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Abstract

PURPOSE: To determine the role of hepatic RFA heating parameters and their activation of heat 

shock proteins (HSPs) in modulating distant tumor growth.

METHODS: First, to study effects of RFA dose on distant tumor growth, rats with subcutaneous 

R3230 adenocarcinoma(10±1mm) were assigned to 3 different hepatic RF doses(60°Cx10min, 

70°Cx5min, or 90°Cx2min) that induced identical sized ablation or sham(n=6/arm). Post-RFA 

tumor growth rates, cellular proliferation(Ki-67), and microvascular density(MVD) were 

compared at 7d. Next, the effect of low and high power doses on local HSP70 expression and 

cellular infiltration(α-SMA+ myofibroblasts and CD68+ macrophages), cytokine(IL-6) and 

growth factor(HGF and VEGF) expression was assessed. Finally, 60°Cx10min and 90°Cx2min 

RFA were combined with anti-HSP micellar quercetin(MicQ, 2mg/ml). A total of 150 animals 

were used.

RESULTS: Lower RF heating(70°Cx10min) resulted in larger distant tumors at 7d(19.2±0.8mm 

for both) while higher RF heating(90°Cx2) led to less distant tumor growth(16.7±1.5mm, p<0.01 

for both), though increased over sham(13.5±0.5mm, p<0.01). Ki-67 and MVD correlated with 

tumor growth(p<0.01 for all). Additionally, lower dose 60°Cx10min hepatic RFA had more 

periablational HSP70 compared to 90°Cx2min(rim: 1,106±163μm vs. 360±18μm, p<0.001), with 

similar trends for periablational α-SMA, CD68, and CDC47(p<0.01 for all). Anti-HSP70 MicQ 

blocked distant tumor growth for lower dose(60°Cx10: RF/MicQ 14.6±0.4mm vs. RF alone: 

18.1±0.4mm, p<0.01) and higher dose RFA(90°Cx2min: RF/MicQ 14.6±0.5mm vs. RF alone:

16.4±0.7mm,p<0.01).
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CONCLUSION: Hepatic RF heating parameters alters periablational HSP70, which can influence 

and stimulate distant tumor growth. Modulation of RF heating parameters alone or in combination 

with adjuvant HSP inhibition can reduce unwanted, off-target systemic tumorigenic effects.

INTRODUCTION

Thermal tumor ablation using either radiofrequency (RF) or microwave (MW) energy is now 

used commonly in clinical practice for both first- and second-line treatment of primary and 

secondary liver cancers (1, 2). While substantial improvements in local control and overall 

survival have been documented for the majority of patients so treated, there is ever 

increasing awareness that locally ‘curative’ ablation may have unintended systemic side 

effects, including stimulation of tumor cells present remote from the site of ablation in some 

cases (3–5). Indeed, clinical studies have reported up to a 25–39% higher incidence of 

distant intrahepatic new tumor incidence in patients treated with ablation for either 

hepatocellular carcinoma or colorectal liver metastases compared to surgical resection (5–8). 

Thus, strategies to identify and inhibit the potential causes responsible for such ‘off-target’ 
pro-oncogenic effects will likely be crucial to improving overall clinical outcomes of 

thermal ablation.

Recent studies have linked several contributing factors to such off-target effects of hepatic 

RF thermal ablation (9–11). Experimental studies have identified a host of factors that are 

upregulated following tumor ablation both within the liver and at distant sites of extrahepatic 

tumor. These include not only elevation of heat shock proteins (12), but also periablational 

inflammatory cell recruitment (13), increased local and serologic levels of markers of 

inflammation (including interleukin-6 (14) and cyclooxygenase receptor activation (15)), 

growth factor production (particularly the hepatocyte growth factor/c-Met receptor and 

PI3K/Akt pathways (9, 16)), and expression of pro-angiogenic factors (VEGF and HIF-1α) 

(11, 17). Many of these pathways have known links to tumor growth, metastasis, and tumor 

cell invasion, with several recent clinical studies specifically linking elevated IL-6 and HGF 

blood levels after hepatic RF ablation to poor clinical outcomes (16). Moreover, a large 

proportion of these tissue reactions occur predominantly in normal non-tumorous liver 

surrounding the ablation zone that has received a sub-lethal hyperthermic heating dose (i.e. 

the very region of the ablative margin of normal liver required in all cases of successful 

ablation) (9, 14).

