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Abstract: This study was performed to evaluate the interaction between conventional or high-
dose radiotherapy (RT) and the pharmacokinetics (PK) of regorafenib in concurrent or sequential
regimens for the treatment of hepatocellular carcinoma. Concurrent and sequential in vitro and
in vivo studies of irradiation and regorafenib were designed. The interactions of RT and regorafenib
in vitro were examined in the human hepatoma Huh-7, HA22T and Hep G2 cell lines. The RT-PK
phenomenon and biodistribution of regorafenib under RT were confirmed in a free-moving rat
model. Regorafenib inhibited the viability of Huh-7 cells in a dose-dependent manner. Apoptosis in
Huh-7 cells was enhanced by RT followed by regorafenib treatment. In the concurrent regimen, RT
decreased the area under the concentration versus time curve (AUC) egorafenib by 74% (p = 0.001) in
the RT, Gy x 3 fraction (f'x) TOUP and by 69% (p = 0.001) in the RTy Gy x 3 f'x group. The AUC egorafenib
was increased by 182.8% (p = 0.011) in the sequential RTaGy x 1x group and by 213.2% (p = 0.016) in
the sequential RTogy 1 fx group. Both concurrent regimens, RToGy « 3 x and RTogy 3 £, clearly
decreased the biodistribution of regorafenib in the heart, liver, lung, spleen and kidneys, compared
to the control (regorafenib , 3 4) group. The concurrent regimens, both RTogy « 3 fx and RTogy 3 xs
significantly decreased the biodistribution of regorafenib, compared with the control group. The
PK of regorafenib can be modulated both by off-target irradiation and stereotactic body radiation
therapy (SBRT).

Keywords: biodistribution; pharmacokinetics; radiotherapy; regorafenib; stereotactic body radiation
therapy (SBRT)

1. Introduction

The incidence of hepatocellular carcinoma (HCC) and the associated mortality are
increasing in North America and several European regions and declining in Japan and
parts of China [1]. The oral multikinase inhibitor sorafenib (Nexavar, Bayer Pharma AG,
Berlin, Germany) is the first-line systemic treatment and has shown clinical benefits in
overall survival [2,3]. However, most HCC patients experience disease progression during
sorafenib treatment, and the overall survival is approximately eight months [4-6]. Recently,
regorafenib (Stivarga, BAY 73-4506; Bayer Pharma AG, Berlin, Germany), a diaryl urea
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derivative, was shown to provide a survival benefit for HCC patients after progression
during sorafenib treatment [7]. Therefore, the National Comprehensive Cancer Network®
Clinical Practice Guidelines in Oncology (NCCN Guidelines®) listed regorafenib as a
category 1 systemic therapy for patients with HCC progression on or after sorafenib.

External beam radiotherapy (EBRT) with 3D conformal radiotherapy, intensity-
tmodulated radiotherapy (IMRT) or stereotactic body radiation therapy (SBRT) are options
for patients with unresectable or medically inoperable disease, as listed in the NCCN
Guidelines®. SBRT is an advanced technique of hypofractionated EBRT, referring to the use
of focused high dose radiation generally delivered in five or fewer treatment sessions with
image-guided technique [8]. Dosing for SBRT is generally 30-50 Gy in three to five fractions.
Radiotherapy (RT) combined with sorafenib therapy in patients with unresectable HCC
has been reported to show impressive benefits [9,10]. However, more than a 30% incidence
of adverse effects has been reported for HCC patients who received RT concurrently or
sequentially with sorafenib [11-13]. Recently, a patient was reported to have developed
transverse myelopathy from regorafenib two years after receiving SBRT for metastatic liver
lesions [14]. However, a colon cancer patient who received regorafenib and concurrent
SBRT for an oligometastatic lung nodule showed an impressive response [15]. The treat-
ment or toxicities of regorafenib with RT have different expressions in the concurrent or
sequential regimen. Additionally, the target dose and off-target dose or conventional dose
of RT can modulate the systemic pharmacokinetics (PK) in a rat model [10,16,17]. These
lines of evidence suggest interactions between RT and diaryl urea agents, such as sorafenib
and regorafenib.

In the current study, the RT-PK behavior of regorafenib at different RT doses and time
schedules was evaluated in a free-moving rat model and verified in the human hepatoma
Huh-7, HA22T and Hep G2 cell lines. Furthermore, the biodistribution of regorafenib with
and without RT was evaluated, to provide suggestions for clinical applications.

2. Materials and Methods
2.1. Materials and Reagents
Reagents

Regorafenib (BAY 73-4506) was purchased from Toronto Research Chemicals, Inc.
(Ontario, Canada). The chemical purity was >99% (data provided by Toronto Research
Chemicals, Inc.). Dimethyl sulfoxide (DMSO) and 3-(4',5'-dimethylthiazol-2'-yl)-2,5-
diphenyltetrazolium bromide (MTT) were purchased from Merck (Merck Ltd., Taiwan).
Dulbecco’s modified Eagle medium (DMEM)), fetal bovine serum, 100 IU/mL penicillin,
100 mg/mL streptomycin and 1% nonessential amino acids were purchased from Biological
Industries (Cromwell, CT, USA). Milli-Q plus water (Millipore, Bedford, MA, USA) was
used for all preparations. For cell culture experiments, regorafenib was dissolved in DMSO
at various concentrations and then added to cells in serum-free DMEM and stored at 4 °C.
A stock solution of 5 mg/mL MTT in PBS was stored at —20 °C.

2.2. In Vivo Study
2.2.1. Animals and Sample Preparation

The Institutional Animal Experimentation Committee of National Yang-Ming Uni-
versity, Taipei, Taiwan, and the Institutional Animal Care and Use Committee IACUC,
approval number 1070523) reviewed and approved the protocol. The Laboratory Animal
Center at National Yang-Ming University (Taipei, Taiwan) provided adult male Sprague-
Dawley rats (300 & 20 g body weight). A pathogen-free environment with a 12 h light—dark
cycle, with access to water ad libitum and food (laboratory rodent diet 5P14, PMI Feeds,
Richmond, IN, USA), was provided for the animals.

2.2.2. Irradiation Technique

A freely moving rat model was designed for the current study [10]. The rats were
anaesthetized and immobilized on a board, while undergoing computed tomography
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for localization of the whole liver or a central area 1.5 cm x 1.5 cm in size for the SBRT
technique. For the whole liver field, the cranial margin was set 5 mm from the top of the
diaphragm, and the caudal margin was set 5 mm lower than the liver margin. The whole
liver was targeted for irradiation. The experimental animals were randomized to groups
receiving sham RT, one or three fractions of RT gy and RTg gy with current or sequential
regorafenib. Data were collected from six rats in each group.

2.2.3. Drug Delivery with RT under Different Time Schedules and Doses

The administration of oral regorafenib (160 mg) once daily as a systemic treatment
has been shown to provide survival benefit in HCC patients progressing on sorafenib treat-
ment [7]. According to the formula used to translate doses from animal to human, human
equivalent dose (HED, mg/kg) = animal dose (mg/kg) x animal km/human km [18], we
calculated the daily dose of regorafenib for rats to be 16 (mg/kg/day). The rats were ran-
domly divided into ten groups with six rats in each group. The concurrent groups treated
with regorafenib 1 h after RT, in the same day, to mimic regorafenib concurrent with RT in
the daily practice. The sequential groups treated with regorafenib following RT (not in the
same day), to mimic RT followed by regorafenib in the daily practice. The one fraction study
group included (A) a sham group, regorafenib with RTy gy (regorafenib x 1 d); concurrent
groups treated with regorafenib 1 h after (B) RT; gy with 1 fraction (RT; gy « 1x) and (D)
RTy gy with 1 fraction (RTg gy x 1 £x); and sequential groups treated with regorafenib 24 h
after (C) RT, Gy x 1fx and (E) RTg gy « 1 fx- Continued treatment mimicking clinical prac-
tice was applied to (A) a sham group, regorafenib (p.o. (per 0s), q.d. x 3 d) with RTy gy
(regorafenib x 3 d); concurrent groups treated with regorafenib (p.o., q.d. x 3 d) 1 h after
(B) RTz gy with 3 fractions (RT gy x 3 rx) and (D) RTg gy with 3 fractions (RTogy « 3 £x); and
sequential groups treated with regorafenib 24 h (p.o., q.d. x 3 d) after (C) RT> gy x 3 rx and
(E) RTy Gy x 3 - (Figure 1A,B).
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Figure 1. Oral regorafenib 16 (mg/kg/day) delivery with irradiation (i.e., radiotherapy (RT)), under

different time schedules and RT doses. (A) The one fraction study groups; (B) The continue treated

groups. The rats were randomly divided into ten groups with six rats in each group.
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2.2.4. Sample Preparation

A 150 uL blood sample was withdrawn from the jugular vein with a fraction collector
at0.25,0.5,0.75,1,1.5, 2,2.5, 3, 3.5 and 4 h, following drug administration. The samples
were centrifuged for 10 min, at 4200x g. Then, 50 uL of the resulting plasma was vortexed
with 1 mL of ethyl acetate and centrifuged at 5900x g. The upper layer was transferred to
a new tube and evaporated to dryness.

2.2.5. High-Performance Liquid Chromatography-Ultraviolet (HPLC-UV)

The HPLC system included chromatographic pumps (LC-20AT; Shimadzu Co., Kyoto,
Japan), an autosampler (SIL-20AC; Shimadzu Co., Kyoto, Japan) and a UV-Vis detector
(SPDM20A; Shimadzu Co., Kyoto, Japan). A Waters Acquity C18 column (50 x 2.1 mm,
particle size 1.7 um, Eclipse XDB, Agilent, Palo Alto, CA, USA) was used for sample
analysis. The mobile phase consisted of potassium dihydrogen phosphate (10 mM, pH = 3)
and acetonitrile (55:45, v/v). The flow rate was set to 0.2 mL/min, and the injection volume
was 5 pL. The temperature in the autosampler was set to 40 °C. The UV-Vis detector
scanned from 190 to 300 nm, and the chromatographic profiles were monitored at 265 nm
for regorafenib and diethylstilbestrol (internal standard (IS)).

