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Abstract 

 

Extracellular heat shock proteins (eHsps) in the circulation have recently been found to activate both 

apoptotic and protective signaling in the heart. However, the role of eHsps in doxorubicin (Dox)-

induced heart failure has not yet been studied. The objective of present study was to determine how 

Dox affects circulating eHsp25 in blood plasma and how eHsp25 affects Dox-induced dilated 

cardiomyopathy.  Wild type mice (HSF-1+/+) were pretreated with 100 μl of heterozygous heat shock 

factor-1 (HSF-1+/–) mice plasma (which contained four-fold higher eHsp25 compared to wild type 

mice), HSF-1+/+ plasma or saline, before treating with Dox (6 mg/kg). After 4 weeks of this treatment 

protocol, HSF-1+/– plasma-pretreated mice showed increased eHsp25 in plasma, and improved-cardiac 

function (%FS: 37.3±2.1 vs. 26.4 ±4.0) and better life span (31±2 vs. 22±3 days) compared to the 

HSF-1+/+ plasma or saline-pretreated mice. Pre-incubation of isolated adult cardiomyocytes with HSF-

1+/– plasma or recombinant human Hsp27 (rhHsp27) significantly reduced Dox-induced activation of 

NF-κB and cytokine release, and delayed cardiomyocyte death. Moreover, when cardiomyocytes were 

incubated with fluorescent-tagged rhHsp27, a saturation in binding was observed, suggesting that 

eHsp25 can bind to surface receptors. Competitive assays with a toll-like receptor 2 (TLR2) antibody 

reduced the rhHSP27 binding, indicating that Hsp25 interacts with TLR2. In conclusion, transfusion 

of Hsp25 enriched blood plasma protected the heart from Dox-induced cardiotoxicity. Hsp25 

antagonized Dox binding to the TLR2 receptor on cardiomyocytes.  
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Introduction 

Clinical utility of doxorubicin (Dox) is severely limited by the incidence of life-threatening dilated 

cardiomyopathy among patients who receive a cumulative dose exceeding 550–600 mg/m2 during 

chemotherapeutic regimens (Minotti et al., 2004; Peng et al., 2005). Even though several pathways 

such as mTOR inhibition (Zhu et al., 2009), phosphodiesterase-5 inhibition (Fisher et al., 2005), 

reduction in circulating progenitor cells (Huang et al., 2010), activation of toll-like receptors (Nozaki 

et al., 2004; Riad et al., 2008), impaired metabolism (Maslov et al., 2010), and triggering autophagy 

(Kobayashi et al., 2010), have been identified, the precise mechanism of Dox-induced cardiotoxicity 

still remains unclear. We recently identified a novel pathway: that heat shock factor (HSF-1) is 

activated, due to Dox-induced oxidative stress, and this activation enhanced the expression of heat 

shock proteins including Hsp25 in Dox-treated mouse hearts (Vedam et al., 2010). Systemic stresses, 

such as genotoxic (i.e. Dox treatment) and proteotoxic (accumulation of denatured proteins) stresses 

induce HSF-1 activation and enhance stress-inducible proteins expression in eukaryotic cells (Baler et 

al., 1993; Sarge et al., 1993; Xiao et al., 1999). HSF-1 is activated by diverse forms of stress and the 

activation of HSF-1 occurs via a multistep process (Sakamoto et al., 2006). Induction of Hsp25 in 

Dox-treated hearts was shown to regulate p53 transcriptional activity and expression of the pro-

apoptotic protein Bax (Vedam et al., 2010). Many studies have reported that overexpression of small 

Hsps, such as Hsp27 (the Hsp25 ortholog), protects the heart (Liu et al., 2007; Fan et al., 2008). 

Paradoxically, however, there is compelling evidence that an elevated level of Hsp25 or Hsp27 is 

present in failing hearts (Dohke et al., 2006). Thus, it is not clear whether this increase in Hsp27 in the 

failing human heart (Hsp25 in murine) is the result of an unsuccessful protective mechanism or if the 

increased expression of Hsp25 indeed potentiates the loss of cardiomyocytes in the heart.  

 

Extracellular Hsps (eHsps), that are present in blood plasma, are being actively studied for 

their role in innate immunity (Multhoff, 2006; Schmitt et al., 2007; Dhodapkar et al., 2008). Dox has 

been reported to activate monocytes and macrophages in the circulation, and induce an immunogenic 

response through activation of interleukin-1 family receptors such as toll like receptors (TLRs) (Riad 
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et al., 2008). These responses may lead to an increase in eHsps in the circulation, although no 

systematic study has been carried out on the levels of circulating eHsps in Dox-treated experimental 

animals or in humans. Various receptors, especially the TLRs, present on immune cells such as 

macrophages and monocytes, have been identified as potential targets for Hsps. Upon binding to these 

receptors, Hsps were found to activate downstream signaling to enhance cytokine secretion as a part of 

the immune response. Recent studies have shown that cardiomyocytes express TLRs (Petersen et al., 

2005; Boyd et al., 2006), and Hsps can bind to these receptors (Roelofs et al., 2006; Kim et al., 2009). 

Specifically, Hsp60 has been found to competitively bind to TLR4 and enhance apoptosis in 

cardiomyocytes (Lewthwaite et al., 2002; Kim et al., 2009). TLR2 has been identified as a receptor for 

Dox, and its deletion was found to be protective against Dox-induced cardiotoxicity (Nozaki et al., 

2004). Independent studies have shown that circulating eHsp25 could interact with TLRs and act as a 

putative ligand (Kardys et al., 2008). Thus, we hypothesized that enhancing circulating eHsp25 would 

antagonize Dox by competitive binding to TLR and prevent Dox-induced cardiotoxicity. Hence, the 

objective of this study was to establish the relationship between plasma level Hsp25 (eHsp25) and 

Dox-induced cardiomyopathy, and to determine whether circulating eHsp25 could protect the heart 

from Dox.  

 

Materials and Methods 

A detailed description of experimental methods is available in the supplementary materials. 

 

Animals and treatment  

HSF-1 knock out founders were obtained as generous gift from Dr. Ivor Benjamin, University of 

Utah, crossed with Balb/C (Charles River) and genotyped (Vedam et al., 2010). Eight week old HSF-

1+/+, HSF-1+/–and HSF-1–/– mice in Balb/C background were used in all the studies. All the protocols 

were approved by the Institutional Animal Care and Use Committee and were performed according to 

the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Blood was drawn 

by cardiac puncture and plasma collected with heparin as an anticoagulant. Immunodepletion of 
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Hsp25 in the plasma was carried out by immunoprecipitating Hsp25 from whole plasma, using an 

anti-Hsp25 antibody.  Absence of Hsp25 in the immunodepleted plasma was confirmed by western 

blotting, before injecting into mice. Dox dosing was via bolus IP injection of 6 mg/kg body weight per 

week for a total of four weeks. This dose was reported to cause Dox-induced heart failure in mice 

within four weeks (Yoshida et al., 2009). Plasma infusion was carried out through tail vein 

cannulation. 

 

Survival and Weight Loss Studies 

Two sets of survival studies were carried out. In the first set, HSF-1+/+, HSF-1+/- and HSF-1-/- 

mice were injected with Dox, and survival was followed. In the second set, mice pretreated with 

saline, or HSF-1+/+ plasma or HSF-1+/- plasma followed by Dox. The Kaplan-Meier curve was plotted 

and analyzed for 50% survival time in each group. 