The extent to which this post-ablation tumorigenic phenomenon is related to the type and 

dose of energy used is currently only partially answered. In a recent study using hepatic MW 

ablation, the use of high energy, shorter ablation times to create an identical-sized ablation 

zone obtained using a lower energy, longer ablation time protocol not only reduced local 

periablational inflammatory cell recruitment and heat shock protein 70 (HSP70) expression, 

but also reduced distant subcutaneous tumor growth as well (18). Additionally, although it 

has been previously demonstrated that the dose of RF ablation can substantially alter HSP 

expression surrounding similar sized ablation zones (19), whether such changes in dose can 

affect the extent of RF-induced tumorigenesis and any potential relationship to HSP 

production is currently unknown. Nevertheless, given the known association between heat 

shock proteins and cancer cell survival, including activation of some pathways implicated in 
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ablation-induced tumor stimulation (such as HIF-1a and VEGF), we hypothesized that 

reducing periablational non-lethal hyperthermic effects via specific HSP inhibitors may offer 

an additional way to reduce off-target ablation-induced tumor stimulation (20). Accordingly, 

here, we study the effect of hepatic RF ablation thermal dose on downstream distant 

subcutaneous tumor growth attempting to correlate this phenomenon with periablational 

HSP70 expression, inflammation, and cytokine expression in a well-established rodent 

model. Thereafter, we studied the potential benefit of local periablational HSP suppression 

with adjuvant micellar quercetin (Mic-Qu) when combined with different RF thermal doses 

to determine the role of HSP on off-target effects of hepatic ablation.

MATERIALS AND METHODS

Overview of experimental design:

Approval of the Institutional Animal Care and Use Committee was obtained for all studies. 

Our study was performed in four parts, for which a total of 150 female Fisher 344 (F344) 

rats were used. Initially, three standardized thermal ablation protocols were compared 

(‘lower power, longer duration’ RFA with power titrated to a tip temperature of 60°C applied 

for 10 min, ‘medium power, intermediate duration’ RFA with tip temperatures of 70°C for 5 

min, and ‘higher power, shorter duration’ RFA at 90°C for 2 min, all in normal liver to 

simulate the standard clinical endpoint of ablating a margin of normal liver (21, 22). All 

three of these doses have previously been shown to result in similarly-sized ablation zones 

(6.1 ± 0.1 mm) in the models studied here (19). A control arm of sham treatment with probe 

placement without applicator activation/ablation was also introduced. First, the effects of 

three hepatic ablation protocols on distant subcutaneous tumor growth were assessed. R3230 

breast adenocarcinoma tumors were implanted ‘in situ’ in the mammary fat pad of animals, 

and tumors were measured daily until they reached a mean diameter of 10–11 mm, at which 

point they were randomly assigned to one of 4 arms (3 doses and 1 sham procedure arm x 

n=6/arm = 24 animals). The primary outcome was the evaluation of tumor growth (tumor 

size and growth curve analysis comparisons) with secondary immunohistochemical 

outcomes of tumor proliferation (Ki-67) and microvascular density (MVD, with CD34 

staining). Based on these results, in which the ‘lower power’ and ‘medium power’ arms had 

similar effects on distant tumor growth, all subsequent steps compared ‘low power, longer 

duration’ 60°C x 10 min to ‘higher power, shorter duration’ 90°C x 2 min. Next, for the low 

and high power hepatic RF ablation protocols (and control animals), periablational heat 

shock protein-70 (HSP70) expression were compared 24h after treatment (3 arms x n=6/arm 

= 18 animals). The effects of hepatic RF ablation protocol on cytokine (interleukin-6) and 

growth factor (HGF and VEGF) expression were compared (3 arms x n=6/arm x 2 time 

points = 36 animals). IL-6 was measured 6hr after ablation in both periablational tissue and 

serum, while HGF and VEGF were measured 72h after ablation in periablational tissue, 

serum, and distant subcutaneous R3230 tumor, as these represent peak expression times after 

hepatic RF ablation (9, 14). Additionally, the extent of alpha-smooth muscle actin-positive 

(α-SMA) hepatic stellate cell / activated myofibroblasts and macrophages in the 

periablational border zone was evaluated at 72hr. Finally, in an additional group of 72 

animals, micellar quercetin, a known HSP70 inhibitor (23), was administered as an adjuvant 

to low power, long duration and high power, short duration hepatic RFA protocols (with 
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sham/micellar quercetin as a control) to assess its effects on periablational HSP70 (at 24h), 

cellular recruitment (at 24h and 72h), post-ablation IL-6 (at 6h) and growth factor 

production (at 72h), and distant tumor growth (at 7d) (3 additional treatment arms n=6/arm x 

4 time points).

RF Application:

Conventional monopolar RFA was applied by using a 500-kHz RFA generator (model CC-1; 

Radionics, Burlington, MA), as has been previously described (24). Initially, the 1-cm tip of 

a 21-gauge electrically insulated electrode (SMK electrode; Radionics) was placed at the 

center of the tumor. For livers, after exposure and visualization of the right lobe the probe 

was inserted in the liver with its long axis parallel to the long axis of the lobe. Complete 

insertion in the liver was confirmed visually before performing RF ablation. For each 

thermal dose, RF was applied for a predetermined number of minutes with the generator 

output titrated to maintain a designated tip temperature. To complete the RF circuit, the 

animal’s back was shaved and water-soluble ultrasound gel was applied to ensure proper 

conduction with the metallic grounding pad (Radionics).

