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Pharmacokinetic study of conventional sorafenib 
chemoembolization in a rabbit VX2 liver tumor model

INTERVENTIONAL RADIOLOGY
ORIGINAL ARTICLE

PURPOSE
Use of oral sorafenib, an antiangiogenic chemotherapeutic 
agent for hepatocellular carcinoma (HCC), is limited by an 
unfavorable side effect profile. Transarterial chemoemboliza-
tion (TACE) employs targeted intravascular drug administra-
tion, and has potential as a novel sorafenib delivery meth-
od to increase tumoral concentrations and reduce systemic 
levels. This study aimed to discern the pharmacokinetics of 
sorafenib TACE in a rabbit VX2 liver tumor model. 

METHODS
A 3 mg/kg dose of sorafenib ethiodized oil emulsion was de-
livered via an arterial catheter to VX2 liver tumors in seven 
New Zealand white rabbits. Following TACE, serum sorafenib 
levels were measured at days 0, 1, 2, 3, 7, 10, and 14 until 
the time of sacrifice, after which rabbit livers were harvested 
for analysis of sorafenib concentrations within treated tumors 
and normal liver. Liquid chromatography tandem mass spec-
trometry was used for drug quantification. 

RESULTS
Sorafenib uptake within liver tumor and nontumorous liver 
tissue peaked at mean 3.53 and 0.75 μg/mL, respectively, im-
mediately post-procedure (5:1 tumor to normal tissue drug 
uptake ratio), before decreasing with a 10–18 hour half-life. 
Serum sorafenib levels peaked immediately after TACE at a 
mean value of 58.58 μg/mL before normalizing with a 5.2-
hour half-life, suggesting early drug washout from liver into 
the systemic circulation. Hepatic lab parameters showed 
transient increase 24 hours post-TACE with subsequent res-
olution. 

CONCLUSION
While targeted transarterial delivery of sorafenib ethiodized 
oil emulsion shows preferential tumor uptake compared to 
normal liver, systemic washout occurs with a short half-life, 
resulting in high circulating drug levels. 

S orafenib (Nexavar, Bayer Pharmaceuticals) is an antiangiogenic 
chemotherapeutic multikinase inhibitor that targets vascular en-
dothelial growth factor (VEGF) receptor (1). This drug is approved 

by the United States Food and Drug Administration (FDA) as an oral 
agent for treatment of surgically unresectable primary liver cancer (he-
patocellular carcinoma, HCC), and is associated with prolongation in 
tumor time-to-progression and patient overall survival in phase 3 clin-
ical trials (2, 3). The practical utility of sorafenib is tempered, howev-
er, by a high incidence of clinically significant side effects related to 
systemic distribution, including hand-foot syndrome, nausea, diarrhea, 
and fatigue, which are frequently cited as reasons for patient noncom-
pliance and drug dose limitation (4); serious adverse events occur in 
48%–52% of those patients taking sorafenib (2, 3).

Transarterial chemoembolization (TACE) is a widely performed and 
recognized locoregional drug delivery methodology. During TACE, 
chemotherapy is administered to solid tumors in a targeted fashion via 
arterially placed catheters (5). This procedure, which has shown surviv-
al benefit in the treatment of HCC (6, 7), exploits the hepatic arterial 
perfusion of liver cancer to administer targeted therapy with cytotox-
ic chemotherapeutic agents, and also aims to devascularize neoplastic 
tissue by occluding feeding arteries. Conventional TACE consists of a 
mixture of chemotherapeutic agents and embolic ethiodized oil (5, 8), 
which slows blood flow through the tumor and sequesters chemothera-
py medications to achieve high localized intratumoral drug concentra-
tion while limiting systemic release. In contrast to standard oral admin-
istration, targeted transarterial delivery of sorafenib has the potential to 
deliver high localized drug concentrations directly to liver tumors while 
theoretically reducing extrahepatic levels and diminishing adverse sys-
temic effects of the drug. 

