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Abstract

Liver cancer is the third most common cause of death from cancer worldwide. Hepatocellular carcinoma
(HCC) accounts for 80 — 90 % of all primary liver cancers. The mortality of HCC is high, and the treatment
options are limited. Doxorubicin exhibits a broad spectrum of anti-tumour activity. When administrated
via the hepatic artery, doxorubicin showed anti-tumour effects and partial response in HCC patients. In
this mini review, we will first outline the treatment options for HCC. Then, we will briefly discuss the
pharmacological, toxicological and pharmacokinetic aspects of doxorubicin. Finally, we will review the
new developments and future directions of using doxorubicin in the therapy of HCC.
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1. Introduction

Liver cancer is the third most common cause of death from cancer worldwide. Globally, over 600,000
people develop liver cancer and the fatality rate is high [1]. The highest incidence of liver cancer occurs
mostly in developing countries, such as in sub-Saharan Africa and Eastern Asia, and especially in men: the
overall male: female sex ratio is about 2.4 [1]. Regions with low incidence include North and South America,
Australia, and Northern Europe. Hepatocellular carcinoma (HCC) accounts for 80 — 90 % of all primary liver
cancers [2]. Patients with cirrhosis exhibit a high probability of developing HCC [3]. Many factors can lead to
the development of cirrhosis. These include: infection with the hepatitis B or hepatitis C viruses, alcoholism,
inherited metabolic diseases, diabetes and smoking as well as exposure to aflatoxins, which is a group of
mycotoxins produced by the Aspergillus fungus in foodstuffs like corn and peanuts during storage in warm,
damp conditions [4-7].

Doxorubicin was one of the early anthracyclines, isolated from Streptomyces peucetius almost four
decades ago [8]. It has been regarded as one of the effective chemotherapy drugs for cancer treatment [9].
Unfortunately, the clinical uses of this drug are hampered by cumulative cardiotoxicity, with the risk
becoming ever greater at cumulative doses > 550 mg/m? [10]. In HCC chemotherapy, clinical studies
showed that systemic administration of doxorubicin showed limited clinical benefits. However, when the
drug was given by the hepatic artery route, tumour shrinkage and partial responses were seen in 30 — 70 %
of patients, usually associated with some form of hepatic artery occluding agent [11].
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There are ongoing intensive preclinical and clinical efforts to search for better drugs and treatment
regimens for HCC. While the research continues, it is valuable to pursue a deeper understanding of old
drugs like doxorubicin, with the broad aims of identifying and/or devising new strategies for its better use
in patients. In this mini review, we will first outline the treatment options for HCC. Then, we will briefly
discuss the pharmacological, toxicological and pharmacokinetic aspects of doxorubicin. Finally, we will
review the development and future directions of using doxorubicin in therapy for HCC.

2. Treatment options for hepatocellular carcinoma

HCC is often diagnosed late in its course, partly because of the lack of distinctive pathological symptoms
[12]. As a result, the prognosis is poor, with a median survival of 1 — 8 months and a 5-year survival rate of
only 3 % [13]. Despite the progress in early diagnosis [14], the treatment options are limited. Hepatic
resection and liver transplantation represent the curative treatment options, offering the prospect of cure
with 5-year survival rates of up to 50 [15,16] and 70 % [17,18], respectively.

However, only 10 — 20 % of patients are suitable for surgical resection due to the burden of hepatic
tumour, the presence of extrahepatic spread, or the extent of underlying liver disease. Liver transplantation
is the only surgical option for HCC patients with impaired liver function. In view of the severe shortage of
liver donors, hepatic resection is still regarded as the mainstay of therapy in patients with preserved
hepatic function. For non-surgical patients with early stage HCC, ablative techniques could be beneficial.
Commonly used liver-directed therapies include percutaneous ethanol injection and radiofrequency
ablation (see also section 5.3). Other investigative techniques include percutaneous acetic acid injection
[19], microwave coagulation [20], cryoablation [21], and laser thermotherapy [22].

