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Abstract
Purpose—To investigate the effect of heat shock protein (HSP) modulation on tumour
coagulation by combining radiofrequency (RF) ablation with adjuvant liposomal quercetin and/or
doxorubicin in a rat tumour model.

Methods—Sixty R3230 breast adenocarcinoma tumours/animals were used in this IACUC-
approved study. Initially, 60 tumours (n = 6, each subgroup) were randomised into five groups: (1)
RF alone, (2) intravenous (IV) liposomal quercetin alone (1 mg/kg), (3) IV liposomal quercetin
followed 24 h later with RF, (4) RF followed 15 min later by IV liposomal doxorubicin (8 mg/kg),
(5) IV liposomal quercetin 24 h before RF followed by IV liposomal doxorubicin 15 min post-
ablation. Animals were sacrificed 4 or 24 h post-treatment and gross coagulation diameters were
compared. Next, immunohistochemistry staining was performed for Hsp70 and cleaved caspase-3
expression. Comparisons were performed by using Student t-tests or ANOVA.

Results—Combination RF-quercetin significantly increased coagulation size compared with
either RF or liposomal quercetin alone (13.1 ± 0.7 mm vs. 8.8 ± 1.2 mm or 2.3 ± 1.3 mm,
respectively, P < 0.001 for all comparisons). Triple therapy (quercetin-RF-doxorubicin) showed
larger coagulation diameter (14.5 ± 1.0mm) at 24 h than quercetin-RF (P = 0.016) or RF-
doxorubicin (13.2 ± 1.3 mm, P = 0.042). Combination quercetin-RF decreased Hsp70 expression
compared with RF alone at both 4 h (percentage of stained cells/hpf 22.4 ± 13.9% vs. 38.8 ±
16.1%, P < 0.03) and 24 h (45.2 ± 10.5% vs. 81.1 ± 3.6%, P < 0.001). Quercetin-RF increased
cleaved caspase-3 expression at both 4 h (percentage of stained cells/hpf 50.7 ± 13.4% vs. 41.9 ±
15.1%, P < 0.03) and 24 h (37.4 ± 7.8% vs. 33.2 ± 6.5%, P = 0.045); with, triple therapy
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(quercetin-RF-doxorubicin) resulting in the highest levels of apoptosis (45.1 ± 10.7%) at 24 h.
Similar trends were observed for rim thickness.

Conclusions—Suppression of HSP production using adjuvant liposomal quercetin can increase
apoptosis and improve RF ablation-induced tumour destruction. Further increases in tumour
coagulation can be seen including an additional antitumour adjuvant agent such as liposomal
doxorubicin.

Keywords
apoptosis; heat shock protein; liposomal quercetin; liposomal doxorubicin; radiofrequency;
tumour ablation

Introduction
Minimally invasive, percutaneous treatment using radiofrequency (RF) ablation is
increasingly used to treat focal tumours in a range of organs, and has been incorporated into
treatment paradigms for focal tumours of the liver, lung, bone, and kidney [1]. Yet, a key
limitation of RF ablation has been difficulties in achieving a complete ablative margin for
larger tumours, where residual, untreated tumour leads to local tumour progression [2–5].
Most often, tumour cells survive ablation because of the biophysical limitations of the
procedure, such as perfusion-mediated tissue cooling, that prevent uniform heating of the
entire tumour volume to a temperature sufficient for inducing coagulation necrosis (50–
60°C), especially in the peripheral area of ablation [5, 6]. Therefore, strategies that can
increase the uniformity and completeness of RF tumour destruction, even for small lesions,
are required.

One successful strategy to improve completeness of RF ablation has been to target these
residual viable cells with adjuvant chemotherapy or radiation [7, 8]. The rationale of this
combined approach is to increase tumour destruction occurring within the sizable peripheral
zone of sub-lethal, temperatures (i.e. largely reversible cell damage induced by mildly
elevating tissue temperatures to 41–45°C) surrounding the heat-induced coagulation [7].
Improved tumour cytotoxicity is also likely to reduce the rate of local tumour progression at
the treatment site. Indeed, several studies have reported increased tumour destruction and
associated increased intratumoural drug accumulation with RF ablation and adjuvant
intravenous (IV) liposomal doxorubicin in both experimental animal and pilot clinical
studies [9, 10].