2.2.6. Regorafenib Plasma Extraction

The process for sample extraction was as follows: 50 pL of rat plasma was mixed
with internal standard (10 pL, IS, diethylstilbestrol) solution and methanol (140 pL) for
protein precipitation. The samples were vortexed and centrifuged at 13,000x g, at 4 °C.
The supernatants were purified with a filter before HPLC-UV analysis.

2.2.7. Calibration Curves

The calibration curves covered a concentration range from 0.1 to 50 ug/mL. The
coefficient of determination (r?) was used to check the linearity of the assay and was
greater than 0.995. The limit of detection (LOD) was the concentration that generates
a signal-to-noise ratio of 3. The lower limit of quantification (LLOQ) was the lowest
concentration of the linear regression with a signal-to-noise ratio of 10. The 0.01 mg/mL
limit of quantification was defined as the lowest concentration on the calibration curve that
could be measured routinely with acceptable bias and relative SD.

2.2.8. Accuracy and Precision Evaluation

The bias (%) = (observed concentration—nominal concentration) x 100/nominal con-
centration was defined as the accuracy. The relative standard deviation,
RSD% = (SD) x 100/observed concentration, was defined as the precision. Calibrations in
six replicates on the same day (intraday) and on six successive days (interday) were per-
formed to verify the accuracy and precision. Regorafenib was prepared at concentrations
0f 0.1, 0.5, 1, 5,10 and 50 pg/mL. The calibration curve was described, using the peak area
ratio of regorafenib hydrochloride versus the concentration.

2.2.9. Organ Distribution

Organs, including the brain, liver, heart, spleen, lung and kidney, were collected,
weighed and stored at —20 °C, until analysis.

2.2.10. Organ Samples

The organ samples were homogenized in 50% aqueous acetonitrile (sample weight:
volume = 1:5) and centrifuged at 13,000x g, for 10 min, at 4 °C. The supernatant was
stored at —20 °C, until analysis. Additionally, 150 uL of IS solution (diethylstilbestrol) was
combined with each organ sample (50 pL) for protein precipitation. Finally, the filtrate
(20 pL) was analyzed by HPLC.
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2.2.11. Hepatic and Renal Functions

Glutamic-pyruvic transaminase (GPT) and creatine were measured to check the in-
fluence of different modalities on hepatic function and renal function by a standard col-
orimetric method, using a Synchron LX20 spectrophotometer (Beckman Coulter) and
manufacturer-supplied reagents.

2.2.12. Pharmacokinetics and Data Analysis

Pharmacokinetic parameters, including the area under the concentration versus time
curve (AUC), the clearance (CL), the elimination half-life (t; /), the volume of distribution
at steady state (Vss) and the mean residence time (MRT), were calculated, using the
pharmacokinetics calculation software WinNonlin Standard Edition, Version 1.1 (Scientific
Consulting, Apex, NC, USA), by a compartmental method.

2.3. In Vitro Study
2.3.1. Cell Viability Assay

Human hepatoma Huh-7 and Hep G2 cell lines kindly provided by Professor Hu
(Taipei Veterans General Hospital, Taiwan) were plated into 96-well plates (1 x 10% per
well) with serum-containing medium (100 pL) for 1 day. Regorafenib at concentrations of 0,
5,10 and 20 umol/L (uM) was added to the plates. Then, the study groups were designed:
the concurrent group (1 h after irradiation) or sequential group (24 h after irradiation)
with sham RT (RTp gy), 2 Gy (RT2Gy) and 9 Gy (RTg gy). Additionally, after 24 h, 20 uL
of 5 mg/mL MTT was added to the plates and incubated for 3 h. The supernatant was
discarded, the precipitate was dissolved in 200 uL DMSO, and the plates were read with a
microplate reader at 570 nm and a reference wavelength of 630 nm.

2.3.2. Morphological Observation

Huh-7 cells were treated with regorafenib at concentrations of 0, 5, 10 and 20 pmol /L
(1M) in the concurrent and sequential groups with different RT doses. Then, the cells were
centrifuged by using Cytospin (Shandon Inc., Pittsburgh, PA). Liu’s A solution and Liu’s B
solution were used on glass slides for 45 and 90 s, respectively. Then, a light microscope
(Olympus, Tokyo, Japan) was used to observe the Huh-7 cells.

2.3.3. Cell Cycle Analysis

The cells were collected, fixed and stained with propidium iodide. Flow cytometry
was performed, using a Beckman Coulter Elite Epics sorter. The sub-G1 phase was used to
quantify dead cells in the apoptosis assays. Cells were released into DMSO or regorafenib
at 5,10 and 20 pM in the concurrent or sequential groups with different RT doses. Floating
and adherent cells were harvested at various time points, stained with propidium iodide
and analyzed by flow cytometry.

2.3.4. Apoptosis Assay

Annexin-V FITC and propidium iodide (PI) (BD Bioscience Pharmingen (San Diego,
CA, USA)) were used to identify apoptotic cells by FACScan. Cells that were positive
for Annexin V and negative for PI were defined as early apoptotic cells. Cells that were
positive for both Annexin V and PI were defined as late apoptotic cells.

2.3.5. Colony Formation Assays

HA22T cells kindly provided from professor Hu (Taipei Veterans General Hospital,
Taiwan) were treated with trypsin to detach, counted and plated (400 per plate) into
dishes measuring 60 mm, with either 0.05% DMSO or 16 umol/L regorafenib with or
without irradiation and allowed to grow for 10 days. Cells were stained, and colonies
containing > 50 cells were counted.
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(A)

2.4. Calculations and Data Analysis

All statistical calculations were performed with Statistical Product and Service So-
lutions (SPSS) for Windows, version 20.0 (SPSS, IBM, Armonk, NY, USA). All data are
expressed as the mean + standard deviation (SD). One-way ANOVA with Dunn’s post
hoc test was used for comparisons between groups, and statistically significant differences
were defined as * p < 0.05 or ** p < 0.01.

3. Results
3.1. Results of Pharmacokinetics for Regorafenib with or without Radiotherapy
3.1.1. Optimization of HPLC-UV Conditions

The mobile phase of 45% ACN and 55% 10 mM KH,POy (v/v) (pH 3.0) with a Waters
ACQUITY BEH C18 column (1.7 um, 50 x 2.1 mm) produced acceptable separation of
regorafenib in the experiment. The retention time of regorafenib was 8.1 min, with good
separation and no endogenous interference in the rat plasma samples, and the procedure
exhibited good selectivity (Figure 2A—C). Good linearity was achieved in the range of
0.1-50 pg/mL, with all coefficients of correlation greater than 0.995.

() (€)

mAU mAU mAU
Extact-265nm 4nm (1.00) Xffact-263nm &nm (1.00) X[fact-26onm 4nm (1.00)
5.04 5.01 501
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Figure 2. HPLC-UV chromatograms of (A) blank plasma samples; (B) blank plasma samples spiked with regorafenib
(1 pg/mL) and internal standard (IS, 0.8 ug/mL); and (C) regorafenib (1.5 ug/mL) and internal standard (IS) (0.8 ug/mL)
collected 180 min after regorafenib (16 mg/kg, p.o.) administration alone. Peak 1: internal standard, diethylstilbestrol. Peak

2: regorafenib. The retention time of regorafenib was 8.1 min, with good separation and no endogenous interference in the

rat plasma samples, and the procedure exhibited good selectivity.

3.1.2. Method of Validation of Linearity, Recovery, Precision, Accuracy and Stability

In the current study, the LOD of regorafenib in the plasma was 0.5 ug/mL. The
regression equation for regorafenib was y = 1.3824x — 0.0438 (r> = 0.9996) in rat plasma
(Supplementary Figure S1). The intraday accuracy of regorafenib ranged from —5.40 to
5.62%. The intraday precision ranged from 0.32 to 14.3%. The interday accuracy ranged
from —0.67 to 8.65%. The interday precision ranged from 0.16 to 7.23%. The intraday
and interday precision and accuracy values of regorafenib in the plasma were within 15%
(Supplementary Table S1)

3.1.3. Both RT»Gy and RTggy Modulated the Area under the Concentration Versus Time
Curve (AUC) of Regorafenib in the Plasma of Freely Moving Rats

Radiation at 2 Gy was the daily treatment dose for a human, and the off-target dose was
considered to be the dose received around the target that received an ablation RT dose. RT 9
Gy simulated the SBRT dose in clinical practice. In the concurrent RT; Gy regimen with one
fraction (RT> Gy « 1), the plasma AUC of regorafenib (AUC\egorafenib) decreased by 33.0%
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(p = 0.356) compared to that of the sham RT group (Figure 3A). Similarly, the AUCegorafenib
decreased by 74.0% (p = 0.001) in the concurrent RT> gy « 3x group compared to the
regorafenib , 34 group (Figure 3B). Interestingly, there were no significant differences in
AUCegorafenib between the concurrent RT; gy « 1 px and RT gy « 3 #x groups (Table 1).

