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RESEARCH ARTICLE

Role of Pluronic block copolymers in modulation of heat shock protein
70 expression
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(Received 11 April 2011; Revised 5 July 2011; Accepted 23 July 2011)

Abstract
Purpose: The goal of this study was to evaluate the relationship between previously demonstrated thermosensitising effects of
the block copolymer, Pluronic, and heat shock protein 70 (Hsp70) expression in an experimental colorectal cancer model
in vitro and in vivo.
Materials and methods: Rat colorectal carcinoma cells were treated with low-grade hyperthermia (43�C) alone or in
combination with Pluronics L10 (3 mg/mL), L61 (0.3 mg/mL), or L64 (0.5 mg/mL) for 20 min. Adinosine triphosphate
(ATP) levels and cell viability were determined using standard assays. Hsp70 expression was quantified by western blot for
cells treated with L10, L61, and L64 at doses specified above and Pluronic P85 (10 mg/mL) alone and in combination with
heat. BDIX rats with flank tumours were used to study the effect of L61 and hyperthermia on Hsp70 expression in vivo.
Results: In vitro, treatment with L10, L61, and L64 plus low-grade hyperthermia lead to depletion of ATP levels to between 8
and 66% of untreated control after 24 h. Maximum expression of Hsp70 was observed at 9 h following hyperthermia alone.
The combination of low-grade hyperthermia and Pluronic treatment reduced Hsp70 expression for up to 6 hours, and L10
appeared to completely inhibit the Hsp70 expression. In vivo, Hsp70 expression was increased 5 h after hyperthermia in
BDIX rat tumour models and no Hsp70 expression was observed in L61 pre-treated and control groups.
Conclusion: Pluronic effectively improves hyperthermic and low-grade hyperthermic treatment in part due to reduction of
Hsp70 expression.

Keywords: heat shock protein, low-grade hyperthermia, pluronic

Introduction

Hyperthermia treatment using image-guided radio-

frequency (RF) ablation has been extensively inves-

tigated in the past decade as an alternative treatment

for unresectable hepatic [1–4], pancreatic [5, 6], renal

[7, 8], and lung [9] tumours. RF ablation is

minimally invasive and comparatively low in risk

among other percutaneous approaches. This focal

hyperthermia technique is designed to obliterate the

tumour by heating the tissue to temperatures higher

than the normal body temperature (450�C) [10]. The

increase in tissue temperature results in cell mem-

brane destruction, protein denaturation, and local

necrosis around the RF probe. Despite demonstrated

advantages, the application of RF ablation by itself

can be incomplete and can lead to tumour recur-

rence, largely in marginal areas due to the cooling

effect of nearby blood vessels [11, 12] and due to the

endogenous protective mechanisms primarily from

heat shock protein 70 (Hsp70) [13–15].

Up-regulation of Hsp70 is clinically relevant

because it enhances thermotolerance of tumour

tissues [16] and results in decreased apoptosis and

necrosis, which facilitates cancer survival. Hsp70s

are omnipresent, chaperone molecules that assist in

protein folding in the active confirmation and are

expressed rapidly as a result of cellular stresses such

as hyperthermia, hypoxia, ionising radiation, and the

like. Activation of Hsp70 transcription [17] as well as
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the chaperoning function [18] has been shown to be

Adinosine triphosphate (ATP)-dependent. The anti-

apoptotic effect of Hsp70 in cancer cells is evidenced

by both caspase-dependent and -independent path-

ways [19–25]. As a result, Hsp70 has emerged as a

potential target for cancer therapy to increase the

efficacy of adjuvant treatments.

As a relatively non-toxic sensitising agent, Pluronic

has shown positive effects on low-grade hyperthermia

and results in an increased sensitisation effect for heat

[26–29]. Pluronic is a triblock copolymer composed

of hydrophilic poly(ethylene oxide) (PEO) and

hydrophobic poly(propylene oxide) (PPO) in the

form of PEOx-PPOy-PEOx (where the x and y values

differ to each type of Pluronic leading to structure-

dependent properties) [30]. The chemosensitisation

effect of Pluronic has been recognised as an effec-

tive means of causing an elevation of cancer cell

apoptosis by modulating the fluidity of the cell

membrane, depleting intracellular ATP [31], and

changing the P-glycoprotein drug efflux pump in

multidrug resistant (MDR) cells [32–34].