Chemotherapy is often used to slow the progress of advanced liver cancer [23]. Typically, this involves
systemic administration (either intravenous or oral) of anti-cancer drugs such as doxorubicin, 5-fluorouracil,
or cisplatin. Even these drugs shrink only a small portion of tumours and the responses often do not last
long. In particular, the side effects and cardiotoxicity of doxorubicin can limit its routine use at an
efficacious dose. Targeted chemotherapy, represented by newer drugs such as sorafenib, has been shown
to slow the growth of advanced liver cancer and exhibit less severe side effects [24]. Sorafenib is a potent
multikinase inhibitor with antiangiogenic and antiproliferative properties. It targets the serine-threonine
kinases Raf-1 and B-Raf, the tyrosine kinases of vascular endothelial growth factor receptors (VEGFR-1/2/3)
as well as the platelet-derived growth factor receptor B (PDGFR-B). Cellular signalling in connection with
Raf-1 and VEGF plays an important role in the development of HCC [25]. With this new treatment, median
survival and time to radiologic progression were extended by about 3 months for patients with advanced
HCC [25].

Over the years, clinical studies have been carried out to broaden the treatment options. These include
radioembolotherapy, adjuvant therapy, and intra-arterial approaches [26,27]. Palliative therapies via
transarterial chemoembolization (TACE) are used for liver cancer not amenable to surgical procedures
[28,29]. In the next section (2.1), we will briefly discuss the TACE procedure.

2.1. Transarterial chemoembolization (TACE)

Figure 1 shows a schematic diagram of a TACE procedure, which involves combined intra-arterial
administration of cytotoxic anticancer drug(s) and embolization agent(s) into a liver tumour.
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Figure 1. Schematic diagrams show: (A) targeted intra-arterial infusion of anti-cancer drugs leading to
high local concentration at the cancerous mass, (B) the infusion of embolization particles leading to
ischemia of the cancerous mass, and (C) the intra-arterial infusion procedure which involves placement
of a catheter through the femoral artery into a branch of the hepatic artery (anti-cancer drugs,
embolization particles, or drug eluting beads can be delivered to the cancerous mass).
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A multidisciplinary team consisting of a surgeon, clinical oncologist and radiologist in a hospital usually
conduct the procedure. There are variants on these transarterial techniques, which are dependent on the
experience of the clinical specialists and the particular treatment protocols of the hospital. The simplest
form of transarterial chemoembolization (TACE) involves a 2-step process, namely, (1) intra-arterial
administration of chemotherapeutic agents into the tumour-feeding artery via an intra-arterially inserted
catheter, and (2) selective embolization of the tumour-feeding artery. Some investigators refer to this
approach as conventional TACE. The liver has a unique dual blood supply from both the portal vein and the
hepatic artery. The normal parenchyma of the liver receives two-thirds of its necessary blood supply from
the portal vein and receives the remaining one-third from the hepatic artery. Hypervascular tumours such
as hepatocellular carcinomas (HCCs) receive their blood supply mainly from the hepatic artery [30,31].
Thus, intra-arterial infusion of a cytotoxic anticancer drug (see section 2.2) with a viscous oily material,
lipiodol, followed by embolization of the artery with embolic agent(s) which themselves will occlude the
arterial blood supply to the tumour, cause an infarct and subsequent necrosis of the tumour. Embolic
agents commonly used in TACE procedure include gelatin sponge, polyvinyl alcohol (PVA) particles, and
degradable starch microspheres.

TACE treatment for liver malignance can induce extensive tumour necrosis in most patients. However,
the ability of TACE to induce tumour necrosis does not necessarily mean longer survival rates for HCC
patients. Almost 70 — 80 % of patients treated with TACE die due to tumour progression during follow-up
because of the eventual re-growth of residual tumour cells after regaining a vascular supply or remote
recurrence of tumours in other areas of the liver [32]. TACE is not indicated for curative therapies. In 2002,
two randomized controlled trials (RCTs) from Hong Kong [33] and Spain [34] showed the survival benefits of
TACE compared to the best conservative treatment. These RCTs were followed by cumulative meta-
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analyses that included all published RCTs [35,36], showing that TACE significantly reduced the overall 2-year
mortality rate compared to control patients who received conservative or inactive treatments.

