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ABSTRACT 

Mild Heat Stress Induces Mitochondrial Biogenesis Associated with Activation of the AMPK-

SIRT1-PGC-1α Pathway in C2C12 Myotubes 

By 

Chien-Ting Liu 

Doctor of Philosophy in Integrative Biology 

University of California, Berkeley 

Professor George A. Brooks, Chair 

 

During endurance exercise, most (≈ 75%) of the energy derived from the oxidation of 
metabolic fuels and ATP hydrolysis of muscle contraction is liberated as heat, the accumulation 
of which leads to an increase in body temperature. For example, the temperature of exercising 
muscles can rise to 40°C. Although severe heat injury can be deleterious, several beneficial 
effects of mild heat stress (HS), such as the improvement of insulin sensitivity in patients with 
type 2 diabetes have been reported.  However, among all cellular events induced by mild HS 
from physical activities, the direct effects and mechanisms of mild HS on mitochondrial 
biogenesis in skeletal muscle are least characterized. AMP-activated protein kinase (AMPK) and 
Sirtuin 1 (SIRT1) are key energy-sensing molecules regulating mitochondrial biogenesis. In 
C2C12 myotubes, we found that one-hr mild HS at 40°C increased both AMPK activity and 
SIRT1 expression, as well as increased the expression of several mitochondrial biogenesis 
regulatory genes including peroxisome proliferator-activated receptor gamma coactivator-1α 
(PGC-1α) and transcription factors involved in mitochondrial biogenesis. In particular, PGC-1α 
expression was found to be transcriptionally regulated by mild HS. Additionally, after repeated 
mild HS for 5 days, protein levels of PGC-1α and several mitochondrial oxidative 
phosphorylation subunits also increased. Repeated mild HS also significantly increased 
mitochondrial DNA copy number. In conclusion, these data suggest that mild HS is sufficient to 
induce mitochondrial biogenesis associated with activation of the AMPK-SIRT1-PGC-1α 
pathway in C2C12 myotubes. Therefore, it is possible that muscle heat production during 
exercise plays a role in mitochondrial biogenesis. 
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A. Review of the literature 

Maintenance of Body Temperature 

Temperature directly or indirectly affects essentially every aspect of an organism’s 

physiology. It is well known that most species perform best in a fairly narrow temperature 

range, which is also associated with optimal enzyme functions (51). Endotherms, including 

birds and mammals, have evolved adaptations to maintain a constant core body temperature. 

In addition to behavior modification and proper insulation, endotherms produce heat by 

thermogenesis involving different mechanisms. Shivering thermogenesis is a common 

strategy that works for short-term cold exposure. Sympathetic neural stimulation activates the 

actomyosin ATPases of skeletal muscle, the unsynchronized muscle contraction results in 

heat generation but not gross movement (55). During prolonged cold stress, nonshivering 

thermogenesis begins to kick in. Uncoupling proteins such as thermogenin in brown adipose 

tissue generate heat by mitochondrial proton leak (33, 55). Excess heat in mammals is 

dissipated by evaporative means (panting and sweating) or non-evaporative means 

(conduction, convection and radiation) (7, 13). 

  

Exercise-induced Stresses  

Endurance exercise imposes a combination of stresses such as changes in calcium 

concentration, mechanical strain, alternations in the ADP to ATP ratio, hypoxic stress and 

loosening of mitochondrial respiratory control on skeletal muscle (8, 44) (Table 1). Numerous 

studies have focused on how these stresses contribute to exercise-induced adaptations. For 

example, increased muscle use results in increased levels of intracellular free calcium 

concentration and calcium-activated calcineurin plays a crucial role in determining muscle 

fiber types (14). Increased heat production is also a byproduct of endurance exercise, and can 

also be counted among the stresses imposed upon skeletal muscle by physical exercise. 

However, the direct effects of mild HS on mitochondrial biogenesis have not been well 

characterized in past studies. 

 

 

Efficiency of Energy Conversion and Muscle Temperature during Exericse 

Muscle tissue is capable of directly transforming the chemical energy derived from 
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nourishment into mechanical work. Measured by the ratio of work performed to energy cost 

as calculated from oxygen uptake, the efficiency of bicycling humans is 20% to 30% (21, 73). 