A previous investigation aimed at translating the high local drug con-
centrations and low systemic drug levels conferred by targeted TACE to-
ward intrahepatic delivery of sorafenib has demonstrated the feasibility of 
transcatheter intra-arterial delivery of lipid-emulsified sorafenib in rabbit 
livers (9). While this method of sorafenib delivery produced high intrahe-
patic drug concentrations, this study did not elucidate the pharmacoki-
netics of conventional sorafenib TACE in terms of comparing intra- and 
extrahepatic drug levels over time. An understanding of the dynamic lo-
cal and circulating concentrations of sorafenib after transarterial deliv-
ery is necessary to provide a foundation on which to base future studies 
aimed at correlating plasma drug levels with the incidence of side effects 
and determining the maximum tolerated dose of transarterially delivered 
sorafenib. The current investigation was thus conducted to determine 
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the pharmacokinetics of conventional 
sorafenib TACE and to test the hypoth-
esis that sorafenib TACE yields high tis-
sue levels of sorafenib while minimiz-
ing systemic release through temporal 
assessment of liver tissue and circulat-
ing drug levels.

Methods
Institutional Animal Care and Use 

Committee approval was obtained for 
this prospective study. The experimen-
tal protocol consisted of: (a) develop-
ment and propagation of a rabbit VX2 
hepatic tumor line, a leporine anaplas-
tic squamous cell carcinoma widely 
accepted and commonly employed by 
interventional radiologists in preclini-
cal investigations of HCC (10); (b) pro-
duction of a lipid-emulsified sorafenib 
preparation; (c) in vivo TACE intravas-
cular delivery of sorafenib emulsion 
into tumor-laden New Zealand white 
rabbit livers; (d) sequential assessment 
of circulating serum sorafenib levels; 
(e) liver explantation and direct tissue 
chemotherapeutic analysis to deter-
mine intratumoral and intraparen-
chymal drug concentrations; and (f) 
assessment of liver function parame-
ters for possible hepatotoxic effects of 
sorafenib delivery. Of note, the phar-
macokinetics of transcatheter arterial 
chemoinfusion was not investigated in 
the current study because its relatively 
reduced clinical use compared to TACE 
in the transcatheter therapy of HCC.

Rabbit VX2 tumor development and 
propagation

Development and propagation of the 
VX2 cell line was performed according 
to previously described methodology 
(11). Briefly, flash-frozen rabbit VX2 
tumor samples (0.75–1 mL, approxi-
mately 107 cells) were defrosted, mixed 
in methylcellulose media (Stemcell 
Technologies) in a 1:1 ratio, and inject-
ed into the hind limb muscle of donor 
New Zealand white rabbits for propa-
gation. Approximately 2–3 weeks after 
implantation, the donor rabbits were 
sacrificed and the hind limb tumors 
were excised and transected. Several 
1–3 mm pieces of tumor were selected 
for surgical liver implantation and the 
remaining viable tumor was harvest-
ed from the specimen and strained in 

order to create a cell suspension us-
ing Roswell Park Memorial Institute 
(RPMI) media (Cellgro). The collected 
cells were centrifuged at 1600 rotations 
per minute for eight minutes, after 
which the supernatant was disposed 
of and the remaining cell pellet resus-
pended and mixed in methylcellulose 
media (Stemcell Technologies) in a 1:1 
ratio. The new VX2 cell samples were 
then immediately injected into the 
hind limb of another rabbit in order to 
propagate the cell line. 

VX2 liver tumor implantation
All surgical VX2 liver tumor implan-

tations were performed under aseptic 
conditions with rabbits intubated and 
maintained under general anesthesia 
(induction with ketamine 15–30 mg/
kg IM and dexmeditomidine 50–250 
µg/kg IM, followed by maintenance 
with 1%–3% isoflurane). Intravenous 
antibiotic prophylaxis was provided. 
A mini-laparotomy was created in the 
subxiphoid area, exposing the liver. 
Then, two 1–3 mm freshly harvested 
tumor fragments were implanted in 
the left hepatic lobe of each animal 
(n=7). Two small stab incisions were 
made 2–3 cm apart and approximately 
0.5 cm deep in the liver parenchyma, 
and the tumor pieces placed deep into 
both. The wounds were then closed 
with a 0.25 cm2 piece of hemostatic 
gauze (BloodSTOP iX, PRN Pharmacal) 
placed over the liver puncture sites. 
The abdomen was closed in two lay-
ers using PDS suture (Ethicon) in the 
facial layer and absorbable Vicryl su-
ture (Ethicon) for subcuticular closure. 
After the procedure, the animals were 
aroused and recovered, returned to 
cages, and monitored daily for wound 
healing and appetite until TACE. Liver 
tumors were incubated for three weeks 
prior to TACE based on previous ex-
perience of suitable 2–3 cm diameter 
tumor growth within 14–28 days (11).