2.2. Cytotoxic anticancer drugs

In TACE, the most common cytotoxic drugs are doxorubicin, followed by cisplatin, epi/doxorubicin,
mitoxantrone and mitomycin C. The dose of the cytotoxic drug given depends on the size of the tumouir,
the position of the catheter, the patient’s liver function, and the response to previous courses of TACE, if
any. However, the criteria for determining the dosages of chemotherapeutic agents are variable and not
standardized: some clinicians prefer to factor in the patient's body surface area, weight, tumour burden or
bilirubin level, while others use a fixed dose. In some early studies, 40 — 100 mg of doxorubicin [37] or 10 —
70 mg of cisplatin [38] per session was used. A few randomized controlled trials (RCTs) failed to show
significant differences in survival between the use of doxorubicin and other drugs such as cisplatin or
epirubicin and, to date, there is no evidence of the superiority of any single chemotherapeutic agent over
other drugs or for mono-drug chemotherapy versus combination chemotherapy. In the United States, the
most common combination of chemotherapeutic agents includes a mixture of 100 mg cisplatin, 50 mg
doxorubicin and 10 mg mitomycin C. It should be noted that some of the commonly used cytotoxic drugs in
TACE, such as doxorubicin, could be infused directly into the systemic circulation for cancer chemotherapy
but patients who receive this treatment may suffer from serious side effects (e.g. cardiac toxicity) [10].
Moreover, efficacy could be compromised by suboptimal drug concentration at the liver, since the dose
distribution is mainly achieved via the systemic circulation. Indeed, the local drug concentration could be
further limited by the fact that doxorubicin cannot diffuse very far through tissue that is necrotic, and the
drug is not carried to the site when the neighbouring microvasculature is destroyed [39].

2.3. Drug eluting beads

More recently, advances have been made in materials design, such that the embolic agent itself can also
be a drug carrier, which appears to be a more convenient and efficient procedure. Specifically, these drug-
loaded carriers are directly injected intra-arterially for the treatment of liver cancer in a single operation.
This kind of drug carrier is referred to as a drug-eluting bead (DEB) in the literature. A typical example
includes the DC Bead (Biocompatibles, Surrey, UK), which has undergone clinical investigations [40,41]. DC
Beads are indicated for the treatment of a variety of malignant hypervascularised tumours, including HCC.
It is a PVA based microspherical embolization agent, prepared from N-acrylamidoacetaldehyde derivatized
polyvinyl alcohol copolymerized with 2-acrylamido-2-methylpropane sulfonate. The presence of the anionic
sulphonate group enables the sequestering of positively charged drugs, such as doxorubicin, epirubicin or
irinotecan, by Coulomb charge interactions. The drug is slowly released from the beads at the site of
administration. In particular, the interventional procedure is greatly simplified as the drug (e.g. doxorubicin)
and the embolizing device (the sulfonate-modified PVA bead) are delivered at the same time, which greatly
facilitates the local and sustained delivery of the drug.

DC Beads are generally supplied in a hydrated form in a saline solution of suitable ionic strength in a vial.
Before performing embolization, the saline solution is removed and the drug solution at the suggested
concentration is mixed with the beads and left for an appropriate time, depending on the drug, the loading
solution concentration and the bead size. Typically, loading will require a minimum of 20 minutes for the
smallest bead size and up to 120 minutes for the largest. The beads are available in different size ranges:
100 — 300 um, 300 — 500 um, 500 — 700 um, and 700 — 900 um. Different drug loadings, varying from 5
mg/mL to 45 mg/mL of hydrated beads, have been reported [42]. The recommended maximum dose of
doxorubicin administered per treatment is 150 mg (75 mg/m?), with a maximum recommended lifetime
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dose of 450 mg/m? in light of cardiac toxicity induced by the drug when it is introduced systemically [43].
Drug-loaded beads can be aspirated directly for the catheter delivery procedure. Patients may receive three
or four chemoembolization treatments within 6 months. It has been demonstrated that DC Bead spheres
can easily be loaded with doxorubicin to a recommended level of 25 mg/mL hydrated beads [42].

Lammer et al. reported a clinical study comparing DEB-TACE (intra-arterial injection of DC Beads loaded
with doxorubicin) with conventional TACE (intra-arterial injection of doxorubicin in lipiodol followed by
particle embolization with an embolic agent, such as PVA particles) for the treatment of cirrhotic patients
with HCC [44]. The patient group treated with DEB-TACE showed higher response rates than the group
treated with conventional TACE. Despite the hypothesis of superiority not being met, the clinical data
suggested that the drug eluting bead treatment offered improved tolerance, with a significant reduction in
serious liver toxicity, and a significantly lower rate of doxorubicin-related side effects [44]. In a more recent
clinical study [45], Malagari reported the meta-analysis on the 5-year survival of HCC patients treated with
DEB-TACE. It has demonstrated good responses, with overall survival rates of 93.6, 62, and 22.5 % at 1, 3,
and 5 years after sequential sessions of DEB-TACE in HCC patients not amenable to curative treatments.
Thus, DEB-TACE appears to be safe and effective in the treatment of HCC and could offer a benefit to
patients.

