentrations of its substrates. In fact, we have evidenced
that pre-treatment with verapamil significantly increased ner-
atinib C,,,, compared with administration of neratinib alone
(Table 4), resulting in higher plasma exposure level of ner-
atinib (Fig. 3). Verapamil has been reported as an inhibitor of
both CYP3A4 and P-gp and used for drug-drug interaction
studies in vitro and in vivo [24, 25]. Therefore, we inferred
that verapamil may affect neratinib exposure partially via
inhibiting the activity of CYP3A4. However, whether P-gp
inhibition by verapamil can affect the in vivo pharmacokinet-
ics of neratinib should be further investigated.

Thus, MDCK cells transfected with the human MDR1
gene (MDCK-MDR1) cells were used to examine the
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Fig.4 (A) Protein expression of P-gp in MDCK II and MDCK-MDR1
cells determined by Western blotting. (B) Intracellular accumulation
of neratinib (1.25 and 5 pM) in MDCK II and MDCK-MDR1 cells.
(C) Effect of verapamil (100 uM) on the intracellular accumulation of
neratinib (1.25 and 5 pM) in MDCK 1I cells. (D) Effect of verapamil
(100 pM) on the intracellular accumulation of neratinib (1.25 and 5

pM) in MDCK-MDR1 cells. (E) Effect of verapamil (100 uM) on the
transport of neratinib (5 pM) from the apical to basolateral side or the
opposite direction in MDCK-MDR1 monolayers. Each bar is the aver-
age of three determinations with the error bar representing the S.D.
(n=3). “P<0.001 versus the control group. **P <0.001 compared

PaPP, BL-AP with Papp,AP—BL
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influence of P-gp on the active transport of neratinib. In
the intracellular accumulation assay, verapamil success-
fully inhibited the efflux of neratinib in MDCK-MDRI1 cells
(Fig. 4D). In transcellular bidirectional transport experi-
ments, neratinib has been identified as a P-gp substrate
according to the net flux ratio (> 2) (Fig. 4E and Table 5).
Hence, induction or inhibition of P-glycoprotein can lead
to drug-drug interactions of neratinib. The changed phar-
macokinetics of neratinib in rats may partially due to P-gp
inhibition by verapamil. Further, due to the overexpression
of P-gp in tumor cells, the multidrug resistance (MDR) func-
tion of P-gp would affect the clinical therapeutic effect of
neratinib, which may be a crucial mechanism for neratinib
resistance.

Additionally, breakthroughs in cancer research have
greatly improved the survival of patients with advanced
breast cancer, however, the incidence of brain metastases
has also increased accordingly [12, 26]. Significantly, the
HER2" subtype harbored higher risk to metastasize to the
brain than other breast cancer subtypes [26]. Neratinib, to
a degree, has shown intracranial efficacy in treatment for
HER2" breast cancer patients with brain metastases. But
many challenges remain as the barrier properties of BBB,
resulting in the sub-therapeutic concentrations of chemother-
apeutic drugs within the brain. P-gp is expressed at high lev-
els in the capillary endothelial cells of the BBB, and activ-
ity inhibition of P-gp can result in increased concentration
of substrate drugs [27-29]. Taken together, the therapeutic
effect of neratinib in treating brain metastases will likely to
be improved when co-administrated with P-gp inhibitors.
However, further research is needed to verify this suppose.

Furthermore, the mechanism for neratinib efflux in BBB
is not only related to P-glycoprotein, but also may involve
breast cancer resistance protein (BCRP), which is also
located at the apical membranes of BBB [29, 30]. These
two transporters act cooperatively at the BBB, limiting the
uptake of substrate drugs into the central nervous system
(CNS) and affecting their pharmacokinetics, therapeutic
efficacy, and safety [31, 32]. In fact, we have investigated
the role of BCRP on the transport of neratinib using MDCK
II and stably transfected lines with human ABCG?2 genes
(MDCK-BCRP). However, the intracellular accumulation
of neratinib in MDCK-BCRP cells showed no statistically
significant difference with that in MDCK II cells. The addi-
tion of BCRP inhibitor (10 pM Ko143) did not alter the
efflux of neratinib in MDCK-BCRP cells, suggesting that
neratinib was probably not substrate for BCRP. Thus, the
absorption of neratinib and its tissue distribution (i.e., brain)
is considered mainly mediated by the activity or expression
of P-gp protein.

MDCK cells belong to epithelial cell line of canine kid-
ney origin, and are increasing used in evaluation of drug
passive permeability and membrane transport studies, and
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easy to handle [33]. MDCK-MDRI1 cells provides a suit-
able in vitro model for screening P-gp substrates, showing
polarized overexpression of P-gp in the apical side [33, 34].
The results obtained in MDCK cell well reflect the in vivo
situation [31, 34]. In addition, bidirectional transport assays
with MDCK-MDRI1 cells have been reported as a valuable
in vitro assay to investigate if human P-gp prevents the test
compound from crossing the BBB [35-37]. Therefore, the
results obtained by MDCK II and MDCK-MDRI1 cell lines
can reveal the influence of P-gp on the access of neratinib
to the CNS. However, the pharmacokinetics of neratinib in
brain need to be further investigated in future studies.

Conclusion

In conclusion, our results indicated that the system exposure
of neratinib would be significantly increased when the rats
were pre-treatment with verapamil. Furthermore, neratinib
was identified as a substrate of P-gp using the in vitro assays
with MDCK IT and MDCK-MDR1 cells, revealing the main
mechanism underling the effect of verapamil on neratinib
absorption in rats. To the best of our knowledge, thus far,
there are no published in vitro or in vivo studies character-
izing the role of P-gp on the transport of neratinib. What’s
more, in light of potential application of neratinib in HER2"*
breast cancer with brain metastases, our findings may pro-
vide relevant information for the factors that govern the
access of neratinib to the CNS, especially for the treatment
of (metastatic) brain cancers. However, additional investiga-
tion should be performed to validate these results.
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