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Abstract

Sorafenib and regorafenib are structurally-related small-molecular-weight inhibitors of cellular kinases.
Regorafenib has a Boxed Warning stating: “Severe and sometimes fatal hepatotoxicity has been observed in clinical
trials”, while sorafenib is considered less hepatotoxic. This ex vivo study assessed the effects of sorafenib (2.5 and
50 puM) and regorafenib (5.0 and 50 uM) on liver structure, ultrastructure, cellular respiration (mitochondrial O,
consumption), ATP, caspase activity, urea synthesis, and glutathione. Liver fragments from Taylor Outbred mice
were incubated in Krebs-Henseleit buffer (continuously gassed with 95% 0,:5% CO,) with and without the drugs for
3 to 4 h. The presence of sorafenib or regorafenib had insignificant effects on liver structure, cellular respiration,
ATP, caspase-3 activity, urea synthesis, and glutathione. At 3 h, liver histology with and without 2.5 yM sorafenib or
5.0 uM regorafenib was similar. Liver histology with 50 uM sorafenib was slightly worse than untreated tissue at 3 h,
showing single hepatocyte necrosis and cellular disintegration. With 50 uM regorafenib, the histology was closely
mirroring untreated tissue at 3 h. Similarly, caspase-3, caspase-9, cytochrome ¢, BAX and annexin A2 immunostains
showed no significant drug effects at 4 h (2.5 uyM sorafenib or 5.0 uM regorafenib). Electron microscopy revealed a
more prominent loss of rough endoplasmic reticulum (rER) integrity with regorafenib treatment compared with
sorafenib treatment. Thus, derangements in the rER were more prominent with regorafenib. Otherwise, the studied
hepatic surrogate biomarkers did not distinguish between the two compounds.

Keywords: Mitochondria; Respiration; Caspases; Apoptosis; Liver
tissue; Murine; Sorafenib; Regorafenib

Abbreviations

ER: Endoplasmic Reticulum; Rer: Rough endoplasmic reticulum;
ROS: Reactive O, species; GSG: Glutathione; Pd phosphor: Pd(II)
complex of meso-tetra-(4-sulfonatophenyl)-tetrabenzoporphyrin;
mBBr: Monobromobimane; zVAD-fmk: N-benzyloxycarbonyl-val-
ala-asp(O-methyl)-fluoromethylketone; Ac-DEVD-AMC: N-acetyl-
asp-glu-val-asp-7-amino-4-methylcoumarin; AMC: Amino-4-
methylcoumarin; TFA: Trifluoroacetic Acid; DTNB: 5,5 -dithio-bis(2-
nitrobenzoic acid)]; KH buffer: Krebs-Henseleit buffer; EM: Electron
Microscopy; MSA: Methanesulfonic Acid

Introduction

The use of medications is often limited by “off target” adverse
events that frequently involve the mitochondria [1]. Drug
development, thus, requires screening the candidate compounds for
potential mitochondrial disturbances. Hepatic failure associated with
the nucleoside reverse transcriptase inhibitors, for example, is due to a
mitochondrial toxicity, which includes inhibition of mitochondrial
DNA polymerases [2]. The “mitochondrial cell death pathway” is
another example, which involves leakage of cytochrome ¢ from the
mitochondrial intermembrane to the cytosol. In combination with the

apoptotic protease activating factor-1, cytochrome c triggers caspase
cascades (cysteine, aspartate-specific proteases) [3]. Biomarkers for
these events include decreased cellular respiration (mitochondrial O,
consumption), reduced cellular ATP synthesis, and generation of
reactive O, species (ROS; commonly associated with depletion of
cellular glutathione, GSH) [4,5]. These changes are often associated
with altered cellular and mitochondrial structures and ultrastructures.

Sorafenib (a biaryl urea) and regorafenib (fluoro-sorafenib) are
novel anticancer drugs. These structurally-related, small molecular
weight inhibitors of cellular kinases [e.g., vascular endothelial growth
factor receptor 2 (VEGFR-2), platelet-derived growth factor receptor
(PDGFR), rapidly accelerated fibrosarcoma (Raf) kinase, and Fms-like
tyrosine kinase-3 (FLT3)] are known to induce various levels of liver
injuries. Regorafenib has a Boxed Warning, stating: “Severe and
sometimes fatal hepatotoxicity has been observed in clinical trials” [6].
The hepatotoxicity of sorafenib, on the other hand, is less pronounced
[7]. Sorafenib is an approved treatment for renal cell carcinoma and
hepatocellular carcinoma and regorafenib is an approved treatment for
colorectal cancer.

The cytotoxicities of sorafenib and regorafenib include alterations
in multiple signaling pathways, mitochondrial disturbances, execution
of apoptosis (via caspase dependent and independent pathways),
induction of endoplasmic reticulum (ER) stress, inhibition of protein
synthesis, generation of ROS and depletion of cellular GSH. These
mechanisms are mainly studied in malignant cells [8-15]. Thus, it is
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unclear whether these modes of action are applicable to normal tissue
(e.g., the liver). Furthermore, it is unknown whether the fatal
hepatotoxicity of regorafenib is mediated through the same
mechanisms. This study addressed some of these issues by testing liver
fragments from Taylor Outbred mice, using highly-sensitive structural
and functional biomarkers [4,5].

An in vitro liver preparation based on the work of Berry and others
[16] was recently developed to study the effects of various drugs on
hepatocyte bioenergetics (the biochemical processes involved in
cellular energy metabolism and conversion) [4,5]. Exposure of liver
fragments to 8 uM dactinomycin for 60 min was used as a positive
control for induction of apoptosis [4], confirming the analytical
system could detect hepatotoxicities. The same methodology was
employed here to investigate whether regorafenib hepatotoxicity could
be identified in vitro.