Regardless of the means of implementation, TACE is able to offer highly concentrated doses of
chemotherapy for effective delivery to the tumour bed, while sparing the surrounding hepatic parenchyma
[46]. Moreover, particle embolization of the tumour-feeding arteries sustains the effects of the
chemotherapy by reducing its washout, allowing prolonged contact with the tumour. As a result, selective
arterial obstruction-induced ischemic tumour necrosis is achievable while minimizing any damage to
normal liver tissue, as the blood supply to the normal liver tissue is still maintained by the dominant blood
flow from the portal vein. This combination of embolotherapy and regional chemotherapy has synergistic,
anti-tumour effects, resulting in a high objective response rate.

In next two sections, we will turn our attention to the pharmacology, toxicity and pharmacokinetics of
doxorubicin.

3. Pharmacology and toxicity of doxorubicin

Doxorubicin is a cytotoxic anthracycline antibiotic isolated from cultures of Streptomyces peucetius. It
consists of a naphthacenequinone linked through a glycosidic bond at ring atom 7 to an amino sugar,
daunosamine, with the structural formula shown in Fig. 2.

Figure 2. Structure of doxorubicin.
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The tetracyclic ring system is lipophilic, but the saturated end of the ring system contains several groups
and the amino sugar, which forms a hydrophilic centre. The molecule itself is amphoteric, containing acidic
functions in the phenolic groups and a basic function in the sugar amino group.

Doxorubicin is now widely used in the treatment of several of the most commonly diagnosed
malignancies including leukaemia, lymphoma, bronchogenic, and traditional cell bladder carcinoma, as well
as in the treatment of Wilms’ tumour, neuroblastoma, sarcoma, and carcinoma of the breast, ovary, and
stomach [47]. Liposomal doxorubicin formulations (Doxil® or Lipodox®) have been developed to improve
the therapeutic index of doxorubicin for use in conventional chemotherapy (systemic administration) while
maintaining its anti-tumour activity. These liposomal formulations have been used for the treatment of
metastatic breast/ovary cancers and of AIDS related Kaposi’s Sarcoma [48]. Doxorubicin in a heat sensitive
liposome formulation has been given an Orphan designation (EU/3/10/833) in Europe for the treatment of
hepatocellular carcinoma [49].

Despite extensive clinical utilization, the exact mechanisms of action of doxorubicin in cancer cells
remain a matter of controversy. For instance, doxorubicin has been reported to have at least seven
different means of producing cellular dysfunction or death [50]. It is generally believed that the cytotoxic
effects of doxorubicin on cancer cells are related to nucleotide base intercalation. In particular, the drug
molecule stabilizes the topoisomerase Il complex after it has broken the DNA chain for replication,
preventing the DNA double helix from being resealed and thereby stopping the process of replication.
Crystallographic data [51] suggest that the planar tetracyclic portion of the molecule intercalates between
two base pairs of the DNA, while the sugar amino group sits in the minor groove and interacts with flanking
base pairs immediately adjacent to the intercalation site. Moreover, it has been suggested that doxorubicin
activates p53-DNA binding, leading to induced apoptosis [52,53]. Doxorubicin-induced apoptosis may result
in therapeutic effects and/or toxicities.

Doxorubicin may undergo a cascade of free radical processes in normal and cancer cells. Typically this
involves interactions of the molecule with the cell's electron transport chain, specifically the cytochrome
P450 reductase (P450R) [54,55]. As shown in Fig. 3, the quinone moiety readily accepts the transfer of a
single electron to form the semiquinone free radical, which could be directly cytotoxic in hypoxic
environments via covalent modification of cellular macromolecules. Under aerobic conditions, the
semiquinone radicals can shuttle electrons to molecular oxygen, giving rise to superoxide anion radicals
[56-59]. These toxic intracellular radicals can be further converted to hydrogen peroxide and hydroxyl
radicals, which can directly damage DNA, RNA, lipids, and proteins [60,61]. This oxidative stress mechanism
appears to be a contributor to doxorubicin’s ability to cause cell death, as well as its dose-limiting
cardiotoxicity. In the process of electron shuttling, the doxorubicin ring system is restored to its original
state and can be available for additional redox cycling reactions.
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Figure 3. Simplified schematic of the redox cycling of doxorubicin.

