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Abstract

Hyperthermia is an important approach for the treatment of several diseases. Hyperthermia is also 

thought to induce hypertrophy of skeletal muscles in vitro and in vivo, and has been used as a 

therapeutic tool for millennia. In the first part of our work, we revise several relevant patents 

related to the utilization of hyperthermia for the treatment and diagnostic of human diseases. In the 

second part, we present exciting new data on the effects of forced and natural overexpression of 

HSP72, using murine in vitro (muscle cells) and ex vivo (primary skeletal muscles) models. These 

studies help to demonstrate that hyperthermia effects are orchestrated by tight coupling between 

gene expression, protein function, and intracellular Ca2+ signaling pathways with a key role for 

calcium-induced calcium release. We hope that the review of current patents along with previous 

unknown information on molecular signaling pathways that underlie the hypertrophy response to 

hyperthermia in skeletal muscles may trigger the curiosity of scientists worldwide to explore new 

inventions that fully utilize hyperthermia for the treatment of muscle diseases.
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INTRODUCTION

Hyperthermia is an important approach for the treatment of several diseases [1, 2]. 

Hyperthermia is also thought to induce hypertrophy of skeletal muscles in vitro and in 
vivo [3], but molecular mechanisms for these effects remain elusive.

Much of the current knowledge about the effects of heat shock proteins in striated muscles 

is the result of pioneering studies by Mestril & Dillman in the early 1990’s, which 

demonstrated that a specific family of HS proteins was able to protect cardiomyocytes and 

the heart against hypoxia, ischemia, and ischemia-reperfusion [4–7].

In the second part of this manuscript we will show tantalizing new data that suggests that 

the skeletal muscle cells respond to heat shock in a manner where gene/protein function is 

highly orchestrated with changes in intracellular calcium homeostasis. Next we will focus on 

a short review of some of the key patents related to hyperthermia filled in the US in the last 

decade.

Magnetic Resonance Guided Hyperthermia (Issued Patent #US5492122/Button et al/Feb 20, 
1996)

This patent [8] described a hyperthermia treatment apparatus that includes an annular radio 

frequency (RF) antenna array with bolus that is compatible with a magnetic resonance 

imaging (MRI) machine. Antenna elements polarized parallel to the axis of the cylinder 

are used for forming a Specific Absorption Ratio (SAR) map as well as for directing the 

energy to accomplish hyperthermia. The array may be dynamically controlled to focus 

energy at any specified region within the cylinder. The array is positioned inside an 

MRI machine and is tuned to the machine’s hydrogen resonant frequency. For treatment 

planning, the array is employed to form an SAR map via RF current density imaging. 

Using this map, array phase, amplitude, and temporal weighting are optimized until the 

SAR maxima is congruent with the treatment volume. For treatment, RF radiation is 

applied to the subject to induce heating of the treatment volume using these optimal array 

parameters. Temperature is periodically determined via noninvasive MRI methods. Some 

clinical applications have appeared of this basic idea and have been implemented. Grull 

and Langereis (2012, http://www.ncbi.nlm.nih.gov/pubmed/22565055) have for example 

recently reviewed the hyperthermia-triggered drug delivery from temperature-sensitive 

liposomes using MRI-guided high intensity focused ultrasound. High intensity ultrasound 

was a great breakthrough in the safe generation of localized tissue hyperthermia (40–45°C) 

and its applications range from cancer treatment to muscle injuries, particularly contusions.

Chemical Induced Intracellular Hyperthermia (Issued Patent #US7635722/ Bachynsky et 
al./Jul 27, 1999)

This invention [9] relates to therapeutic pharmacological agents and methods to chemically 

induce intracellular hyperthermia and/or free radicals for the diagnosis and treatment of 

infections, malignancy and other medical conditions. The invention also relates to a process 

and composition for the diagnosis or killing of cancer cells and inactivation of susceptible 

bacterial, parasitic, fungal, and viral pathogens by chemically generating heat, and/or free 
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radicals and/or hyperthermia-inducible immunogenic determinants by using mitochondrial 

uncoupling agents, especially 2,4 dinitrophenol and, their conjugates, either alone or in 

combination with other drugs, hormones, cytokines and radiation.

The basic idea underlying this and similar inventions is that hyperthermia is able to elevate 

the intracellular levels of heat shock proteins and oxidative stress response, which in turn 

might provide an enhanced fighting environment against cancer. Interesting that Patel et al. 
(http://www.ncbi.nlm.nih/gov/pubmed/22559681.) have recently developed a method where 

they utilized multifunctional biodegradable and biocompatible poly lactic-co-glycolic acid 

(PLGA) nanoparticles loaded with indocyanine green (ICG) as an optical-imaging contrast 

agent for cancer imaging and as a photothermal therapy agent for cancer treatment.

Apparatus for Implementing Hyperthermia (Issued Patent #US6579496/Fausset et al. /Jun 
17, 2003)

This invention [10] was filed in 1999 and described an apparatus and system for 

extracorporeal treatment that utilizes a hemodialysis machine capable of heating dialysis 

fluid to 48°C, an optional parallel plate hemodialyzer together with a sorbent-based 

detoxifier, a tubular heat exchanger and a high flow pumping addition to various probes 

and catheters to effect extracorporeal treatment without adverse physiological effect and 

without the specific need for general anesthesia. The system inheres in the combined high 

flow of the pump-up to 2400 ml per minute and the high temperature of 52°C is achievable 

in the heat exchanger, which together provide unprecedented speed and efficiency in the 

administration of hyperthermia treatments. The system is also a potentiating system in the 

administration of heat sensitive pharmaceutically active agents and is particularly useful 

in the isolated anatomic areas of a patient. This invention has certainly evolved into very 

important clinical devices used particularly in cardiac intervention units in the US that 

maintain patients alive for periods equal or superior to 1week during which time the heart of 

the patient is “resting or recovering”.