 

Two-Dimensional Echocardiography 

M-mode echo was performed using a GE Vivid 7 ultrasound imaging system (GE Healthcare, 

Milwaukee. WI, software version 3.4.2) equipped with a 13-MHz linear-array transducer. 2D short 

axis echo was performed at the level of the mid-papillary muscle. All measurements were averaged 

from a minimum of 3 cardiac cycles. LV end-diastolic and end-systolic internal diameter (LVIDd and 

LVIDs, respectively) were measured. LV mass and fractional shortening (%) were calculated as 

described before (Vedam et al., 2010).  

 

Immunoblot analysis 

Immunoblotting in whole cell lysates and immunoprecipitates were carried out using routine 

procedures (Vedam et al., 2010).  
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Histopathology 

To examine histological changes at the end of four weeks, hearts were harvested and fixed in 

10% neutral buffered formalin, routinely processed, and embedded in paraffin. Paraffin sections were 

cut into 4 µm serial sections. Counter-staining with haematoxylin and eosin (H&E) was performed.  

 

Immunofluorescence staining in heart tissue by confocal microscopy 

Tissue sections were incubated with both rabbit anti-α-actin antibody (abcam) and mouse anti-

Hsp25 antibody (Sigma), and the slides were stained with both green Alexa Fluor 488 conjugated goat 

anti-rabbit secondary antibody and red Alexa Fluor 555 conjugated donkey anti-mouse secondary 

antibody (Molecular Probes) for fluorescent imaging.  

 

Recombinant human Hsp27 Expression, purification, tagging with OG fluorescent dye and binding 

on cardiomyocytes  

Recombinant human Hsp27 (rhHsp27, low-endotoxin, human orthologue of murine Hsp25) 

was used in the present work because it has been very well established in cardiomyocyte binding 

studies (Panasenko et al., 2002). Expression and purification of recombinant human Hsp27 was carried 

out as described before (Panasenko et al., 2002). Denaturation and re-naturation of Hsp27 was also 

carried out as described before. (van de Klundert et al., 1998). rhHsp27 was labeled with Oregon green 

488 according to the manufacturer's protocol (Molecular Probes F-6153). The final labeled-protein 

concentration was quantitated by measuring the absorbance at 280 nm, and correcting the absorbance 

for Oregon green and the extinction coefficient for Hsp27 (Kim et al., 2009). Cardiomyocytes were 

incubated with Oregon-green labeled recombinant human Hsp27 (OG-rhHsp27) with increasing 

concentrations for 30 min at 4°C, washed and fluorescence was determined as described by Habich et 

al. (Habich et al., 2002). In competitive assays the cells were pre-incubated with anti-TLR2 antibody 

(Abcam). Dox fluorescence in cardiomyocytes was determined with excitation at 546 nm, measuring 

emission at 565 nm (Shen et al., 2008). 
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Cardiomyocytes beat-to-beat interval studies 

Isolated cardiomyocytes were treated with Dox alone or HSF-1+/– plasma+Dox and spontaneous 

contractions of a single cardiomyocyte (supplementary video) were recorded until the cardiomyocyte 

in focus lost its rod morphology (becomes rounded). Contractility was manually counted as a function 

of time from the recorded video and beat-to-beat interval was determined. 

 

Statistics Analysis 

All values were expressed as mean ± SE. Significance analyses were carried out using one-way 

analysis of variance (ANOVA) followed by a post hoc procedure wherever needed, using Statistical 

Package from the Social Sciences (SPSS) software package version 16. Log-Rank test applied in 

Kaplan–Meier curves. Statistical significance was accepted at a value of P<0.05. 

 

Results 

Elevation of circulating extracellular Hsp25 in Dox-treated mice 

HSF-1+/+, HSF-1+/– and HSF-1–/– mice were treated with Dox (6 mg/kg bodyweight) or the 

vehicle (saline) for four weeks and circulating plasma eHsp25 was determined. Fig. 1A shows the 

western blots of eHsp25 in plasma of HSF-1+/+, HSF-1+/– and HSF-1–/– mice, after four weeks of Dox 

treatment. Quantitative comparison of the basal eHsp25 level in plasma, determined before starting the 

Dox regimen (Fig. 1B), showed higher eHsp25 in HSF-1+/– (about 4 fold) and HSF-1–/– (about 3 fold) 

mice, compared to HSF-1+/+ mice, suggesting that the circulating eHsp25 level is higher in HSF-1+/– 

mice. Given the fact that HSF-1 knock out animals are supposed to show low levels of Hsps including 

Hsp25, and indeed it was reported so in different tissues of these mice previously (Yan et al., 2002), 

higher plasma level eHsp25 in HSF-1+/– mice indicates that some other unknown factors are activating 

Hsps expression in circulating cells. Previous studies have shown that mutant and wild type hetero 

trimers of HSF-1 are transcriptionally more active than the HSF-1 homo trimers (HSF-1 trimers are 

the active form of HSF-1 transcriptome) (Voellmy, 2005). This may be responsible for the increased 

basal level eHsp25 in heterozygous mice. 
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Upon treated with Dox, the eHsp25 level progressively increased with each week in HSF-1+/+ 

mice (Fig. 1B, supplementary Fig. 1), whereas in the HSF-1+/– and HSF-1–/– groups, there was no 

significant further increase from the already higher basal level (Fig. 1B). The increase in HSF-1+/+ 

mice started as early as the 2nd week in HSF-1+/+ mice (Fig. 1B, supplementary Fig. 1). Interestingly, 

Dox-induced cardiotoxicity, determined in terms of cardiac dysfunction showed very minimal change 

in ejection fraction in the HSF-1+/– and only a moderate reduction in HSF-1–/– hearts (supplementary 

Fig. 2), unlike the severe cardiac dysfunction noted in HSF-1+/+ mice. Furthermore, the survival 

analysis of these mice indicated an inverse correlation between survival and basal eHsp25 level 

(Fig. 1B and C). The 50% death (Log-Rank test) was 23±3 days in the HSF-1+/+ group (lowest basal 

eHsp25), 36±4 days in the HSF-1–/– group, and strikingly, no significant death (50% death >100 days) 

was observed in the HSF-1+/– group (highest basal eHsp25).  

 

As the inflammatory cells such as macrophages are known to be activated upon treated with 

Dox (Krysko et al., 2011) as innate immunogenic response, we determined whether there was any 

increased expression of Hsp25 in macrophages of Dox-treated mice. Intraperitoneal cavity 

macrophages were isolated from Dox or saline treated HSF-1+/+ and HSF-1+/– mice (Fig. 1D) and used 

for Hsp25 determination. Hsp25, determined by western blotting, increased (three fold) in 

macrophages of Dox-treated HSF-1+/+ mice (Fig. 1E), compared to saline treated macrophages. 