Preparation of sorafenib solution
Preparation of sorafenib emulsion 

has been previously described (9). 
Briefly, sorafenib solution was prepared 
using a solvent mixture consisting of 
12.5% Cremophor EL (Sigma-Aldrich), 
12.5% ethyl alcohol (Sigma-Aldrich), 
and 75% distilled water (Sigma-Al-
drich). Sorafenib powder was dissolved 

in 50% Cremophor EL and 50% ethyl 
alcohol mixture at 24 mg/mL, facilitat-
ed by heating of the mixture to 60°C, 
after which distilled water was add-
ed gradually with mixing to generate 
the 12 mg/mL dosing solution. The 
sorafenib solution was then allowed to 
cool to room temperature prior to use 
in TACE procedures. 

Sorafenib TACE
For sorafenib TACE, New Zealand 

white rabbits (n=7) were intubated and 
maintained under general anesthesia. 
Angiography was performed with a 
C-arm unit (OEC Medical Systems se-
ries 9600, GE Healthcare). The femoral 
artery was accessed through a surgical 
cut-down and catheterized with a 3 F 
vascular sheath (Cook Medical), after 
which a 2 F catheter (JB1, Cook Medi-
cal) was advanced over a guidewire and 
the celiac artery was selectively cathe-
terized. Angiography of the common 
and proper hepatic arteries was then 
performed via injections of iohexol 
(Omnipaque-300, Amersham Health). 
After obtaining angiographic confir-
mation of catheter placement within 
the proper hepatic artery, sorafenib 
solution was mixed in a 1:1 ratio with 
ethiodized oil (Lipiodol, Guerbet) and 
injected by hand under fluoroscop-
ic visualization until an endpoint of 
vascular stasis was achieved. The uti-
lized ratio of sorafenib solution to 
ethiodized oil was selected in order to 
ensure that the ensuing emulsion con-
sisted of more oil than water phase, as 
it is known that water-in-oil emulsions 
result in lower systemic chemothera-
py agent concentrations during TACE 
than oil-in-water emulsions (12); in 
this manner, the ratio of chemother-
apy solution to embolic ethiodized oil 
can impact drug pharmacokinetics. 
A 3 mg/kg dose was injected in each 
rabbit; this dosing rationale was based 
on peak plasma concentrations (Cmax) 
and therapeutic drug levels for both 
humans and rabbits, and has been 
previously described (9, 13, 14). After 
completion of the infusion, the cathe-
ter was removed, the common femoral 
artery was ligated using suture to ob-
tain hemostasis, and the groin incision 
was closed using absorbable Vicryl su-
ture (Ethicon). After the procedure, the 



animals were aroused and recovered, 
returned to cages and followed up dai-
ly until time of sacrifice.

Animal necropsy and tissue harvest
For measurement of systemic 

sorafenib levels and liver function pa-
rameters, 2–3 mL samples of venous 
blood were obtained from the mar-
ginal ear vein of each rabbit at each 
of the following selected time points 
after TACE: preprocedure (labs only), 
and days 0 (within 30 min post-proce-
dure), 1, 2, 3, 7, 10, and 14 until time 
of respective sacrifice. For labs, one 
sample was tested per rabbit at each 
time point (n=28 total samples, e.g., 
seven samples were tested at day 0, six 
samples were tested at day 1, etc.), but 
for serum, two samples were tested per 
rabbit at each time point (n=56 total 
samples, e.g., 14 samples were tested 
at day 0, 12 samples were tested at 
day 1, etc.). Rabbits were then sacri-
ficed using a lethal dose of 390 mg/mL 
pentobarbital sodium solution (Scher-
ing-Plough) at analogous time points 
following TACE: day 0 (within 30 min 
post-procedure), 1, 2, 3, 7, 10, and 14. 
Within 30 min of sacrifice, rabbit nec-
ropsy was performed and livers were 
harvested for tissue analysis. Treated 
tumors were extracted and divided in 
half for analysis (four tumor halves 
per animal for total n=28; n=4 at each 
time point). In addition, two repre-
sentative 1 cm3 samples of non-tu-
morous liver parenchyma—one from 
the left hepatic lobe and one from the 
right hepatic lobe—were also procured 
from each rabbit (two samples per an-
imal for total n=14; n=2 at each time 
point). Specimens were stored in 1 mL 
of sterile saline and were frozen in liq-
uid nitrogen at -80°C until the time of 
sorafenib level measurement. Finally, 
at the time of tumor extraction, a cen-
tral tumor slice between tumor halves 
was saved for pathologic analysis in 
each case; the tissue was fixed in 10% 
neutral buffered formalin solution, 
embedded in paraffin, sectioned, and 
stained with hematoxylin and eosin 
for histopathologic analysis.