Injectable Superparamagnetic Nanoparticles for Treatment by Hyperthermia and Use for 
Forming an Hyperthermic Implant (Patent Application #US 20090081122/Rufenacht et al. /
March 26, 2009)

In this invention [11] authors described the creation of an injectable formulation 

for treatment by hyperthermia. It comprises a liquid carrier and heat-generating 

superparamagnetic iron oxide nanoparticles having a mean diameter not greater than 20nm. 

This injectable formulation is able to form in-situ a hyperthermic solid or semi-solid 

implant upon contact with body fluids or tissue. Said hyperthermic solid or semi-solid 

implant may be useful for treating a tumor or a degenerative disc disease by hyperthermia. 

In 2010, Renard et al reported testing the efficacy of this invention. They investigated 

the use of in situ implant formation that incorporates superparamagnetic iron oxide 

nanoparticles (SPIONs) as a form of minimally invasive treatment of cancer lesions by 

magnetically induced local hyperthermia. We developed injectable formulations that form 

gels entrapping magnetic particles into a tumor. The group used SPIONs embedded 

in silica microparticles to favor syringeability and incorporated the highest proportion 

possible to allow large heating capacities. Hydrogel, single-solvent organogel and cosolvent 
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(lowtoxicity hydrophilic solvent) organogel formulations were injected into human cancer 

tumors xenografted in mice. The thermoreversible hydrogels (poloxamer, chitosan), which 

accommodated 20% w/v of the magnetic microparticles, proved to be inadequate. Alginate 

hydrogels, however, incorporated 10% w/v of the magnetic microparticles, and the external 

gelation led to strong implants localizing to the tumor periphery, whereas internal gelation 

failed in situ. The organogel formulations, which consisted of precipitating polymers 

dissolved in single organic solvents, displayed various microstructures. A 8% poly(ethylene-

vinyl alcohol) in DMSO containing 40% w/v of magnetic microparticles formed the most 

suitable implants in terms of tumor casting and heat delivery. Authors emphasized the 

great clinical interest to develop cosolvent formulations with up to 20% w/v of magnetic 

microparticles that show reduced toxicity and centered tumor implantation.

Supported Hypo/Hyperthermia Pad (Issued Patent US6871365/Flick et al. /Mar 29, 2005)

Authors proposed the development of a first conformable material having a three-

dimensional shape and a first hypothermia and/or hyperthermia device [12]. This invention 

is used as a pad for sleeping, lying down, or sitting, to maintain a desired temperature 

to the contacting surface of a body to the pad. The conformable material is a gelatinous 

elastomeric material. It is very interesting to note that obviously in this case the objective 

was much more to alleviate pain and/or localized inflammations. The combination of heat 

and cold therapy in the same device is also advantageous for the treatment of sports related 

injuries. Interestingly that Adroit Medical System manufactures and sells a very diverse 

number of hypo/hyperthermia pads/devices but none of them combines both cold and heat 

treatments.

Recent Studies by Our Group Revealed new Insights into the Hyperthermia Response in 
Skeletal Muscle Cells

We had previously demonstrated that overexpressing HSP72 did not prevent skeletal 

muscles from fatiguing under normoxic conditions, but we did observe that muscles from 

HSP72 overexpressing mice were more sensitive to the effects of caffeine stimulation, 

suggesting that they had an enhanced calcium-induced calcium release (CICR) response 

[13].

Gene reprogramming is recognized as an important event in muscle cell growth and in 

general cells respond to protein damaging stressors by activating the “heat shock response”, 

which involves a rapid transient increase in a specific group of proteins known as heat shock 

proteins (HSPs) [14]. Heat shock protein HSP72 and HSP25 are found in cells throughout 

the body and are particularly abundant in nerve and muscle cells [15, 16].

Although several molecules involving stress-induced muscle hypertrophy have been 

proposed, the role of hyperthermia as a modulator of muscular hypertrophy remains largely 

unclear, with a few genes and proteins being identified as markers of the heat shock 

adaptation [17].

In an attempt to fill some of the gaps in our understanding of the HS response in skeletal 

muscles, we studied muscle contractility in the HSP72 overexpressor mice under hypoxic-

fatiguing conditions that better mimics the ischemic condition in the heart where HSP72 has 
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been shown to be protective. Next, to provide a comprehensive and in depth analysis of the 

HS response, we studied this response in C2C12 cells by simultaneously analyzing genes, 

cell diameter and area, protein content, intracellular Ca2+ signaling, and key proteins that 

are considered to be markers of the HS adaptation response. A quantitative Real-time gene 

PCR approach was used to determine the expression levels of muscle specific genes involved 

with the HS response. Next, we tested if HS activated the stress response in myotubes cells 

by measuring the content of HSP72 and the levels of phosphorylated HSP25 (pHSP25) and 

found both to be significantly upregulated.