Animal Models:

For all experiments and procedures, anesthesia was induced with intraperitoneal (IP) 

injection of a mixture of ketamine (50 mg/kg, Ketaject; Phoenix Pharmaceutical, St. Joseph, 

MO) and xylazine (5 mg/kg, Bayer, Shawnee Mission, KS), and post-procedure analgesia 

was provided with standardized subcutaneous buprenorphine (0.3mg/kg). Animals were 

sacrificed with an overdose of carbon dioxide (SMARTBOX™ CO2 Chamber System, EZ 

systems, Palmer, PA). In the first part of our study, Fisher 344 rats without tumors were 

used. In the second and third phase, experiments were performed in a well-characterized 

R3230 mammary adenocarcinoma model in which hepatic RF ablation leads to distant 

tumor growth (9, 14). Cell lines were implanted subcutaneously in the mammary fat pad of 

female F344 rats (150±20g; 14–16 weeks old, Charles River, Wilmington, MA). Tumor 

implantation, evaluation, and preparation techniques were performed as previously described 

(9). Briefly, one tumor was implanted into each animal by slowly injecting 0.3–0.4 mL of 

tumor suspension into the mammary fat pad of each animal via an 18-guage needle.

Preparation and administration of adjuvant IV Quercetin:

Quercetin-loaded micelles were prepared by lipid film hydration method as previously 

described (23, 25). Briefly, 0.6 mg of quercetin (1 mg/mL solution in methanol) was added 

to polyethylene glycol-lphosphatidylethanolamine (PEG2000-PE) 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 to obtain final lipid concentration 5 mM. The sample was vortexed for 15 min at room 

temperature and the unincorporated quercetin was removed by filtration of the micelle 

suspension with 0.2μm membrane filters. The micellar loading efficiency of quercetin was 

100% (as noted above, 0.6mg of quercetin was loaded in each ml). The micelle size was 

17.0±2.1 nm and zeta-potential was −21.7±4.3 mV. Mic-Qu was administered via tail vein 

intravenous injection 15 min post RFA. This timing of administration was selected based 

upon prior studies combining RFA with nano-drugs demonstrating maximum intratumoral 
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drug accumulation with this regimen (24). Agents were stored at 4°C in light-proof 

containers and loaded exactly at time of administration to avoid precipitation.

Pathologic evaluation:

Animals were sacrificed and tissue harvested. Livers and tumors were sectioned 

perpendicularly to the direction of electrode insertion. The relevant portion of the liver or 

one half of the tumor containing the central section of tumor was fixed in 10% formalin 

overnight at 4°C, embedded in paraffin, and sectioned at a thickness of 5 μm. Tissues were 

stained with hematoxylin-eosin for histopathologic assessment.

Tumor growth measurements:

For both RF alone and RF / micellar quercetin studies, tumors were measured in a 

longitudinal and transverse diameter using mechanical calipers and an average diameter was 

calculated. Measurements were taken every 1–2 days until the tumors reached 6–7 mm, at 

which point they were measured daily. Once tumors reached the target mean diameter of 10 

mm they were randomly allocated to treatment arms. Following ablation or sham treatment, 

measurements were obtained daily for 7 days.

Quantification of IL-6, HGF, and VEGF:

Serum and tissue samples (periablational and/or distant tumor, where specified) were 

harvested at 6hr after treatment for IL-6 and 72hr after treatment for VEGF and HGF, as 

previous studies have demonstrated peak concentrations at these times (10, 14, 26). For liver 

samples, tissues were specifically harvested from the periablational rim. Samples were 

assayed for IL-6 (rat/R6000B Quantikine kit, R&D Systems), HGF (rat/MHG00 Quantikine 

kit, R&D Systems Inc. Minneapolis, MN) and VEGF (rat/RRV00 Quantikine kit, R&D 

Systems) using an enzyme-linked immunosorbent assay (ELISA) kit according to the 

manufacturer’s instructions. Flash-frozen liver and tumor tissue was homogenized in a cold 

lysis buffer (Cell Signaling Technology Inc., Beverly, MA) consisting of 0.1% proteinase 

inhibitor (Sigma-Aldrich). The homogenates were then centrifuged at 14,000 rpm for 20 

minutes at 4°C, and the total protein concentrations were determined using a bichinchoninic 

acid method (BCA) (Sigma-Aldrich). IL-6, VEGF, and HGF values were then normalized to 

protein concentration. Undiluted serum was used. All samples were measured in duplicate, 

and the average value was recorded (9).