Experimental Section

Reagents

Sorafenib [m.w. 464.8; 4[4-({[4-chloro-3-
(trifluoromethyl)phenyl]carbamoyl}amino)phenoxy] N-
methylpyridine2carboxamide]andregorafenib[m. w.
482.8;4[4({[4chloro3(trifluoromethyl)phenyl]carbamoyl}amino)-3-
fluorophenoxy]-N-methylpyridine-2-carboxamide] were purchased
from Selleck Chemicals (Houston, TX, USA). Pd(II) complex of meso-
tetra-(4-sulfonatophenyl)-tetrabenzoporphyrin (Pd phosphor) was
purchased from Porphyrin Products (Logan, UT).
Monobromobimane (mBBr, m.w.=271.1) was purchased from
Molecular Probes (Eugene, Oregon).A lyophilized powder of the pan-
caspase  inhibitor =~ N-benzyloxycarbonyl-val-ala-asp(O-methyl)-
fluoromethylketone (zVAD-fmk, m.w.=467.5) was purchased from
Calbiochem (La Jolla, CA). The caspase-3 substrate Ac-DEVD-AMC
(N-acetyl-asp-glu-val-asp-7-amino-4-methylcoumarin; m.w.=675.64)
was purchased from Axxora LLC (San Diego, CA).Complete® protease
inhibitor cocktail was purchased from Roche Applied Science
(Indianapolis, IN).Rabbit anti-cleaved caspase-3 antibody, rabbit anti-
BAX antibody (#D2E11) and rabbit anti-annexin antibody (#D11G2)
were purchased from Cell Signaling Technology (Boston, MA,
USA).Rabbit anti-cytochrome c¢ antibody [(H-104): sc-7159] was
purchased from Santa Cruz Biotechnology, Inc. (Texas, USA). Rabbit
anti-caspases-9 antibody (ab52299) was purchased from Abcam
(Cambridge, MA, USA). Glucose, DTNB [5,5-dithio-bis(2-
nitrobenzoic acid)], GSH (m.w.=307.43), HPLC-grade methanol,
dichloromethane, trifluoroacetic acid (TFA), methanesulfonic acid
(MSA), MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] and remaining reagents were purchased from Sigma-Aldrich
(St. Louis, MO).

Sorafenib and regorafenib were dissolved in dimethyl sulfoxide
(DMSO) and stored at -200C. GSH was dissolved in dH,O and stored
at -80°C; its concentration was measured by Ellman’s reagent [17]. GS-
bimane derivative, sodium methane sulfonate, mBBr (0.1 M in
acetonitrile) and DTNB (10 mM in 100 mM Tri-Cl, pH 8.0) solutions
were prepared and stored as described [18]. GSH standard (10 uM)
was used to generate a calibration curve, which was linear from 10 to
200 picomoles. zZVAD-fmk (2.14 mM), Ac-DEVD-AMC solution (7.4
mM), Pd phosphor solution (2.5 mg/mL=2 mM), NaCN (1.0 M),
glucose oxidase (10 mg/mL), and Complete® protease inhibitor
cocktail were prepared and stored as described [4,5].

Mice

Taylor Outbred (9-10 weeks old) mice were housed at the animal
facility in rooms maintained at 22°C, 60% humidity and 12-h light-
dark cycles. The use of Taylor Outbred mice was simply due to
availability. The mice had ad libitum access to standard rodent chow
and filtered water. The study received approval from the Animal
Ethics Committee-United Arab Emirates University - College of
Medicine and Health Sciences.

Liver specimens

Mice were anesthetized by sevoflurane inhalation (10 pL/g). Liver
specimens (20 to 30 mg each; giving an average radius of ~1.5 mm,
sufficiently small to allow penetration of O, and nutrients throughout
the piece) were collected by 4-mm skin biopsy punches (Miltex
GmbH, Germany) and immediately immersed in ice-cold modified
Krebs-Henseleit (KH) buffer (115 mMNaCl, 25 mM NaHCO3;, 1.23
mM NaH,PO,, 1.2 mM Na,SO,, 5.9 mM KCl, 1.0 mM EDTA, 1.18
mM MgCl,, 10 mM glucose, and 0.5 pL/mL Complete® protease
inhibitor cocktail, pH 7.5) gassed with 95% O,: 5% CO, as previously
described [4,5]. The samples were then incubated at 370C in 50 mL in
normal KH buffer (115 mM NaCl, 25 mM NaHCOj;, 1.23 mM
NaH,PO,4, 1.2 mM Na,SOy, 5.9 mMKCl, 1.25 mM CaCl,, 1.18 mM
MgCl,, and 10 mM glucose, pH 7.5) supplemented with 0.5 pL/mL
Complete® protease inhibitor cocktail and gassed with 95% O,: 5%
CO,.

Each drug was tested at its therapeutic concentration and at 50 uM.
In humans, the geometric mean peak plasma level (C,,y) of sorafenib
is about 2.5 uM and of regorafenib is about 5.2 pM [6,7]. The duration
of drug exposure was 3 to 4 h. The drug vehicle dimethyl sulfoxide was
added to the control experiments.

Specimens were also processed for histology, electron microscopy,
respiration, ATP, caspase activity, and urea synthesis as previously
described [4,5,19-22]. A brief description of these analytical methods is
given below.

Histology

The tissue was fixed in 10% neutral formalin, dehydrated in
increasing concentrations of ethanol, cleared with xylene and
embedded in paraffin. Three-micrometer sections were prepared from
paraffin blocks, stained with hematoxylin and eosin (H&E), and
immunostained for caspase-3, caspase-9, cytochrome ¢, BAX, and
annexin [4,5].

Electron microscopy (EM)

Samples were processed for electron microscopy as previously
described [19]. The tissue was immersed at 25°C for 3 h in McDowell
and Trump fixative. It was then rinsed with phosphate-buffered saline
(PBS) and fixed with 1% osmium tetroxide for 1 h. The sample was
washed with dH,O, dehydrated in graded ethanol and propylene
oxide. The mixture was infiltrated and embedded in agar-100 epoxy
resin. Polymerization was allowed to occur at 65°C for 24 h. Semi-thin
(1 um) and ultra-thin (95 nm) sections were prepared using Reichert-
Jung Ultracut Ultramicrotome (Leica Microsystems, Wetzlar,
Germany). Semithin sections were stained on glass slides with 1%
aqueous toluidine blue. Ultrathin sections were contrasted on 200-
mesh copper grids with uranyl acetate; this step was followed by lead
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citrate double stain. The grids were imaged on CMI10 transmission
electron microscope (Philips, Amsterdam, Netherlands).

Cellular respiration

The phosphorescence O, analyzer was used to monitor O,
consumption by the liver fragments [4,5]. O, detection was performed
with the Pd phosphor (absorption maximum=625 nm and
phosphorescence maximum==800 nm).Samples were exposed to 600
per min light flashes from a pulsed light-emitting diode array (peak
output, 625 nm). Emitted phosphorescent light was detected by the
Hamamatsu photomultiplier tube after passing through 800 nm filter.

A program was developed using Microsoft Visual Basic 6, Microsoft
Access Database 2007, and Universal Library components (Universal
Library for Measurements Computing Devices), which allowed direct
reading from the PCI-DAS 4020/12 I/O Board (PCI-DAS 4020/12 I/O
Board) [20].

The phosphorescence decay rate (1/1) was characterized by a single
exponential. The values of 1/ were linear with dissolved O,: 1/0=1/ +
k4[O,], 1/1=the phosphorescence decay rate in the presence of 02, 1/
to=the phosphorescence decay rate in the absence of O,, and k;=the
second-order O, quenching rate constant in ste pM-! [21].