The efficiency is determined by both the efficiency of ATP generation (phosphorylative 

coupling efficiency) and the efficiency of ATP use (contracting coupling efficiency). Typical 

values of phosphorylative coupling efficiency reported are about 60% and contracting 

coupling efficiency about 50% (21, 73). The energy conversion efficiency is even lower (12%) 

if determined by the ratio of work performed to the total enthalpy produced (i.e., heat plus 

work) using isolated mouse muscles (67). Intriguingly, human muscle may be more efficient 

than muscles of small mammals. A recent study reported that the contraction coupling 

efficiency of the human first dorsal interosseous (FDI) muscle is 68% (41). The higher 

efficiency of human muscle may be accounted for by higher efficiency in mechanics (56) and 

in activation (31). 

During vigorous exercise, the energy cost can increase by 10- to 20-fold compared to the 

resting metabolic rate, while more than 70% of the energy derived from the oxidation of 

metabolic fuels is dissipated as heat (46). The accumulation of heat leads to an increase in 

both core and shell temperature in the human body. For example, in humans the temperature 

of exercising muscles can rise to values as high as 40°C after exhaustive exercise or during 

submaximal exercise on a bicycle ergometer (62, 63), while the average gastrointestinal 

temperature can rise to values as high as 39.3°C after running for 45 minutes outdoors (46), 

and in rats made to exercise by treadmill running even higher muscle temperatures have been 

observed (9). The heat generated during endurance exercise must be effectively transported to 

the skin and dissipated to the environment in order to prevent heat injury. However, the 

mechanisms involved in heat dissipation are not always enough; heat stroke is currently the 

third leading cause of death in athletes in the United States (36). 

 

Heat Dissipation and Evolution of Endurance Running in Human 

Heat dissipation is an evolutionarily important issue, in particular for humans. Endurance 

running is believed to be a derived trait of the genus Homo, originating about 2 million years 

ago in response to the challenges of life in an open tropical savanna (6). Man's upright 

posture and bipedal gait make the energetic cost of transport relatively high in comparison 

with that for other mammals and running birds (13). To be adapted to sustained levels of 

aerobic exercise and persistence hunting, endogenous heat generated by muscular activity 

was a serious problem that needed to be solved. Therefore, humans developed the most 

sophisticated of all mammalian cooling mechanisms including a narrow, elongated body form, 
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the lack of body hair, the tendency for mouth breathing, well-developed sweat glands as well 

as cranial cooling systems that allow the brain to remain cooler than the rest of the body (6, 

13). 

 

Beneficial Effects of Mild Heat Stress 

Although severe heat injury can be lethal, several beneficial effects of mild HS - heating 

within physiological limits - have been reported among several different species.  

1. Mild HS and Metabolism 

Hooper reported that improvement of insulin sensitivity and lower blood glucose levels 

in patients with type 2 diabetes were observed after sitting in a hot tub (temperature ranged 

from 37.8°C to 41.0°C) for 30 minutes a day, six days a week, for three weeks (35). The 

mechanisms behind this effect were unclear.  

A recent study reported that an elevation in heat shock protein 72 (Hsp72) levels 

protected against diet- or obesity-induced insulin resistance and hyperglycemia in mice (15). 

The elevation in Hsp72 was achieved using weekly heat shock therapy at 41.5C for 15 min 

for 16 weeks, transgenic overexpression, and pharmacologic means. Another study showed 

that weekly heat shock therapy (at 41 and 41.5°C for 20 min for 12 weeks) could improve 

high-fat diet–induced skeletal muscle insulin resistance in rats and increased oxygen 

consumption and fatty acid oxidation in L6 cells (26). These beneficial effects correlated with 

preventing phosphorylation of c-jun amino terminal kinase (JNK) and inhibitor of κB kinase 

(IKK), which impair the insulin signaling pathway. However, the authors did not provide a 

mechanism for how heat shock proteins regulate JNK and IKK activation. 

