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Screening of anticancer drugs for chemoembolization

of hepatocellular carcinoma
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The aim of this study was to select the best candidate drug
for transarterial chemoembolization by in-vitro cytotoxic
evaluations of 11 anticancer drugs on three human
hepatocellular carcinoma (HCC) cell lines. The SNU-398,
HepG2, and SNU-449 human HCC cell lines were
exposed for 30 min to 11 concentrations of doxorubicin,
epirubicin, idarubicin, mitoxantrone, carboplatin, cisplatin,
oxaliplatin, 5-fluorouracil, gemcitabine, mitomycin C, or
paclitaxel. Cytotoxicity was measured using a quantitative
colorimetric assay. For each drug and cell line, we
calculated the drug concentration that caused 90% cell
death (ICg(). To enable comparisons of drugs with different
concentration ranges, we computed the cytotoxic index
(C,D) as the ratio of maximal drug concentration of more
than ICyo. Parameters were estimated using nonlinear
regression models. Idarubicin was the most active drug
on all three cell lines. With SNU-398 cells, the idarubicin
C,l was 2.4-fold, 2.5-fold, 57-fold, 148-fold, and more than
58 748-fold higher than the C,lIs of mitoxantrone, epirubicin,
doxorubicin, gemcitabine, and other drugs, respectively.
With HepG2 cells, the idarubicin C,l was 27-fold, 28-fold,
51-fold, and more than 1343-fold higher than the C,ls

of doxorubicin, epirubicin, mitoxantrone, and other drugs,
respectively. On the resistant SNU-449 cell line, the
idarubicin C,l was 2.9-fold and 14-fold higher than the

Introduction

Hepatocellular carcinoma (HCC) is the fifth most
common malignancy and the third most common cause
of cancer-related death worldwide [1,2]. Only 30% of
patients can receive potentially curative treatments
such as liver transplantation, resection, or percutaneous
ablation [3]. Among palliative treatments, transarterial
chemoembolization (TACE) has a central role. More
specifically, TACE is the mainstay of the treatment of
patients with intermediate-stage HCC (multinodular
asymptomatic tumors without vascular invasion or extra-
hepatic spread) [4].

Two randomized controlled trials (RC'Ts) and two meta-
analyses showed statistically significant survival gains
with TACE in patients with unresectable HCC, com-
pared with supportive care or systemic chemotherapy
[5-8]. TACE has a favorable long-term toxicity profile
[9], and has been used worldwide for several years.
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C,Is of paclitaxel and gemcitabine, respectively, the

only other drugs effective on this cell line. Among 11
chemotherapeutic agents including doxorubicin, cisplatin,
and epirubicin, the most effective on three HCC cell lines
was idarubicin. Further clinical investigations are needed
to evaluate the safety and efficacy of idarubicin for
transarterial chemoembolization in HCC. Anti-Cancer
Drugs 22:741-748 © 2011 Wolters Kluwer Health |
Lippincott Williams & Wilkins.
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However, the TACE procedure varies widely across
centers and interventional radiologists, especially regard-
ing anticancer drugs, doses, embolic agents, methods of
delivery, and schedules [10]. One of the key theoretic
advantages of TACE is tumor exposure to high concen-
trations of the chemotherapeutic agent. Therefore, the
choice of the drug is probably of major importance,
especially as HCC is considered one of the most resistant
tumors to pharmacological treatment [11]. Resistance
to anticancer drugs in HCC is, similar to in other
malignancies, partly related to multidrug resistance
(MDR), an intrinsic or acquired cross-resistance to a
variety of structurally and functionally unrelated drugs
[12]. MDR might be caused by an increased ATP-
dependent efflux of drugs from within to outside the
cells, mediated by MDR proteins belonging to the ATP-
binding cassette transport family. In HCC cell lines,
resistance to doxorubicin and cisplatin, attributed to the
overexpression of MDR proteins, has been previously
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explored [13,14]. Doxorubicin and cisplatin are the most
widely used drugs for TACE [10], but no preclinical
screening studies or RCTs have been published to
support their use rather than that of other agents.
Furthermore, in the literature on TACE, there is no
consensus about the best chemotherapeutic agent or
optimal treatment regimen [10] as survival rates vary
widely. Recently, many studies focused on drug-eluting
microspheres using doxorubicin [15-18], although load-
ing other drugs might be associated with greater
improvements in the treatment efficacy.