In the vials sealed from air, [O,] decreased linearly with time (zero-
order kinetics). The rate of respiration (& in uM O, min!) was the
negative of the slope d[O,]/dt. NaCN inhibited respiration, confirming
O, was consumed in the mitochondrial respiratory chain.

ATP content

Liver fragments were homogenized in ice-cold 2% trichloroacetic
acid and neutralized with 100 mM Tris-acetate, 2 mM
ethylenediaminetetraacetic acid (pH 7.75). The supernatants were
stored at -20°C until analysis. ATP was measured using the Enliten
ATP Assay System (Bioluminescence Detection Kit, Promega,
Madison, WI). The luminescence reaction contained 2.5 pL of the
acid-soluble supernatant and 25 pL of the luciferin/luciferase reagent.
The luminescence intensity was measured at 25°C using the Glomax
Luminometer (Promega, Madison, WI) [4,5].

Intracellular caspase activity

Liver specimens were incubated at 37°C in oxygenated KH buffer
containing 37 uM Ac-DEVD-AMC with and without 32 uM zVAD-
fmk (final volume, 0.5 mL). The tissue was disrupted by vigorous
homogenization. The supernatants were centrifuged (16,300g for 90
min) through a Microcentrifuge Filter (/m.w. limit=10,000 Dalton,
Sigma®), separated on HPLC, and analyzed for the free fluorogenic
AMC moiety [4,5].

Urea synthesis

Liver specimens were incubated at 37°C in 50 ml KH buffer (gassed
with 95% O,: 5% CO,) for 3 h. Specimens were placed in 1.0 mL KH
buffer supplemented with 10 mM NH,CI and 2.5 mM ornithine. The
reactions were continued at 37°C for 50 min. The solutions were
analyzed for urea as previously described [22].

Cellular GSH

Cellular GSH was labeled with mBBr in a 0.5 mL reaction
containing the liver specimen, 10 mMTris-MSA (pH 8.0) and 1.0 mM
mBBr. The mixture was incubated at 25°C in the dark for 15 min. The
labeling was quenched with 100 pL of 70% perchloric acid. The
solution was diluted with 10 mM Tris-MSA and the tissue was
disrupted by homogenization. The supernatant was collected by
centrifugation (13,000xg at 4°C for 10 min) and stored at -20°C until
HPLC analysis [18].

HPLC

Reversed-phase HPLC system (Waters, Milford, MA, U.S.A.) was
used. Ultrasphere IP column, 4.6x250 mm (Beckman, Fullerton, CA,
U.S.A.) was operated at 25°C at 1.0 mL/min. For GSH detection, the
analysis was performed as previously described [18]. Solvent A was
0.1% (v/v) TFA/water and solvent B was HPLC-grade methanol. The
gradient was: 0 min, 10% B; 5 min 10% B; 13 min, 100% B; 15 min,
10% B; 20 min, re-inject. The excitation and emission wavelengths
were 390 nm and 480 nm, respectively. Injection volume was 50 L.

For AMC (amino-4-methylcoumarin) detection, the excitation
wavelength was 380 nm and the emission wavelength 460 nm. Solvents
A and B were HPLC-grade methanol:dH,O 1:1 (isocratic). The run
time was 15 min [4,5].

Statistical analysis

Data were analyzed on SPSS statistical package (version 19), using
the nonparametric (2 independent samples) Mann-Whitney test.

Results

Histology

Figure 1A shows representative H&E assessments of liver fragments
incubated with and without 2.5 uM sorafenib and 5.0 uM regorafenib
for 3 h. Histology was similar in the three specimens, revealing mild
cellular disintegrations in the forms of cytoplasmic ballooning,
vacuolar degeneration and micro-steatosis (Figure 1A). Another
experiment (Figure 1B) shows representative H&E images with and
without 50 uM sorafenib or 50 uM regorafenib at 0 h and at 3 h.
Cytoplasmic vacuolization (processing artifact) and early cytoplasmic
ballooning were noted at 0 h; otherwise, the nuclear details, cell
membrane integrity and hepatic architecture were preserved.
Inflammation, apoptosis, necrosis and cholestasis were absent. At 3 h
(untreated), hepatic architecture was relatively preserved. Hepatocyte
ballooning, vacuolar degeneration, cell membrane disintegration, early
nuclear disintegration and spotty necrosis were more evident. Thus,
there were structural changes associated with in wvitro incubations
without addition of drugs.

With sorafenib, the histology was slightly worse than untreated
tissue at 3 h, showing more single hepatocyte necrosis and cellular
disintegration. The hepatic architecture, however, was preserved and
inflammation and cholestasis were absent. With regorafenib, the
histology was closely mirroring untreated tissue at 3 h (Figure 1B).
Histological changes, thus, were not clearly noticeable at 3 h.
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(1a)

Untreated —3 h

(1b)
Regorafenib (50 pM) at 3 h

Sorafenib (50 pM) at 3 h

Sorafenib 2.5 uM)-3h

Figure 1: Liver histology. Panel A (H&E staining, 20x and 40x): Untreated at 3 h, 2.5 pM sorafenibat 3 h and 5.0 pM regorafenib at 3 h. Panel
B (H&E staining, 20x): Untreated at 0 h, untreated at 3 h, 50 uM sorafenib at 3 h and 50 pM regorafenib at 3 h.

Untreated at 3 h

Liver fragments were incubated at 370C in 50 mL KH buffer
(continuously gassed with 95% O2: 5% CO2) with and without 2.5 uM
sorafenib or 5.0 uM regorafenib for 4 h. The specimens were then
processed for immunostaining with several apoptosis biomarkers. At 0
h (untreated liver fragment), the caspase-3 stain was negative. At 4 h,
the caspase-3 stain in both untreated and treated specimens was 1%,
mostly localized to Kupffer cells (Figure 1S, Supplementary Material).
Cytoplasmic cytochrome c stain of the untreated liver fragment at 0 h
was negative; at 4 h, the cytoplasmic staining was more intense than
the treated tissue. Sorafenib treatment demonstrated a slightly more
intense cytoplasmic positivity than regorafenib treatment (Figure 2S,
Supplementary Material). BAX immunostain of the untreated liver
fragment at 0 h was undetectable. BAX expression increased at 4 h in
untreated and treated liver fragments (Figure 3S, Supplementary
Material). Annexin A2 immunostain of the untreated liver fragment at

0 h was undetectable. The expression of annexin A2 increased at 4 h in
untreated more than treated liver fragments (Figure 48,
Supplementary Material). The intensity of caspase-9 immunostain of
untreated liver fragment at 0 h and 4 h and treated liver fragments at 4
h was zero (Figure 5S, Supplementary Material).