Most recently, several mechanisms accounting for the increased tumour destruction of
combination therapy have been identified, most notably increased cell stress (in part, due to
up-regulation of nitrative and oxidative pathways) leading to apoptosis in a rim of
periablational tissue exposed to sublethal hyperthermia [11]. Interestingly, increased heat-
shock protein (HSP) production was also observed in a concentric ring of still-viable tumour
surrounding the ablation zone, and immediately peripheral to the rim of apoptosis. These
HSPs have known cellular protective effects against apoptosis through several pathways,
including blocking of cytochrome c release from mitochondria [12], inhibition of procaspase
9 activation, apoptosome formation [13] and kinase JNK phosphorylation [14]. The presence
of a rim of increased HSP expression beyond the ablation zone with co-localisation to
persistently viable tumour suggests that protective HSP effects may be inhibiting additional
gains in tumour destruction at the ablation margin.

There are several pharmaceutical agents with known inhibitory effects on HSP expression.
One in particular, quercetin, has known suppressive effects on the synthesis of heat shock
proteins in a variety of cell lines [15]. Underlying mechanisms include suppression of heat
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shock protein gene expression through reduced availability of heat shock transcription factor
and the suppression of initiation and elongation of the Hsp70 mRNA [16]. Therefore,
combining RF ablation with adjuvant quercetin-loaded liposomes may reduce the previously
observed HSP up-regulation, and increase thermal injury and tumour coagulation after RF
ablation. Accordingly, the purpose of this study was to (1) determine whether RF ablation
combined with IV liposomal quercetin and/or liposomal doxorubicin increased tumour
coagulation over either therapy alone, (2) characterise the effects of adjuvant liposomal
quercetin and/or liposomal doxorubicin on RF-induced HSP production and apoptosis using
immunohistochemistry staining.

Materials and methods
Experimental overview

This study was performed in two phases to systematically investigate the potential effects of
RF ablation with adjuvant liposomal quercetin and/or doxorubicin.

Phase I. Effect of RF ablation combined with liposomal quercetin/doxorubicin on tumour
destruction

A total of 60 tumours (n = 6, each subgroup) were randomised to receive one of five
therapeutic regimens including standardised RF ablation (conventional monopolar 1-cm tip;
5 min; 70°C) and/or IV liposomal quercetin (0.29 mg in 0.5 mL) or doxorubicin (1 mg in 0.5
mL). Treatment groups included: (1) RF ablation alone, (2) IV liposomal quercetin alone,
(3) IV liposomal quercetin followed 24 h later with RF ablation, (4) RF ablation followed 15
min later by IV liposomal doxorubicin, (5) IV liposomal quercetin 24 h before RF ablation
which was followed by IV liposomal doxorubicin 15 min post-ablation. Gross pathologic
analysis was performed for all groups with 2% 2,3,5-triphenyl staining. In sections below,
references to ‘quercetin’ and doxorubicin’ imply liposomal encapsulation as no free drug
(either quercetin or doxorubicin) was administered in this study.

Phase II. Effect of combination RF/liposomal quercetin or doxorubicin on apoptosis and
heat shock protein production

For all tumour samples (4 h and 24 h post-treatment) from the five groups (RF alone,
quercetin alone, quercetin-RF, RF-doxorubicin, quercetin-RF-doxorubicin), pathological
change was assessed by haematoxylin and eosin (H&E) staining and expression of heat
shock protein and apoptosis were evaluated by immunohistochemistry (IHC) staining. At
least five samples from each of the five treatment groups underwent IHC staining for
cleaved caspase-3 and Hsp70 (as described in detail below). Specific time points (4 h and 24
h after RF ablation) were selected for this study based upon the results of prior studies that
demonstrated that HSP production started at 4 h and peaked at 24 h after RF ablation [11].

Animal model
Approval of the Institutional Animal Care and Use Committee was obtained before the start
of this study. For all experiments and procedures, anaesthesia was induced with
intraperitoneal injection of a mixture of ketamine (50 mg/kg, Ketaject; Phoenix
Pharmaceutical, St Joseph, MO) and xylazine (5 mg/kg, Bayer, Shawnee Mission, KS).
Animals were sacrificed with an overdose (0.2 mL/kg) of pentobarbital sodium (Nembutal;
Abbott Laboratories, North Chicago, IL).