In the RF ablation scenario, since the marginal

tumour regrowth may be due in part to the up-

regulation of Hsp70 [13–15], we hypothesised that

the biological activity of Pluronic can be dependent

on its ability to inhibit Hsp70 expression by a yet

unidentified mechanism. Prior studies in our group

have demonstrated the thermal sensitisation effect of

Pluronic P85 in hyperthermia both in vitro and

in vivo [35]. Accordingly, the purpose of the current

study was to further investigate the effect of various

Pluronics (L10, L61, L64, P85) combined with

hyperthermia (45�C) and low-grade hyperthermia

(43�C) on ATP depletion, cell death, and expression

of Hsp70.

Materials and methods

Formulation of Pluronic solutions

Pluronics L10, L61, L64, and P85 (molecular weight

(Mw) of 3200, 2000, 2900, and 4600 Da, and PPO/

PEO units of 49.7/7.3, 31/4.55, 30/26.36, and 39.66/

52.27, respectively [36]) were used. Pluronic P85

and L61 were generously donated by BASF

(Shreveport, LA). Pluronic L10 and L64 were

purchased from Sigma Aldrich (Milwaukee, WI).

Pluronic stock solutions were prepared by dissolving

each polymer in RPMI medium overnight at 4�C

at concentrations of 10 mg/mL, 0.3 mg/mL, 0.5 mg/

mL, and 3 mg/mL for P85, L61, L64, and L10

respectively. The optimum doses of Pluronic were

obtained based on the mitochondrial succinate

dehydrogenase (WST-1) assay. Solutions were fil-

tered with a sterile 0.22 mm syringe filter (Millipore,

MA) and test solutions stored at 4�C until use.

Cell culture

Rat DHD/K12/TRb colorectal adenocarcinoma cells

(European Collection of Cell Cultures, Salisbury,

UK) originating from 1,2-dimethylhydrazine-

induced colon adenocarcinoma in BDIX rats, were

cultured in complete RPMI 1640 (10% fetal bovine

serum, 1% penicillin/streptomycin (Invitrogen,

Carlsbad, CA). Cells were cultured at 37�C and

5% CO2 in a humidified atmosphere. Cells were

passaged at 90% confluence. Cells were detached

with 0.25% trypsin-EDTA 24 h before treatment and

plated onto flat bottom, tissue culture-treated,

opaque walled, 96-well plates with 2� 104 cells in

each well.

Cell treatment

After 24 h of incubation, medium was aspirated and

cells were incubated with 100 mL of Pluronic test

solutions (10 mg/mL, 0.3 mg/mL, 0.5 mg/mL, 3 mg/

mL for P85, L61, L64, and L10) for 20 min at 37�C.

For Pluronic plus low-grade hyperthermia treatment,

cells were exposed to Pluronic test solutions as above

and received 43�C for 20 min. At the endpoint, test

solutions were removed, cells were washed with

incomplete RPMI and wells were replenished with

complete RPMI. Plates were returned to a 37�C

humidified incubator for a set time and analysed as

described below.

In vitro cell viability

Changes in ATP levels were measured using a

standard luciferin-luciferase assay (CellTiter-Glo�

luminescent cell viability assay, Promega, Madison,

WI). This assay measures the luminescence resulting

from the ATP-driven luciferase/luciferin reaction.

The measured signal corresponds to the relative

amount of ATP in those cells and is also proportional

to the number of living cells. After Pluronic and/or

low-grade hyperthermia treatment at 37�C or 43�C

(� 0.05�C) for 20 min, 100 mL of reagent was added

to each well. The plates were shaken for 2 min to

promote cell lysis, and relative luminescence was

measured using a plate reader (Tecan, Durham,

NC). At the same time points, cells were trypsinised

and a single cell suspension was obtained by well

mixing with a pipette. The cell suspension was mixed

with 0.4% trypan blue in 1 : 1 ratio and after �3 min

viable cells were counted using a haemocytometer

(Fisher Scientific, Pittsburgh, PA). All studies were

repeated in triplicate.