The major doxorubicin metabolite in humans is doxorubicinol, which is produced via the cytosolic
carbonyl reductase-catalyzed reduction of the ketone at C-13 on the parent drug (Fig. 2) [62,63]. Reductive
deglycosylation at C-7 by P450R leads to formation of the 7-deoxy-doxorubicinol metabolite.
Pharmacokinetic studies in humans revealed that doxorubicinol and 7-deoxy-doxorubicinol were the
metabolites detected in vivo [64]. Doxorubicinol also exhibits antiproliferative and antineoplastic
properties. Because doxorubicinol is more polar than the parent drug molecule, it is less likely to traverse
through the cell membrane back to the extracellular space. Hence, it is more likely to stay inside cells,
increasing its cytotoxic effects [65,66]. 7-deoxy-doxorubicinol is considerably less potent in inhibiting
tumour growth in a mouse lymphocytic leukaemia cell line [67]. It has been suggested that doxorubicinol
could accumulate in the heart and contribute significantly to the chronic cumulative cardiotoxicity of
doxorubicin therapy [68].

Three types of toxicities are recognized for doxorubicin, namely acute, chronic, and local. The acute
toxicities including nausea, vomiting, blood count suppression, and stomatitis are usually dose limiting.
Also, alopecia occurs in more than half of patients receiving standard intermittent doses [9]. Congestive
heart failure and dilated cardiomyopathy are chronic toxicities of doxorubicin that have received
considerable attention [10] and generated much worry, especially when patients have received large
cumulative dosages. Pathologic findings from patients’ endomyocardial biopsies revealed loss of myofibrils,
dilation of the sarcoplasmic reticulum, vascular degeneration, swelling of mitochondria, and increased
numbers of lysosomes. This morphologic pattern has also been seen in rodents (e.g. mice and rats) dosed
with doxorubicin, suggesting the existence of a species-independent pathway leading to these morphologic
changes [69]. An early clinical study demonstrated a 10 % incidence of clinical cardiomyopathy at a
cumulative doxorubicin dosage of 550 mg/m?, with a sharp increase in the incidence curve at progressively
higher dosages [10]. However, it has been reported that the probability of clinical congestive heart failure is
never zero with any dose of doxorubicin, with some patients developing this complication even after a
single dose [70]. Long-term follow-up is usually necessary because congestive heart failure may develop
several years after therapy is completed. Although the mechanisms leading to the cardiotoxicity are not
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fully understood, these are thought to related to the activities of toxic metabolites, particularly
doxorubicinol, and to the generation of reactive oxygen species within the cardiomyocytes (see Fig. 3). The
most common hypothesis of doxorubicin-induced cardiotoxicity is the oxidative stress theory, where the
principal toxic mechanisms involve iron and redox reactions [71]. It has been reported that when
cardiomyocytes are exposed to doxorubicin, activation of the nuclear transcription factor NFkB and
apoptosis occurred after redox cycling and formation of superoxide anion radicals and hydrogen peroxides
[72]. Moreover, it has been shown that iron (Fe(ll)) plays a key role in lipid peroxidation [73]. Because cells
have very little or no free iron available to catalyse free radical reactions [74], it is conceivable that
doxorubicin and doxorubicinol mediate iron release from ferritin and other cellular stores [73,75]. Toxic
effects on a number of mitochondrial functions have been reported for metabolites of doxorubicin [76,77].

Two local toxicities of doxorubicin with potentially devastating consequences are extravasation skin
injury (necrosis) [78] and the radiation recall reaction [79]. The development of extravasation skin injury in
connection with doxorubicin is largely related to the therapy being given by intravenous infusion. With this
route of administration, tissue damage can occur in close proximity to the infusion site, probably due to the
drug is being absorbed by local cells in the tissue leading to cell death. The radiation recall reaction, which
remains a poorly understood phenomenon, occurred in patients who had had prior irradiation for
neoplastic disease. The observed reactions were painful, erythematous, and warm dermatitides located
precisely in the previous field of irradiation.