Experiments were performed with a well-characterised (22,24,29) established R3230
mammary adenocarcinoma cell line used in multiple prior studies [7, 17]. Sixty fisher rats
(120 ± 20 g; 13–14 weeks old, Taconic Farms, Germantown, NY) with R3230 tumours were
used in this study. Fresh tumour was harvested from a live carrier and homogenised in a

Yang et al. Page 3

Int J Hyperthermia. Author manuscript; available in PMC 2012 August 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



tissue grinder (Model 23; Kontes Glass, Vineland, NJ) and suspended in Roswell Park
Memorial Institution (RPMI) 1640 medium (Biomedicals, Aurora, IL). One tumour was
implanted into each animal by slowly injecting 0.3–0.4 mL of tumour suspension into the
mammary fat pad of each animal via an 18-gauge needle. Animals were monitored every 2–
3 days to measure tumour growth. Solid non-necrotic tumours of 1.2–1.6 cm, as determined
at ultrasonography (absence of more than three separate cystic spaces >0.5 mm in diameter
within the entire tumour) at the time of treatment, were used for this study.

RF application
Conventional monopolar RF was applied by using a 500-kHz RFA generator (Model 3E;
Radionics, Burlington, MA). To complete the RF circuit, the animal was placed on a
standardised metallic grounding pad (Radionics). Contact was assured by shaving the
animal’s back and by liberally applying electrolytic contact gel. Initially, the 1-cm tip of a
21-gauge electrically insulated electrode (SMK electrode; Radionics) was placed at the
centre of the tumour. RF was applied for 5 min with the generator output titrated to maintain
a designated tip temperature (70 ± 2°C, mean 91.3 ± 22.5 mA, range 48–155 mA). This
standardised method of RFA application has been demonstrated previously to provide
reproducible coagulation volumes with use of this conventional RFA system [17].

Preparation and administration of adjuvant intravenous liposomal agents
A commercially available preparation of liposomal doxorubicin (Doxil; ALZA
Pharmaceuticals, Palo Alto, CA) was used. Quercetin-loaded liposomes were prepared such
that the lipid composition in these liposomes was identical to Doxil, as has been described in
previous work [11]. Briefly, 0.29 mg of quercetin (1 mg/mL solution in methanol) was
added to hydrogenated soy phosphatidylcholine, cholesterol and polyethyleneglycol
phosphatidylethanolamine (PEG2000-PE) (57.25:37.57:5.18 mol%, respectively) solutions
in chloroform, and a lipid film was formed in a round-bottomed flask by solvent removal on
a rotary evaporator. The lipid film was then rehydrated with 1mL of phosphate buffered
saline, pH 7.4 and the preparation was probe-sonicated with a sonic dismembrator (Model
100, Fisher Scientific, Pittsburgh, PA) at a power output of 7 W for 30 min. To remove any
titanium particles which may have been shed from the tip of the probe during sonication, the
sample was centrifuged for 10 min at 2000 rpm. Liposomes were loaded with 5 mol%
quercetin (not to saturation), and the liposomal loading efficiency of quercetin was 100% (as
noted above, 0.29 mg of quercetin was loaded in each administered dose). The liposomal
size was 115 nm ± 43 nm. The zeta-potential was − 34.7 ± 5.5 mV. The liposomal
formulation was tested and stable for 1 week at 4°C in phosphate buffered saline (PBS) at a
pH of 7.4 and for 24 h at 37°C in PBS with 10% foetal bovine serum (FBS). When prepared
for the experiment, all formulations were administered within 24 h of preparation. Finally,
the polydispersity coefficient was 0.315.

Liposomal quercetin was administered slowly (for 30 s via a 27-gauge needle) via tail vein
injection 24 h pre-RF ablation in the combined therapy group at the maximum liposomal
saturation dose (0.29 mg in 0.5 mL). Liposomal doxorubicin was injected with the same
approach (1 mg in 0.5mL IV per animal), but at a different time point (15 min post-RF),
based upon prior studies demonstrating maximum tumour coagulation and intratumoural
drug accumulation with this administration regimen.

Gross histopathological and IHC analysis
Gross measurements of tumour destruction were performed by staining for mitochondrial
enzyme activity by incubating representative tissue sections for 30 min in 2% 2,3,5-
triphenyl measured by callipers [17, 18]. Coagulation diameter (longest measurement
perpendicular to the inserted electrode [19]) was determined by blinded consensus of three
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observers (W.Y., M.A, S.N.G., with 2, 8, and 12 years experience, respectively). Previous
studies have documented close correlation between gross pathologic and histopathological
findings for RF-induced coagulative necrosis [17].

Harvested tumours were sectioned perpendicularly to the direction of electrode insertion and
placed in cassettes containing the central section of tumour. All tissue was fixed in 10%
formalin overnight at 4°C, embedded in paraffin, and sectioned at a thickness of 5 µm.
Tissues were stained with H&E for gross pathology.