(A) —a— Regorzfenib18 mo/kg 4 g (B) —o— Regorafenib16 moikg 3 ¢
—v— Regorafenib16 mo/kg . 1 g * RTogy x 1 #x1 07 —s— Regorafenib16 moiko x3 4 + RT2Gy x3 fx concurrent
—a— Regorafenib1s mo/kg x 1 g + RT2Gy x 1 fx24 hr —o— Regorafenib16 mykg 3 g+ RTogy x3 rxSequential
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Figure 3. The concentration versus time curves of regorafenib in the plasma of rats obtained for
different time courses with or without irradiation (RT). (A) The one fraction groups included a sham
group, regorafenib with RTy gy (regorafenib x 1 d); a concurrent group treated with regorafenib
1 h after RT; gy with 1 fraction (RT gy « 1 x); and a sequential group treated with regorafenib 24 h
after RT, Gy x 1fx- (B) The multiple fraction treated groups included a sham group, regorafenib
(p-0., q.d. x 3d) with RTj gy (regorafenib x 3 d); a concurrent group treated with regorafenib (p.o.,
q.d. x 3d) 1 h after RT; gy with 3 fractions (RT> gy x 3x); and a sequential group treated with
regorafenib 24 h (p.o., q.d. x 3 d) after RT, Gy « 3 x- (C) The one fraction treatment group included a
sham group, regorafenib x 1d; a concurrent group treated with regorafenib 1 h after RTg gy x 1 x
and a sequential group treated with regorafenib 24 h after RTg gy x 1 fx- (D) The multiple fraction
groups included a sham group, regorafenib x 3 d; a concurrent group treated with regorafenib (p.o.,
q.d. x 3d) 1 hafter RTg Gy « 3 x; and a sequential group treated with regorafenib 24 h (p.o., q.d. x
3 d) after RTy Gy x 3 fx- (E) The changes in the area under the concentration versus time curve (AUC)
of regorafenib with or without RT. Data are expressed as the mean + SEM (n = 6 for each group).
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Table 1. Pharmacokinetic parameters of regorafenib (16 mg/kg, p.o.) with and without RT 2 and 9 Gy.

Parameter AUCy.T Chax Tmax t 1 Cl Vss MRT
Unit min mg/mL mg/mL min min mL/min/kg mL/kg min
Regorafenib 226841227 1454077  190+68 942345351  8.18+3.06 126419 & 1483 + 1066
16 mg/kg x 1d : : : ' : : : : 6928.9
Regorafefg}f mg/k8 8496431730 419+ 153 90 + 63 550 + 146 4214182  36045+951.1 823+ 341
RT2Gy x 14 with 21606.9 +
regorafenib 152.2 + 1435 092 +0.85 165 + 59 409 + 150 16.6 £ 7.21 207318 651 & 215
16 mg/kg x 1d ’
RT, Gy x 1 followed by
regorafenib 641.8 £305.1b¢ 363+176 180463 346 + 93 6.19 +0.35 3081.4 + 773.1 553 + 116
16 mg/kg x 1d
RI2Gy x3px - 12759.6 +
with regorafenib 2230413404 1244079  125+58 3724152 232049450 8167 4P 584 + 186
16 mg/kg x 3d ’
RT, Gy x 3 £x followed by
regorafenib 6737 £ 2241 3.55+1.08 100 + 24 920 + 956 856+721  4156.0+1959.9 1370 + 1365
16 mg/kg x 3d
RTy Gy x 1f'x
with 1475+ 1870 0834099  155+84  654+445 3464253 309990 £ 97634+ 639.4
regorafenib 34618.0
16 mg/kg x 1d
RTg Gy x 1x followed by
regorafenib 7114 +392.88% 4324271 155 =+ 29 608 + 210 33+43 2898.8 + 41237  935.1 + 320.9
l6mg/kg x 1d
RTo Gy x 3 £x ) 11564.4 +
with regorafenib 2600 £11071  1.394+053™ 98+ 81 662 =+ 598 19.0 £ 11.7° 2336109 983.1 + 857.7
16 mg/kg x 3d ’
RTg Gy « 3 ¢x followed by
Y regorafenib 460.6 £2205M 249 +1.49 110 £ 78 571 + 323 114+45 79603 £30235 o507 4 4679

16 mg/kg x 3d

@ Regorafenib x 1 d vs. regorafenib x 3 d, p = 0.001. b RT, Gy x 1fx followed by regorafenib vs. regorafenib x 1d, p =0.011. * RTo gy x 3«
followed by regorafenib » 3 d vs. regorafenib x 1d, p = 0.002. 4 RT, Gy x 3 fx concurrent with regorafenib x 3 d vs. regorafenib x 3

d, p =0.001. © RT, Gy x 1¢x concurrent with regorafenib x 1d vs. RT, gy x1¢x followed by regorafenib x 1d, p = 0.005. f RT, Gy x 3f'x
concurrent with regorafenib x 3 d vs. RT, Gy « 3 x followed by regorafenib x 3 d, p = 0.002. & RTg gy x 1 x followed by regorafenib x 1d

vs. regorafenib x 1d, p = 0.016. h RTy Gy x 1x followed by regorafenib x 3 d vs. regorafenib x 1d, p =0.047. IRT, Gy x 3 fx concurrent
with regorafenib x 3 d vs. regorafenib x 3 d, p = 0.001. ] RTg Gy x 3¢x followed by regorafenib x 3 d vs. regorafenib x 3 d, p = 0.033. k

RTy gy x 1fx concurrent with regorafenib x 1 d vs. RTogy x 1 rx followed by regorafenib x 1d, p = 0.010. I RT, Gy x 3 fx concurrent with
regorafenib x 3 d vs. regorafenib x 3 d, p = 0.002. ™ RTg Gy x 3 rx concurrent with regorafenib x 3 d vs. regorafenib x 3 d, p = 0.001.
" RT Gy x 3 ¢x concurrent with regorafenib x 3 d vs. regorafenib x 3 d, p = 0.01. © RTg gy x 3 fx concurrent with regorafenib x 3 d vs.
regorafenib x 3d, p =0.05. P RT, gy x 3 #x concurrent with regorafenib x 3 d vs. regorafenib x 3 d, p = 0.03. 9 RTg gy 3 fx concurrent with
regorafenib x 3 d vs. regorafenib x 3 d, p =0.001. ¥ RTg gy x 3 x followed by regorafenib x 3 d vs. regorafenib x 3 d, p = 0.01.

In contrast to the concurrent regimen, the AUC egorafenip Was increased by 182.8%
in the sequential RT; gy « 1 #x group (p = 0.011) compared to the regorafenib , 1 4 group
(Figure 3A). Nevertheless, RT decreased the AUC egorafeniv by 20.7% in the sequential
RT, Gy x 3 x group compared with the regorafenib 3 4 group (p = 0.336) (Figure 3B). There
was no difference between the sequential RT, gy « 1 x and RTa gy « 3 x groups. In other
words, the role of fractionation for RT gy in modulating AUCegorafenib 18 limited regardless
of concurrent or sequential regimen. The AUC egorafenib In the sequential RT; Gy 3 £x group
was 2.0-fold as much as that in the concurrent RT gy « 3 ¢x group (Table 1).

Intriguingly, the AUC\egorafenip Was increased by 213.2% in the sequential RTg Gy « 1 £x
group compared with the regorafenib , 1 4 group (p = 0.016) (Figure 3C). There was no
statistically significant difference in AUC egorafenib between the regorafenib , 1 4 and con-
current RTg Gy « 1 #x groups (Figure 3C). Moreover, there was no statistically significant
difference in AUCegorafenib between the concurrent RTg gy « 1 ¢x and RTg gy « 3 fx groups.
Compared to the regorafenib , 34 group, the AUC egorafenib decreased by 69.4% in the
concurrent RTg gy « 3 px group (p = 0.001) and by 45.8% in the sequential RT gy 3 fx group
(p = 0.034). The AUC egorafeniv for the sequential RTg gy « 3 ¢x group was 77.3% higher
than that for the concurrent RTg Gy « 3 ¢x group (p = 0.074) (Figure 3D and Table 1). The
concurrent multiple fractionations of RT decreased AUC egorafenib by approximately 70%
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at both 2 Gy and 9 Gy, and the Cl values in the concurrent RT, gy « 3 ¢x and RTg gy x 3 £'x
groups were higher than in the regorafenib , 3 4 group. Combining these observations
suggests that the concurrent regimen might facilitate the elimination of regorafenib. Addi-
tionally, one shot of RT, whether at 2 or 9 Gy, followed by regorafenib clearly increased the
AUCregorafenib (Figure 3E).

The Vss values in the concurrent RT gy « 3 #x and RTg gy x 3 #x groups were larger
than in regorafenib , 3 4. Additionally, the Vss in the sequential RTg gy 3 fx group was
larger than that in regorafenib , 34. This result suggested that both the concurrent and
sequential SBRT groups had smaller fluctuations than the regorafenib-only group.

3.1.4. Organ Distributions under Different Regimens of RT and Regorafenib

Both the concurrent RT gy » 3 x and RTg Gy « 3 fx regimens obviously decreased the
biodistribution of regorafenib in the heart, liver, lung, spleen and kidneys compared to
that in the control (regorafenib 3 4) group. The sequential RT, Gy x 1£x and RTg Gy x 1¢x
regimens increased the biodistribution of regorafenib in the heart, liver, lung, spleen
and kidneys compared to the control (regorafenib , 1 4) group. The concentrations of
regorafenib in the brain were very limited (Figure 4A,B, Table 2).

(A) EE Regorafenib only (B) W Regorafenib enly
35 - === Regorafenib only-3 time 4 === Regorafenib only-3 time
E === Regorafenib16 mg/kg+RTaGy x 1 fx 1 hr === Regorafenib16 mg/kg+RTagy x 1 fx 1 hr

— 301 mmm Regorafeniv 18 mg/kg*RTaGy x 1 fx 24 hr s [ mmmm Regorafenib16 mg/ka+RTagy x 1 fx 24 hr
B> == Regcrafen!bw mafkg+RT2Gy x 3 fx concurrent _g mmmm Regorafenib16 mgrkg+RToGy x 3 fx concurment
% 25 mmm Regorafenib16 mgfkgtRTgny 3 fx sequential = 34 fr— Regorafenibwrngfkg#RTgny 3 fx sequential
= 25 ~

: | =
c o
8 20 o
2 Q2
c 1 =
k5 15 Ko} -
@ B
c 1.0 - o 4
= g
o 4
r 051

00 4 ] 0 I =
Heart Liver Spleen Lung Kidney Brain Heart Liver Spleen Lung Kidney Brain

Figure 4. The concentrations (ug/g) of regorafenib in different organs were collected after oral administration for 4 h. The
regimens included (A) RT gy « 1 fx and RTo gy x 3 #x OF (B) RTogy « 1 £x and RTg Gy « 3 x, With or without regorafenib, at a
dose of 16 mg/kg, concurrently or sequentially. Data are expressed as the mean + SEM (1 = 6 for each group).