4. Pharmacokinetics of doxorubicin

4.1. Systemic administration

Doxorubicin exhibits linear pharmacokinetics after intravenous administration. It is widely distributed in
the plasma and tissues, with a volume of distribution exceeding 500 L/m?. It undergoes triphasic plasma
decay, with an initial half-life (t1,,) of 4.8 min, a ty,5 of 2.6 hours and a terminal ty,,, of about 48 hours [80].
In patients with normal liver function, hepatic clearance is high and more than 50 % of the drug is excreted
in the bile within 7 days after treatment. Due to the important role of hepatic metabolism and biliary
excretion, patients with liver dysfunction show a rather different pattern in drug distribution. In particular,
the half-life and AUC were found to be increased almost by 3-fold (and clearance decreased by almost 3-
fold) compared with patients with normal hepatic function [81].

On the other hand, the pegylated liposomal formulations of doxorubicin showed somewhat different
pharmacokinetic performance. The presence of the outer polyethylene glycol polymer layer greatly reduces
uptake of the drug by the reticulo-endothelial system, resulting in prolonged circulation in the plasma,
relatively little tissue distribution and reduced volume of distribution. The pharmacokinetics are reported
to be biphasic, with half-lives of 1 — 3 hours and 30 — 90 hours, respectively. The AUC after a dose of 50
mg/m?’ is approximately 300-fold greater than that with free drug [82]. Clearance is drastically reduced
(250-fold). Tumour neovasculature has been reported to permit penetration of liposomal doxorubicin into
tumour tissue [82]. It has been shown that in a preclinical model, the hepatic distribution of liposomal
doxorubicin was restricted to the vascular space and the liposomes were unable to pass through the
fenestrations in the sinusoidal endothelium of the liver [83]. This observation may offer insight into the
reduced hepatic metabolism of liposomal doxorubicin, since the drug is unable to gain access to the
hepatocytes.

In HCC patients, it has been shown that when doxorubicin is dosed intra-arterially (without any
subsequent embolization procedure), the pharmacokinetics is very similar to that of the intravenously
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dosed drug [84]. In other words, the drug disappearance profiles obtained from intra-arterial and
intravenous administrations were similar. Clearly, intravenous or intra-arterial administration of
doxorubicin alone may not necessarily be able to deliver a sufficient drug concentration to a hepatic
tumour.

4.2. DEB and locoregional administration

Next, we turn our attention to DEB, namely the DC Beads loaded with doxorubicin. The in vitro elution
kinetics of doxorubicin from DC Beads has been assessed using a T-cell apparatus, with a schematic

depicted in Fig. 4 [42].
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Figure 4. Schematic diagram of the T-cell apparatus (citation see text).

It has been shown that the doxorubicin did not release from the beads when the elution medium was
pure water. When the elution medium contained ions and phosphate-buffered saline solution, reproducible
and sustained release profiles were achievable. With a drug load of 25 mg/mL bead, it has been shown that
the rate of drug release from 700 — 900 um beads was slower than that from 100 — 300 um beads, with
half-lives of 1,730 and 150 hours, respectively [42]. These half-life data translate to less than 1 % and 20 %
of drug being released over 24 hours from the total available drug loaded on the 700 — 900 um beads and
100 — 300 um beads, respectively. These in vitro data nicely demonstrated a sustained and controlled
delivery of the doxorubicin without any burst effect, which may otherwise lead to acute toxicity in vivo. In a
subsequent study [85], it was shown that the loading and release of doxorubicin followed a dose-response
curve. Using 500 — 700 um beads, it was found that the half-live increased from 381 hours to 3658 hours as
the concentration of the doxorubicin load increased from 6.25 mg/mL to 37.5 mg/mL. For a fixed drug load
of 37.5 mg/mL, the half-life was only weakly dependent on bead size, with a minimum of 1505 hours for
the 100 — 300 um beads. Interestingly, the in vitro elution data of doxorubicin has been shown to correlate
well with the areas under the curve (i.e. the doxorubicin concentration in human plasma measured as a
function of time) of 15 patients treated with DC Beads loaded with doxorubicin in the PRECISION clinical
study [85]. This covered all doses used in the study: 6.25 mg/mL, 12.5 mg/mL, 18.75 mg/mL, 25 mg/mL, and
37.5 mg/mL in 24 hours. As far as we are aware, this is the first report available in open literature to
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demonstrate a good in-vivo in-vitro correlation (IVIVC) for DC Beads. Undoubtedly, this kind of good IVIVC
should help predict the local dose that should be administered before systemic effects (e.g. acute toxicity)
occur. However, the amount of drug released in situ into tumour tissue in humans is difficult to determine
and model by this kind of in vitro measure, because of practical and ethical issues. Studies on pre-clinical
species using a Vx-2 tumour rabbit model have been performed, and confirmed a high level of doxorubicin
in the tumour over the entire period of study (14 days) associated with widespread necrosis of the tumour
tissue [86].