However, in the HSF-1+/– group, the macrophages of saline treated mice showed a very high level of 

Hsp25 (even higher than the Dox-treated HSF-1+/+ group, Fig. 1E), and no significant increase was 

produced by Dox treatment. In macrophages IL-6 increased upon treatment with Dox in both groups, 

indicating activation of inflammatory cells (Fig. 1F). We have also found that the basal IL-6 was 

higher in HSF-1+/– mice than HSF-1+/+ mice (supplementary Fig. 3). These results suggest that the 

plasma level of eHsp25 is likely regulated via an immunogenic responsive mechanism, involving 

monocyte/macrophage cells, and that this mechanism is constitutively active in an HSF-1 deficient 

setting.  
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HSF-1+/– plasma transfusion improves survival and attenuates cytokine release 

Three groups of HSF-1+/+ wild type mice were infused with either HSF-1+/– plasma (100 µl) or 

HSF-1+/+ plasma, or equal volume of saline. Twenty-four hours later, each of these groups were 

divided into two, and infused with either Dox (6 mg/kg) or saline (resulting in six groups: saline alone; 

saline+Dox; HSF-1+/+ plasma alone; HSF-1+/+ plasma+Dox; HSF-1+/– plasma alone; HSF-1+/– 

plasma+Dox). This was repeated for four weeks, resulting in four doses of HSF-1+/– plasma and Dox 

(supplementary Fig. 4). Fig. 2A shows survival curves of these six groups. Wild type mice, treated 

with HSF-1+/– plasma+Dox, showed 50% survival at 31±2 days, which was higher than both the HSF-

1+/+ plasma+Dox-treated group (23 ± 4days) and the saline+Dox-treated group (22±3 days). Moreover, 

only 60% mortality over 50 days (by the end of the study period) was observed in the HSF-1+/– 

plasma-treated mice, whereas in the HSF-1+/+ plasma+Dox-treated group or saline+Dox-treated group, 

more than 80% mortality was observed. Dox-induced body weight loss, due to its systemic toxicity, 

was also found to be less for HSF-1+/– plasma transfused group (supplementary Fig. 5), illustrating the 

decreased toxicity in this group. eHsp25-depleted (by immunoprecipitation using an Hsp25 specific 

antibody) HSF-1+/– plasma transfusion did not show the increased survival, confirming that eHsp25 in 

plasma is responsible for the enhanced survival of that cohort (supplementary Fig. 6). Moreover, mice 

injected with purified rhHsp27 prior to Dox treatment showed an increase in survival, but the increase 

was not equal magnitude to that found for the HSF-1+/- plasma treatment group, perhaps due to LPS 

contamination or denaturing of rhHsp27 causing death among the cohort (Kim et al., 2009). Even 

though only 100 μl of HSF-1+/– plasma was infused four times, a 4 fold increase in eHsp25 was 

observed (which was not proportional to infused amount), suggesting that infusion of HSF-1+/– plasma 

enhances the production of eHsp25, potentially through activation of macrophages in the circulation 

(see Fig. 1E). Moreover, the fact that the plasma level eHsp25 was further elevated (Fig. 2B&C) in 

HSF-1+/– plasma+Dox group, in spite of less systemic toxicity, indicated that HSF-1+/– plasma+Dox 

transfusions primed the secretory mechanism to release more eHsp25 in response to Dox. To test that 

immune cells are activated upon plasma transfusion, cytokines namely IL-6 and TNF-α were 

determined. Both IL-6 and TNF-α were increased by treatment with HSF-1+/– plasma (Figs. 2D and 
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2E).  IL-6 showed a 4-fold increase upon treatment with Dox alone, and while there was an increase in 

IL-6 in the HSF-1+/– plasma+Dox-treated groups, the increase was significantly blunted relative to the 

Dox-alone treated group (Fig. 2D). Similarly, HSF-1+/– plasma treatment almost completely removed 

the dox-induced increase in TNF-α (Fig. 2E).  

 

Cardioprotection against Dox in HSF-1+/– plasma transfused mice 

Fig. 3A shows representative echocardiograms of four groups, obtained four weeks after the last 

dose of Dox. In HSF-1+/– plasma alone or saline alone treated groups, cardiac function remained 

unchanged. The saline+Dox-treated group showed the “dilated cardiomyopathy” phenotype, 

demonstrated by significant contractile dysfunction observed in the 2D M-mode echocardiograms. The 

HSF-1+/+ plasma+Dox-treated group also a showed similar phenotype (data not shown). However, in 

the HSF-1+/– plasma+Dox-treated group, better contractile function relative to the other groups, was 

observed (Fig. 3A). The quantitative percentages of fractional shortening (%FS), obtained for all the 

four groups over the study period, are summarized in Fig. 3B. %FS was 49.4±2 for saline infused 

groups. In the saline+Dox-treated group, %FS decreased to 26.4±4, whereas in the HSF-1+/– 

Plasma+Dox-treated group the %FS was 37.3±2.1, significantly higher than the saline+Dox-treated 

group. Similarly, the LV thickness was significantly higher in HSF-1+/– plasma+Dox group, relative to 

the Dox-treated group (0.68±0.05 and 0.63±0.05 mm respectively, Fig. 3C). These results illustrate 

that the increased survival in the HSF-1+/– plasma-pretreated group (Fig. 2A) is likely due to the 

reduced cardio-toxicity. Histopathological evaluation (H&E staining) of LV tissue of all the four 

groups was carried out to determine whether there was any reduced tissue damage in the HSF-1+/– 

plasma-pretreated group. Saline or HSF-1+/– plasma alone treated groups showed a normal myofibrillar 

structure with striations, branched appearance and continuity with adjacent myofibrils. Dox alone 

treated group, showed extensive myofibrillar degeneration (Fig. 4A). The tissue sections from HSF-

1+/– plasma+Dox-treated groups showed normal myofibrillar structure with mild degenerative changes 

and continuity with adjacent myofibrils (Fig. 4A), and the morphology of cardiac muscle fibers was 

relatively well preserved. The quantitative assessment of Dox-induced myocardial damage showed 

significant decrease in HSF-1+/– plasma-pretreated groups (Fig. 4B).  
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HSF-1+/– Plasma transfusion reduces HSF-1 activation and Hsps expression, and suppresses 

apoptosis in Dox-treated hearts 

Western blots and quantitative results of the four major Hsps (Hsp90, Hsp70, Hsp60, and 

Hsp25, determined in the heart tissues after four weeks of Dox injection) are presented in Fig. 5. Dox 

treatment induced all major Hsps, and significantly increased them in the heart. Such an enhanced 

expression of Hsps, as a response to stress has been reported to be due to HSF-1 activation in the heart 

(Turakhia et al., 2007; Vedam et al., 2010). However, in HSF-1+/– plasma+Dox-treated group, the 

Hsps levels were very much reduced compared to saline+Dox-treated groups, indicating that HSF-1+/– 

plasma pretreatment inhibited Dox-induced HSF-1 activation in the heart. There was no significant 

induction of Hsps in saline alone or plasma alone treated groups (Fig. 5A–C). Although all major Hsps 

were up-regulated upon treating with Dox, we focused on Hsp25 as it has been identified as a 

regulator of p53 activity (Vedam et al., 2010). Immunohistochemical tissue staining was carried out in 

all the four groups of hearts to determine whether distribution of the Hsp25 expression in the Dox-

treated hearts was uniform. Fig. 5D summarizes the images of LV tissues stained for Hsp25. As seen, 

a uniform positive staining was confirmed in Dox-treated heart tissues, whereas in HSF-1+/– plasma-

pretreated group, Dox treatment did not enhance Hsp25. These results demonstrate that the Dox-

induced Hsps expression in the heart is inhibited by HSF-1+/– plasma pretreatment, suggesting that 

cardioprotection observed in the plasma pretreated group could be due to inhibition of the HSF-1 

activation in these hearts. Further experiments were carried out to determine whether these changes in 

Hsp25 expression occurred in cardiomyocytes. Co-registration of cardio specific α-actin and Hsp25 

was carried out. Double-immunofluorescence staining and confocal microscopy analysis were used in 

heart tissues. First, heart tissues were co-stained with a cardiac muscle α-actin antibody rabbit 

(Abcam) and a Hsp25 antibody mouse (Sigma) followed by anti-rabbit green fluorescent and anti-

mouse Texas red secondary antibodies, and stained with DAPI for nuclei staining. Fig. 5E shows 

microscopic images of fluorescence measured at different excitation and emissions corresponding to 

the three fluorescent tags and presented as merged images. In Dox-treated mouse hearts, the merged 

images show largely yellow color (red+green) confirming the over expression of Hsp25 in 

cardiomyocyte, while Hsp25 was found to be decreased in heart tissues of wild type mice treated with 
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HSF-1+/– plasma alone and with HSF-1+/– plasma+Dox (Fig. 5E) as indicated by the greatly decreased 

yellow intensity. These results confirm that HSF-1+/– plasma treatment indeed altered Hsps expression 

in cardiomyocytes. 