Immunohistochemistry:

Histopathologic evaluation was performed on tissues from the primary site of liver ablation, 

from untreated liver tissue from the contralateral lobe where specified, and from distant 

subcutaneous tumors. All samples were fixed in 10% formalin for 48hr at 4°C, embedded in 

paraffin blocks, and sectioned at a thickness of 5 μm. Specimen slides were imaged and 

analyzed using a Micromaster I microscope (Fisher Scientific, Pittsburgh, PA) and Micron 

Imaging Software (Westover Scientific Inc., Mill Greek, WA). Four random high power 

fields were analyzed for a minimum of 3 specimens per parameter. Immunohistochemical 

staining and quantification for macrophages (CD68, # positive cells per hpf) and heat shock 

protein 70 (HSP70, rim thickness) were performed to assess ablation-induced tissue 
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responses, as has been described previously (13, 14). Based on prior work demonstrating 

optimal detection with specific markers, IHC protocols were performed to assess 

proliferative indices. CDC47 antibody was used to assess hepatocyte proliferation and liver 

regeneration (47DC141, Diagnostic BioSystems, Pleasanton, CA), Ki-67 antibody to assess 

distant tumor cellular proliferation (Ab16667, Abcam, Cambridge, MA), and CD34 to assess 

distant tumor microvascular density (AF4117, R & D Systems). For Ki-67 and CDC47, % 

cell positivity (ratio of positive cells to the sum of positive and negative cells) was calculated 

for each field and averaged for each sample. Quantification was performed for CD34 by 

counting the number of cells positive per high-powered field (hpf).

Statistical analysis:

All data were expressed as mean plus or minus standard deviation. Selected mean tumor 

sizes (day 0 and at the time of sacrifice), and immunohistochemical quantification were 

compared using analysis of variance (ANOVA) with testing including a post-treatment 

interaction term. Additional post-hoc analysis was performed with a two-sample, 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. Tumor growth curves before and after 

treatment were analyzed using linear regression analysis models to determine the slope of 

the pre- and post-treatment growth curve on a per-tumor basis. From these data, mean post-

treatment growth curve slopes plus or minus SD were then calculated and compared using 

ANOVA and paired, two-tailed T-tests.

RESULTS

Effect of hepatic RF ablation dose on distant R3230 tumor growth.

Pre-operative tumor sizes and growth rates were equivalent at 9.8±0.8 mm and 0.58±0.03 

mm/day, respectively (Table 1). Hepatic ablation with low (60°Cx10min), medium (70°C 

x5min), and high (90°C x2min) temperature increased the growth of the distant untreated 

subcutaneous tumor, resulting in significantly larger tumors at 7d compared to sham 

(60°Cx10min: 18.1±0.4mm, 70°C x5min: 19.2±0.8mm, 90°Cx2min: 16.4±0.7mm vs. sham: 

13.5±0.5mm, p<0.05 for all comparisons, Figure 1). Although greater than sham treatment 

(p=0.01), tumor growth (16.4±0.7mm) was significantly lower for the high temperature, 

short duration (90°Cx2min) protocol than both lower temperatures with longer heating times 

(i.e. 60°Cx10min and 70°C x5min RF protocols) (p<0.05, for all comparisons), (Figure 1, 

Table 1). Additionally, all RFA protocols increased tumor growth rates after treatment (pre-

ablation growth slope: 60°Cx10min: 0.59±0.09 mm/d, 70°Cx5min: 0.58±0.09 mm/d, 

90°Cx2min 0.60±0.09 mm/d; vs. post-ablation slope: 60°Cx10min: 1.22±0.13 mm/d, 

70°Cx5min: 1.26±0.07 mm/d, 90°Cx2min: 0.85±0.08 mm/d, p<0.01 all three comparisons), 

while no significant difference was observed for sham untreated liver (pre-ablation growth 

slope-sham: 0.54±0.03 mm/d; post-ablation slope sham: 0.47±0.06 mm/d, p=0.48).

In the distant R3230 tumors, increased cellular proliferation (Ki-67, % cell positivity) was 

greater for low and medium power RFA (60°Cx10min: 58.4±1.0%, 70°Cx5min: 

63.6±4.3%cells/hpf, p=0.55), compared to high power RFA (90°C x2min: 43.6±1.6%, 

p<0.001 all comparisons), all of which had greater distant tumor proliferation at 7d post-
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treatment compared to sham-treated distant tumors (19.4±1.2%, p=<0.01 for all 

comparisons). Likewise, increases in distant tumor microvascular density (CD34 staining) 

followed a similar trend, with significant increases observed for low and medium power 

RFA (22.6±3.1 vessels positive per hpf) compared to high power RFA (16.7±1.5, p<0.01), 

all greater than sham treatment (13.8±0.3, p<0.05) (Table 1).

Periablational HSP70 and inflammatory cell recruitment correlates with hepatic RFA dose.