 

2. Mild HS and Life Span  

Several studies have reported a connection between transient heat treatments and 

extended life span at normal temperatures. Caenorhabditis elegans stocks are typically 

maintained at 20°C. A single bout of HS by exposure to a sublethal temperature of 30°C for 

3-24 hr induced thermotolerance and led to a statistically significant increase in the life span 

of wild-type C. elegans by 14% (48). Drosophila melanogaster stocks were typically 
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maintained at 24 °C. A brief HS by exposure of 4-day-old experimental flies to 36 °C for 70 

min extended life span by an average of 2 days (42). The HS also increased thermotolerance 

to subsequent thermal stress. The yeast Saccharomyces cerevisiae cells were cultured at 30°C 

in media. Two brief sublethal HS at 37°C for 2hr early on in life resulted in a significant 

extension in mean life span by 10% (66). Similar to that found in C. elegans and D. 

melanogaster, thermotolerance was also induced. In summary mild HS is one of the two 

well-known environmental treatments that extend life span in animals. (The other one is 

calorie restriction.) 

 

Cytoprotective Heat Shock Response 

One of the most prominent mechanisms to rapidly cope with stresses is the heat shock 

response (32, 47). The heat shock response is almost ubiquitous across all life forms and is 

induced at temperatures a few degrees above the normal physiological range for most species 

(55). To cope with stresses, cells need to synthesize several critical heat shock proteins that 

can be used to restore structures of reversibly damaged proteins while degrading irreversibly 

damaged proteins as well as synthesizing new proteins (32, 47). All of these events are highly 

ATP-costly processes and force cells into a reduced energy status. 

 

Key Energy-sensing Molecules and Energy Metabolism 

 

1. AMP-activated Protein Kinase (AMPK) 

AMPK is a key energy-sensing molecule which maintains whole body energy 

homeostasis in response to reduced cellular energy status (29) (Figure 1). Because of the 

reaction catalyzed by adenylate kinase (2ADP  ATP + AMP), the AMP:ATP ratio is a 

sensitive indicator of cellular energy status. AMPK is allosterically activated by AMP. In 

addition, the phosphorylation of the threonine 172 (T172) residue by upstream kinases is 

required for AMPK activity. Activated AMPK switches off biosynthetic pathways to reserve 

ATP for more essential processes and switches on catabolic pathways to boost ATP 

production by upregulating oxidative metabolism and mitochondrial biogenesis in skeletal 

muscle (30). Using stable isotope tracers and a synthetic peptide substrate for AMPK, a 

previous study showed that HS at 45°C raised AMP:ATP ratio by 13 times, which, in turn, 

activated AMPK immediately in isolated rat hepatocytes (16). 
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2. Sirtuin 1 (SIRT1) 

Silent information regulator 2 (Sir2) proteins, or sirtuins, have been implicated as critical 

regulators for aging and longevity in experimental model organisms including yeast, worms 

and flies (5). Sirtuins are class-III histone deacetylases which can deacetylate non-histone 

proteins (45). Sirtuins require nicotinamide adenine dinucleotide (NAD) as an essential 

cofactor for their deacetylase activity (38). The dependency on NAD links sirtuin activity to 

the energy state and metabolic response of an organism (65). SIRT1, the closest homologue 

of Sir2 in mammals, is an important regulator of metabolism, cancer, aging and possibility 

longevity in mammals (37, 45) (Figure 2). Recently, an emerging body of evidence suggests 

that SIRT1 works closely with AMPK to control cellular energy expenditure (20, 61).  

3. Peroxisome Proliferator-activated Receptor Gamma Coactivator-1α (PGC-1α) 

In response to external stimuli, the transcriptional coactivator PGC-1 α coordinates a 

variety of transcription factors and nuclear receptors in the control of cellular energy 

metabolic pathways in different tissues (28) (Figure 3). Because PGC-1α induces 

mitochondrial biogenesis by upregulating and interacting with the nuclear respiratory factor 1 

and 2 (NRF1 and NRF2) and the estrogen-related receptor 1 (52, 75), it has been described as 

a master regulator of mitochondrial biogenesis. The expression and activity of PGC-1α are 

regulated by a variety of upstream cellular signaling pathways. Prior studies indicate that 

PGC-1 α expression in skeletal muscle was very responsive to both short-term exercise and 

endurance training (3, 25, 68, 69).  