Protein analysis

Cells were treated with heat (43� � 0.05�C) with or

without Pluronic for 20 min. At different time points

(0, 2, 4, 6, 9, 24, 48, 72 h post treatment), cells were

Pluronic effect in reduction of ATP and Hsp70 673



lysed on ice for 30 min in a lysis buffer (Cell Signaling

Technology, Beverly, MA) containing a protease

inhibitor cocktail (Dimethyl sulphoxide, benzenesul-

phonylfluoride, trypsin inhibitor, bestatin, leucine,

pepstatin A) (Sigma, MO) and centrifuged at

10,000 g for 10 min at 4�C. A Bio-Rad (Hercules,

CA) protein assay kit was used to determine protein

concentration in the supernatant. Protein was elec-

trophoresced on sodium dodecyl sulphate/polyacryl-

amide gels and transferred to nitrocellulose

membranes. Membranes were blocked with 5%

non-fat dry milk in TBST buffer (0.1% Tween-20,

20 mM of Tris-HCl; pH 7.5, and 140 mM of NaCl).

Membranes were then incubated with primary anti-

bodies against Hsp70 and �-actin (Assay Designs/

Stressgen, Ann Arbor, MI), followed by secondary

antibody/horseradish peroxidase conjugates (Pierce,

IL). The SNAP i.d. system (Millipore, MA) was used

for the antibody incubation. Horseradish peroxidase

(HRP) substrate-luminal reagent (Millipore, MA)

was used to detect chemiluminescence signal and

photographed by Alpha Imager HP (Cell Biosciences

(proteinsimple),Santa Clara, CA).

For in vivo Hsp70 analysis, tumours were excised

from each group of BDIX rats and tissue samples

were prepared by homogenising the piece of dis-

sected tumour (radially sectioned) in lysis buffer,

followed by centrifugation at 4�C and collecting the

supernatant. Western blot analysis was carried out as

described above.

In vivo assessment of Hsp70 analysis

Pilot in vivo experiments were performed as

approved by the Institutional Animal Care and Use

Committee at Case Western Reserve University and

were in accordance with all applicable protocols and

guidelines in regard to animal use. BDIX rats 12

weeks old carrying subcutaneous tumours were used

in this study. Tumours were created by injecting

1.0� 105 rat colorectal adenocarcinoma cells (DHD/

K12/TRb). The tumours were treated with a com-

bination of L61 pretreatment and hyperthermia. L61

was chosen for these experiments because it had

demonstrated sensitising efficacy in previous studies

in the same rodent model of cancer (unpublished

data). Therefore, in this study we used L61 for

in vivo analysis of Hsp70.

After 5 weeks the rats were randomly divided into

three groups. Animals were anaesthetised using 1%

isoflurane with an oxygen flow rate of 1 L/min

(EZ150 Isoflurane Vaporizer; EZ Anesthesia,

Palmer, PA). The first group received 0.1 mg/mL

of L61 in saline intravenously. Four hours after L61

treatment, the tumours were subjected to hyperther-

mia at 45�C for 2 min with an abdominal grounding

pad. Application of local hyperthermia was

performed using a 480-kHz RF generator

(Radionics, Burlington, MA) and a custom-designed

21-gauge monopolar needle electrode. The other

group received the same amount of saline instead of

L61 followed by hyperthermia at 45�C for 2 min.

The control group received only saline. The animals

were euthanised 5 h after hyperthermia and tumours

were excised and stored at �80�C for Hsp70

analysis.

Statistical analysis

All data are presented as mean�STDEV (standard

deviation) unless otherwise noted. Cell viability data

are normalised with respect to untreated control.

Two-tailed unpaired student’s t-test with unequal

variants and a one-way ANOVA were used to

determine the significance of the outcome. Data

analysis was performed with Microsoft Excel and

ANOVA.

Results

Effect of Pluronic on ATP recovery and cell

growth in vitro

The effects of low-grade hyperthermia alone,

Pluronic treatment alone, and combined treatment

of heat plus Pluronic on ATP depletion are shown in

Figure 1. The data is normalised to the untreated

control and reported as a percentage (n¼ 3).