Immunohistochemical staining
At least five samples from each of the five treatment groups underwent IHC staining for
cleaved caspase-3 and Hsp70. For each stain, a cut-section of the treated tumour was
prepared on a single slide from each of the five tumours assigned to each of the five
treatment groups for each time point. Immunohistochemistry was performed using
antibodies to cleaved caspase-3, a marker of apoptosis [20] (Cell Signaling Technology,
Danvers, MA), and Hsp70, a key product of the HSP chain (Stressgen, Chicago, MI) [21], to
detect evidence of apoptosis and HSP production, respectively, using previously described
techniques [11]. Five-micron sections were placed on charged plus slides (Fisher Scientific,
Pittsburgh, PA) and incubated overnight at 37°C, and 1 h at 58°C. Upon paraffin removal
and tissue rehydration, slides were heated via microwave oven at 97°C for 10 min for
retrieval of antigenic activity. Sections were incubated with hydrogen peroxide at room
temperature for 5 min to inactivate endogenous peroxidase. Immunohistochemistry assays
were performed using antibodies on each sample to detect cleaved caspase-3 and Hsp70.
Sections were incubated with primary antibodies at room temperature for 60 min, and
washed with PBS. Sections were then incubated with species-matched secondary antibodies
at room temperature for 30 min. Nuclear counterstaining was performed lightly with
hematoxylin. Sections were dehydrated, and cover slips applied using Permount (Richard-
Allan Scientific, Kalamazoo, MI).

Specimen slides were imaged and analysed using a Micromaster I microscope and Micron
imaging software (Westover Scientific, Mill Creek, WA). Temporal evolution of cellular
morphology and the spatial distribution of protein expression were determined in relation to
the central zone of RF coagulation and to one another. Additionally, comparison of regions
of cleaved caspase-3 and Hsp70 staining was performed by both a side-by-side comparison
and overlaying the slides on top of each other to visualise spatial differences in staining in
the periablational rim. Quantitative analysis was performed using two metrics: the average
thickness of the rim of staining (as measured in three separate sites) and the percentage of
cells that stain per high-powered field (hpf, 40 ×) within the selected areas in the rim of
tumour/tissue surrounding the central ablation zone (as it has been previously shown that the
maximum effects of apoptosis and Hsp70 expression occur in this location from
combination therapy [11]. Five random high power fields were analysed for a minimum of
five specimens for each parameter and scored in a blinded fashion to remove observer bias.

As an additional control to ensure uniformity of staining, whenever direct comparisons were
made, IHC was repeated with all relevant comparison slides stained at the same time.
Accuracy of the final data was verified by the senior author (S.N.G.), who was blinded to
treatment group.

Statistical analysis
The SPSS 13.0 software package (SPSS, Chicago, IL) was used for statistical analysis. All
data were provided as mean plus or minus SD. Tumour destruction and
immunohistochemistry results were compared using analysis of variance (ANOVA).
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Additional post-hoc analysis was performed with paired, two-tailed Student’s t-test, if and
only if, the analysis of variance achieved statistical significance. A P value of less than 0.05
was considered significant.

Results
Phase I. Effect of RF ablation combined with liposomal quercetin/doxorubicin on tumour
destruction

The zone of coagulation (i.e. induced tumour necrosis) at gross pathological examination for
all animals sacrificed 4 h and 24 h after last therapy was within measurement error (<1 mm)
of the results of TTC staining (i.e. absent mitochondrial staining) in all cases. IV injection of
liposomal quercetin alone showed scattered tiny areas of necrosis (2.3 ± 1.3 mm). RF
ablation alone produced 8.8 ± 1.2 mm of coagulation at 24 h (P < 0.001, compared with
quercetin alone). Greater coagulation (13.1 ± 0.7 mm) was observed in combination of
liposomal quercetin and RF (P < 0.001, compared with RF alone). Triple therapy (quercetin-
RF-doxorubicin) resulted in the largest coagulation diameter (14.5 ± 1.0 mm), compared to
quercetin-RF (P = 0.016) or RF-doxorubicin (13.2 ± 1.3 mm, P = 0.042) at 24 h (Figure 1).
The amount of tumour coagulation significantly increased from 4 h to 24 h for all treatment
groups except for quercetin alone (P < 0.001 for all comparisons) (Figure 2).