 

AMPK-SIRT1-PGC-1α pathway and Mitochondrial Biogenesis 

AMPK and SIRT1 act in cooperation with PGC-1α to regulate energy homeostasis in 

response to environmental stimuli and nutritional signals (11, 12, 75). AMPK and SIRT1 

directly activate PGC-1α through phosphorylation and deacetylation, respectively (39, 60). 

AMPK and SIRT1 also increase the expression of mRNAs encoding PGC-1α (2, 39). 

Together with mitochondrial transcriptional factors and genes of mitochondrial components, 

the AMPK-SIRT1-PGC-1α pathway is one of the major pathways inducing mitochondrial 

biogenesis (23, 75) (Figure 4). 

Mitochondrial biogenesis entails mitochondrial DNA (mtDNA) replication and 

transcription, as well as the synthesis and import of proteins into the mitochondrial reticulum 
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(40, 43). Because the oxidative phosphorylation system, comprised of five multi-subunit 

enzyme complexes, is located in the mitochondrial inner membrane (64), the physiological 

significance of mitochondrial biogenesis lies in the enhancement of oxidative 

phosphorylation, which ultimately results in a net ATP gain of more than 15 times the 

amount of ATP produced by glycolysis (1). 
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B. Hypothesis 

We believe that the beneficial effects of mild HS, such as improved insulin sensitivity, 

may be associated with mitochondrial biogenesis. We hypothesize that the reduced level of 

cellular energy induced by mild HS can activate AMPK and SIRT1, both of which further 

upregulate PGC-1α and the downstream mitochondrial biogenesis program. C2C12 are a 

widely used model system that mimics what happens in vivo. To test this hypothesis, we used 

C2C12 myotubes to study the effect of acute and repeated mild HS on mitochondrial 

biogenesis by measuring activation of the AMPK-SIRT1-PGC-1α pathway, as well as the 

levels of transcription factors involved in mitochondrial biogenesis and mitochondrial 

components such as mitochondrial DNA copy number. 
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Table 1 

Table 1 Main effects of physical and metabolic signals associated with endurance exercise. 

Table adapted from Koulmann and Bigard (2006). 
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Figure 1 

 

 

Figure 1: Metabolic changes induced by AMPK in a variety of tissues. The diagram 

summarizes the metabolic changes known to be induced by AMPK activation in the liver, 

heart, skeletal muscle and adipose tissue of mammals in response to reduced cellular energy 

status.  Figure adapted from Hardie (2008). 
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Figure 2 

 

 

Figure 2: SIRT1 coordinates metabolic responses to nutritional availability in various tissues. 

By regulating PGC-1α or directly interacting with transcription factors, SIRT1 can modulate 

gene expression profiles in target tissues such as liver, skeletal muscle, white adipose tissue 

and pancreatic beta cells. Figure adapted from Imai (2006). 
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Figure 3 

 

Figure 3: PGC1α regulatory cascade. The diagram summarizes the regulatory network 

orchestrated by PGC-1α and its interactions with some of its target transcription factors 

involved in metabolic regulation. Figure adapted from Ventura-Clapier et al. (2008) 
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Figure 4 
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Figure 4: Schematic representation of mitochondrial biogenesis by the AMPK-SIRT1-PGC-

1α pathway. The effects of PGC-1α on mitochondrial biogenesis are mediated through its 

ability to both upregulate expression of NRF1 and NRF2 as well as co-activate both nuclear 

respiratory factors leading to transcription of nuclear-encoded metabolic proteins and of the 

mitochondrial transcription factors, including TFAM, TFB1M and TFB2M. Mitochondrial 

transcription factors activate transcription and replication of the mitochondrial genome. 

Nuclear-encoded metabolic proteins are imported into mitochondria through membrane 

transport machinery. Nuclear- and mitochondria-encoded subunits of the respiratory chain are 

then assembled. 
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Cell Culture 

Mouse C2C12 myoblast cell line was maintained in Dulbecco's Modified Eagle Medium 

(DMEM) (4.5 g glucose/L) in the presence of 10% fetal bovine serum. Differentiation of 

C2C12 myoblasts into myotubes was induced with media containing 2% horse serum for five 

days. The cells were grown in a humidified 37°C incubator with 5% CO2 in air. 