Therefore, we designed an in-vitro study to compare the
cytotoxicity of multiple anticancer drugs on human HCC
cell lines with the goal of selecting the best candidate for
TACE in HCC.

Materials and methods

Cell culture

SNU-398, HepG2, and SNU-449 human HCC cell lines
were purchased from the American Type Culture
Collection (Manassas, Virginia, USA). They were all
derived from hepatitis B virus-induced tumors, even
though there is no evidence of a hepatitis B virus genome
in HepG2 cells [19]. The HepG2 cell line was taken
before chemotherapy from a 15-year-old Caucasian boy.
It is widely used for in-vitro studies on HCC and
constitutes the standard cell line in our experiment. The
SNU-398 cell line was obtained from a 42-year Asian man
previously treated with TACE with ethiodized oil plus
a combination of doxorubicin and mitomycin C [19].
In brief, the original tumor was single nodule with
perinodular extensions, and histologically a trabecular
type. SNU-398 cells were selected as the model of
doxorubicin- pretreated cells. The SNU-449 cell line was
taken before chemotherapy from a 52-year-old Asian man
[19]. SNU-449 cells were derived from a tumor with
predominantly compact histology. The main character-
istic of SNU-449 cells is their resistance to various
anticancer drugs [13].

The cell lines were cultured in a CO; incubator at 37°C
in RPMI 1640 (Lonza, Verviers, Belgium) supplemented
with 10% fetal bovine serum. For experiments, cells were
detached with a mixture of trypsin (1g/l) and EDTA
(0.4 /1) in Hanks Balanced Saline Solution (L.onza).

Drugs and concentrations

We tested anthracyclines (doxorubicin, epirubicin, idar-
ubicin, and the related drug mitoxantrone), platinum
derivatives (carboplatin, cisplatin, and oxaliplatin), anti-
metabolites (5-fluorouracil and gemcitabine), the alkylat-
ing antibiotic mitomycin C, and the taxane paclitaxel.
For each drug, we chose the available form (solution
or powder) that produced the highest concentration.
Five drugs were used as solutions: mitoxantrone [Mitoxan-
trone (2 mg/ml); Mylan, Canonsburg, Pennsylvania, USA],

carboplatin [Carboplatine (10 mg/ml); Mylan], cisplatin
[Cisplatine (1 mg/ml); Mylan], 5-fluorouracil [Fluorou-
racile (50 mg/ml); Teva Classics, Petah Tikva, Israel],
and paclitaxel [Taxol (6 mg/ml); Bristol-Myers Squibb,
New York, USA]. Six drugs were used as powder re-
constituted in sterile water: doxorubicin (Doxorubicine;
Sanofi Aventis, Paris, France), epirubicin (Farmorubicine;
Pfizer), idarubicin (Zavedos; Pfizer), gemcitabine (Gem-
zar; Lilly, Indianapolis, Indiana, USA), oxaliplatin (Oxali-
platine; Mylan), and mitomycin C (Ametycine; Sanofi
Aventis).

For each drug, we prepared 11 concentrations from the
highest achievable concentration to the lowest concen-
tration obtained by 1:3” (# = 0-11) serial dilutions (i.e. 1;
1:3; 1:9-1:59049) in Ham’s F10 medium (Lonza).
For solutions, the highest concentration was that of
the undiluted solution. For powders, the highest con-
centration was the maximal reconstitution concentra-
tion recommended by the manufacturers: 37 500 pg/ml
for doxorubicin, 2000 pg/ml for epirubicin, 1000 pg/ml for
epirubicin, 40000 pg/ml for gemcitabine, 5000 pg/ml for
oxaliplatin, and 1000 pg/ml for mitomycin C.