Table 2. Concentrations of regorafenib in the heart, liver, spleen, lung, kidney and brain of rats after administration
(16 mg/kg, p.o.) with or without radiotherapy.

Organ . . .
Heart Liver Spleen Lun Kidneys Brain
(ugl/g) P 8 y

Regorafenib 045+031  146+034 0264010 0474 0.18 0.34 + 0.19 0.03 =+ 0.04
l6mg/kg x 1d
Regorafenib 16 mg/kg x 3d 0254010  145+£074 0384022 1124025  0.65+025 0.01 + 0.02
RT; Gy x 1 px with
regorafenib 0294017 1104051 0194007 0294019  021+0.11 0.02 + 0.03
loemg/kg x 1d
RT5 Gy x 1 ¢ followed by

regorafenib 078+ 0272 22840759 0.68+0308 1.27+0.64! 0.59 £+ 0.27 0.08 4 0.06
lomg/kg x 1d

RT, Gy x 3 £x
with regorafenib 0.03+0.03b 055+027¢ 0.08+006" 021+£009™ 0.13+0.06" 0.02 £+ 0.05

l6mg/kg x 3d
RT; Gy x 3 #x followed by

regorafenib 029 £0.18¢ 1.68+0.65f 041+0241 09940437 0.73 £0.44 0.03 £ 0.05
l6mg/kg x 3d
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Table 2. Cont.

Ezlrgg/agr; Heart Liver Spleen Lung Kidneys Brain
RTy Gy x1 f'x

with . 0.36 = 0.33 1.01 +0.58 0.14£0.07 017£0.14° 0.18 £0.05 0.01 £ 0.02
regorafenib

lo6mg/kg x 1d
RTy Gy x 1 ¢ followed by

regorafenib 0.87 £0.14 2.39 £1.20 0.68 £ 0.45 1.01 +0.70 0.59 +£0.34 0.06 £ 0.05
lo6mg/kg x 1d

RTy Gy x 3 x
with regorafenib 0.09 + 0.07 0.70 +£0.29 010+ 0.08% 025+0.18P 0.17+0.12¢ 0.01 £ 0.02

l6 mg/kg x 3d
RTy gy x 3 x followed by
regorafenib 0.17 £0.27 116 £1.12 0.23 £0.31 0.37 £0.234 0.40 £0.43 0.04 = 0.08
l6mg/kg x 3d

@ RTy Gy x 1£x concurrent with regorafenib x 1d vs. RT, Gy x 1fx followed by regorafenib x 1d, p =0.004. b RT, Gy x 3 fx concurrent with
regorafenib x 3 d vs. regorafenib x 3d, p =0.001. € RT, Gy x 3 f'x concurrent with regorafenib x 3 d vs. RT, gy x 3 rx followed by regorafenib

x 3d,p=0.005. dRT, Gy x 1fx followed by regorafenib vs. regorafenib x 1d, p = 0.036. © RT, Gy x 3 fx concurrent with regorafenib x 3 d
vs. regorafenib x 3 d, p = 0.018. fRT, Gy x 3 fx concurrent with regorafenib x 3 d vs. RT, Gy x 3 f'x followed by regorafenib x 3 d, p = 0.003.
8 RTy gy x 1 #x followed by regorafenib vs. regorafenib x 1d, p = 0.009. h RT, Gy x 3 x concurrent with regorafenib x 3 d vs. regorafenib
x 3d,p =001 "RT,gy x 3 ¢x concurrent with regorafenib x 3 d vs. RT gy x 3 rx followed by regorafenib x 3 d, p =0.008.7 RTg gy x 1 fx
concurrent with regorafenib x 1d vs. RTg gy x 1 followed by regorafenib x 1d, p = 0.016. k RT, Gy x 3 fx concurrent with regorafenib x 3

d vs. regorafenib x 3 d, p = 0.016. IRT, Gy x1fx followed by regorafenib vs. regorafenib x 1d, p =0.014. ™ RT; gy x 3 #x concurrent with
regorafenib x 3 d vs. regorafenib x 3d, p=0.001. " RT, gy x 3 f'x concurrent with regorafenib x 3 d vs. RT, gy « 3 f'x followed by regorafenib
x 3d,p=0.001. ° RTg Gy x 1 Fx concurrent with regorafenib vs. regorafenib x 1d, p = 0.009. P RTy Gy x 3 x concurrent with regorafenib x 3
d vs. regorafenib x 3 d, p =0.001. 9 RTg gy « 3¢« followed by regorafenib x 3 d vs. regorafenib x 3 d, p =0.001. " RTg gy x 3 fx concurrent
with regorafenib x 3 d vs. regorafenib x 3 d, p = 0.001. * RT, Gy x 3 fx concurrent with regorafenib x 3 d vs. RT, Gy x 3 f'x followed by
regorafenib x 3d, p =0.008. ! RT Gy x 3 x concurrent with regorafenib x 3 d vs. regorafenib x 3 d, p = 0.002.

3.2. In Vitro Study
3.2.1. Cell Viability Analysis

The regorafenib concentrations studied ranged from 0 to 20 uM, and the estimated
concentration at which 50% of cells were killed (IC50) for Huh-7 and Hep G2 were shown
in the Table 3. The viability of Huh-7 and Hep G2 cells treated with 0, 5, 10 and 20 uM rego-
rafenib only was 100% and 100%, 60.9 & 1.8% and 74.6 & 2.3%, 35.1 & 1.6% and 51.3 % 3.1%,
15.4 & 1.0% and 24.7 £ 1.2%, respectively (Figure 5). However, there were no synergistic
effects of the concurrent administration of regorafenib with the RT, gy and RTy gy regimens,
when compared with regorafenib only. Interestingly, the viability of Huh-7 and Hep G2
cells with regorafenib (10 and 20 uM) following RT; gy and RTg Gy treatment was higher
than the regorafenib-only and concurrent regimen. However, there were no differences at
regorafenib 5 uM between regorafenib-only, concurrent and sequential regimens.

3.2.2. Morphological Changes

Cell shrinkage and pyknosis occurred in a dose-dependent manner with respect to
regorafenib and RT. Additionally, the cell outlines were irregular with condensed and
peripheralized chromatin. Significant numbers of apoptotic bodies were observed in
the sequential regimen of RTy gy with dose dependence on regorafenib. In contrast, the
cytoplasmic vacuoles were more prominent in the concurrent regimen, showing dose
dependence on regorafenib at both RT doses. Moreover, cell swelling, the formation of
cytoplasmic vacuoles and cytoplasmic blebs and loss of cell membrane integrity were
clearly observed in both the concurrent and sequential regimens of regorafenib (20 uM)
with RT (Supplementary Figure S2A,B).
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Table 3. The regorafenib concentrations studied ranged from 0 to 20 uM concurrent with or following radiotherapy (RT)
with sham RT (RTy gy), 2 Gy (RT2 gy) and 9 Gy (RTg Gy), and the estimated concentration at which 50% of cells were killed

(IC50) for Huh-7 and Hep G2.

RT, gy RT; gy RTy gy
Regorafenib
(M) < S S <
Huh-7 Hep G2 Huh-7 Hep G2 Huh-7 Hep G2 Huh-7 Hep G2 Huh-7 Hep G2 Huh-7 Hep G2
IC50 6.56 9.87 12.8 17.68 6.38 10.5 12.07 18.89 6.36 8.43 15.23 16.81
0 100.0 + 100.0 + 100.0 + 100.0 + 100.1 + 94.0 + 87.0 + 84.3 + 103.9 + 98.9 + 85.7 + 86.9 +
0.0 0.0 0.0 0.0 6.0 16.2 33 2.2 274 20.8 6.9 6.9
5 60.9 + 74.6 + 72.6 & 820+ 59.8 £ 731+ 59.5 + 721+ 623 + 64.7 £ 60.2 + 71.0 £
1.8 24 1.0 19 5.5 11.7 2.7 1.7 14.1 11.3 5.6 5.3
10 351+ 51.3 + 55.2 + 67.0 + 339 + 50.8 + 46.0 + 64.1 + 343 + 46.7 + 47.6 + 64.2 +
1.6 3.1 1.2 13 2.7 7.0 2.9 13 5.3 8.9 3.0 43
20 154 + 24.7 + 414+ 46.0 + 144 £ 245+ 36.3 + 424 + 141 + 20.6 + 411+ 385+
1.0 12 04 34 0.8 25 14 0.8 0.7 15 1.7 19

C: concurrent group, regorafenib was added to the plates 1 h following RT. S: sequential group, regorafenib was added to the plates 24 h

following RT.
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Figure 5. Huh-7 and Hep G2 cells were seeded into 96-well plates (1 x 103 per well) in 100 uL of serum-containing medium
and allowed to grow for 1 day. Concentrations of 0, 5, 10 and 20 umol/L (uM) regorafenib were added to the plates, 1 h
following irradiation (concurrent group) or 24 h following irradiation (sequential group), with sham RT (RTp gy), 2 Gy
(RT2gy) and 9 Gy (RTy Gy). (A) Huh-7 cells treated with RT3 Gy; (B) Huh-7 cells treated with RTg gy; (C) Hep G2 cells
treated with RT, gy; (D) Hep G2 cells treated with RTggy. Data from three separate experiments are expressed as the
mean + standard error of the mean (SEM). Black asterisk (*): all vs. 0 Gy + 0 mM. Red asterisk (*): RT 1 h + regorafenib 24 h

or RT 24 h + regorafenib 24 h vs. 0 Gy in different concentrations. Blue asterisk (*): RT 1 h + regorafenib 24 h vs. RT 24 h +
regorafenib 24 h. ** p < 0.01, *** p < 0.001.