Hepatic RFA using both low and high power applications resulted in increased HSP70 

expression within the periablational rim (rim thickness: 60°Cx10min: 1106±16um vs.90°C 

x2min: 360±18um; % cell positivity: 60°Cx10min: 21.0±2.6% vs.90°C x2min: 14.2±1.5%) 

compared to sham treatment where no HSP70 was detected at the site of needle insertion. 

Yet, low power settings resulted in greater amounts of HSP70 expression compared to high 

power setting (p<0.05 for all comparisons).

Lower power RFA (60°Cx10min: 45.4±21.7 cells/hpf) increased periablational a-SMA+ 

myofibroblasts at 3d over both sham treatment (10.7±2.1 cells/hpf, p=0.01) and higher 

power RFA (90°Cx2min 19.0±9.9 cells/hpf, p<0.01). No difference was observed in 

periablational myofibroblasts between higher power RFA and sham treatment. However, 

both thermal doses increased periablational macrophage recruitment at 7d compared to sham 

treatment (10.5±4.9 cells/hpf), with 37.8±17.2 cells/hpf and 40.9±18.0 cells/hpf observed at 

60°Cx10min and (90°C x2min, respectively (p<0.05 for both comparisons). No difference 

was observed in macrophage recruitment between low and high thermal dose RFA. Yet, 

60°Cx10min RFA demonstrated lower levels of periablational CDC47-positive cell 

proliferation (10.7±4.6 cells/hpf) compared to higher power RFA (90°C x2min: 4.3±1.2 

cells/hpf, p<0.01).

Cytokine and growth factor elevation following hepatic ablation:

Low and high-dose hepatic RFA both increased local periablational liver IL-6 levels 

(60°Cx10min: 2956±265 pg/ml, 90°Cx2min: 2486±72 pg/ml) compared to sham treatment 

(2189±106 pg/ml, p<0.01 for all comparisons)(Table 2). Yet, low dose ablation resulted in 

greater local IL-6 expression than high-dose RFA (p<0.01). A similar trend was observed for 

serum IL-6 expression, with increases observed at 6h post-ablation for RFA compared to 

sham treatment (60°Cx10min: 452±8 pg/ml 90°C x2min: 348±17 pg/ml, sham: 264±7 

pg/ml, p<0.01 for all comparisons, Table 2), which was greater for low dose RFA (p<0.01 

vs. high dose).

Hepatic RFA, increased periablational HGF levels compared to sham at 72h after treatment 

regardless of thermal dose (60°Cx10min: 33619±1110 pg/ml, 90°Cx2min: 25453±752 

pg/ml, sham: 21758±961 pg/ml, p<0.01 for all comparisons, Table 2), once again greater for 

low dose compared to high dose RFA (p<0.01). Similarly, serum HGF levels were increased 

at 72h post-ablation for both RFA doses compared to sham treatment (60°Cx10min: 

3987±47 pg/ml, 90°C x2min: 3537±202 pg/ml, sham: 2851±208 pg/ml, p<0.01 for all 

comparisons, Table 2), again greatest for low dose RFA (p<0.01).

Finally, VEGF levels at 72h after treatment were increased for both ablation arms compared 

to sham treatment (sham: 7536±127, 60°Cx10min: 13036±1214 pg/ml, 90°Cx2min: 
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8925±464 pg/ml, p<0.01 for all comparisons, Table 2), also greatest for low dose hepatic 

RFA.

Effect of adjuvant quercetin on periablational HSP70 expression, local and serum cytokine 
expression, and distant tumor growth.

Subcutaneous tumor growth rates for all pre-treatment arms (adjuvant MQ with sham, low 

dose 60°Cx10min, and high dose 90°Cx2min) was statistically identical (mean growth rate 

1.01±0.23mm/d). Single-dose adjuvant MQ reduced the tumor size at 7d to baseline control 

tumor levels for both the low and high RFA power settings (60°Cx10min/MQ 14.6±0.4mm 

and 90°Cx2min/MQ 14.6±0.5 mm vs. sham treatment/MQ 14.1±0.6 mm, p=NS, Table 1, 

Figure 2).

Adjuvant MQ combined with hepatic RFA reduced HSP70 expression in the periablational 

rim for low- and high-dose RFA compared to hepatic RFA alone, for both rim thickness 

(60°Cx10min 1106±16 um, 60°Cx10min/MQ 311±18 um; 90°Cx2min 360±18; 

90°Cx2min/MQ 129±3um, p<0.05 for both comparisons) and % cell positivity (60°Cx10min 

21.0±2.6%, 60°Cx10min/MQ 11.7±2.2%; 90°Cx2min 14.2±1.5%, 90°Cx2min/MQ 

11.5±1.9%, p<0.05 for both comparisons, Figure 3).