Electron microscopy

Since histological findings were not prominent at 3 h, EM studies
were performed at 4 h. Representative images of liver fragments at 0 h
and at 4 h with and without 2.5 uM sorafenib or 5.0 uM regorafenib
are shown in Figure 2A. The hepatocyte architecture was preserved at
0 h. For untreated tissue at 4 h, the hepatocyte showed minimal
distension of the mitochondria and minimal disintegration of the rER.
For tissue treated with sorafenib, the mitochondrial swelling and the

J Clin Toxicol
ISSN:2161-0495 JCT, an open access journal

Volume 4 « Issue 4 « 1000207



Citation: Alfazari AS, Aimarzooqi S, Albawardi A, Shaban S, Al-Dabbagh B, et al. (2014) Ex vivo Effects of Sorafenib and Regorafenib on Murine
Hepatocytes. J Clin Toxicol 4: 207. doi:10.4172/2161-0495.1000207

Page 5 of 10

rER disintegration were slightly more than in untreated tissue at 4 h.
For tissue treated with regorafenib, the rER changes were evidently
more prominent (Figure 2A). Thus, derangements in the rER were
more prominent with a therapeutic dosing of regorafenib.

Figure 2B shows representative images of liver fragments at 0 h and
at 3 h with and without 50 uM sorafenib or 50 uM regorafenib. For
untreated tissue at 0 h, the hepatocyte showed intact mitochondria and
rER. For untreated tissue at 3 h, the hepatocytes demonstrated
minimal mitochondrial swelling and relatively preserved rER with
attached ribosomes. For tissue treated with sorafenib, the hepatocyte
showed mild swelling of the mitochondria and relatively preserved
rER. The focal minimal detachment of ribosomes from the rER was
similar to untreated tissue at 3 h. For tissue treated with regorafenib,
the hepatocyte showed mild swelling (distension) of the mitochondria
and disruption of the rER with focal detachments of ribosomes. Thus,
exposure to high-dose regorafenib produces more noticeable rER
derangements.

(2a)

2.5 uM Sorafenib -4 h 5.0 uM Regorafenib — 4 h

Untreated —0 h

o

Figure 2: Hepatocyte ultrastructure. Panel A: Untreated tissue at 0
h, showing a hepatocyte with preserved architecture. Note
hepatocyte nucleus (N), numerous intact mitochondria (m) and
rER; magnification =98,000. Untreated tissue at 4 h, showing a
hepatocyte with minimal distension of the mitochondria (m) and
minimal disintegration of the rER; magnification =7,000. Tissue
treated with 2.5 uM sorafenibat 4 h, showing a hepatocyte with
mild distension of the mitochondria (arrow) with amorphous
densities. Early loss of integrity of rER was also noted;
magnification =7,000. Tissue treated with 5.0 uM regorafenib at 4 h,
showing a hepatocyte with mild distension of the mitochondria
(arrows) with amorphous densities. The rER changes were more
evident; magnification =7,000.

(2b)

50 pM Regorafenib -3 h 50 uM Regorafenib -3 h

Sorafenib -3 h

Untreated -0 h

Untreated -3 h

Figure 2B: Untreated tissue at 0 h, showing a hepatocyte with
preserved architecture; magnification =7,000. The white areas
represented an artifact from specimen collection or preparation.
Untreated tissue at 3 h, showing a hepatocyte with relatively
preserved cellular architecture. Note hepatocyte nucleus (N),
mitochondria (m) with minimal swelling, relatively preserved rER
(arrow) with attached ribosomes; magnification =27,500. Tissue
treated with 50 pM sorafenib at 3 h, showing a hepatocyte with
swollen mitochondria and relatively preserved rER. The focal
minimal detachment of ribosomes (arrows) from rER was similar
to untreated liver at 3 h; magnification =27,500.Tissue treated with
50 puM regorafenib at 3 h,showing a hepatocyte with mildly
distended mitochondria (m), significant disruption of the rER and
focal detachments of the ribosomes (arrows); magnification
=14,000.
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Cellular respiration

Five separate experiments, each involving five mice, were
performed in KH buffer for each compound. Representative O2 runs

addition was 0.21 + 0.05, with the addition of 2.5 or 50 uM sorafenib
was 0.19 + 0.01 (p=0.797), and with the addition of 5.0 or 50 uM
regorafenib was 0.19 + 0.02 (p=0.606).Thus, the drugs had no
noticeable effects on hepatocyte respiration.

are shown in Figure 3, and a summary of all results is shown in Table
1. The rate of respiration (mean # SD, in uM O, min"! mg™!) without

A B C

2.5uM
sorafenib
N

2.5uM
sorafenib

5uM
regorafenib

untreated
300 30 uM

250 i sorafenib

untreated
250, untreated

untreated S5uM

re zn'ral‘mih
13
H

H
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50 M
regorafenih

i

50 uM
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200 rego@fenib
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0,1, M
10,1, uM

10,1, uM

0.21

0.20 0.20 08 15
T

2]

o 50 100 150 100 150 200 0 200 250 300 350
min

Figure 3: Hepatocyte respiration. Liver specimens were incubated at 37°C in 50 mL KH buffer (continuously gassed with 95% O,: 5% CO,)
with and without designated concentrations of sorafenib or regorafenib. At specific time periods, samples were washed with KH buffer and
processed for O, measurements at 37°C. Representative runs are shown. The lines are linear fits. The rate of respiration (k, uM O, min'!) was
set as the negative of the slope of [O,] vs.t. The values of &, (WM O, min'! mg!) are shown at the bottom of each run. Panel A: Liver cellular
respiration with and without 2.5 uM sorafenib. Panel B: Liver cellular respiration with and without 5 uM regorafenib. Panel C: Liver cellular

respiration with and without 50 uM sorafenib or 50 uM regorafenib.

The same experiments were repeated in RPMI medium. The
conditions were no addition, 2.5 and 5.0 uM sorafenib and 5.0 and 50
uM regorafenib. The incubation time was 0 to 300 min. The results are
in Supplementary Material (Figure 6S). For =0 min, the values of k.
were 0.41 + 0.08 (n=4). For the sorafenib experiments and 0 << 300
min, the values of k. for untreated specimens were 0.25 £ 0.05 (n=8)
and for treated specimens 0.29 + 0.05 (n=8), p=0.130. For the
regorafenib experiments and 0<¢ < 300 min, the values of k. for
untreated specimens were 0.25 + 0.09 (n=8) and for treated specimens
0.24 £ 0.08 (n=8), p=0.867. Thus, the rate of respiration was slightly
higher in RPMI medium than in KH buffer (Table 1).

Cellular ATP

Four separate experiments, each involving four mice, were
performed. Hepatocyte ATP (pmol'mg!) without addition was 56 +
23 (n=5), with 2.5 or 50 UM sorafenib was 47 + 42 (n=4, p=0.556) and
with of 5.0 or 50 UM regorafenib was 41 + 22 (p=0.556), Table 1. Thus,
the drugs had no noticeable effects on hepatocyte ATP.