To further investigate cellular mechanisms, we established in C2C12 myotubes that 

increased cell area was correlated with higher total protein content, suggesting an increased 

level of protein synthesis. Ca2+ homeostasis regulation was examined by measuring 

intracellular Ca2+ to determine if HS can modulate intracellular Ca2+ homeostasis and 

whether such modulation might be linked to the heat shock response and adaptation. This 

was critical to link our reported observation that HSP72 overexpressing muscles have 

enhanced sensitivity to caffeine. Here, we found exactly the same response. C2C12 muscle 

cells acutely treated with HS demonstrated enhanced sensitivity to caffeine stimulation.

Together, our data pointed to intracellular calcium modifications as a key process in 

muscle adaptation to HS in both animal and cell models. To link these changes with 

the detected cellular hypertrophy in C2C12 muscle cells, we measured the content of 

NFATc3, a downstream protein that is key marker for the activation of the Ca2+/Calcineurin 

pathway, and fundamental for the hypertrophic response in skeletal muscles, and we found 

a substantial 10-fold increase in the content of this downstream protein that is also a 

key marker of cellular hypertrophy. These findings are physiologically relevant because 

activation of the Ca2+/Calcineurin pathway necessarily involve modulation of intracellular 

calcium homeostasis, and a hallmark of both muscles from HSP72 overexpressor mice 

and C2C12 acutely overexpressing HSP72 was precisely the enhancement of CICR. 

Furthermore, this critical change was supported by upregulation of genes involved with 

modulation of CICR.

This study offers important new information into the functional and biochemical adaptations 

that occur in both in vivo and in vitro mammalian models that might help shed some 

light into the effects of hyperthermia on skeletal muscles. Our studies also provide the 

initial evidence of a complex network of genes and proteins working in concert with Ca2+ 

signaling mechanisms to modulate myotube growth in response to HS. Learning to utilize 

and modulate these pathways could be important for the development of therapies for 

skeletal muscle diseases characterized by muscle wasting.

EXPERIMENTAL PROCEDURES

Animal Model

Transgenic B6 3 SJL mice developed by Dillmann and Mestril [6], were produced using a 

chimeric transgene consisting of a rat inducible HSP72 inserted into the vector pCAGGS. 

Transgene-negative, wild-type (WT), littermate mice were used as controls. Care was 

taken to ensure that all procedures relating to the living animals were in accordance 
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with the “Guiding Principles in the Care and Use of Animals” approved by the American 

Physiological Society and the University of Missouri-Kansas City.

Intact Muscle Preparation

The detailed experimental protocol for isolation of intact muscle from mice has been 

previously demonstrated [13, 18] as well as the conditions to produce experimental hypoxia 

where the levels of dissolved O2 in the experimental chamber were ~40 mmHg [19, 20]. 

Briefly, the mice were euthanized by CO2 inhalation, pairs of intact extensor digitorum 

longus (EDL) and soleus (SOL) muscles were dissected from transgenic and littermate 

control animals, immediately placed on a dish containing a modified HEPES-Ringer 

solution (142 mM NaCl, 5 mM KCl, 2.5 mM CaCl2, 1.8m M MgCl2, 5mM HEPES, 

and 10mM glucose at pH 7.35), and continuously aerated with 100% O2 until mounted. 

The muscles were mounted vertically on two Radnoti (Monrovia, CA) glass apparati with 

platinum stimulating electrodes, each muscle end attached to an isometric force transducer 

or to the stationary post of the stimulating apparatus, and immersed in a 20-ml bathing 

chamber containing the aerated HEPES-Ringer solution described above.

Stimulation Protocols

The muscles were then subjected to several frequencies of stimulation ranging from 1 to 

140 Hz (300mA, train duration of 500ms, single stimulation pulses of 1ms) to produce the 

force-frequency relationship. The frequencies at which maximum isometric tetanic force, 

Tmax (100–120Hz for EDL and 70–90Hz for SOL) and 50% Tmax (50–70Hz for EDL 

and 30–40Hz for SOL) were used in the entire protocol. Briefly, muscles were stimulated 

with alternating frequencies producing Tmax and 50% Tmax with a periodicity of 1min 

during equilibration with O2, equilibration with N2, and all the recovery period, while with 

a periodicity of 1sec during the fatigue protocol (See Fig. 1A–B for details). To follow 

the time course and recovery from fatiguing stimulation, all force data were normalized 

to the Tmax event measured just prior to the start of the hypoxia (EO2 time point in Fig. 

1A–B). The entire experiment was controlled by PowerLab system (ADInstruments, Inc, 

Coloarado Springs, CO) and the output of the force transducer was digitized and stored in 

a computer and was analyzed with PowerLab software. All experiments were performed at 

room temperature (22–24°C).

Determination of Oxygen Tension, PO2 and Experimental Hypoxia

Values of PO2 were determined using a microelectrode system (DO-166NP, Lazar Research 

Laboratories, Los Angeles, CA) that measures dissolved oxygen directly from solutions, 

tissues and other biological samples without involving the titrations needed with the Winkler 

method [19, 20]. We also performed these experiments using a HEPES and not bicarbonate 

based buffer to assure that the only variable undergoing a change would be PO2 and not 

the Ringer’s pH. During the last 10 min of the equilibration period, while the periodicity of 

the electrical pulse trains was maintained, O2 was substituted by 100% N2 that produced a 

PO2=40±5 mmHg (≅ 5 kPa) compared to 250±10 mm Hg (≅ 33 kPa) in the control groups 

(see Fig. 1). These levels of 40 mmHg PO2 were used during the hypoxia, hypoxia-fatigue, 

and the recovery under hypoxia, while the levels of 250mmHg were used during the initial 
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phase of the equilibration, the recovery periods with oxygen and also during the addition of 

caffeine.