 

Phosphorylated isoforms of myocardial Hsp25, which have been found to play key roles in 

inducing apoptosis in Dox-treated hearts, were also significantly reduced in the HSF-1+/– plasma+Dox-

treated group (Fig. 5A). It is known that oxidative stress activates MAP kinases in the myocardium, 

and various MAP kinases phosphorylate HSF-1 as well as Hsp25 (Vedam et al., 2010). The 

p38MAPK level was, as previously demonstrated, higher in Dox-treated mouse hearts, compared to 

saline-treated heart tissue (Fig. 6A). In contrast, the increases in MAPKAP-2 and ERK1/2 levels 

induced in the heart by Dox treatment were significantly attenuated when the mice were treated with 

HSF-1+/– plasma (Fig. 6A). Apoptotic markers were also analyzed in all the four groups. First, the p53 

level, which has been found to induce Bax in an Hsp25 depended manner (Stacchiotti et al., 2009), 

was high in Dox-treated mouse hearts (Fig. 7A), while its level was significantly lower in HSF-1+/– 

plasma-pretreated hearts. Similarly the apoptotic index, defined as Bax/Bcl2 ratio was higher in the 

Dox alone treated group, relative to the HSF-1+/– plasma+Dox-treated group (Fig. 7A&B). In order to 

confirm that attenuation of the Hsp25/p53 apoptotic pathway is indeed responsible for the observed 

cardioprotection in HSF-1+/– plasma+Dox-treated group, protein-protein interaction between these 

proteins was determined. p53 was immunoprecipitated from the lysates of all the four groups, and 

Hsp25 was immunoblotted. Indeed Hsp25 and s-82 phospho Hsp25 showed a positive detection, 

however, relative to the Dox-alone treated group the blot intensities were very low in HSF-1+/– plasma 

pretreated group (Fig. 7C). This suggests that the Hsp25-dependent apoptotic signaling is very much 

reduced due to lack of HSF-1 activation, which is required for p53 transactivation (Vedam et al., 

2010). 

 

eHsp25 antagonize Dox and competitively binds TLR in cardiomyocytes 

The following experiments were carried out with isolated adult mouse cardiomyocytes to 

determine whether the HSF-1+/– plasma with higher eHsp25 can protect cardiomyocytes from Dox in 
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vitro. Cardiomyocytes in culture were treated with Dox, and survival was monitored over time. 

Fig. 8A shows the micrographs and Dox fluorescence image of Dox-treated cardiomyocytes. The 

fluorescent image illustrates that Dox selectively accumulates in nucleus, due to its DNA intercalation 

property. Viable and healthy isolated mouse adult cardiomyocytes do not typically contract in culture. 

However, upon addition of Dox, cardiomyocytes start beating, and this can be used as an indicator of 

Dox toxcicity in culture (Schmidt et al., 2007). A delay in the start of beating or prolonged sustained 

contractility in the presence of Dox and extended beat-to-beat interval (BBI) is a sign of decreased 

Dox-induced myocyte death. Cardiomyocyte contraction, after treating with Dox, was monitored over 

time until cessation of contractility and transition to the spherical shape common for dead myocytes 

(supplementary video) and BBI was calculated. Fig. 8B shows the quantitative analysis of BBI, as a 

function of time. Dox alone treated cardiomyocytes start beating fast and lose rod morphology much 

faster than myocytes pretreated with HSF-1+/– plasma prior to addition of Dox, clearly illustrating that 

HSF-1+/– plasma protects cardiomyocytes from Dox-induced death.  

 

TLR signaling in Dox-treated myocytes in vitro, was assessed from nuclear fraction of NF-

κB. Nuclear translocated NF-κB (p65) was determined by western blotting and the obtained results are 

presented in Fig. 8C. Interestingly, nuclear translocation of NF-κB is significantly inhibited in HSF-

1+/– plasma pretreated cardiomyocytes, suggesting that HSF-1+/– plasma-pretreatment inhibit TLR 

pathway, as TLR activation has been shown to activate TLR/MyD88/NF-kB pathway. Consistently, 

the cytokines IL-6 and TNF-α were also lower in plasma pretreated myocytes (Figs. 8D&E). To 

confirm that eHsp25 binds to the TLR2 receptor on the cell surface, Oregon green labeled recombinant 

human Hsp27 (OG-rhHsp27) was added to isolated cardiomyocytes in culture and the fluorescence 

was measured as described previously (Kim et al., 2009). As shown in Fig. 8F, the detected Oregon 

green fluorescence showed saturation on increasing concentration of OG-rhHsp27. Moreover, pre-

incubation with a TLR2 antibody, before addition of OG-rhHsp27, prevented the detected 

accumulation of Oregon green fluorescence (Fig. 8F), Together these results indicate that the eHsp25 

in HSF-1+/– plasma inhibits Dox interaction with the TLR2 receptor and thereby reduce the 

cardiotoxicity. 
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Discussion 

Roles for different extracellular Hsps in cardiovascular disease have recently come into focus 

(Kim et al., 2009; Yokota and Fujii, 2010). However, to our knowledge, there are no published data on 

how Dox affects extracellular heat shock proteins in the circulation and how these circulating eHsps 

influence Dox-induced heart failure. Our data have demonstrated the novel finding that eHsp25 in the 

circulation protects from Dox-induced cardiomyopathy by preventing Dox-induced myocyte death. 

Moreover, our data have shown that preconditioning animals in vivo with plasma containing higher 

Hsp25, led to an increase in systemic plasma eHsp25, primed the animals for a more robust Dox-

induced release of eHsp25 (Fig.2B), preserved cardiac function after Dox treatment, and increased 

survival. Hsp25 depletion of the plasma used for pretreatment reversed the observed beneficial effects, 

and treatment with recombinant Hsp27 largely replicated the increase in survival. Thus, it is clear that 

when Dox is given in a setting of increased eHsp25, the animal is protected against cardiotoxicity. 

Interestingly, Dox treatment of wild-type animals, which induces cardiac dysfunction and death, also 

produced an increase in eHsp25, perhaps indicating the activation of some endogenous protective 

mechanism which failed to protect in some animals. 

The mechanism by which the eHsp25 is produced, either endogenously or in response to Dox, 

is unclear. Previously, Dox was shown to activate stress translation signaling through HSF-1 

activation and increased expression of Hsp25 in the myocardium (Vedam et al., 2010). In the present 

work, we observed that treating HSF-1+/+ mice with Dox, not only increased Hsp25 in the heart, but it 

also increased the plasma level eHsp25 with time, reaching a maximum after four weeks when severe 

cardiac dysfunction was noted. The source of eHsp25 could be due to excess intracellular Hsps in the 

cardiomyocytes released into circulation by some unknown secretory mechanism, or by 

macrophages/monocytes release of Hsp25, or a combination of both. Recently, Dox was reported to 

induce acute immunogenic response by enhancing TLR2 activity in monocytes and macrophages 

(Krysko et al., 2011). Such a response also showed an increased IL-6 in Dox-treated mice. However, it 

was not determined whether there was a parallel increase in secretion of Hsp25 during this process. 