Measurement of tissue and serum sorafenib 
concentration

Liquid chromatography tandem mass 
spectrometry (LC-MS/MS) analysis was 

used to determine sorafenib concen-
trations, as previously described (9). A 
calibration curve was first created for 
the drug. Standard sorafenib solutions 
ranging from 0.1–100 mg/mL (0.1 0.5, 
1, 2, 5, 10, 25, 50, and 100 mg/mL) 
were used to create the standard curve. 
To prepare liver and serum samples, 
N-(4-phenoxyphenyl)-N’-phenylurea 
(Sigma-Aldrich) was added at a con-
centration of 10 mg/mL as an internal 
standard to 100 mg of liver homoge-
nized in 1 mL phosphate buffer (10 
µM, pH 7.4) or 50 µL of rabbit serum. 
Then, 100 µL of the homogenate or se-
rum solution was transferred to a 1.7 
mL microcentrifuge tube, and 400 µL 
of 4:1 acetonitrile:ethanol was added 
for protein precipitation. The solution 
was then centrifuged (12,000 g for 20 
min at 4°C for liver tissue, 13,000 g 
for 15 min at 4°C for serum), and the 
supernatant was removed and dried to 
completeness. The samples were then 
reconstituted in 1:4 acetonitrile:water, 
and the supernatant was used for sam-
ple analysis. 

A Shimadzu Nexera ultrahigh pres-
sure liquid chromatography (UHPLC) 
system interfaced with a Shimadzu 
LC-MS 8040 triple quadrupole mass 
spectrometer was used to carry out UH-
PLC-MS/MS. A Nexera LC-30AD UH-
PLC pump with a Nexera Sil-30AC au-
tomatic injector was used. The analytes 
were separated on an ACQUITY UPLC 
BEH Amide 1.7 mm, 2.1 mm×100 mm 
column applying a gradient elution 
with the mobile phase consisting of 
0.1% formic acid in acetonitrile as sol-
vent A and water as solvent B. Gradient 
elution started at 25% and increased to 
75% over 3 min, changed to 95% for 2 
min, then decreased to 25% for 1 min 
for re-equilibration. The total analysis 
time was 7 min, injection volume was 
1 µL, flow rate was 0.6 mL/min, and 
column temperature was 25°C. Data 
acquisition was performed in multiple 
reaction monitoring (MRM) positive 
ionization mode. For sorafenib, tran-
sitions of mass-to-charge ratio (m/z) 
465 to m/z 252 and m/z 465 to m/z 
270 were used for quantification and 
qualification, respectively, and for 
N-(4-phenoxyphenyl)-N’-phenylurea 
(Sigma-Aldrich), transitions of m/z 
305 to m/z 94.15 and m/z 305 to m/z 
93.10 were used for quantification and 

qualification, respectively. Both com-
pounds eluted with a retention time of 
3.25 min. 

Statistical analysis
LC-MS/MS data integration was car-

ried out by LabSolutions software (Shi-
madzu). Other statistical analyses were 
performed using SPSS Statistics version 
17.0 (SPSS Inc.). Sorafenib and labora-
tory parameter levels were reported us-
ing descriptive statistics as mean±stan-
dard deviation for each time point.