Normalization of Data

Tmax was normalized to either 100% or as the force/cross sectional area, as previously 

described [19], by using the following relationship: F/CSA=(F × L × 1.06)/m, where F is 

force in grams, CSA is cross-sectional area in cm2, L is muscle length in cm and m is 

muscle mass in grams, and 1.06 represents the density of the muscle in kg/l. To follow 

the time course and recovery from fatiguing stimulation, all force data were normalized to 

the single high-frequency tetanic force measured just prior to the fatiguing protocol. Force 

vs. frequency data were normalized to the maximum force generated by each muscle. The 

numbers of muscle preparations used in this study were 10 for both transgenic and littermate 

controls.

Cell Models

C2C12 myoblasts and myotubes were cultured as previously described [21]. Fully 

differentiated myotubes were placed in a water bath at 43°C for 20 minutes. The cell pellets 

were collected and frozen at −80°C until a specific series of experiments was performed. 

The effects of HS were independent of the confluence levels of myotubes.

RNA Extraction and cDNA Synthesis

Total RNA was extracted from the myotubes using a standard trizol-based extraction method 

(Sigma Aldrich, St. Louis, MO), quantified in a Nanodrop spectrophotometer (Thermo 

Scientific, Wilmington, DE) by determining absorbance at 260nm in triplicates. RNA 

purity was indicated by the A260/280 nm absorbance ratio of 1.9–2.1. Using 1 μg/μl of 

RNA, each sample was reverse transcribed in a 20μl reaction volume with a commercial 

Quantitec Reverse Transcription Reagents kit (Qiagen Inc, Valencia, CA) according to the 

manufacturer’s instructions.

Assessment of RNA Yield and Quality

C2C12 cells collection and storage were optimized to guarantee the maximum yield of 

RNA. To prevent RNA degradation, cells RNA extraction was performed using RNase-free 

materials and solutions. Protein contamination was assessed by the 260/280 ratio in a 

Nanovue Plus spectrophotometer (GE Healthcare, Piscataway, NJ). The average purity was 

1.92±0.23 (n=4), indicating high-quality RNA. The expression of 96 genes of interest was 

investigated using a customized Mouse RT2 Profiler™ PCR Array system (SABiosciences, 

Qiagen, Inc., Valencia, CA). Genes were grouped into 5 main groups: heat shock/stress, 

survival and metabolic, Ca2+ signaling, Ca2+ release, and hypertrophy genes. The expression 

of these genes was determined at 4 experimental time points after HS (20 min, 1 h, 2 h, 

and 24 h). qPCR was performed using the Step-OnePlus ™ Real-Time PCR System (ABI, 

Foster City, CA, USA) via standard fluorescent methodology and thermal cycling conditions 

following the manufacture’s recommendations, including a threshold of 0.2 and validation 

of each gene tested by the identification of single peaks in melting curves. The real-time 

PCR reaction mixture contained 1μl of 50 ng of cDNA, 12.5 μl of the RT2 Real-Time ™ 
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SYBR Green/Rox PCR master mix, 1 μl of primer pairs and 10.5 l of RNase free water to 

a complete reaction of 25 μl. Data was analyzed using RT2 Profiler™ PCR Array software, 

and relative amounts were calculated by the 2−ΔΔCT method [22]. CT values of the genes 

were normalized to GAPDH. Gene expression was determined as up/down regulation of the 

gene of interest compared to the control.

Expression Levels of the Candidate Reference Genes

We investigated the expression levels and variability for five candidate reference genes 

(B2m, GAPDH, Hprt1, Rplp1 and Actb), both for normal and HS conditions. CT values 

from GAPDH showed an average of 0.3 cycle difference and an efficiency of 94%; 

therefore, this gene was selected for normalization purposes.

Total Protein

HS-treated myotubes were washed three times with PBS and lysed with RIPA Cell 

extraction buffer (Sigma Aldrich, St. Louis, MO) supplemented with a cocktail of protease 

and phosphatase inhibitors (Sigma Aldrich, St. Louis, MO). The protein concentrations 

were quantified using the Micro BCA Protein assay Kit (Pierce, Thermo Fisher Scientific, 

Rockford, IL) with BSA as standards and quantified by optical density at 562 nm using a 

Bio-TEK micro-plate reader. These experiments were repeated 4 times and performed in 

triplicates.

Cell Area

C2C12 myotubes were imaged using a Leica DM 4000B (Leica Microsystems Inc, Buffalo 

Grove, IL) microscope. Diameters and areas of individual cells were determined using 

the Leica Application Suite Advanced Imaging and Fluorescence software package (Leica 

Microsystems Inc, Buffalo Grove, IL) by defining cells as regions of interest, and then areas 

were automatically calculated in micrometers squared (μm2) by the Leica software.