The pharmacokinetics of doxorubicin in HCC patients have been determined as part of two phase /Il
studies to evaluate the use of DC Beads in the DEB-TACE procedure. One of the studies compared the
pharmacokinetic profiles of doxorubicin after injection of DC Beads against those seen after intra-arterial
injection [87]. The average AUC after DC Bead injection was found to be about 100-fold lower than intra-
arterial injection, despite a higher drug load being used in the DC Beads. The other study compared the
pharmacokinetic profile of DEB-TACE against conventional TACE [88]. The peak drug concentration (Cyax)
was reached within 5 min after injection, but it was about 10-fold higher in conventional TACE patients. The
AUC was also about 3-fold higher in the conventional TACE patients. It is evident that DEB-TACE is effective
in limiting the systemic exposure to doxorubicin, resulting in reduced systemic toxicity.

The hepatic distribution of doxorubicin in HCC patients has recently been reported [89]. In this reported
study, 6 HCC patients were given the same DEB-TACE procedure followed by liver transplantation after
embolization from 8 hours to 36 days. From liver explant samples, it was determined that the mean
doxorubicin concentration surrounding the DEBs peaked at 5 uM at 8 hours, and then diminished to 2.10
UM at 2 weeks, and 0.65 uM at 32 — 36 days. Most of the DC Beads (100 — 300 um) were confined within 10
mm of the tumour boundary. Necrosis of tissues surrounding DEBs has been observed in 9 — 36 day liver
explants, suggesting DEB may lead to antiproliferative and cytotoxic effects on the tumour cells surrounding
the beads.

5. The new developments and future directions

HCC mortality is generally high and the available treatment options are limited. Chemotherapy using
anti-tumour cytotoxic agents, such as doxorubicin, appears to be one of the non-curative therapeutic
approaches to help HCC patients. Systemic chemotherapies have been evaluated for many years [11]. The
response rate is poor (below 30 %) and the survival advantage is minimal. The uses of adjuvant or
neoadjuvant systemic chemotherapy for liver resection also failed to show clinical benefits [11]. On the
other hand, locoregional administration of doxorubicin via DEB-TACE produced relatively high response
rates and survival advantage [45]. It would be particularly valuable to explore the best use of this approach
in combination with other treatment options in the therapy of HCC.

5.1. Standardization of TACE procedure

One of the current issues with TACE concerns the technique of chemoembolization. Despite DEB
offering some advantage, conventional TACE is still being used widely. While recommendations have been
published by a panel of experts on the use of DEB-TACE [90], there is still no consensus on how to perform
conventional TACE. For instance, there are variants on how the anticancer drug is formulated in Lipiodol.
There is also a wide range of choices for embolizing agents [91,92]. Consequently, implementation could
vary depending on the preference of the investigators. The evolution from conventional TACE towards DEB-
TACE will hopefully help to harmonize the implementation procedure.
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5.2. Combination with targeted chemotherapy

Targeted chemotherapy such as sorafenib represents a different mechanism of action against HCC by
acting on Raf-1/VEGF cell signalling pathways. Used as a single agent, sorafenib can produce tumour
shrinkage and offer a survival advantage of about 3 months in advanced HCC patients [25]. Given the
different modes of actions between the kinase inhibitor (sorafenib) and the cytotoxic agent (doxorubicin), it
is perfectly reasonable to evaluate the combination of these two classes of drug and assess the clinical
benefits that may bring to HCC patients. Excitingly, a recent phase Il study revealed the combined use of
sorafenib and doxorubicin (administrated as conventional TACE) in patients from the Asia-Pacific region
with intermediate HCC [93]. The disease control rate and overall response rate were reported to be 91.2 %
and 52.4 %, respectively. Thus, concurrent sorafenib and doxorubicin-TACE therapy appears to be effective.
Similar clinical studies are currently being conducted globally [94,95]. It is hoped that the findings from
these studies corroborate the positive results obtained from the Asia-Pacific region [93].