Results
Seven rabbits (two males and five 

females, mean weight, 3.0±0.03 kg) 
underwent sorafenib TACE. Sorafenib 
solution was successfully prepared and 
a total of 9 mg was injected from the 
proper hepatic artery in each of the sev-
en rabbits. Tissue harvesting and pro-
cessing were successfully performed in 
all seven rabbits, and LC-MS/MS anal-
ysis of the tissue and serum specimens 
for sorafenib measurement was techni-
cally successful in all cases. Liver and 
systemic sorafenib pharmacokinet-
ics are summarized in Table 1. Mean 
sorafenib levels within treated tumor 
and untreated hepatic parenchyma 
were highest within 30 min following 
TACE, with peak concentrations (Cmax) 
measuring 3.53 mg/mL and 0.75 mg/
mL, respectively. Mean circulating se-
rum sorafenib also peaked within 30 
min after TACE, with Cmax measuring 
58.58 mg/mL. Liver tumor, hepatic 
tissue, and serum sorafenib half-lives 
approximated 9.9, 18.3, and 5.2 hours, 
respectively. Liver tumor, hepatic tis-
sue, and serum sorafenib area under 
the concentration versus time curve 
(AUC), calculated using the linear trap-
ezoidal method (15), were 90.2, 54.8, 
and 839.4 mg/mL·h, respectively.

Biochemical liver function markers 
obtained at multiple post-procedure 
time points are summarized in Table 
2. There was an early peak in levels of 
serum bilirubin, aspartate aminotrans-
ferase (AST), and alanine aminotrans-
ferase (ALT) at post-procedure day 1 
(mean 0.18 mg/dL, 1,114 U/L, and 565 
U/L, respectively), all of which normal-
ized by day 14, while gamma glutamyl-
transferase (GGT) levels peaked at day 
10 (mean 31.3 U/L) and normalized by 
day 14.
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Histologic assessment of tumors, per-
formed upon animal sacrifice at days 
0, 1, 2, 3, 7, 10, and 14, showed only 
nonspecific hepatocyte ballooning de-
generation between days 0–3 (Fig. 1), 
but which appeared to resolve by day 7 
(Fig. 2). Of note, no clinical alterations 
(such as ascites development) were 
identified in any rabbit subjects.

Discussion
While clinically beneficial, the practi-

cal utility of oral sorafenib for treatment 
of HCC is limited by a high incidence 
of adverse side effects, which frequent-
ly lead to dose reduction or discontin-
uation of therapy. In a study of oral 
sorafenib combined with doxorubicin 
drug-eluting bead therapy for treatment 
of advanced HCC, over 30% of patients 
required sorafenib dose interruptions 
and 20% required dose reductions 
(16), presenting a major detriment to 

drug utilization. More recently, two 
meta-analyses have identified higher 
rates of adverse events with TACE and 
oral sorafenib combination therapy; 
these adverse events are predominant-
ly related to oral sorafenib side effects, 
such as hand-foot syndrome (17, 18). In 
contrast, TACE-mediated intrahepatic 
sorafenib infusion theoretically promis-
es to counter tumor angiogenesis while 
limiting systemic side effects though 
targeted transarterial delivery, but this 
approach demands an understanding 
of the sorafenib pharmacokinetics. In 
the current investigation, we adminis-
tered a lipid-emulsified sorafenib prepa-
ration to VX2 tumor-laden rabbits, and 
used LC-MS/MS methods to determine 
sorafenib levels in hepatic tumor and 
liver tissue at various time points af-
ter TACE. Immediately after TACE, 
mean intratumoral and nontumorous 
sorafenib levels were 3.5 and 0.75 mg/

mL, respectively, subsequently decreas-
ing with half-lives of 10–18 hours. The 
ratio of peak sorafenib concentration 
within tumor tissue as compared to 
normal liver tissue was nearly 5:1, con-
firming preferential tumoral drug up-
take using targeted transarterial deliv-
ery to hypervascular liver tumors. This 
phenomenon is well-known to occur in 
TACE, where cancerous tissue takes up 
arterially injected drug in a 3:1 to 20:1 
ratio as compared to normal liver tissue 
(5, 19). Moreover, our results are in ac-
cordance with the outcomes of a study 
conducted by Chatziioannou et al. 
(20), in which conventional TACE with 
sorafenib yielded intrahepatic drug lev-
els of 0.794 mg/mL and 0.064 mg/mL 
at 24 and 72 hours, respectively. 