3.2.3. Cell Cycle Analysis

Huh-7 cells were gated into sub-G1, G1, S and G2/M by flow cytometric cell-cycle
analysis. As the histogram shows, the accumulation of sub-G1 Huh-7 cells in the concurrent
groups was correlated with the dose of regorafenib but was not correlated with RT or its
absence. However, the accumulation of sub-G1 Huh-7 cells in the sequential groups was
correlated with the doses of regorafenib and RT (Figure 6A-C).

3.2.4. Apoptosis Analysis

Detection of necrotic and apoptotic cells by Annexin V and PI double-stain labeling.
Regorafenib concurrent with or following RT caused Huh-7 cell apoptosis in a dose-
dependent manner. There were no obvious synergistic effects of apoptosis in the concurrent
regimen (Supplementary Figure S3A). However, RT followed by regorafenib enhanced
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(A)

0 Gy

the late apoptosis of Huh-7 cells. Interestingly, RT> gy followed by regorafenib at 20 uM,
showed obvious cell-apoptotic phenomena (Supplementary Figure S3B).
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Figure 6. Huh-7 cells were treated with regorafenib at concentrations of 0, 5, 10 or 20 umol/L (1tM). (A) The percentage of
hypodiploid cells (sub-G1) was quantified in plates 1 h after irradiation (concurrent group) with sham RT (RT gy), 2 Gy
(RT2 gy) and 9 Gy (RTg Gy). (B) The percentage of hypodiploid cells (sub-G1) was quantified in plates 24 h after irradiation
(sequential group) with different RT doses. (C) Bar graphs showing the cell cycle distributions of the different treatment
regimens. Data from three separate experiments are expressed as the mean + standard error of the mean (SEM).

3.2.5. Colony Formation Analysis

HA22T cancer cells were treated with concurrent and sequential regimen at different
concentrations of regorafenib and different doses of RT. The results revealed that colony
formation of HA22T were decreased in the presence of the indicated concentrations (from
1 to 20 uM) of regorafenib and RT (2 and 9 Gy), suggesting the inhibitory potential of
regorafenib and RT against HA22T cell with dose dependent manners. Additionally, under
concentration (1, 10 and 20 uM) of regorafenib, concurrent or sequential with RT had
synergic effects to inhibit the colony formation when compared with regorafenib alone.
However, there were no differences between concurrent and sequential regimen in RT with

different doses level (Figure 7).
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Figure 7. The colony formation analysis for HA22T line that were treated with indicated concentrations (from 0.1 to 20

uM) of regorafenib and RT (2 and 9 Gy), respectively. Data from three separate experiments are expressed as the mean +
standard error of the mean (SEM).

4. Discussion

Regorafenib is an oral multikinase inhibitor [19] that blocks the activity of multiple
protein kinases involved in angiogenesis (vascular endothelial growth factor receptor
(VEGFR)-1, -2, -3 and tyrosine kinase with immunoglobulin and epidermal growth fac-
tor homology domain 2 (TIE-2, a crucial regulator of angiogenesis)) [20], oncogenesis
(c-kit, Raf-1, c-Ret and V600E-mutated B-Raf), metastasis and the tumor microenviron-
ment (platelet-derived growth factor receptor; and fibroblast growth factor receptor) [19].
Regorafenib provides an overall survival benefit in HCC patients with progression on
sorafenib treatment [7]. Moreover, the treatment of patients with sorafenib followed by
regorafenib resulted in an unprecedented median overall survival of 26 months [21]. There-
fore, the NCCN Guidelines® list regorafenib as a systemic therapy for patients with HCC
progression on or after sorafenib.

Overactivation of the phosphatidylinositol 3 kinase (PI3K) / AKT and mitogen-activated
protein kinase (MAPK) pathways is a well-known trait in cancer, and compounds or
modalities that suppress these signaling pathways represent an attractive approach to
strengthening the effectiveness of regorafenib. Recently, regorafenib combined with dif-
ferent compounds was reported to exert enhanced antitumor effects compared with the
effects of individual administration [22]. Intriguingly, radiation exposure activates the
expression of MAPK and PI3K [23], and the phosphorylation levels of phospho-c-Jun
N-terminal kinase (JNK), ERK, Akt and p38 are upregulated significantly in irradiated
HCC cells [24]. Regorafenib induces both extrinsic and intrinsic apoptotic pathways by
suppressing ERK/NF-kB activation in SK-HEP-1 cells [25]. These lines of evidence provide
the rationale for the combination of regorafenib and irradiation.

Cancer treatment with a VEGF inhibitor has the potential to result in acquired resis-
tance [26] and rapid vascular regrowth after removal of the anti-VEGF therapy [27]. The
NCCN Guidelines® also suggest that EBRT and SBRT could be applied in patients with
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unresectable or inoperable HCC. Irradiation induces hypoxia and VEGF upregulation,
which are related to radioresistance [28]. In the current study, the Huh-7 and Hep G2 cells
treated with 10 and 20 uM of regorafenib showed higher viability in the sequential regime
that suggested the possibility of radioresistance in the sequential regime. By inhibiting the
activity of VEGF, receptor blockade agents can potentially act as radiosensitizers. Nuclear
factor kappa B (NF-«B) is a well-defined radiation-responsive transcription factor [29].
Notably, NF-«B also modulates the expression of CYP3A4 [30] and increases the expression
of VEGF [31]. Regorafenib is metabolized via CYP3A4 [19]. Additionally, regorafenib [32]
selectively inhibits the radiation-induced activation of VEGFR and thereby enhances the
effectiveness of irradiation possibly. Interestingly, the Huh-7 and Hep G2 cells treated with
5 uM of regorafenib, there were no significant differences between drug only, concurrent
and sequential regimens although higher viabilities with 10 and 20 uM of regorafenib were
noted in the sequential regimes. Additionally, regorafenib concurrent or sequential with RT
had synergic effects to inhibit the colony formation when compared with regorafenib alone.
Moreover, RTg gy was more efficient to inhibit colony formation than RT; gy, Consequently,
the potential for a synergistic anti-angiogenesis effect makes the combination of diaryl urea
agents and RT theoretically attractive.

Nevertheless, the optimal timing, duration, and dosing of regorafenib when used in
combination with RT or SBRT remain unknown. Roberto et al. [15] reported a man affected
by metastatic colorectal cancer (mCRC) who was treated with regorafenib combined
with multiple fractions of SBRT with 54 Gy, achieving a durable response without severe
toxicities. Gatto et al. [33] also reported a patient affected by metastatic gastrointestinal
stromal tumor who was treated with RT (34 Gy in 14 fractions) combined with regorafenib
(160 mg/day), achieving an objective response. In the current study, the morphology
data showed apoptosis of Huh-7 cells in the concurrent regimen with dose dependence of
regorafenib at both RT doses. However, apoptosis analysis did not clearly show synergistic
effects of the concurrent regimen on apoptosis in Huh-7 cells. The concurrent regimen
decreased the AUCegorafenib, regardless of the off-target dose or SBRT dose. Multiple
fractions and a single fraction of RT decreased regorafenib levels by approximately 70%
and 35%, respectively. There were no significant differences in AUC egorafenip between
one fraction and multiple fractions of 2 Gy in the concurrent regimen. The concurrent
RTggy regimen showed a similar trend. Considering the irradiated-volume effect, SBRT
is more efficacious than conventional techniques for modulating the PK of regorafenib.
Additionally, a low-dose bath caused by arc therapy can modulate the PK of regorafenib.
Furthermore, concomitant RT and regorafenib decreased the AUC egorafenib, Which may
decrease drug-related toxicity.

In contrast, Tian et al. [14] reported an mCRC patient treated with SBRT (20 Gy in a
single fraction) followed by regorafenib who developed hyperalgesia and radicular pain.
RT upregulated the phosphorylation levels of phospho-c-JNK in HCC cells [24]. Addition-
ally, JNK and its target phospho-c-Jun were upregulated at 24 and 48 h in Hep3B cells after
regorafenib treatment [34]. Interestingly, in the current study, cell morphology, cell cycle
and apoptosis analyses showed that the sequential regimen resulted in synergistic and
dose-dependent effects on apoptosis in Huh-7 cells. Additionally, compared to regorafenib
only, the concurrent regimen did not increase the inhibition of viability of Huh-7 and Hep
G2 cells. Moreover, a single fraction of RT followed by regorafenib increased AUC egorafenib
approximately twofold, which might partially explain Tian’s report [14]. Additionally, the
AUC regorafenib in the sequential RTy Gy « 3 px group was 2.2-fold higher than that in the
concurrent RT gy « 3 ¢x group. Similarly, the sequential RTg Gy « 3 fx regimen increased
AUCegorafenib by 69%compared with the concurrent regimen. It is apparent that the syner-
gistic effect of inhibitor treatment and irradiation and the PK modulation of regorafenib
support the use of a sequential rather than a concurrent regimen.

The daily interaction between RT and regorafenib is much less well understood. In the
concurrent regimen, the next daily dose of regorafenib becomes a sequential dose relative
to the previous RT. There was no statistically significant difference between sequential and



Pharmaceutics 2021, 13, 386

15 0of 19

concurrent regimens in multiple fractions of SBRT. In other words, the influence of regimen
in the SBRT technique with regorafenib is limited. In contrast, the sequential RT> Gy x 3 f'x
regimen increased AUCegorafenib 2-2-fold compared with that in the concurrent regimen.
The Cmax of regorafenib was decreased in the concurrent RT; gy « 3 ¢x and RTg gy « 3¢
groups. Additionally, the Cl of regorafenib was increased in the concurrent RT> Gy « 3 f/x
and RTg gy x 3 #'x groups. A decreased Cmax and increased Cl during the concurrent regimen
indicated that both off-target and SBRT doses in local liver RT reduce the absorption of
regorafenib and increase its elimination. In other words, the sequential regimen resulted in
a greater impact of regorafenib than the concurrent regimen.