Intracellular Ca2+

A Photon Technology International (PTI, Birmingham, NJ) imaging system was used to 

measure intracellular Ca2+ homeostasis as previously described by our group [23]. Briefly, 

fully differentiated C2C12 myotubes were loaded with 2 μM Fura-2-AM for 30 minutes 

at 37°C. After this loading period, Fura-2-AM was washed off and allowed to de-esterify 

at room temperature for 15 min. An automatic wavelength (0–650 nm) PTI photometer 

system was used to determine the magnitude and kinetic changes of caffeine-induced 

intracellular Ca2+ transients reported as the relative ratio of 350/375 nm emitted at 510 

nm. The excitation pair (350/375 nm) was determined as the optimal wavelength pair 

under our experimental conditions by using the scanning spectral properties of our Ca2+ 

imaging system. Under our experimental conditions each 0.1 units of ratio change equaled 

approximately 125nM of cytoplasmic Ca2+ concentration [Ca2+]i. Fully differentiated 

myotubes had a resting level of Ca2+ of ~120nM and in response to 10mM caffeine, the 

magnitude of peak of the Ca2+ transient reached to approximately 1μM [Ca2+]i.
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Western Blot Analysis

The expression levels of HSP72, pHSP25 and NFATc3 in HS-treated and control C2C12 

myotubes were determined as modified from Zhao et al. [21]. 40 μg of total protein 

were separated using a gradient gel of 4–10, 10–20 and 15% SDS polyacrylamide 

gel electrophoresis (PAGE), and electrophoretically transferred to a PVDF membrane 

(Amersham International, Amersham, UK) using the Bio-Rad Mini-Protean II gel transfer 

system. Blots were probed with polyclonal antibodies (#SPA-800, #SPA-810; Stress-Gen, 

Ann Harbor, MI, SC-8321 Santa Cruz Biotechnology, Inc, Santa Cruz, CA) specific for 

HSP72, pHSP25, and NFATc3, respectively, diluted in 0.1% TBST (0.1 M tris-buffered 

saline, 0.1% Tween 20) containing 0.3% BSA and then incubated overnight at 4°C 

at constant shaking conditions. The membranes were rinsed 3 times for 5 min in 

0.1% TBST before incubation for 1h with a horseradish peroxidase-labeled conjugated 

secondary antibody (#SAB-100 Stress-Gen, Ann Harbor, MI). The immunoreactive 

bands were detected using an enhanced chemiluminescence kit (Pierce, Thermo Fisher 

Scientific, Rockford, IL). The chemiluminecent signal on the membrane was scanned using 

ImageQuant™ RT-ECL (GE Healthcare, Piscataway, NJ). Immunoblots were visualized and 

the intensities of the bands of interest were quantified using the AlphaEaseFC densitometry 

software (Alpha Innotech, San Leandro, CA). The reference protein GAPDH was used as 

internal loading control for western blot analysis. The content was expressed as the relative 

ratio [%] to their own controls.

Statistical Analysis

All graphs were made and statistical procedures were performed using ORIGIN 6.1 

Scientific Graphing and Data Analysis Software (OriginLab Corp, Northampton, MA). Data 

are expressed as mean ± S.D. Data were compared either with paired t tests or ANOVA, 

followed by Tukey’s test, with significance set at the p<0.05 level.

RESULTS

The Tension vs. Time relationships of the ex-vivo, intact muscles from transgenic HSP72 

overexpressor (TG) and control mice (WT) are shown in (Fig. 1A (EDL) and 1B) (Soleus). 

In general, HSP72 overexpressing muscles fatigued less and displayed significant improved 

recovery after fatigue, particularly in the presence of caffeine, suggesting enhanced response 

to CICR. The expression of 96 genes grouped by heat shock/stress, survival and metabolic, 

Ca2+ signaling, Ca2+ release, and hypertrophy genes is shown in Table 1. The expression 

of these genes was determined at 4 experimental time points after HS and Table 1 shows 

the complexity of the response over the time period studied. Our Real-time gene PCR 

arrays also showed the activation of Srf, Ppp3r2, Irf, Sod3 and Pck1, key genes involved 

with metabolic demand and cell survival. As shown in (Fig. 2), to determine the effects 

of HS on cell volume as an indication of cellular hypertrophy, we measured both cell 

area and total protein levels. We found that the cell area of HS treated C2C12 myoblasts 

increased by 38% and total protein levels by 10% in relation to control cells. These results 

were further supported by western blotting studies that revealed significant increases in 

the content of HSP72 (Fig. 3A–B) and phosphorylation levels of HSP25 (Fig. 3A–C). 

Final evidence that these cells were experiencing growth process (cellular hypertrophy) was 
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demonstrated by the 10-fold increase in the content of NFATc3 (Fig. 3D). To functionally 

link our aforementioned findings with the regulation of intracellular calcium homeostasis, 

we performed a series of experiments to measure resting levels of calcium as well as 

calcium transients in response to caffeine. A remarkable feature of the HS response was 

the enhancement of the calcium release process from the sarcoplasmic reticulum (SR), 

particularly via the CICR mechanism (Fig. 4).

DISCUSSION

An understanding of the roles of key proteins and genes that regulate the HS response and its 

potential involvement with intracellular calcium homeostasis, hypertrophy, and contractile 

function is crucial to the development of novel strategies for modulating muscle mass and 

for the improvement of muscle strength for conditions such as sarcopenia, aging frailty, 

muscle myopathies, and specific pathological conditions that might predispose to skeletal 

muscle fatigue, such as cardiovascular diseases [24].

Cardiac muscle and cardiomyocytes from the HSP72 overexpressor mouse model have 

been shown to be protected against the damaging effects of hypoxia and ischemia [4, 25]. 

Surprisingly, we previously reported that skeletal muscles from this mouse model were not 

protected against the effects of fatiguing stimulation [13]. A caveat of our initial studies was 

that muscles were fatigued under conditions of high oxygen content [13]. It has been argued 

that physiological fatigue does occur under hypoxic conditions [19, 20, 26–28].