Cytotoxicity assay

Cells were seeded onto 96-well tissue culture plates
(20000 cells/well) and cultured for 72 h until confluence.
After exposure to drugs at various concentrations for
30 min at 37°C, the cells were washed twice with Ham’s
F10 medium and incubated for 4 additional days in a
drug-free fresh culture medium. Cell survival was asses-
sed using a quantitative colorimetric assay as previously
described [20]. In brief, adherent surviving cells were
fixed with 200 pl of pure ethanol for 10 min and stained
with 1% crystal violet in distilled water for 5 min. Excess
dye was flushed out with water and cell-fixed dye was
then eluted using 33% acetic acid. The optical density
(OD) was read at 555-nm wavelength using an automatic
spectrophotometer (Asys Hitech GmbH, Vienna, Aus-
tria). Untreated cells were subjected to the same
experimental protocol without drug exposure and served
as controls (i.e. 100% survival). To maintain strict
comparability, all manipulations were carried out simul-
taneously by three operators who had 3, 4, and 3 years of
experience, respectively, with cell cultures and experi-
mental studies.

Data analysis

Each point of the concentration—survival curves was the
mean = standard deviation of the ratio of treated-cell
OD over corresponding control-cell OD, obtained from
triplicate measurements.

ICso and 1Cyy were defined as the drug concentrations
that caused 50 and 90% cell death, respectively, compared
with the control. To determine ICsy and 1Cq, 11 models
were assessed for each drug on each of the three cell
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lines. The initial model was chosen based on the shape of
the concentration—survival curves. It was then compared
with the following models: logistic models (3-5 para-
meters), log logistic models (2-5 parameters), and four
Weibull models (depending on the number of para-
meters) [21]. The Gompertz model, which resembles
the Weibull model, was not tested. The final model was
selected based on the Akaike’s information criterion and
of residual variance. 1Csy, 1Cqy, and their standard
deviations were calculated using the best model. In this
model, 95% confidence intervals (95% Cls) of 1Cq, were
estimated using the & method.

We also computed the cytotoxic index (Cyl) as the ratio
of maximal drug concentration over 1Cyy for each drug
and each cell line. As an example, a Gyl of 100 indicates
that the drug kills 90% of the cells even when diluted
(1:100).

All models were estimated by nonlinear least squares
regression. Computations were performed using the Stata
10 software (StataCorp, College Station, Texas, USA) and
the R 2.10 software (R Foundation for Statistical
Computing, Vienna, Austria).

Results

Cytotoxicity curves, IC5o, and 1Cqq

Cell survival was plotted according to the drug concen-
tration (Fig. 1). ICsy and 1Cqyo values are reported in
Table 1. The SNU-449 cell line was the most resistant
to anthracyclines (ICso not achieved for doxorubicin,
epirubicin, or the related drug mitoxantrone), except
idarubicin, which was nevertheless less active on SNU-
449 than on the other two cell lines. SNU-449 cells
showed incomplete sensitivity to platinum derivatives,
even at the highest concentration (ICgy not reached).
Apart from idarubicin, the most active agents on SNU-
449 cells were paclitaxel and gemcitabine, which were
completely cytotoxic in high concentrations. In contrast,
anthracyclines and mitoxantrone were active in low
concentrations on SNU-398 and HepG2 cells. The
HepG2 cell line was the most sensitive to platinum
derivatives and mitomycin C. SNU-398 was the most
sensitive cell line to gemcitabine. 5-Fluorouracil was
almost inactive on the three cell lines, except when
undiluted.

Finally, idarubicin was the only drug that was active in
relatively low concentrations on the three HCC cell lines.
The idarubicin I1Coy was 9.9 £ 1.0 pg/ml for the resistant
SNU-449 cell line and was already achieved at the lowest
concentration (0.017 pg/ml) for the SNU-398 and HepG2
cell lines.

Cytotoxic index
Cytotoxicities with the various drug—cell line combina-
tions were readily compared based on the Cyl (Table 2).
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Idarubicin was the only drug for which all three Cls were
greater than 1 and had the highest Gyl for each cell
line. With SNU-398, the idarubicin CyI was 2.4-fold
(80900/33438) higher than that of mitoxantrone, 2.5-
fold (80900/32102) higher than that of epirubicin, 57-fold
(80900/1412) higher than that of doxorubicin, 148-fold
(80900/548) higher than that of gemcitabine, and more
than 58 748-fold higher than that of the other drugs.
With HepGz2, the idarubicin Gyl was 27-fold (68 488/
2574) higher than that of doxorubicin, 28-fold (68 488/
2421) higher than that of epirubicin, 51-fold (68 488/1340)
higher than that of mitoxantrone, 1343-fold (68488/51)
higher than that of mitomycin C, and more than 5205-
fold higher than that of the other drugs. With the
resistant SNU-449 cell line, only two other drugs,
paclitaxel and gemcitabine, had Cyls greater than 1.
"The idarubicin CyI with these cells was 2.9-fold (101/35)
higher than that of paclitaxel and 14-fold (101/7) higher
than that of gemcitabine.