Mild heat stress exposure 

The American College of Sports Medicine (ACSM) recommends moderate-intensity 

cardiorespiratory exercise training for ≥30 min/d on ≥5 d/wk for most adults (22). Therefore, 

we chose 1hr HS for a single bout or 1hr for 5 days as the treatment. For mild HS, the culture 

temperature was set at 40°C. The duration of mild HS was maintained at one hour (hr) for 

each bout. The frequency was either a single bout on the 5th day of C2C12 myotube 

differentiation or one bout per day for 5 days since the start of differentiation. After final 

treatment cells were harvested for subsequent assays.  

Total protein extraction 

C2C12 myotubes were washed with 1x phosphate buffered saline (PBS), scraped, 

centrifuged and resuspended in sodium dodecyl sulfate (SDS) lysis buffer (50mM Tris-HCl 

pH 6.8, 1% SDS and 10% Glycerol). After brief sonication to break up genomic DNA, an 

aliquot of the cell lysates was reserved for subsequent protein concentration determinations 

(BCA assay, Thermo Fisher), and the remainder was supplemented with β-mercaptoethanol. 

 

Western blotting 

Total cell lysates of C2C12 myotubes were separated by SDS-polyacrylamide gel 

electrophoresis and transferred to Hybond-C Extra nitrocellulose membranes (Amersham 

Biosciences), and probed with antibodies against AMPK (Sigma), phosphorylated AMPK 

(Cell Signaling), SIRT1 (Abcam), PGC-1α (Millipore), Nampt (Bethyl), Hsp70 (Invitrogen), 

mitochondrial HSP70 (Thermo) and α-Tubulin (Sigma)  as well as with OXPHOS Rodent 

WB Antibody Cocktail (MitoSciences), which recognizes Complex I subunit NDUFB8, 

Complex II subunit 30 kDa, Complex III subunit Core 2, Complex IV subunit I and ATP 

synthase subunit α. For normalization purposes, blots were also probed with an antibody to 

Histone H3 (Upstate). Blots were then developed using Amersham ECL Western Blotting 

Detection (GE Healthcare). The band intensity was quantified with Photoshop and ImageJ 
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software.   

RNA Isolation and cDNA Synthesis 

Total RNA in harvested C2C12 myotubes was isolated by RiboPure kits (Ambion) 

according to the manufacturer's instructions. Isolated RNA was reverse transcribed to cDNA 

using random hexamer primers and SuperScript II reverse transcriptase kit (Invitrogen) 

according to the manufacturer's instructions. 

Real-Time Quantitative PCR 

Real time quantitative PCR (qPCR) was performed using 2X HotSybr Real-time PCR Kit 

(Mclab) and iQ5 Multicolor Real-Time PCR Detection System (Bio-Rad). Sequences of 

specific primers are listed in Table 2. The threshold cycle (Ct) indicates the fractional cycle 

number at which the amount of amplified copies reaches a fixed threshold..The data from 

qPCR were analyzed with delta-delta Ct (ΔΔCt) method using 18S ribosomal RNA as the 

internal control gene. Each delta Ct (ΔCt) value was determined by subtracting 18S 

ribosomal RNA Ct value from the target gene Ct value. The ΔΔCt was calculated by 

subtracting the ΔCt value of the 37°C control from the ΔCt value of the heat-stressed sample. 

2-ΔΔCt represented the average relative amount of mRNA for each target gene. 

Reporter gene assays 

C2C12 myocytes were transfected with 1 ug of PGL3-PGC-1α 2-kb promoter-firefly 

luciferase reporter vector (Addgene) (27) and 0.2 ug of CMV Renilla luciferase vector as the 

control vector in 6-well plates at 90% confluence using Lipofectamine 2000 (Invitrogen) 

following the manufacturer’s instructions. Cells were left for 5h with the DNA-

Lipofectamine mix. Then, the medium was removed and replaced by differentiation medium 

for 36h before being treated with mild HS for 1hr. After a 24-hrrecovery period, the cultures 

were resuspended into 250 ul of passive lysis buffer from the Dual Luciferase Reporter Assay 

system (Promega) and 20 ul of the cell lysates were used for determining Renilla and firefly 

luciferase activities with the Promega kit mentioned above.  