In addition, since HSP72 is protective under these types of conditions in both cardiac cells 

and the heart, we studied here whether HSP70 could have the same protective effects in 

skeletal muscles under similar conditions, in that, muscles were fatigued under hypoxia. 

(Fig. 1A–B) shows our exciting new results demonstrating that when ex-vivo, intact EDL 

and SOL muscles from HSP72 overexpressor mice are fatigued under hypoxia [hypoxia-

fatigue], these muscles display lesser fatigability and improved recovery after fatigue in 

the absence and in the presence of caffeine. These results also confirm our previous 

findings that HSP72 overexpressing muscles are more sensitive to caffeine [13]. While 

these ex-vivo contractility experiments are very important in revealing phenotypic changes, 

deriving mechanistic insights from them is rather difficult. To overcome this limitation we 

employed biophysical, biochemical and molecular approaches in the very robust C2C12 

myogenic cell model. We found that the HS response was tightly regulated in C2C12 muscle 

cells, as demonstrated by the concomitant upregulation of Hsp70 and Hsp90 expression, as 

well as other essential genes generally considered to be markers of hypertrophy and critical 

for reorganization of the contractile apparatus (Mhy7, NF-B1, Irf, Pck1). Our Real-time 

gene PCR arrays also showed the activation of Srf, Ppp3r2, Irf, Sod3 and Pck1, key genes 

involved with metabolic demand and cell survival as shown in Table 1.

Morphologically, the substantial increase in cell area by 38.87±6.14% in C2C12 myotubes 

(Fig. 2A–C), was biochemically supported by an increased content of total protein by 10% 

as shown in (Fig. 2D). In addition, as shown in (Fig. 3), after 24 h of being subjected to 

HS, muscle cells displayed an increased content in HSP72 (3.5-fold; P<0.001, (Fig. 3B) 

and enhanced phosphorylation of HSP25 (2.3-fold; P<0.01, (Fig. 3C). These results clearly 
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show that HS activate mechanisms of the stress response orchestrated by HSP, both at 

the content and posttranslational levels. Final evidence that these cells were experiencing 

growth process (cellular hypertrophy) was demonstrated by the 10-fold increase in the 

content of NFATc3 (Fig. 3D). These results are in agreement with previous studies [29–32] 

demonstrating a role of NFATc3 in striated muscle differentiation, growth, and hypertrophy.

Heat shock factors activation and induction are relatively rapid events and known to trigger 

the activation of the Ca2+-dependent/Calcineurin pathway that usually occur within minutes 

after the onset of stress and generally last for only a few hours [33]. For instance, the 

expression of Hsp72 occurred rapidly and increased during the first 2h following HS. 

Although it was not our goal to necessarily link the HS response with the inflammatory 

response, HS treatment led to a transient seven-fold increase in NF-kB1 expression at 20 

minutes with expression levels going back to baseline at 1 hour. Interestingly, this result 

differ from other findings reported in the literature, where HS treatment has been shown 

to suppress the angiotensin II-induced activation of NF-kB [34], a transcription factor that 

controls inflammatory genes [35]. In addition, heat stress [and consequently increased HSP 

production] has been shown to prevent the activation of NF-kB in squamous cell carcinoma 

[36]. However, additional evidence that an early (20 min) inflammatory response might 

work as initiator of HS adaptation is the upregulation of Irak1, a gene that is partially 

responsible for IL1-induced upregulation of the transcription factor NF-kB, and Traf-6, an 

E3 ubiquitin ligase that leads to the activation of NF-kB (see Table 1).

Calcium is fundamental for both muscle contractility and hypertrophic adaptation. Fura-2 

was used as the intracellular Ca2+ indicator and cells were challenged with 10 mM caffeine, 

an agent that effectively releases Ca2+ from the SR of skeletal muscles with the goal to 

establish the essential Ca2+ release/uptake properties of these cells. Our first observation was 

that the resting ratio of Fura-2 was 23% higher in HS treated cells (0.51 ± 0.05 in control 

myotubes vs. 0.63 ± 0.07 in HS treated myotubes, p<0.05, n=10). In addition, we found that 

while the peak response to caffeine was smaller in HS cells (1.27 ± 0.05 in control myotubes 

vs. 1.18 ± 0.05 in HS treated myotubes, p<0.05, n=10), Ca2+ re-uptake and extrusion 

mechanisms were improved as demonstrated by a faster and more efficient clearance of 

Ca2+ and establishment of lower resting levels of Ca2+ after exposure to caffeine (Fig. 

4A–B, 4E–F). Further, a noticeable secondary peak after caffeine exposure was presented, 

suggesting enhancement of the Ca2+-induced Ca2+ release (CICR) mechanism (Fig. 4A–B), 

or possibly entry of Ca2+ from the extracellular space, via store-operated Ca2+ entry (SOCE) 

for example. In search for a time line for the Ca2+ homeostasis changes we also monitored 

intracellular Ca2+ 1h and 2h after HS. As shown in (Figs. 4C–D), during these early time 

points we observed a very different pattern of response of C2C12 myotubes to caffeine. The 

response to caffeine was initially delayed but followed by small oscillatory and self-paced 