Phase II. Effect of combination RF and liposomal quercetin/doxorubicin on apoptosis and
heat shock protein expression

At H&E staining, tissues treated with RF ablation alone exhibited characteristic tumour
necrosis in the zone of ‘white coagulation’ surrounded by a process of vascularisation and
early inflammatory reaction that progressed until 24 h (as has been described previously
[11]. At 24 h, classic findings of coagulation necrosis, including pyknotic nuclei and
streaming cytoplasm, were visualised in the ablation zone for all samples treated with RF
ablation. H&E staining for tumours treated with combination RF ablation and liposomal
quercetin or doxorubicin exhibited increased periablational vascularisation. Although
minimal scattered cellular apoptosis was seen at 4 h or 24 h in tumours treated with
liposomal quercetin alone, there was no defined pattern of spatial distribution for apoptosis
or heat shock protein staining. However, for RF alone and combination therapy with RF,
IHC revealed bands of discreet cleaved caspase-3 staining immediately adjacent to the
coagulation zone, surrounded by a ring of Hsp70 immediately peripheral to the rim of
cleaved caspase-3 staining.

There was a minimal to slight rim of Hsp70 at the ablative margin for combination
quercetin-RF compared to RF alone at 4 h (rim thickness 0.26 ± 0.08 mm, stained cells/hpf
22.4 ± 13.9% vs. 0.35 ± 0.18 mm, 38.8 ± 16.1%, P < 0.03, Figure 3). RF-doxorubicin
increased Hsp70 staining at 4 h, compared with RF alone (0.58 ± 0.16 mm, 55.4 ± 11.5% vs.
0.35 ± 0.18 mm, 38.8 ± 16.1%, P < 0.001). The Hsp70 expression with triple therapy
(quercetin-RF-doxorubicin) (0.36 ± 0.14 mm, 44.5 ± 18.4%) was between that of quercetin-
RF and RF-doxorubicin at 4 h. At 24 h post-treatment, Hsp70 expression was increased in
all groups. The lowest level of Hsp70 staining was observed for quercetin-RF (0.31 ± 0.12
mm, 45.2 ± 10.5%, Figure 4). Quercetin-RF-doxorubicin had less HSP production compared
to RF-doxorubicin alone (0.52 ± 0.16 mm, 58.4 ± 19.0% vs. 0.61 ± 0.13 mm, 73.7 ± 11.5%,
P < 0.05) (Table 1).

Greater cleaved caspase-3 staining was observed for quercetin-RF at 4 h, compared to RF
alone (0.48 ± 0.19 mm, 50.7 ± 13.4% vs. 0.35 ± 0.18 mm, 41.9 ± 15.1%, P < 0.04, Figure
5). RF-doxorubicin and quercetin-RF-doxorubicin also showed greater cleaved caspase-3
staining than RF alone (P < 0.001, P < 0.03, respectively). Specifically, combination groups
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resulted in greater rim thickness (RF-doxorubicin: 0.49 ± 0.10 mm, quercetin-RF-
doxorubicin: 0.48 ± 0.08 mm) and percentage of positive cells (RF-doxorubicin: 56.7 ±
10.5%, quercetin- RF-doxorubicin: 51.2 ± 12.4%) compared to the RF alone group (0.35 ±
0.18 mm, 41.9 ± 15.1%) at 4h (P < 0.04). At 24 h, cleaved caspase-3 expression decreased
in all groups (P < 0.001). Quercetin-RF and RF-doxorubicin had comparatively greater
cleaved caspase-3 expression than RF alone (P < 0.05). Triple therapy with quercetin-RF-
doxorubicin had a similar positive cell percentage (45.1 ± 10.8%), to RF-doxorubicin, and
was significantly greater compared with other groups (P < 0.03, Table 2).

Discussion
Exposure to low, non-lethal levels of hyperthermia, especially in the periphery of the
ablation zone, results in reversible cellular injury and up-regulation of cellular protective
pathways. One such pathway, mediated by the heat shock protein family and the
intracellular Hsp70 protein in particular, has known protective effects in the face of cellular
injury from exposure to hyperthermia and chemotherapeutic agents. Several studies have
demonstrated increased Hsp70 expression after RF ablation. For example, Yang et al.
observed increased Hsp70 expression 4 and 10 h after RF ablation to temperatures >45°C in
a colon cancer xenograft model implanted in nude mice [22]. Similarly, elevated Hsp70
levels were also detected in biopsy specimens obtained 24 h after RF ablation of human
hepatocellular carcinoma [23]. Along these lines, in our study we demonstrated increased
Hsp70 expression for tumours treated with RF ablation alone compared to control tumours.
As anticipated, the predominant expression occurred in the transitional zone at the ablation
margin where the greatest exposure to sub-lethal hyperthermia occurs. This corresponds to
prior studies that have observed increased Hsp70 expression in the periablational transitional
zone up to five days after RF ablation [24, 25].