Subsequent to heating at 43� � 0.05�C for 20 min,

ATP decreased to 85%� 15.5% (P¼ 0.18) relative

to the untreated control. Twenty-four hours after

low-grade hyperthermia alone, ATP recovered to

96%� 4.5% (P¼ 0.18). ATP decreased immediately

after Pluronic treatment to 62%� 19%, 63%� 6%,

and 78%� 3% (P< 0.03) of untreated control for

L10, L61, and L64 respectively. Parallel to the heat

alone treatment, after 24 h, ATP of Pluronic-treated

cells recovered gradually to 100%� 7%, 96%� 2%,

and 94%� 7% (P< 0.3). A significant loss of cell

viability was observed when cells were treated with

both low-grade hyperthermia and Pluronic. The

synergic treatments with L10 demonstrated signifi-

cant ATP depletion compared to the treatments with

other Pluronic polymers used in this study reaching

a level of less than half of the untreated control and

heat alone treatments immediately after L10 plus

low-grade hyperthermia treatment (42%� 13%,

P¼ 0.002 and 37%� 8%, P¼ 0.02). Five hours

after treatment, ATP returned to 67%� 18%

(P< 0.05) of untreated control, demonstrating a

high production of energy. Subsequently, 24 h after

treatment, the ATP level decreased to 8%� 4%

(P< 0.001) of untreated control.
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The amount of ATP after the synergic treatment of

L61 and L64 plus low-grade hyperthermia displayed

similar behaviour to the L10 with a drop of ATP to

67%� 18% (P¼ 0.03) and 50%� 10% (P< 0.01) of

heat alone, respectively, and a slight increase was

observed within 5–10 h. However, in contrast to

L10, ATP recovered to 64%� 4% (P< 0.001) and

66%� 18% (P¼ 0.08) of untreated control after 24 h

for L61 and L64, respectively.

Pluronic effect on cell proliferation was investigated

72 h after treatment and is presented in Figure 2. Cells

treated with heat alone or with L64, L61, and L10

showed proliferation levels of 96%� 14%, 94%�

16%, 87%� 19%, 69%� 7% (P< 0.001) of

untreated control respectively. In contrast, when

combined with heat, the number of live cells decreased

to 68%� 25%, 63%� 7%, and 33%� 10% (P< 0.05)

for L64, L61, and L10 respectively.

Effect of Pluronic on heat shock protein 70 expression

in vitro

Hsp70 expression in confluent DHD/K12/TRb

monolayer cells after low-grade hyperthermia

treatment (43� � 0.05�C) was determined by immu-

noblot analysis. After 20 min of heat exposure, cells

were returned to the 37�C incubator and, at different

time points, cell lysates were collected and analysed

for Hsp70. Figure 3 shows the heat-induced increase

in Hsp70 protein expression at different post treat-

ment time points (n¼ 3). The Hsp70 expression was

up-regulated to a detectable level (38%� 6% of

actin, P< 0.05) within 2 h after heat treatment alone.

Maximal Hsp70 expression (80%� 23% of actin

amount, P< 0.05) was detected between 9 and 24 h

after treatment and decreased gradually afterwards

for up to 72 h.

Low-grade hyperthermia combined with Pluronic

decreased Hsp70 expression (Figure 4). Pluronic

L10 and low-grade hyperthermia completely sup-

pressed Hsp70 expression (n¼ 3). Here, the ‘heat

control’ is defined as the Hsp70 expression of heat

only treatment at the same time points. Pluronic L61

and L64 synergic treatment resulted in suppression

of Hsp70 for up to 6 h. After 6 h, Hsp70 expression

returned to a detectable level. A less remarkable

inhibition of Hsp70 protein was noted with

Pluronic P85. In all cases, the corresponding �-

Figure 1. Intracellular ATP in DHD/K12/TRb cells treated with heat only (43� � 0.05�C for 20 min), Pluronic L10 (A),
L61 (B), L64 (C) alone and combined (Pluronicþ heat) treatment. *Indicates statistically significant difference (P< 0.05)
compared to the untreated control (n¼ 3�STDEV).
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actin analysis was conducted (figures are not shown)

and each band normalised to �-actin. Figure 5 and

Table I summarise the Pluronics’ effects on Hsp70

expression compared to those of the heat control.