Ca2+ transients. In the majority of these cells, we also observed spontaneous Ca2+ transients 

and muscle cell contractions (recorded as downward deflections in our system) were also 

common (See Fig. 4C–D). This is an important finding and suggests a tight coupling 

between the HS response and intracellular Ca2+ homeostasis modifications, in agreement 

with the concept that activation of hypertrophy response genes is initiated by modifications 

in Ca2+ homeostasis and the subsequent expression of a large number of genes and synthesis 

of proteins involved in intracellular Ca2+ homeostasis and Ca2+ signaling [37].
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We found that as early as 1 h after HS, modifications in intracellular Ca2+ homeostasis 

were closely associated with upregulation of Ca2+ release genes (Table 1). Interestingly, 

Orai3 showed a fast expression response shortly after HS. The role of Orai3 in skeletal 

muscle is currently unknown, while Orai1 has been implicated in the modulation of SOCE 

in skeletal muscles during development (myogenesis/ differentiation) and also during muscle 

fatigue and muscle aging [21, 38]. Interestingly, Orai3 upregulation occurred in conjunction 

with robust upregulation of Jph1, a protein needed to stabilize the junctional sarcolemma 

and sarcoplasmic reticulum membranes complexes which are required for proper function 

of excitation-contraction coupling mechanism [39]. In fact, Jph1 is critical for proper 

functioning of SOCE in skeletal muscles [39]. Thus, it is feasible to speculate that Orai3 and 

Jph1 might play yet unrealized roles in the modulation of extracellular Ca2+ entry in skeletal 

muscles subjected or adapting to HS, and perhaps other forms of stress. Intriguingly, Stim1 
was downregulated during all time points investigated in our study. While this finding might 

be contradictory with the observed increases in the expression of Orai3, a recent report has 

demonstrated that extracellular Ca2+ entry via SOCE can be activated without the interaction 

of Stim-Orai [40]. Furthermore, since Orai1-Stim1 interaction is critical for maintenance of 

normal contractility [21, 38], it is possible that muscle cells utilize an alternative pathway 

to activate cell growth and hypertrophy in response to HS. Yet another possibility is that 

the overexpression of Orai3 naturally leads to a downregulation of Orai1 to prevent Ca2+ 

overload and dysfunctional Ca2+ homeostasis.

The importance of Ca2+ regulatory mechanisms to the overall adaptation to HS was further 

demonstrated in (Fig. 4), since our results suggested enhancement of the CICR response in 

C2C12 myotubes 1, 2, and 24h after HS. The presence of a secondary peak in response to 

caffeine 24h after HS and the oscillatory, self-paced Ca2+ transients in response to caffeine 

along with the spontaneous Ca2+ transients observed at 1 and 2h after HS are suggestive 

that Ca2+ release is not only altered but likely driven by CICR under these experimental 

conditions. This is very interesting as CICR is normally under voltage control in skeletal 

muscles. Thus, by removing the normal CICR inhibition, this specific pool of Ca2+ might 

be used for gene regulation and adaption to the overall cellular growth in response to HS. 

Furthermore, upregulation of inositol-1,4,5-trisphosphate receptors receptors (IP3Rs) might 

help explain the enhanced CICR activity found in C2C12 cells after HS, since IP3Rs are 

more sensitive to CICR than RyRs. The increased resting levels of Ca2+ would therefore 

provide the ideal environment for stimulation of CICR via IP3Rs, and perhaps provide the 

oscillatory Ca2+ movement needed for gene modulation. Thus, it seemed logical our finding 

that the magnitude of the response to caffeine was reduced and cells after HS, perchance as 

a result of increased SR leakiness due to enhanced CICR, or the downregulation of RyR1, 

since caffeine is a direct agonist of the RyR1 [41].

The tight activation and regulation of these complex mechanisms that regulate the Ca2+ 

homeostasis-hypertrophic response are further supported by our findings that Srf, a serum 

response factor that is crucial for regulating contractile apparatus gene expression and 

sarcomeric integrity during skeletal muscle growth was upregulated 2h after HS. This factor 

is known to act by modulating intracellular Ca2+ levels [42], providing additional evidence 

of the tight relationship between Ca2+ signaling, and cell growth after HS.
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We also found that genes involved with a higher metabolic demand and oxidative stress 

response, such as: Sod3, Irak, Traf6 and NF-κB1 were upregulated 20 min after HS. 

These studies allowed us to infer the existence of a previously undiscovered pathway 

related to muscle cell growth. Irak is responsible for IL-1-induced upregulation of NF-κB1 
transcription; Traf-6 is the signal transducer in the NF-κB1 pathway, and NF-κB1 is 

a transcription factor that is activated by various intraand extracellular stimuli such as 

cytokines or oxidant-free radicals, which in turn are linked to cell protection from oxidative 

stress, and prohypertrophic response [43]. Further, upregulation of Irf1, an important marker 

of cell defense against inflammatory cytokines and MyH7, a gene normally found in 

cardiac myocytes and in type 1 skeletal muscle [slow twitch, oxidative fibers], suggested 

both cell growth and adaptation to oxidative stress after HS, changes that are likely 

orchestrated by NFATc3. Finally, PCK1 a master regulator of gluconeogenesis was also 

shown to be activated by HS. The cytosolic enzyme encoded by this gene, along with 

GTP, catalyzes the formation of phosphoenolpyruvate from oxaloacetate, with the release 

of carbon dioxide and GDP. The expression of PCK1 is known to be regulated by insulin, 

glucocorticoids, glucagon, cAMP, and diet [44]. To our knowledge, our work is the first 

one to demonstrate that HS upregulates PCK1 expression suggesting that the cell growth 

adaptation produced by HS requires glucose from non-carbohydrate sources (e.g., lactate, 

glycerol, and glucogenic aminoacids) [45]. It is plausible to conclude that the molecular 

trigger for PCK1 upregulation could be increased levels of cAMP from activation of the 

Ca2+/Calcineurin-NFATc3 pathway.