More importantly, our results demonstrate that the Hsp70 pathway can be specifically and
successfully targeted to increase overall RF-induced coagulation. Combining RF ablation
with adjuvant liposomally encapsulated quercetin, a flavonoid agent that has known
inhibitory effects on HSP expression and function [15], significantly increased the ablation
zone compared to RF alone. This correlated to an early (4 h) reduction in Hsp70 expression
and increased apoptosis for combination quercetin-RF compared to RF alone. These results
correspond to findings reported in a recent study by Yang et al. in which partial Hsp70
suppression was achieved when adjuvant liposomal paclitaxel was combined with RF
ablation [26].

Interestingly, in this study, the addition of quercetin to RF alone or RF-doxorubicin (triple
therapy) results in only partial suppression of Hsp70 production, especially at later time
points (~ 24 h). There are several possible explanations for this. Firstly, the HSP suppressive
effect of quercetin may be temporally limited, as early HSP suppression by quercetin may
not have been able to keep up with progressive increases in HSP production, suggesting a
role for either longer-acting HSP suppression or a multiple dosing algorithm to maximise
anti-Hsp70 effects of quercetin. Additionally, liposome deposition occurs predominantly
within the periablational tumour, such that HSP suppression may be limited by lack of
significant drug deposition farther away from the RF zone. Nevertheless, the presence of
residual HSP production at all time-points suggests that further investigation into additional
methods of HSP suppression is still warranted. Finally, we also observed that different
treatments had a variable effect on both cleaved caspase-3 and Hsp70 staining depending on
whether the outcome measure was percentage of positive stained cells (a surrogate for drug
effect or concentration) or rim thickness (which reflects geographic drug distribution). This
underscores the heterogeneity of the periablational zone and the need for continued
characterisation to maximise drug delivery, and ultimately, tumour destruction.
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A number of experimental and clinical studies have demonstrated the benefits of combining
RF ablation with IV liposomal doxorubicin, including increases in tumour coagulation and
intratumoural drug accumulation [7, 10]. Most recently, histopathological analysis
demonstrated increased Hsp70 expression in the periablational rim after RF ablation,
especially when combined with adjuvant liposomal doxorubicin [11]. For RF + Doxil,
simultaneous staining for apoptosis and Hsp70 expression demonstrated a clear, defined
zone of increased apoptotic cell death which was immediately peripherally surrounded by a
rim of Hsp70 (located at a greater distance from the electrode than for treatment of RF
alone). This suggested that using adjuvant agents that specifically target HSP pathways may
increase tumour destruction even further and formed the basis of our rationale for combining
RF ablation with both adjuvant liposomal quercetin and doxorubicin.

In our study, triple therapy increased tumour coagulation compared to RF/single adjuvant
agent. Yet, based upon immunohistochemical staining, there was less HSP suppression
compared to quercetin-RF. Similarly, the caspase expression and apoptosis observed for RF-
doxorubicin was greater than that observed for triple therapy. This latter finding suggests
that apoptotic mechanisms may already be largely saturated by doxorubicin and that the
benefit of triple therapy may also involve other pathways. Thus, the increased tumour
destructive effects of combining adjuvant quercetin and doxorubicin may be multifactorial.
Indeed, in addition to our initial hypothesis, several in vitro studies using breast tumour and
spleen cells suggest that quercetin may improve the therapeutic index and efficacy of
doxorubicin by reversing cell resistance in hypoxic conditions [27]. While quercetin acts
predominantly through anti-HSP effects, adjuvant doxorubicin has been shown to both
increase apoptosis and HSP expression [11], suggesting that to some degree, both agents
target different cellular stress/injury pathways. Regardless, these findings underscore the
potential role of combining multiple adjuvant agents with RF ablation to maximise gains in
overall tumour destruction, as reported in a recent study combining RF with liposomal
doxorubicin and paclitaxel [26].

While our results demonstrated that quercetin-RF increased tumour coagulation at 24 h and
triple therapy with doxorubicin could further improve the result, the long-term outcome of
combination therapy requires continued investigation. Extracellular HSP expression up-
regulates the immune-mediated response to tumour cells [28–30], and therefore, gains in
tumour coagulation from intracellular HSP suppression may not translate directly to
improvements in animal endpoint survival. As such, continued investigation into optimal
HSP modulation is required. Such discord was noted In a recent study combining RF
ablation with adjuvant liposomal paclitaxel, where improvements in tumour coagulation at
24 h and intratumoural drug accumulation did not translate into improved endpoint animal
survival [26]. This underscores that endpoint survival and delayed evaluation of tumour
coagulation need to be viewed as important outcome measures. Indeed, while early
evaluation of coagulation diameter can identify temporal differences between groups, the
actual time it takes for a full effect to take place may vary.