Several studies have shown that the addition of RT to diaryl urea agents is well toler-
ated [9,35-37]. However, increased toxicity has been reported with the combination of RT
and VEGEF inhibitors [13,14,38,39]. Our previous study demonstrated that the off-target ra-
diation dose significantly modulated the bioavailability of chemotherapy agents [16,40,41].
Advanced RT techniques allow the delivery of large doses of radiation; nonetheless, areas
other than the target area are exposed to significant low-dose radiation [16]. Therefore, the
2 Gy dose used in the current study could also be viewed as an off-target dose during SBRT,
although 2 Gy is a daily conventional dose. The current study noted that both off-target
and SBRT doses could modulate the AUC of regorafenib in sequential design. For that
reason, advanced radiotherapy combined with regorafenib should consider the low-dose
“bath” effects [42], especially in the sequential regimen.

The current data suggested that the organ distributions for organs at risk (heart,
spleen, lung, kidney and lightly brain) were enhanced and the AUC of regorafenib was
increased in the single fraction sequential regimen. The organ distributions were decreased
in the multiple fraction concurrent regimen. Additionally, the distribution of regorafenib
in the brain was detected and upregulated in the sequential regimen even though the
concentration in the brain was low. Recently, a similar observation that regorafenib and
its metabolites could be detected in patients’ cerebrospinal fluid has been reported [43],
which supports the current results. However, grade-three or above adverse effects have
been reported in patients treated with regorafenib, including heart failure, hypertension,
thrombocytopenia, hyperbilirubinemia, increased aspartate aminotransferase and alanine
aminotransferase, and gastrointestinal toxicities [7,44-46]. In the development of new
radiation-modulated strategies and the design of clinical trials, the unexplained biological
enhancements of the effects of regorafenib by the RI-PK phenomenon should be addressed
cautiously to avoid severe toxicity when RT and regorafenib are used as synergistic tools in
cancer treatment strategies.

This study had some limitations. First, the current study was designed to examine
the interaction between RT and the PK of regorafenib but did not include the pharma-
codynamics of regorafenib during RT. Therefore, the current study cannot describe the
treatment effects of the combination of RT and regorafenib, even though the AUCjasma
of regorafenib was increased by approximately 2-fold at RT in one fraction sequential
regimen and decreased by 70% at RT in the multiple fraction concurrent regimen. Second,
the possible mechanism was not addressed in the current study because the presence or
absence of the RT-PK phenomenon in the regorafenib plus RT setting could not be ensured
before the study. However, we confirmed that the systemic PK of regorafenib could be
modulated by either an off-target or SBRT dose of RT. Finally, our initial finding is that RT
modulated the clinical efficacy of systemic drugs including chemotherapeutics and targeted
therapeutics. To prove this concept, we performed in vivo experiments for PK analysis of
regorafenib and found the differential activities between concurrent RT and sequential RT
as well as conventional RT and SBRT. The design of these combinatory regimens could truly
reflect the different scenarios in clinical practice. We realized that this in vitro study could
not represent or validate the in vivo study, due to the lack of impacts of local microenviron-
ment and systemic modulators. In this way, the concurrent and sequential combination of
regorafenib and RT induced differential effects on hypoploid (sub-G1 or apoptosis-like)
cell populations, post-RT G2/M phase distribution (mitotic arrest population underway
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DNA damage repair process) and morphological alterations. Therefore, the data of an
in vitro study would be regarded as the preliminary work to prove that the differential
effects of various RT on PK of regorafenib may have similar correlations in a cellular basis.
To determine the possible mechanism and effects of regorafenib administered concurrently
or sequentially with RT, further studies are clearly required, including more HCC cell lines
of colony formation assays and DNA double-strand break (DSB) analysis by staining for
YH2AX and/or 53BP1, to examine the effects of single and double treatment on clonogenic
survival and DNA repair in additional hepatocarcinoma cell lines, in vivo tumor models,
or clinical trials.

5. Conclusions

To our knowledge, our study is the first to show the radiation—drug interaction
between RT and regorafenib. EBRT and SBRT doses possess a similar ability to modulate
the AUC of regorafenib in systemic therapy. The concurrent or sequential regimen for
regorafenib with EBRT and SBRT may influence the AUC and biodistribution during
treatment and may be correlated with the effects and toxicities. The current data provide
insight into the possibility that a sequential regimen be a more efficient schedule than
a concurrent regimen for achieving a synergistic effect of regorafenib and irradiation.
However, the unexplained biological enhancements of the effects of regorafenib by RT for
organs at risk need to be carefully observed in the daily practice though the concentration
in the brain is increasing lightly. Together, these data support the RI-PK phenomenon
in our study, and the impact in the sequential regimen might be more obviously than
concurrent regimen. The studies of pharmacodynamics and clinical trials to confirm the
applications of RT-PK phenomenon of regorafenib are warranted in the future.

Supplementary Materials: The following are available online, at https://www.mdpi.com/1999-4
923/13/3/386/s1. Figure S1: Calibration curve for regorafenib in plasma ranging from 0.1 pug/mL
to 25 ug/mkL. 12: correlation coefficient. Figure S2: Huh-7 cells were treated with regorafenib at
concentrations of 0, 5, 10, or 20 umol/L (uM) either (A) 1 hr after irradiation (concurrent group) or
(B) 24 hr after irradiation (sequential group) with sham RT (RT0 Gy), 2 Gy (RT2 Gy) and 9 Gy (RT9
Gy). Figure S3: Huh-7 cells were treated with regorafenib at concentrations of 0, 5, 10, or 20 pmol/L
(uM). (A) Cells were stained with Annexin-V FITC and propidium iodide (PI). Annexin V(+)/PI(—)
and Annexin V(+)/PI(+) were defined as early and late apoptotic cells, respectively. There were no
obvious synergistic effects of apoptosis in the concurrent regimen. (B) RT followed by regorafenib
enhanced th. Table S1: Interday and intraday assay precision (% RSD) and accuracy (% bias) values
for the HPLC-UV determination of regorafenib in rat plasma.

Author Contributions: All of the authors have read and approved the final manuscript. C.-H.H.,
Y.-J.C., T-H.T. and L.-Y.W., conceptualization and methodology; C.-H.H., data curation and writing—
original draft preparation; Y.-J.C., T.-H.T., visualization and investigation; Y.-].C. and T.-H.T., supervi-
sion; L.-Y.W., writing—reviewing and editing. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by grants from Far Eastern Memorial Hospital (FEMH 107-2314-
B-418-007; FEMH 108-2314-B-418 -003 -MY?2), the Ministry of Science and Technology, Taiwan (MOST
107-2314-B-418-007; MOST 108-2314-B-418-003-MY2) and the NYMU-FEMH Joint Research Program
(107DN20, 108DN31, 109D32).

Institutional Review Board Statement: All procedures were performed in studies approved by the
Institutional Animal Experimentation Committee of National Yang-Ming University, Taipei, Taiwan,
and by the Institutional Animal Care and Use Committee (IACUC, approval number 1070523).

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets used and/or analyzed are available from the correspond-
ing author on reasonable request.

Acknowledgments: We thank Hung-Chi Tai and Yin-Cheng Lin for performing the laboratory work.

Conflicts of Interest: The authors declare no conflict of interest.


https://www.mdpi.com/1999-4923/13/3/386/s1
https://www.mdpi.com/1999-4923/13/3/386/s1

Pharmaceutics 2021, 13, 386 17 of 19

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Kulik, L.; El-Serag, H.B. Epidemiology and Management of Hepatocellular Carcinoma. Gastroenterology 2019, 156, 477-491.el.
[CrossRef]

Llovet, J.M.; Ricci, S.; Mazzaferro, V.; Hilgard, P.; Gane, E.; Blanc, ].E; de Oliveira, A.C.; Santoro, A.; Raoul, J.L.; Forner, A ; et al.
Sorafenib in advanced hepatocellular carcinoma. N. Engl. |. Med. 2008, 359, 378-390. [CrossRef]

Cheng, A.L.; Kang, YK,; Chen, Z; Tsao, C.J.; Qin, S.; Kim, J.S.; Luo, R.; Feng, ].; Ye, S.; Yang, T.S,; et al. Efficacy and safety of
sorafenib in patients in the Asia-Pacific region with advanced hepatocellular carcinoma: A phase III randomised, double-blind,
placebo-controlled trial. Lancet Oncol. 2009, 10, 25-34. [CrossRef]

Llovet, ].M.; Decaens, T.; Raoul, J.L.; Boucher, E.; Kudo, M.; Chang, C.; Kang, YK.; Assenat, E.; Lim, H.Y.; Boige, V.; et al. Brivanib
in patients with advanced hepatocellular carcinoma who were intolerant to sorafenib or for whom sorafenib failed: Results from
the randomized phase III BRISK-PS study. J. Clin. Oncol. 2013, 31, 3509-3516. [CrossRef]

Zhu, A X.; Kudo, M,; Assenat, E.; Cattan, S.; Kang, YK.; Lim, H.Y.; Poon, R.T.; Blanc, ].F.; Vogel, A.; Chen, C.L.; et al. Effect of
everolimus on survival in advanced hepatocellular carcinoma after failure of sorafenib: The EVOLVE-1 randomized clinical trial.
JAMA 2014, 312, 57-67. [CrossRef]

Zhu, A X,; Park, J.O.; Ryoo, B.Y,; Yen, C.J.; Poon, R.; Pastorelli, D.; Blanc, J.F.; Chung, H.C.; Baron, A.D.; Pfiffer, T.E.; et al.
Ramucirumab versus placebo as second-line treatment in patients with advanced hepatocellular carcinoma following first-line
therapy with sorafenib (REACH): A randomised, double-blind, multicentre, phase 3 trial. Lancet Oncol. 2015, 16, 859-870.
[CrossRef]