Intracellular caspase activity

The caspase-3 substrate analogue Ac-DEVD-AMC was used to
measure hepatocyte caspase activity. Three separate experiments each
involving three mice were performed. Representative HPLC runs are
shown in Figure 4A-4D, and a summary of all of the results is shown
in Table 1. Briefly, liver specimens were incubated with and without 50
uM sorafenib or regorafenib. At £=3 h, the specimens were transferred
to the Ac-DEVD-AMC cleavage reaction in the presence and absence
of zVAD-fmk. The tissue was then vigorously disrupted and the

supernatants were separated on HPLC and analyzed for the released
AMC moiety (retention time=4.6 min). zVAD-fmk inhibited the
release of AMC, confirming Ac-DEVD-AMC was mainly cleaved by
intracellular caspases (Figure 4). The AMC peak area (arbitrary unit
mg! + 10%) in untreated sample at =0 h was 72, and at £=3 h was 145.
The AMC peak area in the sample treated with sorafenib was 81 and
with regorafenib was 70 (Figure 4). In another experiment, the AMC
peak area at £=3 h without treatment was 66, with 2.5 uM sorafenib
was 65 and with 5.0 uM regorafenib was 30. Thus, the drugs had no
noticeable effects on hepatocyte caspase activity. Consistently, the
drugs had no significant effects on casapse-3, cytochrome ¢, BAX,
caspase-9 and annexin A2 immunostains (Figure 1S-5S,
Supplementary Material) and MTT assay (Table 1S, Supplementary
Material).

Urea synthesis

Liver specimens were incubated as above with and without
sorafenib (2.5 or 50 uM) or regorafenib (5.0 or 50 uM). At £=3 h,
specimens were rinsed and incubated in 1.0 mL KH buffer
supplemented with 10 mM NH,CI and 2.5 mM ornithine for 50 min.
The solutions were then analyzed for urea. Four individual
experiments involving four mice were performed for sorafenib and
five individual experiments involving five mice were performed for
regorafenib. The concentration of urea (mg/dL mg-!) without addition
was 0.16 * 0.03, with sorafenib was 0.17 + 0.03 (p=0.610), and with
regorafenib was 0.17 £ 0.06 (p=0.429). The concentration of urea in
specimens that were immediately placed KH-NH/Cl-ornithine
solution (£=0 h) was 0.25 + 0.01 mg/dL mg! (Table 1). Thus, the drugs
had no noticeable effects on hepatocyte urea synthesis.
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Figure 4: Hepatocyte caspase activity. Representative HPLC runs of liver tissue extracts showing intracellular caspase activity. Specimens were
incubated at 37°C in 50 mL KH buffer (continuously gassed with 95% O,: 5% CO,) without additions or with the addition of 50 uM sorafenib
or 50 uM regorafenib. At =3 h, the specimens were transferred to the Ac-DEVD-AMC (casapse-3 substrate) reaction in the presence and
absence of ZVAD-fmk (pancaspase inhibitor). Tissues were then vigorously disrupted and the supernatants were separated on HPLC and
analyzed for the AMC moiety (AMC retention time =4.6 min). Panel A: Intracellular caspase activity with and without zVAD-fmk at 0 h.
Panel B: Intracellular caspase activity with and without zVAD-fmk at 3 h. Panel C: Intracellular caspase activity at 3 h in the presence of 50
uM sorafenib with and without zZVAD-fmk. Panel D: Intracellular caspase activity at 3 h in the presence of 50 uM regorafenib with and

without zZVAD-fmk.

Cellular GSH

Liver specimens were incubated as above with and without
sorafenib (50 puM) or regorafenib (50 uM). At #=180 min, the
specimens were rinsed and transferred to the mBBr labeling reaction.
Cellular GS-bimane was determined on HPLC as shown in Figure
5.Two individual experiments involving two mice were done. Cellular
GSH (pmol mg!) without addition was 279 + 9, with the addition of
sorafenib was 384 + 76, and with the addition of regorafenib was 312 +
45. GSH content in specimens that were immediately placed in the
mBBr reaction at =0 min was 685 + 129 pmol mg™! (Table 1). Thus,
the drugs had no noticeable effects on hepatocyte GSH.

Discussion

The Food and Drug Administration (FDA) approved the kinase
inhibitor sorafenib for treatment of advanced renal cell (2005) and
hepatocellular carcinomas (2007). Regorafenib, as approved in 2012
for colorectal cancer. Although these two compounds are closely
related, their clinical adverse events differ. For example, regorafenib
may produce fatal hepatotoxicity, a complication that has not been
linked to sorafenib [6,7].

This study employed structural (hepatocyte histology and EM) and
functional (hepatocyte respiration, ATP, caspase activity, and urea
synthesis) surrogate biomarkers to investigate the toxic effects of
sorafenib and regorafenib in vitro. The measured functional
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biomarkers were similar in treated and untreated liver specimens
(Table 1). The ultrastructural changes, most notably loss of rER
integrity and detachment of ribosomes, were more evident with
regorafenib than sorafenib (Figures 2A and B). At 0 h, the untreated
liver specimen showed well preserved hepatocyte architecture. At 4 h,
the hepatocytes demonstrated only minimal mitochondrial distension
and rER disintegration. Sorafenib treatment (2.5 pM for 4 h) produced
mild mitochondrial distension and rER disintegration. The rER
changes were more noticeable with regorafenib treatment (2.5 uM for
4 h), Figure 2A. Higher sorafenib dose (50 uM for 3 h) showed only
mitochondrial distension with relatively preserved rER. Significant
disruption of the rER and focal detachments of the ribosomes were
evident in the tissue treated with 50 uM regorafenib at 3 h (Figure 2B).

Biologic activities of sorafenib and regorafenib can be demonstrated
in vitro within a few hours of exposure to 0.1-10 pM of the drugs
[8-13]. The cytotoxicity is cell specific and includes alterations in
multiple signaling pathways, execution of apoptosis, induction of ER
stress, and inhibition of protein synthesis. At 5 to 50 uM, for example,
sorafenib inhibited the proliferation of hepatocellular carcinoma cell
lines; the degree of inhibition was dependent on pERK expression
[10]. Exposure of human leukemia cells to 10 pM sorafenib produced

cytotoxicity that involved inducing ER stress and generation of ROS
[12]. At 3 to 20 uM, sorafenib induced apoptosis in melanoma cells in
4 h, mainly by nuclear translocation of the apoptosis-inducing factor
[14]. In cell lines, apoptosis is induced via caspase dependent (e.g.,
caspase-2 and caspase-4 processing) and independent (e.g., nuclear
translocation of the apoptosis-inducing factor) pathways.Regorafenib
also inhibited the proliferation of human hepatocellular carcinoma cell
lines, but the cells regrew after drug removal [13,15].