Finally, Figure 6 shows the representative

immunoblot outcome for Hsp70 analysis of

Pluronic-only treatments for cancer cells. The results

showed that there was an insignificant increase of

Figure 3. Up-regulation of Hsp70 expression in DHD/K12/TRb cells treated with 43�C low-grade hyperthermia for 20 min
(top). Representative western blot of Hsp70 expression with heat stress (bottom). Hsp70 expression at different time points
normalised versus actin. Hsp70 expression is elevated 2 h after hyperthermia treatment and lasts 72 h. Each peak is the mean
of measurements of 3�STDEV.

Figure 2. The relative viable cell counts 72 h following treatment with heat (43� � 0.05�C for 20 min), Pluronic L10, L61,
L64 alone and Pluronicþ heat. Cell counts were normalised to the untreated control (n¼ 3). *Indicates significant
difference compared to control (P< 0.05).
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intracellular Hsp70 expression compared to the heat

control.

In vivo expression of Hsp70

In vivo Hsp70 expression in hyperthermia-treated

tumours with or without Pluronic L61, and subse-

quent control groups are shown in Figure 7. Hsp70

expression in the L61 pretreated with hyperthermia

group (n¼ 8), the L61 alone group (n¼ 3), and the

saline treated group (n¼ 2) were undetectable.

An average of 88%� 10% (normalised to constitu-

tively expressed �-actin) Hsp70 expression was

observed in tumours, 5 h after hyperthermia alone

treatment.

Discussion

Radiofrequency (RF) ablation has recently gained

recognition as a minimally invasive surgical modality

for treating a variety of unresectable solid tumours

[37]. One challenge facing RF ablation is local

tumour recurrence, particularly in lesions exceeding

3 cm in diameter [12, 38, 39]. Several strategies have

been developed to improve the outcomes of ablation.

Goldberg et al. have demonstrated the synergistic

effect of RF ablation and liposomal doxorubicin in

enhancing tumour necrosis [40–44]. Krupka et al.

administered polymer implants loaded with carbo-

platin with a chemosensitiser to increase the efficacy

of RF ablation [26]. Haaga et al. demonstrated

effectiveness of a similar approach with 5-FU loaded

implants [45]. To overcome the problem from an

instrumentation perspective, multiple array needle

electrodes have also been explored [46]. Although

these strategies increased the volume of tumour

necrosis in some cases, new paradigms which

perform this task without device modification or

use of toxic chemotherapeutics present a compelling

Figure 5. Effect of Pluronic L10, L61, L64, and P85 on the inhibition of Hsp70 with the hyperthermia treatment at 43�C
for 20 min. The peaks are normalised to actin and calculated as a percentage relative to heat only treatment at same time
points. Results presented as the mean of 3�STDEV. *The Hsp70 expression is significantly different from the expression of
heat control with P< 0.001.

Figure 4. Inhibition of Hsp70 expression in DHD/K12/
TRb cells treated with different Pluronics and 43�C low-
grade hyperthermia for 20 min. Western blots reveal that
the Hsp70 expression was totally diminished by L10þ heat
treatment. Pluronic L61, L64, and P85þ heat treatment
down-regulate Hsp70 for 6 h.
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alternative [47]. One possible cause of marginal

recurrence and a potential target for a complemen-

tary therapy is up-regulation of Hsp70 expression

observed in various tumour models after sublethal

RF ablation [14, 48, 49]. Several mechanistic studies

have been performed to explain the upstream effect

of Hsp70 in apoptosis and cell proliferation in diverse

organs [20–25].