Adjuvant micellar quercetin also reduced IL-6 production back to baseline levels for both 

high-dose/MQ and low-dose/MQ hepatic RFA compared to sham/MQ in the periablational 

margin (60°Cx10min/MQ 2903±108 pg/ml, 90°Cx2min/MQ 2503±60 pg/ml vs. sham/MQ 

2167±134 pg/ml, p=NS). By contrast, serum IL-6 levels after hepatic ablation plus MQ 

remained higher than sham (60°Cx10min/MQ 442±18 pg/ml, 90°Cx2min/MQ 359±19 

pg/ml, sham/QM 262±9 pg/ml, p<0.05 for both comparisons). Adjuvant MQ not only 

reduced HGF levels after high- and low-dose hepatic RFA compared to baseline levels of 

sham/MQ in the periablational rim (60°Cx10min/MQ 22092±507 pg/ml, 90°Cx2min/MQ 

21897±1329 pg/ml, sham/MQ 22175±220 pg/ml, p<0.05 for both comparisons), but also in 

serum (60°Cx10min/MQ 3987±47 pg/ml, 90°Cx2min/MQ 3537±202 pg/ml vs. sham/MQ 

2884±317 pg/ml, p=NS). Finally, VEGF levels after ablation combined with adjuvant MQ 

were still elevated compared to sham/MQ treatment, but lower than low- and high-dose RFA 

alone (60°Cx10min/MQ 9528±821 pg/ml, 90°Cx2min/MQ 8036±699 pg/ml vs. sham/MQ 

7703±293 pg/ml, p<0.05 comparisons).

DISCUSSION

Based on both clinical and experimental studies, there has been significant recent interest in 

the secondary systemic side effects of image-guided tumor ablative therapies, and in 

particular, in the potential stimulation of distant tumor separate from the ablation zone (3, 4, 

9, 10). Several studies have linked these pro-oncogenic effects to cytokine and growth factor 

production in the periablational rim of tissue exposed to non-lethal partial heating, along 

with periablational inflammation and cellular recruitment to the ablation zone (9, 10, 13, 

14). Flere, we investigate the role of tissue heat injury, through heat shock expression, on 

driving post-hepatic RF ablation -induced systemic tumorigenic effects.
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In this study, we identify an additional, potentially novel role of hepatic RFA-induced 

periablational HSP70 expression in driving pro-oncogenic distant tumor stimulation. Recent 

work has identified a key mechanistic pathway, IL-6-HGF/c-Met-STAT3-VEGF axis, as a 

central driver of systemic pro-oncogenic off-target effects of RF ablation (9, 14, 27). Yet, our 

findings demonstrate that periablational HSP70, which to date has no known established 

links to IL-6 or HGF/c-Met, can also be implicated in the stimulation of distant tumor 

growth. This introduces the prospect that parallel ‘escape’ pathways may also be 

contributing to tumor stimulatory effects of hepatic ablation. Heat shock proteins have 

known links to inflammation, hypoxia (ΗIF-1α), and such pro-tumor pathways that regulate 

cellular stress response and metabolism (28, 29). Heat cell stress has been linked to changes 

related to more aggressive tumor cell biology when residual cells remain (30), and use of 

anti-HSP agents have been previously used to increase local periablational cytotoxicity in 

partially heat-injured cells (23). Accordingly, HSP70 represents a particularly appealing 

multi-faceted target that now may be even more potentially useful as additional separate 

target to block RFA-mediated tumor stimulation.

We also demonstrate that variable doses of hepatic RF ablation, despite inducing similar 

ablation zones, can have a substantial impact upon tumor growth in distant subcutaneous 

tumors. This finding is consistent with a recent study demonstrating that different heating 

paradigms for hepatic microwave ablation also resulted in differential distant tumor growth 

rates (18). Similar to MW ablation, we note that a high temperature / shorter duration 

paradigm offers the best approach to limited off-target pro-oncogenic effects after hepatic 

RF ablation. Furthermore, secondary tissue reactions such as periablational and serum IL-6 

and HGF expression, which are key elements in a mechanistic pathway that are directly 

linked to distant tumor growth, also demonstrated a ‘dose-dependent effect’ with RFA 

heating with concomitant following trend in distant tumor growth. This provides additional 

evidence that modulation of the ablation administration protocol when clinically feasible 

could potentially be beneficial in minimizing (though not fully eliminating) periablational 

inflammation and distant tumorigenic effects. Thus, ablation paradigm development that has 

often emphasized a ‘hotter and faster equals better’ approach for improving throughput may 

provide other physiologic benefits. Regardless, greater optimization of existing platforms 

and protocols to account for secondary tissue reactions beyond the ablative margin is likely 

warranted. This extends to many types of ablation as studies have also demonstrated that 

even traditionally non-thermal ablative modalities such as irreversible electroporation can 

also incite key tissue reactions and/or stimulate distant tumor growth (31, 32).