We found that both wild-type animals and wild-type cardiomyocytes produce IL-6, TNFα, and Hsp25 
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in response to Dox. Thus, it is clear that secretion of Hsp25 accompanies the secretion of 

immunogenic cytokines. However, when the animals and cardiomyocytes are treated with plasma 

containing eHsp25, both still demonstrated a Dox-induced increase in IL-6 and TNFα levels (although 

blunted in relation to the untreated animals), but only the whole animals showed an increase in Hsp25.  

These results imply that the source of the eHsp25 is not the cardiomyocyte, and that treatment with 

eHsp25 can regulate the production of Hsp25 in the heart. 

How eHsp25/27 could interact with cardiomyocytes or provide cardioprotection in the heart 

has not been fully elucidated previously, although the plasma level eHsp27 was studied as a potential 

marker of atherosclerosis risk in humans (Vivanco et al., 2005; Kardys et al., 2008). Potential 

correlations between activation of various surface receptors and Dox-induced cardiac injury have been 

identified (Nozaki et al., 2004). While activation of receptors such as the hydrocarbon receptor and the 

androgen receptor reduced Dox-induced cardiotoxicity, activation of other receptors such as 

CB1(Mukhopadhyay et al., 2007), ERB1(Herbst, 2005), ANG-1A (Leslie et al., 2004) were found to 

aggravate apoptosis and myocardial remodeling. Genetic knock out and pharmacological inhibition of 

these receptors have shown cardioprotective effects against Dox-induced heart failure. TLR2 knock-

out in mice was shown to protect from Dox-induced toxicity, suggesting that activation of TLR2 by 

Dox could trigger downstream apoptotic signaling in myocytes (Nozaki et al., 2004). Additionally, 

independent studies have found that Hsp25 interacts with TLR (Kardys et al., 2008). Our results have 

illustrated for first time that plasma eHsp25, could inhibit the Dox-induced TLR2 related downstream 

apoptotic signaling and prevent Dox-induced cell death in the heart. Although the present work 

indicates that eHsp25 is antagonizing Dox by competitive binding to TLR, more work investigating 

the mechanistic details of other downstream signaling, such as MyD88 activation (Kim et al., 2009), in 

vivo is warranted. Further studies are ongoing for complete understanding of the overall mechanism. 

Taken together, our current findings show that an enhancement of eHsp25 level in circulation 

(either by genetic manipulation of HSF-1 or by pharmacologic treatment with Hsp25) can have 

beneficial consequences for the heart in resisting Dox-induced toxicity via a mechanism involving the 

antagonism of TLR2. At first glace, these results would seem to oppose our previous findings, that the 

homozygous HSF-1 knock-out, which leads to decreased Hsp25 expression in the heart provided 
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cardioprotection via decreased p53 transactivation (Vedam et al, 2010).  However, as demonstrated 

herein, treatment of wild-type mice with eHsp25-containing plasma, both increased the eHsp25 level 

and prevented the induction of Hsp25 expression in the heart.  Moreover, the heterozygous HSF-1+/– 

mice, which showed greater survivability when exposed to Dox and were not susceptible to Dox-

induced cardiac dysfunction (supplementary Fig. 2), had a constitutive increase in eHsp25 which was 

not further increased by the Dox-induced immunogenic activation. Thus, rather than opposing our 

previous results, our observations can be interpreted in terms of the “heat shock paradox” (DeMeester 

et al., 2001), that the induction of heat shock proteins can be either beneficial or detrimental, 

depending upon the timing of Hsps induction in relation to injurious insult. If Hsps are increased prior 

to injury, either constitutively or induced pharmacologically (as seen in our present work) or by 

recombinant over expression (Liu et al., 2007; Fan et al., 2008), there is protection.  However, if 

Hsp25 expression is induced after injury (via HSF-1 activation in response to Dox-induced oxidative 

stress) it is cytotoxic and aggravates apoptosis in the heart (Vedam et al., 2010). In support of these 

findings, recent studies by the Knowlton group have demonstrated that TNF-α injury was worsened by 

HSF-1 activation induced by heat stress after injury (Kobba et al., 2010). Taken together, the 

accumulated data indicates that overexpression of eHsp25, by any combined therapy during the 

treatment of cancer using Dox, might result in the suppression of cardiomyopathy.  

 

In conclusion, the present work has provided novel insights on the protection of heart from 

Dox by eHsp25 containing plasma. eHsp25 is found to prevent Dox-initiated apoptotic signaling, 

potentially by antagonizing TLR2. Our recombinant human Hsp27 tagged with Oregon green showed 

TLR2 receptor binding, which could be prevented by a TLR2 antibody, clearly showing that eHsp25 

antagonized Dox. Furthermore, NF-κB activation (which is cause by TLR2/ligand binding) was 

decreased in the HSF-1+/– plasma-treated hearts (Fig. 8F), suggesting that pretreatment of mice with 

eHsp25 enriched plasma prevents activation of both the HSF-1 and the NF-kB pathways (Fig. 8G). 

Consistently, Heterozygous HSF-1 knockout mice with higher plasma level eHsp25 were highly 

resistant to Dox-induced heart failure. Therefore, the present study has revealed that a potential 
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therapy based on Hsp25/27 could be developed for clinical applications in the Dox treatment setting, 

and potentially in other applications wherein a antagonist for TLR2 might be beneficial.  
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Footnotes 

This study was partially supported by National Institutes of Health grants [R21 HL094881]. 
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Legends for Figures 

Fig. 1. Plasma level eHsp25 in Dox-treated mice. (A) Western blots of eHsp25 and albumin (loading 

control), determined in plasma before starting Dox treatment (i.e. the basal level) and after 

completing four doses (over four weeks) in HSF-1+/+, HSF-1+/– and HSF-1–/– mice. Each group 

was loaded in duplicate as indicated. (B) Quantitative analysis of western blot intensity for various 

groups (over weeks 1–4) (***p<0.001; *p<0.01 compared to wild type baseline). Significance test 

was carried out comparing control (saline alone treated) of HSF-1+/+ mice (n=4 in each group). (C) 

Survival curves of Dox-treated HSF-1+/+, HSF-1+/– and HSF-1–/– mice as indicated in the figure. 

(D) Micrographs of macrophages isolated from Dox or saline treated (control) mice. Higher cell 

deaths are observed in the macrophages of Dox-treated HSF-1+/+ mice than HSF-1+/– mice 

(indicated by arrows and independent LDH measurements (data not included)). (E) Representative 

western blots of Hsp25 in the macrophages (+ve is authentic sample control) (n=3). (F) IL-6 

determination in the macrophages (***p<0.001, $p<0.05) (n=6).  