The intratumoral sorafenib levels 
attained in the present investigation 
are reduced as compared to our pre-
viously reported experience, in which 
sorafenib oil emulsion was admin-
istered at a 3 mg/kg dose via the left 
hepatic artery to nontumorous left liv-
er lobes, resulting in immediate post-
procedure peak liver tissue levels on 
the order of 90 mg/mL (9). The basis 
for this inconsistency may be related 
to a difference in site of drug admin-
istration; namely, sorafenib injection 
in the current study occurred via the 
more proximal proper hepatic artery 
with drug infusion to the entire liver 
rather than through the more distal left 
hepatic artery with dispensation to the 
left hepatic lobe in the prior investiga-
tion (9). This difference in technique 
likely resulted in dilution of the same 
delivered sorafenib dose over a greater 
volume of liver tissue—the left hepatic 
lobe accounts for about 40% of total 
liver volume (21)—with an anticipated 
reduction in measured drug concen-
tration. Additional explanations for 
the concentration discrepancy are also 
possible. These include inconsistency 
in the sorafenib emulsion (related to 
separation) with reduced drug admin-
istration, as well as variation related to 
small sample size.

In examining circulating drug lev-
els after conventional sorafenib TACE 
in the current study, we found that 
the systemic release characteristics of 
sorafenib using this approach were 
relatively unfavorable. Measurement 
of dynamic serum sorafenib levels fol-

Table 1. Temporal evolution of sorafenib concentrations (μg/mL) 

  Tumor levels Liver tissue levels
Time n=4 n=2 Serum levels*

Day 0 3.531±1.738 0.753±0.075 58.58±37.86

Day 1 0.490±0.291 0.540±0.397 4.867±6.812

Day 2 0.122±0.002 0.122±0.004 0.100±0.000

Day 3 0.132±0.021 0.110±0.001 0.088±0.025

Day 7 0.109±0.003 0.108±0.000 0.067±0.029

Day 10 0.108±0.001 0.108±0.000 0.075±0.035

Day 14 0.150±0.028 0.112±0.004 0.050±0.000

*Number of serum samples is as follows: Day 0 (n=14), Day 1 (n=12), Day 2 (n=10), Day 3 (n=8), Day 7 
(n=6), Day 10 (n=4), Day 14 (n=2). 

Table 2. Temporal evolution of liver function parameters  

  Bilirubin* AST*  ALT*  GGT*
Time (mg/dL) (U/L) (U/L) (U/L)

Preprocedure 0.10±0.01 10±1.9 18±4.6 5.1±1.6

Day 0 0.11±0.02 17±9.5 20±6.2 6.2±1.9

Day 1 0.18±0.21 1.114±1.785 565±837 10.7±9.6

Day 2 0.09±0.01 146±209 166±176 9.1±5.5

Day 3 0.14±0.09 153±207 99±49 6.4±3.7

Day 7 0.11±0.02 143±219 161±228 13.8±12.3

Day 10 0.13±0.00 26±24 109±132 31.3±36.3

Day 14 0.10±0.00 22±0.0 12±0.0 5.6±0.0

AST, aspartate aminotransferase; ALT, alanine aminotransferase; GGT, gamma glutamyltransferase.
*Number of animals tested at each time point is as follows: preprocedure (n=7), Day 0 (n=7), Day 1 
(n=6), Day 2 (n=5), Day 3 (n=4), Day 7 (n=3), Day 10 (n=2), and Day 14 (n=1).
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lowing conventional sorafenib TACE 
demonstrated comparatively high 
levels of circulating sorafenib herein, 
indicating early drug washout from tu-
mor into the systemic circulation. This 

finding suggests that the degree of em-
bolic occlusion of liver blood vessels, 
which serves to prevent drug clearance 
from the liver, was likely insufficient 
and temporary in the present study, 

and suggests the need for a more ro-
bust and durable extent of vessel em-
bolization to sequester drug within 
liver tissue. This concept is supported 
by a biodistribution and pharmaco-
kinetic study of doxorubicin TACE 
reported by Raoul et al. (22), which 
revealed an increase in the liver tissue 
half-life of doxorubicin from 1.8 to 2.6 
days through the addition of arterial 
embolization after administration of 
doxorubicin emulsion as compared to 
ethiodized oil emulsion alone. Such 
embolization may be achieved through 
injection of particulate agents after 
ethiodized oil mixture administration, 
as ethiodized oil is generally consid-
ered a non-permanent embolic agent 
that is cleared from liver by Kupffer 
cells (23). Another promising avenue 
for potential investigation includes 
drug-eluting beads, an embolic plat-
form associated with reduced systemic 
drug release as compared to ethiodized 
oil when applied for TACE (24). To this 
end, the feasibility of targeted delivery 
of sorafenib loaded poly(lactide-co-gly-
colide) microspheres has been recently 
demonstrated (25). As a final note, an-
atomic characteristics, such as tumor 
size and presence of arteriovenous 
communications, may also impact 
drug pharmacokinetics after TACE. 
While embolization, be it with parti-
cles for large tumors or arterioportal 
shunts or coils for arteriovenous fis-
tulae, may help dampen variability in 
drug washout that might precipitate 
pharmacokinetic differences, some de-
gree of variation is nonetheless to be 
expected from case to case.