Prior studies have demonstrated that the tissue reactions occurring in the periablational rim, 

including both local reactions such as HSP70 and HIF-1α, and distant off-target tumorigenic 

effects mediated by HGF/c-Met and VEGF, vary based on thermal ablation heating 

technique (18, 19). Likewise, in this study, we noted that heat shock protein expression in 

the periablational rim also correlated with variable hepatic RF ablation, with greater 

expression occurring for lower power / longer heating ‘low-dose’ settings. Based upon this, 

we combined hepatic RFA with micellar quercetin, a nanodrug that can be combined with 

ablation to suppress periablational heat shock protein expression and has been used to 

increase the size of the local ablation zone (23). We observed that a single-dose of adjuvant 

micellar quercetin administered with hepatic RF ablation blocked off-target distant systemic 
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tumorigenic effects and suppressed distant subcutaneous tumor growth rates back to baseline 

levels. While nanodrugs loaded with anti-IL6 siRNA have been previously used to block off-

target tumor stimulation after hepatic RFA, we note that the anti-HSP70 agent micellar 

quercetin has the potential for a dual role to increase local ablative cytotoxicity and ablation 

zone size while simultaneously blocking unwanted off-target pro-tumor effects. Regardless, 

continued optimization and development of nanodrugs that can target multiple mechanisms 

or through uses in theranostics after ablation, will likely be of great utility in future studies. 

Conversely, nanodrug delivery is also influenced by variable tissue heating and extent / 

width of the periablational rim exposed to partial heating. Indeed, prior studies have 

demonstrated that micellar forms of quercetin achieved better delivery and were more 

effective in modulating periablational hypoxia and HSP expression than standard liposomes 

(33). Accordingly, careful study will be required to successfully balance construction of 

agents to achieve maximal targeted delivery even while ablation techniques are modified to 

reduce the extent of periablational tissue that is receptive to nanodrug deposition.

There are several limitations in our study. We readily acknowledge that full quantitative 

dose-response studies defining the precise relationship between HSP production and tumor 

growth are currently lacking. Accordingly, it is still unknown as to whether these are 

stochiastic or true dose dependent effects. Additionally, all the ablations in our study were 

performed in only one tissue type, normal liver (as this closely simulates the clinical practice 

of achieving an ablative margin), using one tumor model, subcutaneous ‘in situ’ breast 

tumors. While similar findings after RFA for other tumor types (de novo HCC in 

inflammatory cirrhosis in the Mdr2 knockout mouse model) and organs (kidney) have 

already been reported, additional verification will be required in other settings to understand 

the true clinical impact of our study’s findings. Furthermore, we acknowledge that ablation 

energy can be applied with a multitude of energy parameters including durations and 

intensities. Thus, although the duration and intensities of RFA used in this study accurately 

reflect a reasonable range of applications in the clinical setting, further study is likely 

warranted (21, 34). Finally, we acknowledge that our understanding of all of the differences 

in post-ablation reactions for the wide range of ablation strategies currently available is 

incomplete and that further mechanistic study is likely warranted. This includes potentially 

beneficial immunologic effects, including an abscopic effect in some tumor models that can 

be further enhanced with adjuvant therapies. Therefore, further study of the differences 

between ablation modalities over a wide range of tumor lines and types (particularly those 

that demonstrate abscopal effects after RFA) are needed to determine those circumstances 

where modification of ablation parameters can be used to augment anti-tumor immunity.

In summary, variable hepatic RFA heating using low-dose, longer heating increases 

periablational HSP70 to a greater extent than higher temperature, faster heating, which can 

in turn result in greater off-target stimulation of distant tumor. Selective blockade of this 

HSP70 expression with adjuvant micellar quercetin can successfully suppress ablation-

induced distant tumor growth potentially blunting the previously identified IL-6/HGF-cMet/

STAT3/VEGF pathway. Continued study of potential additional contributory pathways to 

off-target effects of tumor ablation with the goal of identification of potential therapeutic 

targets and modulation of ablation application algorithms is warranted.
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Figure 1. RFA thermal dose settings during hepatic ablation stimulate variable distant 
subcutaneous tumor growth.
Animals implanted with subcutaneous R3230 tumors were treated with low- (60°Cx10min), 

medium- (70°Cx5min) and high-dose (90°Cx2min) hepatic RF ablation compared to sham 

treatment. After hepatic ablation (Day 0), the growth rates of the distant tumors significantly 

increased for low- and medium-dose RFA compared to high-dose RFA and sham treatment. 