In contrast to these malignant cells, the findings here show high
doses of sorafenib and regorafenib (50 uM) do not alter normal liver
caspase-3 activity (Figure 4) or GSH content (Figure 5). The results
also show hepatocyte bioenergetics (respiration and ATP content)
following in vitro exposure to sorafenib or regorafenib for several
hours is similar to that of untreated tissue (Figure 3 and Table 1).
Consistently, hepatocyte urea synthesis is similar with and without the
drugs (Table 1). By contrast, both compounds produce subtle
derangements in hepatocyte ultrastructure (Figure 2). The rER
changes, however, are more prominent with regorafenib, perhaps
accounting for its potential hepatotoxicity (Figures 2A and 2B). Of
note, the mitochondrial swelling is relatively similar in samples treated
with sorafenib or regorafenib (Figures 2A and 2B).
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Figure 5: Hepatocyte GSH. HPLC runs of liver acid-soluble supernatants, showing the GS-bimane peaks with a retention time of 14.3 min.
Specimens were incubated at 37°C without addition with 50 uM sorafenib or 50 pM regorafenib. At #=3 h, the specimens were transferred to
the mBBr labeling reaction and processed and analyzed as described in Methods.
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Sorafenib and regorafenib are tested at their therapeutic
concentrations (2.5 and 5 pM, respectively [6,7] and at a 10- to 20-fold
higher than the therapeutic concentration (50 uM). The first objective
of using 50 uM was to investigate potential concentration-dependent
hepatotoxicity. Of note, a few of the fatal regorafenib-associated
hepatotoxicity were in patients with dehydration, a complication that
increased serum drug concentration. The second aim was to
compensate for the relatively short drug exposure (3-4 h).

In contrast to previous toxicology studies that were performed on
isolated hepatocytes [23], this study utilized viable liver fragments.
Advantages of our approach include minimum tissue handling and
avoiding extensive collagenase digestion required for single cell
preparations. Successful liver fragment collection, however, requires

rapid sampling of thin (<0.2 mm) slices, preferably <20 mg, while the
liver is still perfused [24].The specimens should be immediately
immersed in appropriate buffer supplemented with protease
inhibitors.

Important limitation of this study is deterioration of the measured
biomarkers with time in KH buffer (Table 1) and RPMI medium
(Figure 6S, Supplementary Material). The biomarker values at =0
(immediately after tissue collection) corresponded to the best possible
results (Table 1). At 180 < ¢ < 240 min, hepatocyte respiration
decreased by 30%, ATP decreased by 66%, caspase-3 activity increased
by 47%, urea synthesis decreased by 36%, and GSH decreased by 59%
(Table 1). This limitation prevented extending the incubation beyond
4-5h.
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=0 min 180 < { < 240 min
No No . .
addition addition Sorafenib Regorafenib
a
ko 0.30+0.08 | 0.21+0.05 | 0.19+0.01 | 0.19+0.02
M O, min'
by (n=4) (n=9) (n=5) (n=5)
ATP P 167 56 + 23 47 + 40 41+ 22
(pmol mg™) (n=6) (n=4) (n=4)
AMC peak area © . 104 +41 | 96 + 41 47 + 21
(arbitrary unit _ _ _
mg-1 + 103) (n=4) (n=3) (n=3)
Urea synthesis ¢ | 0.25+0.01 | 0.16 £0.03 | 0.17£0.03 | 0.17 +0.06
(mg/dL mg) (n=6) (n=6) (n=4) (n=5)

@Five individual experiments involving five mice were done for each compound.
The concentration of sorafenib was 2.5 pM in three experiments and 50 uM in
two experiments. The concentration of regorafenib was 5 pM in three
experiments and 50 pM in two experiments. The in vitro incubation with the
drugs was up to 6 h. There was no statistical significance between the untreated
and treated pairs.

bFour individual experiments involving four mice were done for each compound.
The concentration of sorafenib was 2.5 uM in three experiments and 50 uM in
one experiment. The concentration of regorafenib was 5 pM in three
experiments and 50 uM in one experiment. The in vitro incubation with the drugs
was 180 to 240 min. There was no statistical significance between the untreated
and treated pairs (p>0.556).

CThree individual experiments involving three mice were done for each
compound. The concentration of sorafenib was 2.5 uyM in two experiments and
50 uM in one experiment (Figure 4). The concentration of regorafenib was 5 yM
in two experiments and 50 pM in one experiment (Figure 4). The in vitro
incubation with the drugs was 180 to 240 min. There was no statistical
significance between the untreated and treated pairs (p>0.114).

dFor sorafenib, four individual experiments involving four mice were done. The
concentration of sorafenib was 2.5 uyM in two experiments and 50 uM in two
experiments. For regorafenib, five individual experiments involving five mice
were done. The concentration of regorafenib was 5 pM in three experiments and
50 uM in two experiments. The in vitro incubation with the drugs was 180 min.
There was no statistical significance between the untreated and treated pairs
(p>0.429).

Values are mean + SD

Table 1: Effects of sorafenib and regorafenib on liver tissue respiration,
ATP content, caspase activity, and urea synthesis.

Intracellular caspase activity is measured on viable liver fragments,
using Ac-DEVD-AMC. This substrate is cleaved by several caspases,
including caspase-3 (k/ Kn=218,000 s7!), caspase-7 (key/ Kyy=37,000
s1), caspase-1/interleukin-1 converting enzyme (kq/K;,=30,000 s1),
caspase-6 (keo/ Kin=2,000 s71), and caspase-4 (k.,/Kin=1,800 s71) [25].
Of note, ER stress triggers a specific cascade involving caspase-12, -9,
and -3 in a cytochrome c-independent manner [26]. Consistently,
caspase-3 labeling at 4 h was similar in treated and untreated
specimens; the few caspase-3 positive cells were mostly localized to
Kupffer cells (Figure 1S, Supplementary Material). Similarly,
compared with untreated specimens, cytochrome ¢, BAX, caspase-9
and annexin A2 labeling showed no significant drug effects at 4 h
(Figure 2S - 58, Supplementary Material).

The concentrations used in this study were therapeutics and 10 to
20-fold higher than therapeutics. These drug levels produced
structural and ultrastructural changes in the liver (Figures 1 and 2). It
is unclear, however, whether the observed adverse effects were due to

multikinase inhibition (e.g., VEGFR-2, PDGFR, Raf kinase, FLT?3, Ret,
and cKit) or “off” target effects. Further studies are needed to address
this important issue.