Mitochondrial DNA Quantification 

Total cellular DNA in C2C12 myotubes was extracted using Blood & Cell Culture DNA 

Mini Kit (Qiagen) according to the manufacturer's instructions. DNA pellets were 
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resuspended in Tris-EDTA (TE) buffer (1 mM EDTA, 10 mM Tris, pH 8.0) prior to qPCR 

analysis. qPCR was performed for mtDNA-encoded cytochrome c oxidase subunit II (Cox2) 

(primers: forward 5’-GCCGACTAAATCAAGCAACA-3’, reverse 5’- 

CAATGGGCATAAAGCTATGG -3') (77) and nucleus-encoded 18S ribosomal RNA genes 

(primers: forward 5’- TAGAGGGACAAGTGGCGTTC-3’, reverse 5’- 

CGCTGAGCCAGTCAGTGT-3’) (4). The ratio of Cox2DNA copies to 18S rRNA represents 

the relative mitochondrial copy number. 

Statistical analysis 

Statistical significance of temperature-induced differences was evaluated by Student's t-

test assuming equal variance, and a value of P < 0.05 was considered significant. Results are 

presented as the mean ± standard error of the mean (SEM). Statistical analyses were 

performed using Excel 2007 software (Microsoft). 
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Table 2 Primer sequences used for real-time quantitative PCR 

 

Primers Strand Sequence 5’-> 3’ 
Hspa1a Forward AGATATGTGGCCTTGAGGACTGTCATTATTTC 

Reverse CAAATCACATCAGCGGGGCAGTGCTGAATTG 
Hspa1b Forward TGCTTGGGCACCGATTACTGTCAAGG 

Reverse GGCAGCTAGACTATATGTCTTCCCAGGCTACTG 
Sirt1 Forward GACGATGACAGAACGTCACAC 

Reverse CGAGGATCGGTGCCAATCA 
PGC-1α Forward AAGTGTGGAACTCTCTGGAACTG 

Reverse GGGTTATCTTGGTTGGCTTTATG 
PGC-1β Forward GGCAGGTTCAACCCCGA 

Reverse CTTGCTAACATCACAGAGGATATCTTG 
PRC Forward CCAAAAAGGATGCCTGCCCTA 

Reverse GTAGCCGTGCATGGGAGTG 
Nrf1 Forward TCT CAC CCT CCA AAC CCA AC 

Reverse CCC GAC CTG TGG AAT ACT TG 
Nrf2α Forward CTCCCGCTACACCGACTAC 

Reverse TCTGACCATTGTTTCCTGTTCTG 
Tfam Forward CAT TTA TGT ATC TGA AAG CTTCC 

Reverse CTC TTC CCA AGA CTT CAT TTC 
Tfb1m Forward AAGATGGCCCTTTCGTTTATGG 

Reverse GACTGTGCTGTTTGCTTCCTG 
Tfb2m Forward CCAAAACCCATCCCGTCAAAT 

Reverse AAGGGCTCCAAATGTGGAATAAA 
Cycs Forward GCAAGCATAAGACTGGACCAAA 

Reverse TTGTTGGCATCTGTGTAAGAGAATC 
Cox2 Forward TGAAGACGTCCTCCACTCATGA 

Reverse GCCTGGGATGGCATCAGTT 
Cox4 Forward ACCAAGCGAATGCTGGACAT 

Reverse GGCGGAGAAGCCCTGAA 
Glut4 Forward TGTGGCCTTCTTTGAGATTGG 

Reverse CCCATGCCGACAATGAAGTT 
Ldha Forward TGCCTACGAGGTGATCAAGCT 

Reverse ATGCACCCGCCTAAGGTTCTT 
Rn18s Forward CGCCGCTAGAGGTGAAATTCT 

Reverse CGAACCTCCGACTTTCGTTCT 
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A. Mild heat stress increases AMPK activity and SIRT1 expression 

To investigate the direct cellular effects of mild HS on muscle cells, we incubated the 

C2C12 myotubes at 40°C for one hr. Cells were harvested immediately after mild HS. The 

AMPK protein levels and phosphorylation status at the T172 residue were determined by 

Western blotting. The degree of AMPK T172 phosphorylation was used as a measure of 

AMPK activation (30). It is evident from Figure 5A that, immediately after mild HS, a 

significant increase in AMPK T172 phosphorylation (1.6-fold; P < 0.05) was observed while 

the AMPK protein levels remained unchanged. These results are interpreted to mean that mild 

HS rapidly enhances AMPK activity.  