This resulted in significantly larger tumor size (p<0.05) at day 7 for low- and medium-dose 

RFA compared high-dose RFA and sham treatment. A significant increase in tumor growth 

was still seen in high-dose RFA compared to sham (p<0.05), however the effect is much less 

pronounced.
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Figure 2. Adjuvant micellar quercetin administered at the time of hepatic RFA suppresses 
distant subcutaneous tumor growth.
Animals implanted with subcutaneous R3230 tumors were treated with low-dose 

(60°Cx10min) and high-dose (60°Cx10min) hepatic RFA with and without single-dose 

micellar quercetin (Mic-Qu) compared to sham treatment and micellar quercetin alone (total 

6 treatment arms). After hepatic ablation (Day 0), the growth rates of the distant R3230 

tumors significantly increased for low-dose RFA and to a lesser degree, high-dose RFA 

compared to sham treatment. Adjuvant micellar quercetin significantly reduced distant 

tumor growth rates of both doses down to near-baseline levels (p<0.01 for all comparisons).
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Figure 3. Adjuvant micellar quercetin suppresses HSP expression in the periablational rim.
Marked hepatic ablation-induced HSP70 expression (bracketed by arrows in all images) 

after (A) low-dose (60°Cx10min) and (B) high-dose (90°Cx2min) ablation is significantly 

reduced with adjuvant single-dose micellar quercetin administered at the time of ablation 

(Day 0) for both (C) low- and (D) high-dose RFA (p<0.01 for all comparisons). The black 

star denotes the ablation zone.
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Table 1.
Summary of subcutaneous tumor growth and proliferative index for different hepatic RF 
ablation parameters without and with adjuvant micellar quercetin.

A detailed summary of tumor growth data (including pre- and post-treatment tumor measurements growth 

curve slopes) is provided. Immunohistochemistry quantification of proliferative index (Ki-67 % cell positivity) 

is also provided. Statistically significant differences (defined as p<0.05) are annotated.

Treatment arms End Diameter 
at 7d (mm)

Pre Growth 
Curve Slope

Post Growth 
Curve Slope

Ki-67 % cell 
positivity

Microvascular density (#/hpf)

Hepatic RF ablation in animals with subcutaneous R3230 tumors

Sham 13.5±0.5 0.54±0.03 0.47±0.06 29.2±1.2 13.8±0.3

Low (60°C x 10 min) 18.1±0.4* 0.59±0.09 1.22±0.13* 58.4±1.0* 22.8±3.1*

Medium (70°C x 5 min) 19.2±0.8* 0.58±0.09 1.26±0.07* 63.6±4.3* 44.2±0.3*

High (90°C x 2 min) 16.4±0.7* 0.60±0.09 0.85±0.08* 43.6±1.6* 16.7±1.5*

Hepatic RFA with adjuvant micellar quercetin in animals with 
subcutaneous R3230 tumors

Sham / MQ 14.1±0.6 1.01±0.23** 0.76±0.15 31.8±0.9 13.2±1.5

Low (60°C x 10 min) / MQ
14.6±0.4

¥ 1.01±0.23 1.13±0.29*
39.4±1.8

¥
13.4±1.6

¥

High (90°C x 2 min) / MQ
14.6±0.5

¥ 1.01±0.23 0.56±0.08 40.0±1.3 13.7±1.3

*
p<0.05 when compared to sham group

**
pre-treatment growth rates same for each MQ arm

¥
p<0.05 when compared to corresponding RFA alone arms in two-tailed T-test

Int J Hyperthermia. Author manuscript; available in PMC 2019 November 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Ahmed et al. Page 18

Table 2.

Summary of changes in serum, liver, and distant tumor HGF and VEGF levels for variable hepatic RF ablation 

without and with adjuvant micellar quercetin therapies.

IL-6 at 6h (pg/ml) HGF at 72h (pg/ml) VEGF at 72h (pg/ml)

Treatment Liver Serum Liver Serum Liver

Sham 2,189 ± 106 264 ± 7 21,758 ± 961 2,851 ± 208 7,536 ± 127

Low / 60°Cx10min 2,956 ± 265* 452 ± 8* 33,619 ± 1110* 3,987 ± 47* 13,036 ± 1214*

High / 90°C x2min 2,486 ± 72* 348 ±17* 25,453 ± 752* 3,537 ± 202* 8,925 ± 464*

Treatment with adjuvant micellar quercetin

Sham / MQ 2,167 ± 134 262 ± 9 22,175 ± 220 2,884 ± 317 7,703 ± 293

Low / 60°Cx10min / MQ 2,903 ± 108* 442 ±18*
22,092 ± 507

¥
2,756 ± 276

¥
9,528 ± 821

¥

High / 90°C x2min / MQ 2,503 ± 60* 359 ±19*
21,897 ± 1329

¥
2,554 ± 225

¥ 8,036 ± 699

*
p<0.05 when compared to sham group

**
pre-treatment growth rates same for each MQ arm

¥
p<0.05 when compared to corresponding RFA alone arms in two-tailed T-test
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