Bruix, J.; Qin, S.; Merle, P.; Granito, A.; Huang, Y.H.; Bodoky, G.; Pracht, M.; Yokosuka, O.; Rosmorduc, O.; Breder, V.; et al.
Regorafenib for patients with hepatocellular carcinoma who progressed on sorafenib treatment (RESORCE): A randomised,
double-blind, placebo-controlled, phase 3 trial. Lancet 2017, 389, 56—66. [CrossRef]

Potters, L.; Kavanagh, B.; Galvin, ].M.; Hevezi, ].M.; Janjan, N.A.; Larson, D.A.; Mehta, M.P.;; Ryu, S.; Steinberg, M.; Timmerman,
R.; et al. American Society for Therapeutic Radiology and Oncology (ASTRO) and American College of Radiology (ACR) practice
guideline for the performance of stereotactic body radiation therapy. Int. |. Radiat. Oncol. Biol. Phys. 2010, 76, 326-332. [CrossRef]
[PubMed]

Chen, S.W,; Lin, L.C.; Kuo, Y.C,; Liang, J.A.; Kuo, C.C.; Chiou, J.F. Phase 2 study of combined sorafenib and radiation therapy in
patients with advanced hepatocellular carcinoma. Int. |. Radiat. Oncol. Biol. Phys. 2014, 88, 1041-1047. [CrossRef] [PubMed]
Hsieh, C.H.; Chen, Y.J.; Tsai, TH.; Wang, L.Y,; Tai, H.C.; Huang, H.L.; Huang, Y.C. Robust combination of liver stereotactic
body radiotherapy modulates pharmacokinetics of sorafenib toward preferable parameters. Sci. Rep. 2020, 10, 9575. [CrossRef]
[PubMed]

Brade, A.M.; Ng, S.; Brierley, J.; Kim, J.; Dinniwell, R.; Ringash, J.; Wong, R.R.; Cho, C.; Knox, J.; Dawson, L.A. Phase 1 Trial
of Sorafenib and Stereotactic Body Radiation Therapy for Hepatocellular Carcinoma. Int. J. Radiat. Oncol. Biol. Phys. 2016, 94,
580-587. [CrossRef]

Goody, R.B.; Brade, A.M.; Wang, L.; Craig, T.; Brierley, J.; Dinniwell, R.; Wong, R.K.S.; Cho, C.; Kim, ].; Kassam, Z.; et al. Phase I
trial of radiation therapy and sorafenib in unresectable liver metastases. Radiother. Oncol. 2017, 123, 234-239. [CrossRef]

Hsieh, C.H; Lin, S.C.; Shueng, PW.; Kuo, D.Y. Recall radiation dermatitis by sorafenib following stereotactic body radiation
therapy. Oncotargets Ther. 2014, 7, 1111-1114. [CrossRef] [PubMed]

Tian, S.; Nissenblatt, M.; Goyal, S. Regorafenib-induced transverse myelopathy after stereotactic body radiation therapy. J.
Gastrointest. Oncol. 2014, 5, E128-E131. [CrossRef] [PubMed]

Roberto, M.; Falcone, R.; Mazzuca, F.; Archibugi, L.; Castaldi, N.; Botticelli, A.; Osti, M.F.; Marchetti, P. The role of stereotactic body
radiation therapy in oligometastatic colorectal cancer: Clinical case report of a long-responder patient treated with regorafenib
beyond progression. Medicine (Baltimore) 2017, 96, €9023. [CrossRef] [PubMed]

Hsieh, C.H.; Hsieh, Y.J.; Liu, C.Y,; Tai, H.C.; Huang, Y.C.; Shueng, PW.; Wu, L.J.; Wang, L.Y,; Tsai, T.H.; Chen, Y.J. Abdominal
irradiation modulates 5-Fluorouracil pharmacokinetics. . Transl. Med. 2010, 8, 29. [CrossRef] [PubMed]

Hsieh, C.H.; Hou, M.L.; Chiang, M.H.; Tai, H.C.; Tien, H.].; Wang, L.Y,; Tsai, T.H.; Chen, Y.J. Head and neck irradiation modulates
pharmacokinetics of 5-fluorouracil and cisplatin. J. Transl. Med. 2013, 11, 231. [CrossRef] [PubMed]

Reagan-Shaw, S.; Nihal, M.; Ahmad, N. Dose translation from animal to human studies revisited. FASEB ]. 2008, 22, 659-661.
[CrossRef]

Wilhelm, S.M.; Dumas, J.; Adnane, L.; Lynch, M.; Carter, C.A.; Schutz, G.; Thierauch, K.H.; Zopf, D. Regorafenib (BAY 73-4506): A
new oral multikinase inhibitor of angiogenic, stromal and oncogenic receptor tyrosine kinases with potent preclinical antitumor
activity. Int. J. Cancer 2011, 129, 245-255. [CrossRef]

Augustin, H.G.; Koh, G.Y,; Thurston, G.; Alitalo, K. Control of vascular morphogenesis and homeostasis through the angiopoietin-
Tie system. Nat. Rev. Mol. Cell Biol. 2009, 10, 165-177. [CrossRef]

Finn, R.S.; Merle, P; Granito, A.; Huang, Y.H.; Bodoky, G.; Pracht, M.; Yokosuka, O.; Rosmorduc, O.; Gerolami, R.;
Caparello, C.; et al. Outcomes of sequential treatment with sorafenib followed by regorafenib for HCC: Additional analyses from
the phase III RESORCE trial. J. Hepatol. 2018, 69, 353-358. [CrossRef] [PubMed]


http://doi.org/10.1053/j.gastro.2018.08.065
http://doi.org/10.1056/NEJMoa0708857
http://doi.org/10.1016/S1470-2045(08)70285-7
http://doi.org/10.1200/JCO.2012.47.3009
http://doi.org/10.1001/jama.2014.7189
http://doi.org/10.1016/S1470-2045(15)00050-9
http://doi.org/10.1016/S0140-6736(16)32453-9
http://doi.org/10.1016/j.ijrobp.2009.09.042
http://www.ncbi.nlm.nih.gov/pubmed/20117285
http://doi.org/10.1016/j.ijrobp.2014.01.017
http://www.ncbi.nlm.nih.gov/pubmed/24661657
http://doi.org/10.1038/s41598-020-66583-9
http://www.ncbi.nlm.nih.gov/pubmed/32533042
http://doi.org/10.1016/j.ijrobp.2015.11.048
http://doi.org/10.1016/j.radonc.2017.01.018
http://doi.org/10.2147/OTT.S64706
http://www.ncbi.nlm.nih.gov/pubmed/24971021
http://doi.org/10.3978/j.issn.2078-6891.2014.088
http://www.ncbi.nlm.nih.gov/pubmed/25436137
http://doi.org/10.1097/MD.0000000000009023
http://www.ncbi.nlm.nih.gov/pubmed/29310420
http://doi.org/10.1186/1479-5876-8-29
http://www.ncbi.nlm.nih.gov/pubmed/20338060
http://doi.org/10.1186/1479-5876-11-231
http://www.ncbi.nlm.nih.gov/pubmed/24066670
http://doi.org/10.1096/fj.07-9574LSF
http://doi.org/10.1002/ijc.25864
http://doi.org/10.1038/nrm2639
http://doi.org/10.1016/j.jhep.2018.04.010
http://www.ncbi.nlm.nih.gov/pubmed/29704513

Pharmaceutics 2021, 13, 386 18 of 19

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Fondevila, F.; Mendez-Blanco, C.; Fernandez-Palanca, P.; Gonzalez-Gallego, ].; Mauriz, J.L. Anti-tumoral activity of single and
combined regorafenib treatments in preclinical models of liver and gastrointestinal cancers. Exp. Mol. Med. 2019, 51, 1-15.
[CrossRef]

Cheng, J.C.; Chou, C.H.; Kuo, M.L.; Hsieh, C.Y. Radiation-enhanced hepatocellular carcinoma cell invasion with MMP-9
expression through PI3K/Akt/NF-kappaB signal transduction pathway. Oncogene 2006, 25, 7009-7018. [CrossRef]

Dong, Y.; Shen, X.; He, M.; Wu, Z.; Zheng, Q.; Wang, Y.; Chen, Y.; Wu, S.; Cui, J.; Zeng, Z. Activation of the J]NK-c-Jun pathway in
response to irradiation facilitates Fas ligand secretion in hepatoma cells and increases hepatocyte injury. J. Exp. Clin. Cancer Res.
2016, 35, 114. [CrossRef]

Tsai, ].J.; Pan, PJ.; Hsu, ET. Regorafenib induces extrinsic and intrinsic apoptosis through inhibition of ERK/NF-kappaB activation
in hepatocellular carcinoma cells. Oncol. Rep. 2017, 37, 1036-1044. [CrossRef] [PubMed]

Bergers, G.; Hanahan, D. Modes of resistance to anti-angiogenic therapy. Nat. Rev. 2008, 8, 592-603. [CrossRef] [PubMed]
Mancuso, M.R,; Davis, R.; Norberg, S.M.; O’Brien, S.; Sennino, B.; Nakahara, T.; Yao, V.J.; Inai, T.; Brooks, P.; Freimark, B.; et al.
Rapid vascular regrowth in tumors after reversal of VEGF inhibition. . Clin. Investig. 2006, 116, 2610-2621. [CrossRef] [PubMed]
Wachsberger, P.; Burd, R.; Dicker, A.P. Tumor response to ionizing radiation combined with antiangiogenesis or vascular targeting
agents: Exploring mechanisms of interaction. Clin. Cancer Res. 2003, 9, 1957-1971.