Other molecularly targeted agents, such as Bevacizumab/Erlotinib, are currently under clinical
investigation for therapy for HCC [96]. Bevacizumab is a humanized monoclonal antibody that inhibits
vascular endothelial growth factor A, while Erlotinib is a reversible tyrosine kinase inhibitor that acts on the
epidermal growth factor receptor [97]. As in the case of sorafenib, these drug actions are based on
different mechanisms as compared with doxorubicin. It would be of great interest to evaluate their
synergistic effects with doxorubicin and see if these might result in tumour shrinkage and enhanced

survival.

5.3. Combination with other treatment options

Doxorubicin-TACE could offer the possibility of extending HCC patients’ lives while waiting for curative
treatment such as a liver transplant. It has been pointed out that the patient drop-off (e.g. death) risk while
awaiting liver transplantation for HCC is 22 % [98]. Doxorubicin-TACE treatment significantly reduced the
drop-off risk, resulting in longer survival [98].

The combination of TACE with radiofrequency ablation (RFA) is a promising approach to treating HCC.
RFA represents an attractive alternative to liver resection for patients with early-stage HCC. RFA uses
radiofrequency energy-generated heat to destroy the tumour. The technique works well with small HCC (<
3 cm), with an impressive 4-year survival rate of 66 — 82 % as reported in Japan [99]. As the size of tumour
grows beyond 5 cm, the efficacy of RFA is generally reduced [100], probably due to increased blood flow
leading to heat loss and/or incomplete ablation. It has been reported that by performing hepatic intra-
arterial embolization ahead of RFA treatment (TACE-RFA), the heat sink effect mediated by hepatic arterial
flow should be minimized [101]. Giving TACE before RFA administration offers additional locoregional
chemotherapy, which should result in better response and improved survival. Clinical studies have been
conducted to evaluate the TACE-RFA procedure in HCC patients. Cheng et al. were among the first to report
a clinical trial involving TACE-RFA in patients with HCC tumour sizes from 3 to 7.5 cm [102]. It has been
shown that patients treated with TACE-RFA had better overall survival than those treated with TACE alone
or RFA alone. A more recent study also revealed a similar picture [103]. With a median follow-up of 36
months, the 1-, 3-, and 4-year overall survival for the TACE-RFA treated patients and the RFA treated
patients was 92.6 % and 66.6 %, 61.8 % and 85.3 %, and 59 % and 45.0 %, respectively. No significant
difference in toxicity profiles was observed between the TACE-RFA treated patients and the RFA treated
patients.
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6. Conclusions

HCC mortality is high, and the treatment options are limited. Surgical procedures such as liver
resection or liver transplantation are still regarded as the only curative treatments currently
available. In general, less than 20 % of HCC patient are deemed suitable candidates to perform
curative resection. TACE is emerging as a promising palliative treatment for HCC patients that are
not suitable for surgical procedures. The recently developed DEB offers some operational
convenience in performing the TACE procedure. Doxorubicin is one of the most commonly used
cytotoxic drugs in TACE. Despite doxorubicin exhibiting a broad spectrum of anti-tumour activity,
systemic administration can often lead to fatal cardiotoxicity and adverse side effects. As a liver
directed, locoregional procedure, TACE considerably reduces the systemic exposure to
doxorubicin, resulting in improved toxicity profiles, and has been shown to be useful in preventing
tumour progression and in prolonging patients’ lives. TACE in combination with targeted
chemotherapy, such as sorafenib, has already demonstrated clinical advantages in the Asia-Pacific
region. Moreover, concurrent use of TACE and RFA has shown promising survival benefits in
several clinical studies. It is envisaged that doxorubicin administration via TACE could be one more
useful tool in combatting HCC as it offers the exciting possibility of enhancing the currently
available therapies for HCC patients. Obviously, more clinical studies are required to fully evaluate
the clinical benefits of these combined approaches.
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