Discussion

A recent systematic review of chemotherapeutic regi-
mens in 52 studies of TACE showed that the most widely
used anticancer drugs were doxorubicin (36%), cisplatin
(31%), epirubicin (12%), mitoxantrone (8%), and mito-
mycin C (8%) [10]. Carboplatin and 5-fluorouracil are
used as well [10]. This review did not suggest that one
drug might be superior over the others. The optimal drug
for TACE in HCC remains unclear, for several reasons.
First, to our knowledge, no preclinical screening study has
compared the efficacy of the drugs currently used for
TACE in HCC. Second, although systemic chemotherapy
has been extensively investigated over the past 30 years
in patients with unresectable HCC, it is widely con-
sidered ineffective, regardless of the drug used [3,11].
Third, the considerable heterogeneity in the design of
TACE RCTs regarding patients’ characteristics, proce-
dure modalities, embolizing agents, methods of delivery,
doses of anticancer drug(s), and control arms, is a major
obstacle to comparisons of drugs used in these studies.
Finally, even if two TACE RCTs have specifically com-
pared the efficacy of two drugs (doxorubicin and epi-
rubicin) injected under the same conditions, they failed
to demonstrate significant survival difference between
them [22,23]. Therefore, we designed this intrinsically
unbiased in-vitro study, in which observed cytotoxic
effects were related only to the drugs, with no influence
of confounding factors such as administration modalities.
Moreover, the identical and simultaneous experimental
conditions allowed reliable comparisons of the chemo-
therapeutic agents.

Few studies [24-26] have evaluated the cytotoxicity of
anticancer agents on HCC cell lines, and none screened
more than four agents. Their results are not relevant
to TACE in HCC, for several reasons. First, the drugs
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commonly used for TACE were not tested in these
studies. Second, the main calculated parameter was 1Cs,
although 50% cytotoxicity is probably not relevant to the
goal of achieving a complete response after one or a
few TACE sessions. Finally, HCC cell lines were exposed
to the drugs for 3-96h [24-26], whereas Varela ez al.
[15] recently showed that doxorubicin release into
the systemic circulation peaked only 20-40 min after
the injection, whether TACE was performed using the

conventional procedure or the DC Bead (Biocompatibles,
Surrey, UK).

In our preclinical study, we tested a large variety of
drugs with different action mechanisms. We selected not
only the drugs commonly used for TACE of HCC [10]
but also other anticancer agents for the following rea-
sons: idarubicin because of its high hepatic penetration
compared with other anthracyclines [27], and its ability

Fig. 1
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Fig. 1 (continued)
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Comparative cytotoxicity of (a) doxorubicin, (b) epirubicin, (c) idarubicin, (d) mitoxantrone, (e) carboplatin, (f) cisplatin, (g) oxaliplatin, (h) 5-
fluorouracil, (i) gemcitabine, (j) mitomycin C, and (k) paclitaxel on SNU-398, HepG2, and SNU-449 hepatocellular carcinoma cell lines. Cells were
exposed to 11 concentrations of each drug for 30 min, and cytotoxicity was measured by a quantitative colorimetric assay as described in Materials
and methods section. Cell survival was expressed as a percent of control-untreated cells. Each point was the mean * standard deviation obtained
from triplicate measurements. SNU-398: continuous black line; HepG2: dashed black line; SNU-449: dotted black line.

to overcome glycoprotein (PgP)-related MDR [28]; than doxorubicin in terms of antiproliferative activity
paclitaxel, to test one microtubule-stabilizing taxane, and in the induction of cell death in histocultures of
and because this drug has proved to be more potent HCC [25]; and gemcitabine and oxaliplatin because the
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Table 1 ICs0 and ICqq of 11 drugs on the SNU-398, HepG2, and SNU-449 HCC cell lines