In conclusion, this in vitro study shows murine hepatocyte
bioenergetics, caspase-3 activity, urea synthesis and GSH are not
significantly affected by sorafenib or regorafenib. Altered hepatocyte
rER is more noticeable with regorafenib. Thus, these data demonstrate
ultrastructural changes with regorafenib treatment, justifying its Boxed
Warning of hepatotoxicity. The findings call for novel methods that
allow early detection of regorafenib and sorafenib hepatotoxicities.

Author Contributions

The manuscript was written through contributions of all authors.
All authors have given approval to the final version of the manuscript.

Funding Sources

This research was supported by a grant from the United Arab
Emirates University - NRF (31M096).

Conflict-of-Interest

The authors declare that they have no conflict of interest.

References

1. Dykens JA, Will Y (2007) The significance of mitochondrial toxicity
testing in drug development. Drug Discov Today 12: 777-785.

2. Lewis W, Day BJ, Copeland WC (2003) Mitochondrial toxicity of NRTI
antiviral drugs: an integrated cellular perspective. Nat Rev Drug Discov 2:
812-822.

3. Green DR, Kroemer G (2004) The pathophysiology of mitochondrial cell
death. Science 305: 626-629.

4, Alfazari AS, Al-Dabbagh B, Almarzoogi S, Albawardi A, Souid AK (2013)
A preparation of murine liver fragments for in vitro studies: liver
preparation for toxicological studies. BMC Res Notes 6: 70.

5. Alfazari AS, Al-Dabbagh B, Almarzooqi S, Albawardi A, Souid AK (2013)
Bioenergetic study of murine hepatic tissue treated in vitro with
atorvastatin. BMC PharmacolToxicol 14: 15.

6. Centers for Disease Control and Prevention (2013) Provisional CDC
guidelines for the use and safety monitoring of bedaquilinefumarate
(Sirturo) for the treatment of multidrug-resistant tuberculosis. MMWR
Recomm Rep 62: 1-12.

7. http://www.accessdata.fda.gov/drugsatfda_docs/label/
2011/021923s0111bl.pdf

8.  Carr BI, D'Alessandro R, Refolo MG, Iacovazzi PA, Lippolis C, et al.
(2013) Effects of low concentrations of regorafenib and sorafenib on
human HCC cell AFP, migration, invasion, and growth in vitro. J Cell
Physiol 228: 1344-1350.

9.  Ramakrishnan V, Timm M, Haug JL, Kimlinger TK, Halling T, et al.
(2012) Sorafenib, a multikinase inhibitor, is effective in vitro against non-
Hodgkin lymphoma and synergizes with the mTOR inhibitor rapamycin.
Am ] Hematol 87: 277-283.

10. Zhang Z, Zhou X, Shen H, Wang D, Wang Y (2009) Phosphorylated ERK
is a potential predictor of sensitivity to sorafenib when treating
hepatocellular carcinoma: evidence from an in vitro study. BMC Med 7:
41.

11. Rahmani M, Davis EM, Bauer C, Dent P, Grant S (2005) Apoptosis
induced by the kinase inhibitor BAY 43-9006 in human leukemia cells
involves down-regulation of Mcl-1 through inhibition of translation. J
Biol Chem 280: 35217-35227.

12. Rahmani M, Davis EM, Crabtree TR, Habibi JR, Nguyen TK et al (2007).
The kinase inhibitor sorafenib induces cell death through a process

] Clin Toxicol
ISSN:2161-0495 JCT, an open access journal

Volume 4 « Issue 4 « 1000207


http://www.ncbi.nlm.nih.gov/pubmed/17826691
http://www.ncbi.nlm.nih.gov/pubmed/17826691
http://www.ncbi.nlm.nih.gov/pubmed/14526384
http://www.ncbi.nlm.nih.gov/pubmed/14526384
http://www.ncbi.nlm.nih.gov/pubmed/14526384
http://www.ncbi.nlm.nih.gov/pubmed/15286356
http://www.ncbi.nlm.nih.gov/pubmed/15286356
http://www.ncbi.nlm.nih.gov/pubmed/23442607
http://www.ncbi.nlm.nih.gov/pubmed/23442607
http://www.ncbi.nlm.nih.gov/pubmed/23442607
http://www.ncbi.nlm.nih.gov/pubmed/23448291
http://www.ncbi.nlm.nih.gov/pubmed/23448291
http://www.ncbi.nlm.nih.gov/pubmed/23448291
http://www.ncbi.nlm.nih.gov/pubmed/24157696
http://www.ncbi.nlm.nih.gov/pubmed/24157696
http://www.ncbi.nlm.nih.gov/pubmed/24157696
http://www.ncbi.nlm.nih.gov/pubmed/24157696
http://www.accessdata.fda.gov/drugsatfda_docs/label/2011/021923s011lbl.pdf
http://www.accessdata.fda.gov/drugsatfda_docs/label/2011/021923s011lbl.pdf
http://www.ncbi.nlm.nih.gov/pubmed/23169148
http://www.ncbi.nlm.nih.gov/pubmed/23169148
http://www.ncbi.nlm.nih.gov/pubmed/23169148
http://www.ncbi.nlm.nih.gov/pubmed/23169148
http://www.ncbi.nlm.nih.gov/pubmed/22190165
http://www.ncbi.nlm.nih.gov/pubmed/22190165
http://www.ncbi.nlm.nih.gov/pubmed/22190165
http://www.ncbi.nlm.nih.gov/pubmed/22190165
http://www.ncbi.nlm.nih.gov/pubmed/19698189
http://www.ncbi.nlm.nih.gov/pubmed/19698189
http://www.ncbi.nlm.nih.gov/pubmed/19698189
http://www.ncbi.nlm.nih.gov/pubmed/19698189
http://www.ncbi.nlm.nih.gov/pubmed/16109713
http://www.ncbi.nlm.nih.gov/pubmed/16109713
http://www.ncbi.nlm.nih.gov/pubmed/16109713
http://www.ncbi.nlm.nih.gov/pubmed/16109713
http://mcb.asm.org/content/27/15/5499
http://mcb.asm.org/content/27/15/5499

Citation:

Alfazari AS, Almarzoogqi S, Albawardi A, Shaban S, Al-Dabbagh B, et al. (2014) Ex vivo Effects of Sorafenib and Regorafenib on Murine
Hepatocytes. J Clin Toxicol 4: 207. doi:10.4172/2161-0495.1000207

Page 10 of 10

13.

14.

15.

16.

17.

18.

19.

20.

involving induction of endoplasmic reticulum stress. Mol Cell Biol 27:
5499-5513.

Carr BI, Cavallini A, Lippolis C, D'Alessandro R, Messa C, et al. (2013)
Fluoro-Sorafenib (Regorafenib) effects on hepatoma cells: growth
inhibition, quiescence, and recovery. ] Cell Physiol 228: 292-297.