 

Fig. 2. Effect of HSF-1+/– plasma pretreatment and survival against Dox. (A) Survival curves of 

saline (100 μl), HSF-1+/– plasma (100 μl), HSF-1+/– plasma+Dox-treated, saline+Dox (6 mg/kg 

bw) treated, and HSF-1+/+ plasma (100 μl) +Dox-treated groups. (B) Western blots of eHsp25 and 

albumin in plasma as indicated on the image. (C) Quantitative analysis of Hsp25 blot density in 

different groups (n=3) (***p<0.001). (D,E) IL-6 and TNF-α, measured in plasma of saline treated, 

plasma treated, saline+Dox treated, plasma+Dox-treated mice (n=6) (***p<0.001). 

 

Fig. 3. Echocardiographic evaluation of cardiac dysfunction and histology of Dox-treated mice. 

(A) Representative 2D-M-mode echocardiogram obtained from saline treated, HSF-1+/– plasma 

treated, HSF-1+/– plasma+Dox-treated and saline+Dox treated mice. (B,C) %FS and LV mass 

determined from echocardiography after four weeks of the first dose (***p<0.001, *p<0.01; n=6 

in each group). (D) Representative images of H&E-stained mid-myocardial cross sections for the 

four groups (n=5). 
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Fig. 4. Plasma attenuated Dox-induced myocardial injury (A). H&E staining of cardiac tissue 

obtained from saline treated, HSF-1+/– plasma treated, HSF-1+/– plasma+Dox-treated and 

saline+Dox treated mice. (B). Histological score of Dox-induced myocardial damage in different 

groups as indicated in the figure (***p<0.001; n=6).  

 

Fig. 5. Attenuation of Dox-induced Hsps in the myocardium by plasma transfusion. (A). Western 

blots of various Hsps, obtained from the myocardial tissue of saline treated, HSF-1+/– plasma 

treated, HSF-1+/– plasma+Dox-treated and saline+Dox-treated conditions. (B) Quantitative 

analysis of the western blots intensity of heat shock proteins. (***p<0.001;*p<0.01; n=4) (C) 

Quantitative analysis of Hsp25 and its phosphorylated isoforms. (D) Immuno histochemical 

staining of Hsp25 in the heart tissue of all the groups (n=6). (E) Confocal microscopic 

immunofluorescence co-imaging of cardiospecific α-actin and Hsp25 in cardiac tissues. Column 1 

is DAPI (blue fluorescence); column 2 is α-actin (green fluorescence); Column 3 is Hsp25 (red 

fluorescence) and Column 4 is merged images. Negative control: heart tissues stained with DAPI 

and Alexa Fluor 488 conjugated goat anti-rabbit secondary antibody and red Alexa Fluor 555 

conjugated donkey anti-mouse secondary antibodies (n=3). 

 

Fig. 6. HSF-1+/– plasma pretreatment inhibits Dox-induced MAP kinases in the heart. (A) 

Western blots of various MAP kinases for the four groups as indicated on the images. (B) 

Quantitative analyses of the blot intensities (n=3) (***p<0.001;*p<0.01). 

 

Fig. 7. HSF-1+/– plasma pretreatment inhibits Hsp25/p53 interaction in the heart. (A) Western 

blots of various markers as indicated on the images (n=3). (B) Quantitative analyses of Bax/Bcl2 

ratio of the blot intensities. (***p<0.001). (C) Western blots of Hsp25, ser-82 and ser-15 phospho 

Hsp25 in p53 immunoprecipitates from all the four groups. 
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Fig. 8. Dox-induced toxicity and protection by HSF-1+/– plasma in adult cardiomyocytes. (A) 

Phase contrast and Dox fluorescence (merged) of Dox-treated myocytes. (B) Quantitative plots of 

beat-to-beat interval (BBI) for cardiomyocytes after adding Dox in the culture medium (n=6). (C) 

Representative western blots of NF-κB in the nuclear extracts from all the four groups. (D&E) IL-

6 and TNF-α determined in all the four groups (***p<0.001; *p<0.01). (F) Fluorescence measured 

in OG-hHsp27 treated and TLR2 antibody + OG-hHsp27 treated cardiomyocytes. (G) Schematic 

illustration of mechanism of cardioprotection by eHsp25 against Dox in the heart. Dox binding to 

TLR2 activates NF-κB-related pathway of apoptosis, as well as MAP kinases. This MAP kinases 

activation may also be assisted by intracellular redox reaction of Dox, to activate HSF-1 and to 

induce Hsps, particularly Hsp25 which in turn transactivates p53 and expression of Bax (Vedam et 

al., 2010). If there is higher level of Hsp25 in the circulation, it can competitively bind to the 

TLR2 receptors, antagonizing Dox to inhibit Dox-induced apoptotic signaling. 
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Material and Methods 

 

Animals and treatment  

Eight weeks old wild type (HSF-1
+/+

, Balb/C, Charles River) and knock out HSF-1(both HSF-1
+/–

, 

HSF-1
+/+

) mice, were used. HSF-1 knock out mice were obtained as a generous gift from Dr. Ivor 

Benjamin from the University of Utah, bred in our animal facility and genotyped (Vedam et al., 

2010). All the protocols were approved by the Institutional Animal Care and Use Committee and 

were performed according to the National Institutes of Health Guide for the Care and Use of 

Laboratory Animals. Animals were randomized into six groups. Group1: Wt-Con, vehicle (saline) 

treated HSF-1
+/+

 

wild type mice; Group2: Wt- Dox, 6 mg/kg Dox treated HSF-1
+/+

 

wild type mice; 

Group3: Homo-Con, vehicle (saline) treated HSF-1
–/–

 

knockout mice; Group4: Homo-Dox, 

6 mg/kg Dox treated HSF-1
–/–

 

knockout mice; Group5: Hetero-Con, vehicle (saline) treated HSF-

1
+/–

 

knockout mice; Group6: Hetero-Dox, 6 mg/kg body weight Dox treated HSF-1
+/–

 

knockout 

mice. Groups such as, Wt-Dox, Homo-Dox and Hetero-Dox were chronically treated with Dox 

(Novaplus, TX, USA) by four intraperitoneal injections of 6 mg/kg bw (cumulative dose of 

24 mg/kg bw). Injections were performed once in a week, and the mice were observed until eight
 

weeks. In the second set of experiments mice will be randomized into four groups. HSF-1
+/+

 

wild 

type mice treated with saline; HSF-1
+/+

 

wild type mice treated with plasma taken from HSF-1
+/–

 

knockout mice + Saline; HSF-1
+/+

 

wild type mice treated with plasma taken from HSF-1
+/–

 

knockout mice + Dox; HSF-1
+/+

 

wild type mice treated with Dox+saline. Once the heart failure 

was confirmed in the Dox-treated mice by echocardiogram, the animals were deeply 

anaesthetized using isoflurane. Blood was drawn by using cardiac puncture and plasma collected 

with heparin as an anticoagulant, centrifuged at 3000 rpm for 10 min and stored in –80°C until 

determination of eHSP25 level. The hearts from these animals excised, flash frozen in liquid 

nitrogen and stored in –80°C. Frozen hearts tissues were grounded using mortar and pestle, and 
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finally suspended in ice cold 1X PBS. The suspension was centrifuged at 1500 rpm for 10 min 

and the pellet were lysed using 500 μl of 1X RIPA buffer (Santa Cruz, USA) supplemented with 

1X protease inhibitor cocktail (Sigma Aldrich, USA), 1 mM PMSF; 1 mM Na3VO4
 
and incubated 

on ice for 45 min. After centrifuging at 12,000 rpm at 4°C for 10 min the supernatant was used as 

a whole myocardial extract. 