Li, N.; Karin, M. Ionizing radiation and short wavelength UV activate NF-kappaB through two distinct mechanisms. Proc. Natl.
Acad. Sci. USA 1998, 95, 13012-13017. [CrossRef]

Kuo, M.T,; Liu, Z.; Wei, Y.; Lin-Lee, Y.C.; Tatebe, S.; Mills, G.B.; Unate, H. Induction of human MDRI gene expression by
2-acetylaminofluorene is mediated by effectors of the phosphoinositide 3-kinase pathway that activate NF-kappaB signaling.
Oncogene 2002, 21, 1945-1954. [CrossRef]

Eyries, M.; Collins, T.; Khachigian, L.M. Modulation of growth factor gene expression in vascular cells by oxidative stress.
Endothel. |. Endothel. Cell Res. 2004, 11, 133-139. [CrossRef] [PubMed]

Mehta, M.; Griffith, ].; Panneerselvam, J.; Babu, A.; Mani, J.; Herman, T.; Ramesh, R.; Munshi, A. Regorafenib sensitizes human
breast cancer cells to radiation by inhibiting multiple kinases and inducing DNA damage. Int. ]. Radiat. Biol. 2020, 1-12.
[CrossRef]

Gatto, L.; Nannini, M.; Saponara, M.; Di Scioscio, V.; Beltramo, G.; Frezza, G.P; Ercolani, G.; Pinna, A.D.; Astolfi,
A.; Urbini, M,; et al. Radiotherapy in the management of gist: State of the art and new potential scenarios. Clin. Sarcoma Res.
2017, 7, 1. [CrossRef] [PubMed]

Carr, B.L; Cavallini, A.; Lippolis, C.; D’Alessandro, R.; Messa, C.; Refolo, M.G.; Tafaro, A. Fluoro-Sorafenib (Regorafenib) effects
on hepatoma cells: Growth inhibition, quiescence, and recovery. J. Cell. Physiol. 2013, 228, 292-297. [CrossRef]

Hsieh, C.H.; Jeng, K.S.; Lin, C.C.; Chen, C.K,; Liu, C.Y,; Lin, C.P; Tai, H.C.; Wang, C.H.; Shueng, PW.; Chen, Y.J. Combination of
sorafenib and intensity modulated radiotherapy for unresectable hepatocellular carcinoma. Clin. Drug Investig. 2009, 29, 65-71.
[CrossRef]

Zhao, ].D.; Liu, J.; Ren, Z.G.; Gu, K.; Zhou, Z.H.; Li, W.T; Chen, Z.; Xu, Z.Y,; Liu, L.M,; Jiang, G.L. Maintenance of Sorafenib
following combined therapy of three-dimensional conformal radiation therapy/intensity-modulated radiation therapy and
transcatheter arterial chemoembolization in patients with locally advanced hepatocellular carcinoma: A phase I/1I study. Radiat.
Oncol. 2010, 5, 12. [CrossRef]

Chen, M.Y.;; Wang, Y.C.; Wu, TH.; Lee, C.F; Wu, TJ.; Chou, H.S.; Tsang, N.M.; Chan, K.M.; Lee, W.C. Efficacy of External
Beam Radiation-Based Treatment plus Locoregional Therapy for Hepatocellular Carcinoma Associated with Portal Vein Tumor
Thrombosis. Biomed. Res. Int. 2016, 2016, 6017406. [CrossRef] [PubMed]

Peters, N.A.; Richel, D.].; Verhoeff, ].].; Stalpers, L.]. Bowel perforation after radiotherapy in a patient receiving sorafenib. J. Clin.
Oncol. 2008, 26, 2405-2406. [CrossRef] [PubMed]

Pollom, E.L.; Deng, L.; Pai, RK.; Brown, ].M.; Giaccia, A.; Loo, BW,, Jr.; Shultz, D.B.; Le, Q.T.; Koong, A.C.; Chang, D.T.
Gastrointestinal Toxicities With Combined Antiangiogenic and Stereotactic Body Radiation Therapy. Int. |. Radiat. Oncol. Biol.
Phys. 2015, 92, 568-576. [CrossRef]

Tsai, T.H.; Chen, Y.J.; Hou, M.L.; Wang, L.Y.; Tai, H.C.; Hsieh, C.H. Pelvic irradiation modulates the pharmacokinetics of cisplatin
in the plasma and lymphatic system. Am. J. Transl. Res. 2015, 7, 375-384.

Hsieh, C.H,; Liu, C.Y.; Hsieh, Y.J.; Tai, H.C.; Wang, L.Y.; Tsai, T.H.; Chen, Y.J. Matrix metalloproteinase-8 mediates the unfavorable
systemic impact of local irradiation on pharmacokinetics of anti-cancer drug 5-Fluorouracil. PLoS ONE 2011, 6, €21000. [CrossRef]
[PubMed]

Alongi, E; Giaj-Levra, N.; Fiorentino, A.; Mazzola, R.; Fersino, S.; Ricchetti, F.; Ruggieri, R. Low-dose bath with volumetric
modulated arc therapy in breast cancer: “Much ado about nothing?”. Tumori 2016, 102, 335-336. [CrossRef] [PubMed]

Zeiner, P.S.; Kinzig, M.; Dive, I.; Maurer, G.D.; Filipski, K.; Harter, PN.; Senft, C.; Bahr, O.; Hattingen, E.; Steinbach, J.P.; et al.
Regorafenib CSF Penetration, Efficacy, and MRI Patterns in Recurrent Malignant Glioma Patients. J. Clin. Med. 2019, 8, 2031.
[CrossRef]


http://doi.org/10.1038/s12276-019-0308-1
http://doi.org/10.1038/sj.onc.1209706
http://doi.org/10.1186/s13046-016-0394-z
http://doi.org/10.3892/or.2016.5328
http://www.ncbi.nlm.nih.gov/pubmed/28000898
http://doi.org/10.1038/nrc2442
http://www.ncbi.nlm.nih.gov/pubmed/18650835
http://doi.org/10.1172/JCI24612
http://www.ncbi.nlm.nih.gov/pubmed/17016557
http://doi.org/10.1073/pnas.95.22.13012
http://doi.org/10.1038/sj.onc.1205117
http://doi.org/10.1080/10623320490482691
http://www.ncbi.nlm.nih.gov/pubmed/15370072
http://doi.org/10.1080/09553002.2020.1730012
http://doi.org/10.1186/s13569-016-0065-z
http://www.ncbi.nlm.nih.gov/pubmed/28078078
http://doi.org/10.1002/jcp.24148
http://doi.org/10.2165/0044011-200929010-00007
http://doi.org/10.1186/1748-717X-5-12
http://doi.org/10.1155/2016/6017406
http://www.ncbi.nlm.nih.gov/pubmed/27999803
http://doi.org/10.1200/JCO.2007.15.8451
http://www.ncbi.nlm.nih.gov/pubmed/18467733
http://doi.org/10.1016/j.ijrobp.2015.02.016
http://doi.org/10.1371/journal.pone.0021000
http://www.ncbi.nlm.nih.gov/pubmed/21695264
http://doi.org/10.5301/tj.5000516
http://www.ncbi.nlm.nih.gov/pubmed/27339088
http://doi.org/10.3390/jcm8122031

Pharmaceutics 2021, 13, 386 19 of 19

44. Demetri, G.D.; Reichardt, P.; Kang, Y.K; Blay, ].Y.; Rutkowski, P.; Gelderblom, H.; Hohenberger, P.; Leahy, M.; von Mehren, M.;
Joensuu, H.; et al. Efficacy and safety of regorafenib for advanced gastrointestinal stromal tumours after failure of imatinib
and sunitinib (GRID): An international, multicentre, randomised, placebo-controlled, phase 3 trial. Lancet 2013, 381, 295-302.
[CrossRef]

45. Grothey, A.; Van Cutsem, E.; Sobrero, A.; Siena, S.; Falcone, A.; Ychou, M.; Humblet, Y.; Bouche, O.; Mineur, L.; Barone, C.;
et al. Regorafenib monotherapy for previously treated metastatic colorectal cancer (CORRECT): An international, multicentre,
randomised, placebo-controlled, phase 3 trial. Lancet 2013, 381, 303-312. [CrossRef]

46. Gouverneur, A.; Claraz, P.; Rousset, M.; Arnaud, M.; Fourrier-Reglat, A.; Pariente, A.; Aparicio, T.; Miremont-Salame, G.; Noize,
P. Comparative Safety of Targeted Therapies for Metastatic Colorectal Cancer between Elderly and Younger Patients: A Study
Using the International Pharmacovigilance Database. Target. Oncol. 2017, 12, 805-814. [CrossRef]


http://doi.org/10.1016/S0140-6736(12)61857-1
http://doi.org/10.1016/S0140-6736(12)61900-X
http://doi.org/10.1007/s11523-017-0529-y

	Introduction 
	Materials and Methods 
	Materials and Reagents 
	In Vivo Study 
	Animals and Sample Preparation 
	Irradiation Technique 
	Drug Delivery with RT under Different Time Schedules and Doses 
	Sample Preparation 
	High-Performance Liquid Chromatography–Ultraviolet (HPLC–UV) 
	Regorafenib Plasma Extraction 
	Calibration Curves 
	Accuracy and Precision Evaluation 
	Organ Distribution 
	Organ Samples 
	Hepatic and Renal Functions 
	Pharmacokinetics and Data Analysis 

	In Vitro Study 
	Cell Viability Assay 
	Morphological Observation 
	Cell Cycle Analysis 
	Apoptosis Assay 
	Colony Formation Assays 

	Calculations and Data Analysis 

	Results 
	Results of Pharmacokinetics for Regorafenib with or without Radiotherapy 
	Optimization of HPLC–UV Conditions 
	Method of Validation of Linearity, Recovery, Precision, Accuracy and Stability 
	Both RT2Gy and RT9Gy Modulated the Area under the Concentration Versus Time Curve (AUC) of Regorafenib in the Plasma of Freely Moving Rats 
	Organ Distributions under Different Regimens of RT and Regorafenib 

	In Vitro Study 
	Cell Viability Analysis 
	Morphological Changes 
	Cell Cycle Analysis 
	Apoptosis Analysis 
	Colony Formation Analysis 


	Discussion 
	Conclusions 
	References