Assessment of laboratory biochem-
ical markers of liver function showed 
significant post-TACE transaminase el-
evation, particularly AST. Hepatic lab 
parameters, including bilirubin, AST, 
ALT, and GGT, showed transient in-
crease to a peak at 24 hours post-TACE, 
with subsequent resolution over the 
course of two weeks. On average, AST 
values increased to more than 1,000 
U/L. The transaminase elevation seen, 
corroborated by similar findings in the 
Chatziioannou et al. (20) study, may be 
suggestive of liver toxicity, hepatocyte 
damage, and cell death that warrant ad-
ditional safety investigation, particular-
ly because such transaminase increase 
has been clinically correlated with 

Figure 1. Day 3 histopathologic assessment (hematoxylin and eosin stain) of VX2 tumor 
following sorafenib TACE in a 3.2 kg rabbit. Image shows nonspecific peritumoral hepatocyte 
ballooning degeneration (arrowheads), demonstrating cellular enlargement and pallor (10× 
magnification). Inset image displays nonmagnified tumor section map. 

Figure 2. Day 7 histopathologic assessment (hematoxylin and eosin stain) of VX2 tumor 
following sorafenib TACE in a 2.9 kg rabbit. Image demonstrates unremarkable appearance of 
peritumoral hepatocytes (arrowheads) (10× magnification). Inset image exhibits nonmagnified 
tumor section map.
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reduced survival outcomes following 
TACE. To this end, investigators who 
developed the Assessment for Retreat-
ment with TACE (ART) score, which 
takes AST levels, Child-Pugh score, and 
radiologic tumor response into account, 
showed that a 25% increase in AST was 
independently associated with poor-
er survival after TACE (26, 27). While 
all of the rabbits treated in the current 
study developed an AST elevation of 
more than 25% baseline level, histolog-
ic assessment of tumors showed only 
nonspecific hepatocyte ballooning de-
generation between days 0–3, similar to 
that seen in prior studies (9), but which 
appeared to resolve by day 7. Nonethe-
less, further exploration is necessary to 
ensure that the transarterial approach 
to sorafenib delivery is not associated 
with prohibitive hepatocyte toxicity.

This study has several limitations. 
First, sorafenib dosing was empirically 
based on peak and therapeutic plasma 
concentrations, although this dosing 
rationale had a strong foundation in 
peak plasma concentrations and ther-
apeutic drug levels for both humans 
(13, 14) and rabbits (Bayer Pharmaceu-
tical Corporation, unpublished data), 
and has previously been explained (9). 
Second, this was a small, preliminary 
study with a limited sample size. Third, 
sorafenib was administered nonselec-
tively from the proper hepatic artery, 
which likely resulted in broad drug de-
livery and a suboptimal degree of liver 
embolization that contributed to high 
systemic drug washout; future studies 
should aim for more selective and oc-
clusive injection to minimize this ef-
fect. Fourth, although widely accepted 
as a preclinical HCC model, the VX2 
tumor is an imperfect surrogate for hu-
man HCC, and sorafenib uptake and 
distribution may not be analogous. 

In conclusion, while transarterial 
delivery of a lipid-emulsified sorafenib 
solution showed high liver tumor to 
normal hepatic tissue uptake ratio, 
this approach resulted in high levels of 
circulating sorafenib while exhibiting 
evidence of early washout from treated 
tumors. Although these findings again 
confirm the viability of targeted intra-
hepatic sorafenib infusion, the degree 
of systemic drug release after conven-
tional sorafenib TACE merit continued 
investigation into alternative delivery 

methods utilizing more embolic deliv-
ery platforms to improve drug seques-
tration and limit systemic release. 
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