Our previous studies showed that Pluronic P85

combined with hyperthermia decreased cell viability

and proliferative ability of DHD/K12/TRb cell line

in vitro and in vivo. The synergistic treatment with

Pluronic P85 plus hyperthermia demonstrated a

22–28% decrease in cell viability in vitro and a 59%

reduction in tumour volume when P85 was com-

bined with RF ablation compared to an increase of

16% with RF ablation alone [35]. In this current

study we investigated the synergic effect of various

other Pluronics with low-grade hyperthermia and its

impact on ATP depletion and Hsp70 expression

in vitro using DHD/K12/TRb cell line and in vivo

using subcutaneous tumours in rats using the same

cell line. The optimum doses of Pluronic L61 and

P85 used in this study were obtained from previous

studies [50] and optimum doses of Pluronic L10 and

L64 were obtained based on the mitochondrial

succinate dehydrogenase assay (data not shown).

Our current findings show that Pluronics L10, L61,

and L64 play a role in reducing intracellular ATP

levels immediately after treatment when combined

with low-grade hyperthermia; and their effectiveness

appears to be dependent on Pluronic structure [51].

For example, after treatment of hyperthermia and

Pluronic L10 (calculated hydrophilic-lipophilic bal-

ance (HLB)¼ 2, molecular weight 3200 Da) resulted

in complete lack of recovery of cell viability.

However, Pluronic L61, which also has low HLB

Figure 6. Expression of Hsp70 in DHD/K12/TRb cells treated with Pluronic L10, L61, L64, or P85 for 20 min at 37�C.
Western blot analysis indicated an insignificant level of Hsp70 expression with Pluronic only treatment.

Table I. Summary of Hsp70 expression following treatment with low-grade hyperthermia in conjunction with
Pluronic.

Treatment

Time to

initial Hsp70

expression (h)

Initial Hsp70

expression

(% actin)

Time of

maximum Hsp70

expression (h)

Maximum

Hsp70 expression

(% actin)

Heat alone 2 38�6 24 80�23

L10þ heat 48 9�1** 48 14�4**

L61þ heat 6 19�14* 24 87�3

L64þ heat 6 21�12* 24 68�8

P85þ heat 6 70�5 9 92�6

Data are mean of 3 with the�STDEV. *Hsp70 expression is significantly different from the expression of heat control with
P< 0.05. **Hsp70 expression is significantly different from the expression of heat control with P< 0.001.

Figure 7. Hsp70 expression 5 h after hyperthermia (for
20 min at 45�C) in subcutaneous colorectal tumour model.
A total of 50 mg of tissue lysate was analysed by western blot
against anti- Hsp70 antibody. Actin was used as the
internal control. Hyperthermia-treated tumours show
Hsp70 expression, but with Pluronic L61 the protein
expression diminished.
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value (2) but a lower molecular weight (2000 Da)

demonstrated a less intense effect on ATP depletion

compared to L10. Pluronic L64 with the calculated

HLB value of 8 and higher molecular weight

(2900 Da) showed even less effect on ATP depletion

even at 48 h after treatment.

Similarly, the phenomenon can be related to the

number of lipophilic and hydrophilic segments of

the block polymers. Pluronics with longer lipophilic

propylene oxide (PO) and shorter hydrophilic ethyl-

ene oxide (EO) segments have a greater ability to

interact with cell membranes [32]. The high lipo-

philic nature of L10 (49.7 of PO and 7.3 of EO

segments) may have enhanced capacity to change the

membrane fluidity, resulting in decreased mitochon-

drial activity and demonstrate higher effect for ATP

reduction. Pluronic L61 (31 PO and 4.55 EO

segments) with lower molecular weight shows lesser

effects in ATP reduction compared to L10. Pluronic

L64 with high PO units (30) and high EO units

(26.36) also showed less effectiveness for ATP

depletion. Finally, hydrophilic Pluronic P85, which

has a higher number of EO units than PO units

(39.66 of PO and 52.27 of EO segments) and high

molecular weight (4600 Da) contributes much less to

the ATP depletion activity in our model. In addition,

ATP levels in cells treated with Pluronic alone were

nearly restored to original levels after 24 h, suggest-

ing low inherent effects of the polymer.