SNU-398 HepG2 SNU-449
Drug ICs0 ICq0 ICs0 ICq0 ICs0 ICq0
Doxorubicin 6.210.1 27+3 0.00005 +0.00009 15+£23 NA NA
Epirubicin 0.022+0.002 0.062%0.007 0.019+0.002 0.82+0.21 NA NA
Idarubicin 0.0080.0003 0.012+0.001 0.009%0.0002 0.014£0.001 0.019+0.004 9.9+1.0
Mitoxantrone 0.021 £0.006 0.060+0.020 0.047+£0.011 1.5+09 NA NA
Carboplatin 5890+ 524 75551541 649134 1639+179 2261+92 NA
Cisplatin NA NA 1265 282110 16619 NA
Oxaliplatin 37611457 NA 104+6 380+34 104350 NA
5-Fluorouracil 2935117813 36309+ 7827 353691242 NA 38664+ 1580 NA
Gemcitabine 0.0006 +0.002 73177 1854+ 1005 NA 662+ 207 56681317
Mitomycin C 606+ 86 804159 6.11£0.4 19+1 NA NA
Paclitaxel 0.6610.40 NA 206+ 142 NA 38+15 17118

ICs0 and ICqy, were defined as the drug concentrations associated with 50 and 90% cell death, respectively. Data are the mean * standard deviation. Values (in pg/ml)
were calculated from the transformation of concentration—survival curves using nonlinear regression models as described in the Materials and methods section.
HCC, hepatocellular carcinoma; ICs and 1Cgo, 50 and 90% cell death; NA, not achieved.

Table 2 Cytotoxic indexes of 11 drugs on SNU-398, HepG2, and SNU-449 HCC cell lines

Drug SNU-398 HepG2 SNU-449
Doxorubicin 1412 (1155-1815) 2574 (584-NC) ND
Epirubicin 32102 (25806-42 485) 2421 (1568-5309) ND
Idarubicin 80900 (68 027-99 602) 68 488 (60240-79 063) 101 (83-129)
Mitoxantrone 33438 (19980-102364) 1340 (561-6536) ND
Carboplatin 1.3 (1.2-1.6) 6.5 (5.1-8.9) ND
Cisplatin ND 3.6 (3.3-3.8) ND
Oxaliplatin ND 13 (11-17) ND
5-Fluorouracil 1.4 (1.0-2.5) ND ND
Gemcitabine 548 (172-NC) ND 7 (3-27)
Mitomycin C 1.2 (1.0-2.2) 51 (44-61) ND
Paclitaxel ND ND 35 (18-69)

Data are cytotoxic indexes (C,ls), with 95% confidence intervals in parentheses. C,| is the ratio of the maximal drug concentration over corresponding ICqgo.
HCC, hepatocellular carcinoma; ICso and ICgo, 50 and 90% cell death; NC, not calculable (ICgo 95% confidence interval lower boundary =0); ND, not determined (ICg

not achieved).

combination of the two drugs, widely tested in oncology
during the past years, has also demonstrated its interest
when administered by the intravenous route in patients
with advanced HCC [29].

We determined not only ICs, but also 1Cyg to identify the
most potent agents, and we treated the cells for only
30 min to take into account the short drug-residence time
in the liver and for a more strict selection of the most
cytotoxic drug. Finally, we calculated C,l to approach in-
vivo conditions, as objectively comparing efficacy across
drugs having different concentrations is challenging. The
Cyl, which reflects the highest dilution having 90%
cytotoxicity, is useful for comparing drugs expected to
undergo gradual dilution in the hepatic arterial blood flow
during TACE.

One of our most striking findings concerns doxorubicin.
Although doxorubicin is the most widely used drug
worldwide for TACE in HCC [10], it fell far short of
being the most effective drug in our study. Interestingly,
we found considerable heterogeneity in the drug activity
across cell lines, although all three cell lines tested were
induced by viral infection [19]. This heterogeneity may
partly be explained by the short 30-min exposure time in

our experiment. With longer exposure time, cytotoxicity
would probably be higher for some drugs, especially
those with a known time-dependent activity. As an
example, it has been demonstrated that gemcitabine
significantly inhibits the growth of HCC cells (HepG2,
Hep3B, HLE and PLC/PRF/5) in a dose-dependent and
time-dependent manner [30]. Moreover, the investiga-
tors of this study have shown that gemcitabine inhibits
the growth of these cells by cell cycle arrest without
apoptosis and that the ERK/Chk1/2 signaling pathway
was in part responsible for the resistance to the drug [30].
In our experiment, the HepG2 cell line was effectively
resistant to gemcitabine (ICqy not achieved).