 

Death Curve Study 

HSF
+/+

 mice injected with saline (n=8), HSF-1
+/+

 mice injected with HSF-1
+/–

 mice plasma+saline 

(n=8), HSF-1
+/+

 mice injected with HSF-1
+/–

 mice plasma + Dox (n=10),  HSF-1
+/+

 mice injected 

with Dox+saline (n=10) and HSF-1
+/+

 mice injected with HSF-1
+/+

 plasma+Dox (n=10) were used 

for the study. The Dox treated group was injected with 6 mg/kg bw of Dox once a week for four 

weeks and the control mouse were treated with saline. The Kaplan-Meier curve was plotted to 

study the survival rate in the animals belonging to different groups. 

 

Weight Loss Study 

HSF-1
+/+

 mice injected with saline (n=8); HSF-1
+/+

 mice injected with HSF-1
+/–

 mice 

plasma+saline (n=8); HSF-1
+/+

 mice injected with HSF-1
+/–

 mice plasma + Dox (n=10); HSF-1
+/+

 

mice injected with rhHsp27+Dox (n=8); and HSF-1
+/+

 mice injected with Dox+saline (n=10) 

were followed for their weight lose measured every week and the percentage weight loss was 

plotted.  

 

Two-Dimensional Echocardiography 

Mice were habituated to handling to prevent stress that may have occurred during the experiment. 

To perform echocardiography on conscious animals (Yang et al., 1999), mice were gently held in 

supine position in the palm of the hand. The left hemi-thorax was shaved and a 1–2 mm-thick 

layer of pre-warmed hypoallergenic ultrasonic transmission gel (Parker Laboratories, Fairfield, 

New Jersey) was applied to the thorax. M-mode echo was performed using a GE Vivid 7 

ultrasound imaging system (GE Healthcare, Milwaukee. WI, software version 3.4.2) equipped 

with a 13-MHz linear-array transducer. Gas anesthesia (oxygen with isoflurane) was administered 

via a facial mask and maintained at a minimum dose of (1–2%, Abbot; Chicago, IL). After 

induction of anesthesia, the mice will be placed in a shallow left-lateral decubitus position. 

Spontaneous breathing was maintained throughout the echocardiographic studies via isoflurane 

blowing. After collecting data from anesthetized mice, the mask was removed while the probe 

kept in place until the mice become conscious. 2D short axis echo will be performed at the level 
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of mid-papillary muscle. Frame rate will be set at 300 frames/second. All measurements were 

averaged from minimum of 3 cardiac cycles. LV end-diastolic and end-systolic internal diameter 

(LVIDd and LVIDs, respectively) were measured. LV fractional shortening (%) will be 

calculated as (LVIDd – LVISd)/LVIDd x 100. LV mass was calculated as 0.80 x 1.04 + 0.6. 

LVRWd: LV lateral wall thickness in diastole, LVPWd: LV posterior wall thickness in diastole 

(Vedam et al., 2010). 

 

Immunoblot analysis 

Whole-cell lysates were prepared by lysing the cells in RIPA lysis buffer. Protein concentration 

was measured by means of the BCA protein assay (Pierce). Proteins were separated in an 8–12% 

SDS–PAGE and electroblotted on PVDF membranes (Invitrogen). Immunoblot analysis used 

specific antibodies and enhanced chemiluminescence (ECL)-based detection (Pierce). Antibodies 

used were: Hsp25 (Heat shock protein 25; catalogue # SPA-801 Stressgen, MI), Hsp25 Ser15 

(catalogue # SPA-525, Stressgen), and Hsp25 Ser82 (catalogue # SPA-524), Hsp60 (catalogue # 

SPA-807), serum albumin (catalogue # ab19195) p53 (catalogue # sc-126 Santa cruz 

Biotechnology), Bax (catalogue # 2772 cell signaling), Bcl2 (catalogue # 2876 cell signaling), 

MAPKAP2 (catalogue # KAP-MA105), MAPK (catalogue # 9218 cell signaling), ERK1/2 

(catalogue # KAP-MA001 assay design), P-p38MAPK (catalogue # 9211S), AKT (catalogue # 

4691 cell signaling), NFBp65 (catalogue # 3034P cell signaling),. Signal was visualized by the 

enhanced chemiluminescence (ECL) method according to the manufacture’s protocol (Pierce). 

Western signal was digitized and quantified with UN-SCAN-IT gel 6.1 software. 

 

Co-Immunoprecipitation of Hsp25 and p53 

To study the association of p53 and Hsp27, immunoprecipitation of p53 and immunoblotting of 

Hsp25 (and vice versa), were carried. To the normalized protein samples of whole cell lysate 

(1 g), 40 μl of Pre-clearing matrix (catalogue # sc-45057) was added, mixed gently in a rocker at 

4ºC for 1 h. After gentle rocking, 2 μgs of p53 (Santa cruz) or Rabbit monoclonal Hsp25 antibody 

and 500 μls of PBS were added and incubated at 4ºC in a rocker for an hour. The beads were 

centrifuged and pelleted at 1500 rpm for 5 min and washed twice with 500 μl of PBS. After the 

final wash, the pre-cleared lysates were added to IP antibody-IP matrix complex beads and left 

overnight at 4ºC once again on a rocker. Beads were pelleted at 1500 rpm and washed thrice with 

RIPA buffer and after the final wash, 15 μls of 4 X sample loading buffer added, samples boiled 

at 95ºC for 5 min, centrifuged at 1500 rpm. The protein samples were electrophoresed and blotted 

to confirm the coimmunoprecipitation. 
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Histopathology 

To examine histological changes at the end of four weeks, hearts were harvested and fixed in 

10% neutral buffered formalin, routinely processed, and embedded in paraffin. Paraffin sections 

were cut into 4 µm serial sections. Counter-staining of haematoxylin and eosin (H&E) was 

performed.  

 

Immunofluorescence staining in heart tissue by confocal microscopy 

Tissue was deparaffinized, rehydrated, washed, and blocked with normal goat serum. After 

rinsing with TBST, tissue was incubated with both 1:100 dilution of anti-rabbit  actin antibody 

(catalogue # ab46805 abcam) and 1:200 dilution of anti-mouse HSP25 antibody (catalogue # H-

0273 Sigma) in 3% BSA/TBST at 4º C overnight. Slides were washed in TBST three times; both 

green Alexa Fluor 488 conjugated goat antirabbit secondary antibody and red Alexa Fluor 555 

conjugated donkey-antimouse secondary antibody (Molecular Probes, Inc., Eugene, OR) were 

incubated for 30 min. Slides were washed with TBST three times; nuclei were costained with 

0.3 µM 4
׳
, 6

׳
-diamidino-2-phenylindole hydrochloride, and examined using an Olympus FV1000 

spectral confocal microscope. 

 

Expression and purification of human recombinant Hsp27 

Expression was performed in Escherichia coli BL21 (DE3) pUBS520. E. coli was cultured with 

aeration, on Luria–Bertani (LB) media containing ampicillin (100 µg/mL), to an attenuance (600 

nm) of 0.4. Isopropyl thio-β-D-thiogalactoside (IPTG) was added to a final concentration of 

0.3 mM and culture was continued for a further 2 h at 30ºC. The cells were harvested, frozen and 

used for isolation of recombinant human wild-type Hsp27 (rhHsp27). The initial stage of 

purification of Hsp27 was performed as described previously (Somara and Bitar, 2004). Briefly, 

the crude extract of Hsp27 in lysis buffer (50 mM Tris/HCl, pH 8.0, 100 mM NaCl, 1 mM 

EDTA, 0.5 mM phenylmethanesulfonyl fluoride, 14 mM β-mercaptoethanol) was fractionated 

with (NH4)2SO4 (0–30% saturation) and passed through the Ni-affinity column, and eluted with 

elution buffer containing EDTA. 