Electron paramagnetic resonance (EPR) technique

results [52] and fluorescence results [53] demon-

strated that Pluronic has the ability to alter the

mitochondrial membrane permeability and hence

has an effect on energy production. Krupka et al.

reported on the mitochondrial succinate dehydroge-

nase activity assay (WST-1) results after treatment of

L61 and heat for DHD/K12/TRb cells. These data

showed a significant decrease of cell viability when

cells were treated with L61 plus heat, compared to

the heat alone treatment. By day 3, no enzyme

activity was observed with the L61 and heat treat-

ment [50]. Rapoport et al. demonstrated the cyto-

static action of Pluronic in MDR cells and explained

the inhibitory effect of Pluronic in cell growth [52,

54]. Our live cell data showed suppression of cellular

growth in L61, L64, and L10-treated cells 72 h after

the treatment, but the inhibitory effect was increased

considerably with the combination of Pluronic and

heat. Hyperthermia has been known to increase the

cell membrane permeability for enhanced drug

uptake [55, 56]. It is possible that the low-grade

hyperthermia could increase the internalisation of

Pluronic into cells and affect the cytostatic action

rather than have a cytotoxic effect.

The most noteworthy finding in the current study

was that Pluronic has the ability to reduce Hsp70

expression both in vitro and in vivo. In the

cytoplasm and the nucleus of most mammalian

cells, Hsp70 is up-regulated when cells experience

stress [57]. The production of Hsp70 assists in

repairing and stabilising damaged proteins by cor-

recting their 3D folding, permitting continued

functions under stress [57–59]. In this scenario,

cancer cell survival is increased and a greater focus

is placed on the inhibition of Hsp70 for therapeutic

approach [60].

In our model Hsp70 is undetectable under normal

baseline conditions but the heat stress caused

up-regulation of Hsp70 in DHD/K12/TRb cells 2 h

after treatment and the maximum expression was

observed 9–24 h after low-grade hyperthermia.

We then investigated the systematic expression of

Hsp70 after synergic treatment of Pluronic and low-

grade hyperthermia showing that L61, L64, and P85

combined with heat decrease Hsp70 expression for

6 h followed by recovery of Hsp70 to or above pre-

treatment levels. The P85 group shows relatively

high percentage of Hsp70 expression after 6 h com-

pared to the other Pluronics and relative to heat

alone but the difference is not statistically significant

and is likely due to experimental variability. In

contrast, synergic treatment of L10 fully diminished

Hsp70 for the entire duration of observation.

Although the exact mechanism of this phenomenon

is not yet known, the findings may be valuable for

the growing interest in the identification of Hsp70

modulators for cancer therapy.

Hsp70 expression has been examined in various

models [14, 48, 49]. Since Pluronic L61 used for

previous studies showed efficacy in the same animal

model with low doses (0.1 mg/mL) [51], to be

consistent with past studies, L61 was also selected

here for in vivo analysis. In the current study,

colorectal adenocarcinoma tumours treated with

local, intratumoural application of hyperthermia

showed Hsp70 expression after 5 h post treatment.

Since L61 demonstrated decrease of Hsp70 at 0 to

6 h post treatment in vitro, the 5 h time point was

selected for the in vivo studies. In contrast, the

tumours pretreated with L61 showed no significant

expression after the hyperthermia treatment. These

early results suggest that the reduction of Hsp70

expression by Pluronic L61 can be translated to

in vivo systems, but an in-depth study of the time

course and spatial distribution of this phenomenon is

required to validate the approach.

Conclusion

The current study investigated the utility of various

Pluronic triblock copolymers in conjunction with

hyperthermia and low-grade hyperthermia cancer

treatment. As an ideal sensitiser, Pluronic shows

Pluronic effect in reduction of ATP and Hsp70 679



relatively low inherent toxicity to the cancer cells

examined here, yet the killing effect is increased

considerably with low-grade hyperthermia in vitro,

suggesting a synergistic effect. Our studies revealed

that the synergy of Pluronic and low-grade hyper-

thermia depleted intracellular ATP and reduced

Hsp70 expression, which ultimately led to increased

cytotoxicity of cancer cells in vitro. The effects appear

to be dependent on the molecular weight and the

HLB of the polymers. Most notably, Pluronic L61

reduced Hsp70 expression both in vitro and in vivo

when cells or tissues were exposed to mild elevated

temperature (43� and 45�C). These findings support

further examination of the thermal sensitisation

effects of Pluronic and their potential use as a

tumour thermal ablation modulator.
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