Panka D], Wang W, Atkins MB, Mier JW (2006) The Raf inhibitor BAY
43-9006 (Sorafenib) induces caspase-independent apoptosis in
melanoma cells. Cancer Res 66: 1611-1619.

Wilhelm SM, Dumas J, Adnane L, Lynch M, Carter CA, et al. (2011)
Regorafenib (BAY 73-4506): a new oral multikinase inhibitor of
angiogenic, stromal and oncogenic receptor tyrosine kinases with potent
preclinical antitumor activity. Int ] Cancer 129: 245-255.

Berry MN (1962) Metabolic properties of cells isolated from adult mouse
liver. J Cell Biology 15: 1-8.

Jocelyn PC (1987) Spectrophotometric assay of thiols. Methods Enzymol
143: 44-67.

Souid AK, Fahey RC, Aktas MK, Sayin OA, Karjoo S, et al. (2001) Blood
thiols following amifostine and mesna infusions, a pediatric oncology
group study. Drug MetabDispos 29: 1460-1466.

McDowell EM, Trump BF (1976) Histologic fixatives suitable for
diagnostic light and electron microscopy. Arch Pathol Lab Med 100:
405-414.

Shaban S, Marzouqi F, Al Mansouri A, Penefsky HS, Souid AK (2010)
Oxygen measurements via phosphorescence. Comput Methods Programs
Biomed 100: 265-268.

21.

22.

23.

24.

25.

26.

Lo LW, Koch CJ, Wilson DF (1996) Calibration of oxygen-dependent
quenching of the phosphorescence of Pd-meso-tetra (4-carboxyphenyl)
porphine: A phosphor with general application for measuring oxygen
concentration in biological systems. Anal Biochem. 236:153-160.

Saheki T, Katunuma N (1975) Analysis of regulatory factors for urea
synthesis by isolated perfused rat liver. I. Urea synthesis with ammonia
and glutamine as nitrogen sources. ] Biochem 77: 659-669.

Ferrigno A, Richelmi P, Vairetti M (2013) Troubleshooting and
improving the mouse and rat isolated perfused liver preparation. J
PharmacolToxicol Methods 67: 107-114.

Al Samri MT, Al Shamsi M, Al-Salam S, Marzouqi F, Al Mansouri A, et
al. (2011) Measurement of oxygen consumption by murine tissues in
vitro. ] PharmacolToxicol Methods 63: 196-204.

Talanian RV, Quinlan C, Trautz S, Hackett MC, Mankovich JA, et al.
(1997) Substrate specificities of caspase family proteases. ] Biol Chem
272:9677-9682.

Nobuhiro M, Nakanishi K, Takenouchi H, Shibata T, Yasuhiko Y (2002)
An endoplasmic reticulum stress-specific caspase cascade in apoptosis:
cytochrome c-independent activation of caspase-9 by caspase-12. ] Biol
Chem 277: 34287-34294.

] Clin Toxicol
ISSN:2161-0495 JCT, an open access journal

Volume 4 « Issue 4 « 1000207


http://mcb.asm.org/content/27/15/5499
http://mcb.asm.org/content/27/15/5499
http://www.ncbi.nlm.nih.gov/pubmed/22777740
http://www.ncbi.nlm.nih.gov/pubmed/22777740
http://www.ncbi.nlm.nih.gov/pubmed/22777740
http://www.ncbi.nlm.nih.gov/pubmed/16452220
http://www.ncbi.nlm.nih.gov/pubmed/16452220
http://www.ncbi.nlm.nih.gov/pubmed/16452220
http://www.ncbi.nlm.nih.gov/pubmed/21170960
http://www.ncbi.nlm.nih.gov/pubmed/21170960
http://www.ncbi.nlm.nih.gov/pubmed/21170960
http://www.ncbi.nlm.nih.gov/pubmed/21170960
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2106128/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2106128/
http://www.ncbi.nlm.nih.gov/pubmed/3657559
http://www.ncbi.nlm.nih.gov/pubmed/3657559
http://www.ncbi.nlm.nih.gov/pubmed/11602522
http://www.ncbi.nlm.nih.gov/pubmed/11602522
http://www.ncbi.nlm.nih.gov/pubmed/11602522
http://www.ncbi.nlm.nih.gov/pubmed/60092
http://www.ncbi.nlm.nih.gov/pubmed/60092
http://www.ncbi.nlm.nih.gov/pubmed/60092
http://www.ncbi.nlm.nih.gov/pubmed/20478639
http://www.ncbi.nlm.nih.gov/pubmed/20478639
http://www.ncbi.nlm.nih.gov/pubmed/20478639
http://www.ncbi.nlm.nih.gov/pubmed/8619481
http://www.ncbi.nlm.nih.gov/pubmed/8619481
http://www.ncbi.nlm.nih.gov/pubmed/8619481
http://www.ncbi.nlm.nih.gov/pubmed/8619481
http://www.ncbi.nlm.nih.gov/pubmed/238964
http://www.ncbi.nlm.nih.gov/pubmed/238964
http://www.ncbi.nlm.nih.gov/pubmed/238964
http://www.ncbi.nlm.nih.gov/pubmed/23079697
http://www.ncbi.nlm.nih.gov/pubmed/23079697
http://www.ncbi.nlm.nih.gov/pubmed/23079697
http://www.ncbi.nlm.nih.gov/pubmed/21034836
http://www.ncbi.nlm.nih.gov/pubmed/21034836
http://www.ncbi.nlm.nih.gov/pubmed/21034836
http://www.ncbi.nlm.nih.gov/pubmed/9092497
http://www.ncbi.nlm.nih.gov/pubmed/9092497
http://www.ncbi.nlm.nih.gov/pubmed/9092497
http://www.ncbi.nlm.nih.gov/pubmed/12097332
http://www.ncbi.nlm.nih.gov/pubmed/12097332
http://www.ncbi.nlm.nih.gov/pubmed/12097332
http://www.ncbi.nlm.nih.gov/pubmed/12097332

	Contents
	Ex vivo Effects of Sorafenib and Regorafenib on Murine Hepatocytes
	Abstract
	Keywords:
	Abbreviations
	Introduction
	Experimental Section
	Reagents
	Mice
	Liver specimens
	Histology
	Electron microscopy (EM)
	Cellular respiration
	ATP content
	Intracellular caspase activity
	Urea synthesis
	Cellular GSH
	HPLC
	Statistical analysis

	Results
	Histology
	Electron microscopy
	Cellular respiration
	Cellular ATP
	Intracellular caspase activity
	Urea synthesis
	Cellular GSH

	Discussion
	Author Contributions
	Funding Sources
	Conflict-of-Interest
	References