There are several limitations to this study worthy of mention. Although the R3230 tumour
model was selected because it is a well-characterised vascular solid adenocarcinoma whose
results can be compared to other studies of RF ablation and liposomal chemotherapy
performed in this model, careful interpretation and application of the results is required. For
example, the differences identified between quercetin and doxorubicin-based regimens
likely reflect in part underlying tumour susceptibility to each of these agents for this
particular model, and so further study will be required in other models to determine which
tumour types will respond to RF combined with either or both liposomal agents.
Specifically, Hsp70 expression is variable between different tumour types (such as primary
liver or lung tumours which currently undergo treatment with RF ablation), and therefore,
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the degree to which Hsp70 suppression would impact tumour coagulation will likely vary
from tumour to tumour. Additionally, the administration of liposomal quercetin 24 h before
RF ablation was selected based upon the need for intratumoural drug accumulation prior to
RF ablation. Similarly, a single standardised quercetin dose was selected for this study.
Incorporating higher doses of quercetin into the delivery vehicle could potentially result in
even greater Hsp70 suppression, and therefore, further gains in tumour destruction. Finally,
we have selected a commercially available pegylated stealth liposomal agent (doxorubicin)
and prepared similarly constructed quercetin-containing liposomes. Prior studies have
demonstrated good success with these preparations, such as increased tumour destruction
and intratumoural drug accumulation while reducing tumour growth rates [7]. As it has been
previously shown that the empty liposome itself contributes to increases in observed tumour
destruction, the continued use of this delivery vehicle allows a standardised comparison of
the effects of different chemotherapy agents. However, additional characterisation and
optimisation of the delivery vehicle and timing of the agent administration in future studies
may improve in vivo drug delivery. We also acknowledge that other approaches, such as the
incorporation of thermosensitive liposomal preparations into our combination therapy
algorithm may yield different, and perhaps improved, results [31, 32]. However, given the
timing of anti-HSP and pro-apoptosis effects that we have observed (4–12 h), it is far from
clear that an additional early burst of drug release (0–1 h), both spatially and temporally,
will definitely increase tumour destruction compared to a slower, more prolonged drug
release. In particular, the paradigm of tissue heating (both timing and variances in
temperature ranges in the treatment zone) vary significantly between focal high-temperature
RF tumour ablation and the low-temperature conventional hyperthermia that has been
combined with thermosensitive liposomes in existing literature – such that, it is likely too
early to assume that thermosensitive liposomal preparations will definitely be ‘better’ than
non-temperature-sensitive agents. Clearly, further investigation into identifying the delivery
vehicle characteristics and administration paradigm is still required.

In conclusion, combining RF ablation with adjuvant IV liposomal chemotherapeutic agents,
such as quercetin, that target heat shock protein pathways can increase overall tumour
coagulation by suppressing HSP expression and increasing apoptosis in the periablational
rim. Even further gains in tumour coagulation can be achieved with the addition of a second
additional adjuvant agent such as liposomal doxorubicin. Further work is required to
determine whether this combination therapy can increase animal endpoint survival, along
with characterisation in different animal and tumour models with optimisation of
administration regimens.
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Figure 1.
Gross pathologic specimens of RF-induced coagulation. Tumours treated with (A) RF alone,
(B) liposomal quercetin 24 h pre-RF, (C) liposomal doxorubicin 15 min post-RF, and (D)
triple therapy consisting of liposomal quercetin 24 h pre-RF and followed doxorubicin 15
min post-RF are presented. The central white area represents treatment-induced tumour
necrosis/coagulation (as noted by the white arrows in each image), with viable tumour
staining red. Greater coagulation was observed with RF-quercetin (13.1 ± 0.7 mm) and RF-
doxorubicin (13.2 ± 1.3 mm) compared to RF alone (p < 0.001 for both comparisons). The
amount of tumour coagulation further increased for triple therapy (quercetin-RFdoxorubicin)
(14.5 ± 1.0 mm), compared with quercetin-RF (p = 0.016).
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Figure 2.
Comparison of tumour coagulation diameter at 4 h and 24 h post-RF ablation in different
treatments. The bar graph demonstrates marked differences in coagulation obtained with
varied treatment. Greatest coagulation is seen for triple therapy. The amount of tumour
coagulation significantly increased from 4 to 24 h for all treatment groups except for
quercetin alone (p < 0.001 for all comparisons).
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Figure 3.
Effect of liposomal quercetin-RF on Hsp70 expression at 4 h. Tumour tissue from quercetin-
RF (A, B) stained for Hsp70 demonstrates a weaker band of staining (black arrows) at the
periphery of the ablation zone with a lower percentage of positive staining cells compared to
RF alone (C, D), noting a marked decrease in heat shock protein formation at 4 h. (A, C = 4
×; B, D = 40 ×).
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Figure 4.
Effect of liposomal quercetin-RF on Hsp70 expression at 24 h. Tumour tissue from
quercetin-RF (A, B) stained for Hsp70 demonstrates a comparatively weaker band of
staining (black arrows) at the periphery of the ablation zone with a lower percentage of
positive staining cells compared to RF alone (C, D), noting a persistent decrease in heat
shock protein formation at 24 h. (A, C = 4 ×; B, D = 40 ×).
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Figure 5.
Effect of liposomal quercetin-RF on apoptosis at 4 h. Tumour tissue from liposomal
quercetin-RF (A, B) stained for cleaved caspase-3 demonstrates a thicker band of staining
(black arrows) at the periphery of the ablation zone with a greater percentage of positive
staining cells compared to RF alone (C, D), noting a marked increase in apoptotic activity at
4 h (A, C = 4 ×; B, D = 40 ×).
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Table 1