 

Denaturation and Renaturation of Hsp27.  

Denaturation and renaturation of Hsp27 was performed according to (Somara and Bitar, 2004). 

Recombinant wild-type Hsp27 in buffer B was freeze dried. The samples of freeze-dried Hsp27 

was dissolved in 50 mM phosphate (pH 7.5), containing 100 mM Na2SO4, 0.02% β-
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mercaptoethanol and 6 M urea, up to a final protein concentration of 6 mg/mL, and then stored on 

ice for 2 h. After incubation, the samples were diluted six fold in the same buffer, minus urea and 

β-mercaptoethanol, and dialyzed against two changes of the same buffer overnight. 

 

Binding study 

This study was performed using the approach of Kim et al. (Kim et al., 2009). Recombinant 

human HSP27 (rhHSP27, Low-Endotoxin) was labeled with Oregon green 488 (Molecular 

Probes) according to the manufacturer's protocol. The unconjugated dye was separated by 

dialyzing the protein solution overnight in PBS at 4C. The final labeled protein concentration 

was determined by measuring the absorbance at 280 nm corrected by the absorbance for Oregon 

green and the extinction coefficient for HSP27. For binding assays, cardiac myocytes were 

incubated with Oregon-green labeled recombinant human HSP27 (OG-rhHSP27) in increasing 

concentrations for 30 min at 4°C.  

 

Fluorescence determination in Dox treated cardiomyocytes 

Adult cardiac myocytes were isolated from HSF-1 wild type and knock out mice as follows. Mice 

were injected intraperitoneally with heparin (2000 units/mouse), followed by a mixture of 

100 mg/kg ketamine and 8 mg/kg xylazine. After 20 min, the heart was removed from the chest, 

cannulated via the ascending aorta, and mounted on a modified Langendroff perfusion apparatus. 

The heart was perfused for 4 min with tyrode buffer (mM: NaCL 140; KCl2.5; CaCl2 1.8; MgCl2 

1.0; glucose 10; HEPES 5; pH 7.4 with NaOH) at 37°C, and myocytes were isolated using 

standard procedure. The cells were plated in lamin coated plate using tyrode buffer (plus 0.5% 

BSA and 50 M CaCl2) for 1 h to allow attachment. Plating was performed on 22-mm
2
 glass 

coverslips (Corning, NY) coated with 100 l/coverslip of 50-nM mouse laminin (Invitrogen, 

Grand Island, NY) for 30–40 min. The plating density was 60 cells/mm2 with total of 20,000 

cells/coverslip. Myocytes were treated with 0.5 μM Dox for 1 hr, and fixed using ethanol and 

used for fluorescence measurements using Nikon microscope when excited at 546 nm and 

emitted at 565 nm (Shen et al., 2008). 

 

Cardiomyocytes contractility study experiment 

Briefly, the heart was mounted on a Langendorff apparatus and perfused with modified MEM 

(Sigma, St. Louis, MO, 37°C, bubbled with 95% O2–5% CO2). Blendzyme type IV 

(0.077 mg/ml) (Roche Applied Science, Indianapolis, IN) was then added to the perfusate. After 

7–20 min, the heart was taken down, the ventricles minced, and myocytes were dissociated by 
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trituration. Subsequently the myocytes were filtered, centrifuged, and resuspended in MEM 

containing 200 µM Ca
2+

. Myocytes were used within 6 h after isolation. Isolated cardiomyocytes 

were treated with 0.5 μM Dox alone or 10% HSF-1
+/–

 mouse plasma + 0.5 μM Dox and 

spontaneous contractions of single cardiomyocyte were recorded until the myocyte in focus 

looses its shape (becomes rounded).  

 

Isolation of peritoneal macrophages 

Thioglycolate-elicited peritoneal macrophages from control and Dox treated mice were 

obtained as follows. 3% thioglycolate solution was obtained by dissolving 30g of 

dehydrated Brewer thioglycolate medium powder (Sigma-Aldrich) in 1000 mL deionized 

water and autoclaved for 20 minutes at 15 pounds of pressure (121°C). The preparation 

was kept in the dark under sterile conditions at room temperature for at least 3 months 

before use. Peritoneal exudate cells were elicited by i.p. injection of 2 ml of 3% sterile 

thioglycolate. After 4 days, cells consisting mostly of macrophages (over 90%) were 

harvested by peritoneal lavage using 5 ml RPMI medium supplemented with 5% FBS. 

Cells were plated in culture plates containing RPMI medium supplemented with 10% 

fetal bovine serum, 100 IU/ml penicillin and 100 µg/ml streptomycin. After 2 h of 

incubation at 37°C, non adherent cells were removed by vigorous washing, maintained in 

RPMI medium for 24hrs, and washed again with PBS before using for further 

experiments. 

 

Statistics Analysis 

All values were expressed as mean ± SE. To compare echocardiography data, lactate 

dehydrogenase and creatine phosphokinase one-way analysis of variance (ANOVA) followed by 

a post hoc procedure was performed using Statistical Package from the Social Sciences (SPSS) 

software package version 16. Survival curves after Dox injection were created by the Kaplan–

Meier method and compared by a Log-Rank test. Statistical significance was accepted at a value 

of P<0.05. 
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Supplementary Fig. 1: Western blots of eHsp25 in plasma from Dox-treated 

HSF-1+/+ (WT, Balb/c) for 4 weeks, blotted with authentic sample (AS) 

provided by the antibody supplier.  
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Supplementary Fig. 2: (A) Echocardiographic analysis of cardiac function in Dox-treated 

HSF-1+/+, HSF-1+/– and HSF-1–/– mice.  (B) Quantitative data for echocardiographic 

measurements of %FS and LV mass. Abbreviations are as defined in materials and methods. 

**P<0.01 compared with respective control (n=10). 
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Supplementary Fig. 3: IL-6 and TNF-α, measured in wild type (HSF-1+/+) and 

heterozygous mice (HSF-1+/–) plasma  (n=6) (***p<0.001). 
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Supplementary Fig. 4: Schematic illustration of the experimental protocol 

followed. HSF-1+/+ mice first injected with plasma or saline (    ), Dox was 

injected after 24 h (   ). Then after two days, echo (    ) was used to measure the 

cardiac function. This was repeated for three more weeks, while the echo 

measurements continued for 8 weeks. 
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Supplementary Fig. 5: Whole body weight change as function of post drug 

treatment time in different groups as indicated on the figure. Significant weight 

loss was observed in Dox treated mice. However, pre-treating the mice with HSF-

1+/– plasma (with higher eHsp25), did not show significant weight loss upon 

treated with Dox (*p<0.001). 
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Supplementary Fig. 6: Survival of rhHsp27 (50µg in 100µl of PBS) + Dox and 

eHsp25 depleted Plasma  of HSF-1+/– mice + Dox survival groups. Injection 

procedure were as in Fig.2A. 50% survival rates were 23±3 days and 28±4 days 

respectively for eHsp25 depleted HSF+/– plasma infused and rhHsp27 infused 

mice cohorts. While the Hsp25 depleted plasma did not show significant increase 

compared to Dox alone infused mice (22±3 days) (Fig.2A), the rhHsp27 infused 

mice cohort showed very little enhancement.  

40 

Supplementary Figure 6 