"This variability in cell sensitivity to anticancer agents may
help to explain why partial response is reported in up to
62% of patients treated with TACE [10], and that
corresponding median survivals rarely exceed 2 years [8].
To increase the probability of a complete response, the
drug used for TACE in HCC must have high cytotoxicity
at low concentrations. The only drug that met this
criterion with all three cell lines in our screening study
was idarubicin, which had high CjIs (101-80900).
The superiority of idarubicin in terms of cytotoxicity
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was observed most notably on the SNU-449 cell line,
which we selected for its known resistance to various
chemotherapeutic agents [13]. The SNU-449 cell line
was effectively the most resistant cell line in our
experiment.

Idarubicin is an anthracycline that is widely used to treat
acute leukemia [31]. It is administered through the
intravenous route, for which the dose-limiting toxicity is
hematological toxicity, manifesting chiefly as neutropenia
[32]. Idarubicin has never been used through the intra-
arterial route but has been tested orally in 45 patients
with cirrhosis and unresectable HCC who received 5 mg
dose daily for 21-day periods separated by 7-day intervals
[33]. With a median number of four treatment periods
(1-14) and a median time to progression of 4 months (2—
17), the investigators concluded that idarubicin was safe
and active in patients with cirrhosis. In addition to its
powerful cytotoxic effect, other advantages of idarubicin
for TACE in HCC may include an ability to overcome
MDR. MDR is mainly attributed to the action of two
proteins, the 170-kDa Pgp and the 190-kDa MDR-
associated protein (MRP1), which pump drugs out of
MDR cells [34-36]. Although Pgp-mediated and MRP1-
mediated anthracycline efflux may not differ considerably
across drugs, drug-uptake Kkinetics varies widely [37].
Thus, an enhanced uptake of a lipophilic drug such as
idarubicin [38] leads to high intracellular concentrations,
which are necessary to achieve cytotoxicity against MDR
cells. Thus, idarubicin was more effective  vitro than
other anthracyclines on MDR leukemia cell lines [28,39].
This property of idarubicin is of major importance, as
MDRI and MRPI genes, and their products, Pgp and
MRP1, are intrinsically expressed by HCC cells [14,40].
Known Pgp overexpression in SNU-449 cells [13,24] may
explain the high resistance to anthracyclines (except
idarubicin) that we observed in our experiment. This
finding is in line with the results of Park ¢z @/ [13], which
showed a close association between MDR1 gene expres-
sion in nine HCC cell lines and their resistance to
doxorubicin. Moreover, high MRP1 gene expression in
HCC is associated with a growth advantage and a more
aggressive phenotype by pumping toxic substances out of
the tumor cells [40]. Finally, another interesting property
of idarubicin is its ability to be loaded in microspheres.
The positively charged protonated amine group of
idarubicin hydrochloride can interact with the negatively
charged sulfonate of the microspheres, as occurs with
doxorubicin hydrochloride as well.

Our study has several limitations. First, for technical
reasons and to keep the experimental conditions strictly
identical for all drugs, we limited the number of cell lines
to three and the number of drugs to 11. Second, we used
HCC cell lines of viral origin only, as no HCC cell lines
related to alcohol abuse are available. Consequently, our
results need to be confirmed in HCC related to alcohol
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abuse. We studied cytotoxicity after exposure to a single
drug. The cytotoxic effect may be greater when several
drugs are used, including molecular-targeted therapies.
Given the large number of possible combinations, our
screening study may be of assistance for designing in-
vestigations of combined therapies. Finally, our study was
not designed to explore the mechanisms, which could
explain the highest cytotoxicity of idarubicin.

In conclusion, our experimental screening study of 11
chemotherapeutic agents including the most commonly
used drugs for TACE (doxorubicin, cisplatin, and epi-
rubicin) demonstrated that idarubicin was the most
effective drug i vitro, especially on the resistant SNU-
449 cell line. On the basis of this encouraging result, a
dose-escalation phase I trial of TACE in patients with
unresectable HCC is ongoing with idarubicin-loaded
microspheres.
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