These studies in the C2C12 cell line when looked in light of our animal model results 

might offer a feasible explanation for the enhancement performance of skeletal muscles 

overexpressing HSP72. The enhancement in CICR function along with gene adaptations 

that favor oxidative pathways could provide a quite logical explanation for the phenotypic 

changes of HSP72 overexpressing muscles.

CONCLUSIONS

In conclusion, our studies offer important new information on the molecular pathway 

involved with HS-induced cellular growth in both an established transgenic model of 

HSP72 upregulation and a robust model of a mammalian myogenic cell line where acute 

HS induced significant upregulation of HSP72. A tightly regulated mechanism involving 

Ca2+ homeostasis and gene/protein functions underlies the coordinated response of C2C12 

muscle cells to hyperthermia and the resulting cellular growth. Similar mechanisms seem 

to be important for the improved muscle function observed in HSP72 overexpresor mice. 

Exploring this new information for drug and supplement targeting in skeletal muscles could 

prove useful.

CURRENT AND FUTURE DEVELOPMENTS

Understanding of the signaling pathways regulating the hyperthermia response in skeletal 

muscles might be helpful for the development of therapies to counteract muscle wasting 

diseases such as muscle myopathies and aging sarcopenia. Current patents have not 

capitalized yet on some of these advancements of our bench knowledge. In a recent series 
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of experiments, we have also found that HS promotes significant cellular hypertrophy of 

murine cardiac cells and rat AR-75 smooth muscle cells, suggesting a conserved mechanism 

in different muscle types from different species to the HS. Hopefully, these new studies 

and new combined knowledge on hyperthermia will lead to enough scientific inquiry which 

will lead to the development of new patents to explore these molecular mechanisms for the 

treatment of human diseases.
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Fig. (1). HSP72 overexpression confers protection to hypoxia-fatigue to EDL and SOL muscles.
A) Intact mouse EDL. B) Intact mouse SOL. In general, HSP72 overexpressing muscles 

fatigued less and displayed significant improved recovery after fatigue, particularly in the 

presence of caffeine, suggesting enhanced response to CICR.
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Fig. (2). Heat shock produces a significant increase in the cell area and total protein content in 
C2C12 myotubes.
All images of C2C12 myotubes were taken with a LEICA DM4000B system equipped with 

a 14-BIT Snap Cool CCD camera. A) Representative images of control C2C12 myotubes. 

B) Representative images of C2C12 myotubes after HS. C) Summarized data (mean ± SD) 

for cell area for control myotubes (n=200) vs. HS treated myotubes (n=159), *P<0.001. D) 
Total protein content is enhanced 24 h after heat-shock treatment (n=5), *P<0.01.
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Fig. (3). HS elevates the content of HSP72, enhances the phosphorylation levels of HSP25 and 
upregulates the Calcineurin/NFATc3 signaling pathway.
A) Representative immunoblot shows the relative levels of HSP72, phosphorylation of 

HSP25 and NFATc3 in control and HS treated C2C12 myotubes. B) Summarized data 

(means ± SD) for the HSP72/GAPDH ratio, demonstrating the increased content in HSP72 

after HS (n=3),*P<0.0035. C) Summarized data (mean ± SD) for the p-HSP25/GAPDH 

ratio, demonstrates that phosphorylation of HSP25 was significantly enhanced by heat-

shock (n=3),*P<0.01. D) Summarized data (mean ± SD) for the NFATc3/GAPDH ratio, 

demonstrating the 10-fold increased content in NFATc3 after HS (n=3), *P<0.01. Data is 

presented as arbitrary units.
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Fig. (4). Intracellular Ca2+ homeostasis is modified in C2C12 myotubes after heat-shock 
treatment.
All panels display Ca2+ measurements in fully differentiated C2C12 myotubes normalized 

as the ratio changes of Fura-2 at excitation wavelengths 350/375 nm and emission at 

510 nm. 10mM caffeine was used to trigger Ca2+ transients under all conditions tested. I 

(resting Ca2+), II (caffeine-triggered Ca2+ peak), III (second caffeine-triggered Ca2+ peak), 

IV (post-caffeine resting Ca2+) refer to the different parameters systematically observed 

and measured. The letters c and t respectively refer to contraction and Ca2+ transient. 

A) Representative Ca2+ transient in control myotubes, (n=20). B) 24 h after HS, C2C12 

myotubes have a higher resting level of Ca2+, lower magnitude response after caffeine 

treatment and display a large second peak in response to caffeine, suggesting enhancement 

of the CICR response (n=18). C) C2C12 myotubes display a very different pattern of 

response to caffeine 1 h post HS (n=18). The response is initially delayed and then followed 

by small oscillatory, self-paced Ca2+ transients. This pattern is also observed 2 h after HS 

(n=18) as shown in panel D. In most of these cells spontaneous Ca2+ transients and muscle 

cell contractions (recorded as downward deflections in our system) were also common. E) 
Summarized data (mean ± SD) for peak caffeine response in control and 24 h HS cells, and 

F) Summarized data (mean ± SD) for resting ratio in control and 24 h HS cells, *P<0.05 

(n=18–20, see for each condition).
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