Quantitative immunohistochemical staining for heat shock protein expression. There was significantly less
Hsp70 expression at the ablative margin for quercetin-RF compared to RF alone at 4 h (rim thickness 0.26 ±
0.08 mm, percentage of stained cells/hpf 22.4 ± 13.9% vs. 0.35 ± 0.18 mm, 38.8 ± 16.1%, P < 0.03).
Additionally, RF-doxorubicin resulted in the greatest Hsp70 expression compared to all other groups,
including triple therapy (quercetin-RF-doxorubicin) (for both rim thickness and percentage of stained cells/hpf
for all comparisons, P < 0.05). Similarly, at 24 h post-treatment, decreased Hsp70 expression was observed for
treatments that included quercetin (more so with quercetin-RF than with triple therapy) compared to both RF
alone and RF-doxorubicin (for both rim thickness and % stained cells/hpf for all comparisons, P < 0.05).

4 h 24 h

Groups
Quercetin alone

Thickness (mm)
No rim identified

Cell percentage (%)
No rim identified

Thickness (mm)
No rim identified

Cell percentage (%)
No rim identified

RF alone 0.35 ± 0.18 38.8 ± 16.1 0.70 ± 0.15 81.1 ± 3.6

Quercetin-RF 0.26 ± 0.08 22.4 ± 13.9 0.31 ± 0.12 45.2 ± 10.5

RF-doxorubicin 0.58 ± 0.16 55.4 ± 11.5 0.61 ± 0.13 73.7 ± 11.5

Quercetin-RF-doxorubicin 0.36 ± 0.14 44.5 ± 18.4 0.52 ± 0.16 58.4 ± 19.0
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Table 2

Quantitative immunohistochemical staining for apoptosis. Greater cleaved caspase-3 staining was observed for
quercetin-RF, RF-doxorubicin, and quercetin-RF-doxorubicin at 4 h, compared to RF alone (for both rim
thickness and percentage of stained cells/hpf for all comparisons, P < 0.04 for all comparisons). At 24 h,
cleaved caspase-3 expression decreased in all groups (P < 0.001). Quercetin-RF and RF-doxorubicin had
comparatively greater cleaved caspase-3 expression than RF alone (for percentage of stained cells/hpf, P <
0.05). Triple therapy with quercetin-RF-doxorubicin had a similar positive cell percentage (45.1 ± 10.8%), to
RF-doxorubicin, and was significantly greater compared with other groups (P < 0.03).

4 h 24 h

Groups
Quercetin alone

Thickness (mm)
No rim identified

Cell percentage (%)
No rim identified

Thickness (mm)
No rim identified

Cell percentage (%)
No rim identified

RF alone 0.35 ± 0.18 41.9 ± 15.1 0.26 ± 0.09 33.2 ± 6.5

Quercetin-RF 0.48 ± 0.19 50.7 ± 13.4 0.28 ± 0.08 37.4 ± 7.8

RF-doxorubicin 0.49 ± 0.10 56.7 ± 10.5 0.31 ± 0.10 42.4 ± 15.3

Quercetin-RF-doxorubicin 0.48 ± 0.08 51.2 ± 12.4 0.24 ± 0.07 45.1 ± 10.7
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