AMPK is known to regulate SIRT1 expression (76). Therefore, we measured SIRT1 

expression after mild HS. Our data showed that SIRT1 protein levels remained unchanged 

immediately after mild HS (Figure 5A). However, 24 hr after mild HS, SIRT1 protein levels 

increased by 2.04-fold (P < 0.05) (Figure 5B). We also found that Sirt1 mRNA levels 

increased 24 hr after mild HS (1.51-fold, P < 0.05) (Figure 5C).  

NAD is required in several important biological functions. In particular, NAD is an 

obligate cofactor for the deacetylase activity of SIRT1 (38). Nicotinamide 

phosphoribosyltransferase (Nampt) is responsible for the rate-limiting step in the conversion 

of nicotinamide to nicotinamide mononucleotide in the NAD biosynthetic pathway in 

mammals (59). Therefore, we measured Nampt expression after mild HS. Our data showed 

that 24 hr after mild HS, Nampt protein levels significantly increased (1.50-fold P < 0.05) 

(Figure 5D). In summary, a single bout of mild stress resulted in a rapid increase of AMPK 

activity followed by an increase of Nampt and SIRT1 expression. 
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Figure 5A 

 

Figure 5A: Mild HS increases AMPK activity. C2C12 myotubes were exposed to 1-hr mild 

HS and harvested immediately for Western blot. Results were normalized to Histone H3. 

Quantification of band intensity is shown below the Western blot. Results are given as the 

means ± SEM from four independent trials.*P < 0.05 compared to the control. 
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Figure 5B 

 

 

 

 

 

 

Figure 5B: Mild HS increases SIRT1 expression. C2C12 myotubes were exposed to 1-hr mild 

HS (40°C) and then returned to the normal culture environment (37°C). After a 24-hr 

recovery period, cells were harvested for Western blot. Results were normalized to Histone 

H3. Quantification of band intensity is shown below the Western blot. Results are given as 

the means ± SEM from four independent trials.*P < 0.05 compared to the control. 
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Figure 5C 

 

 

Figure 5C: Mild HS increases Sirt1 mRNA expression. C2C12 myotubes were exposed to 

mild HS for one hr and then returned to the normal culture environment (37°C). The mRNA 

levels of Sirt1 were determined by quantitative PCR and normalized to 18S ribosomal RNA. 

Results are expressed as means ± SEM of triplicate samples in one representative experiment 

from three independent trials. *P < 0.05 compared to control. 
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Figure 5D 

 

 

Figure 5D: Mild HS increases Nampt expression. C2C12 myotubes were exposed to 1-hr 

mild HS (40°C) and then returned to the normal culture environment (37°C). After a 24-hr 

recovery period, cells were harvested for Western blot. Results were normalized to Histone 

H3. Quantification of band intensity is shown below the Western blot. Results are given as 

the means ± SEM from four independent trials.*P < 0.05 compared to the control. 
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B. Mild heat stress increases PGC-1α transcription  

PGC-1α is a well studied transcriptional target of both SIRT1 and AMPK (2, 39). In our 

studies of its expression levels after mild HS, no significant change in the mRNA levels of 

PGC-1α was observed 2 hr after mild HS while an increase of 1.36-fold (P < 0.05) was seen 

24 hr later (Figure 6A). In contrast, the mRNA levels of PGC-1β and PRC, the other two 

members of PGC-1 family transcription co-activators, remained constant at both 2 hr and 24 

hr after mild HS (Figures 6B-C).  

To examine whether mild HS increases PGC-1α expression at the transcription level, a 

reporter construct expressing luciferase under the control of 2-kb mouse PGC-1α promoter 

was transfected into C2C12 myocytes. Subsequently, the reporter luciferase activity in 

response to mild heat stress was determined. As shown in Figure 6D, luciferase activity 

increased by 3.46-fold (P < 0.05) 24 hr after mild HS. In summary, our data indicate that mild 

HS is sufficient to increase PGC-1α promoter activity and modulate PGC-1α transcription in 

C2C12 myotubes.  
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Figure 6A 

 

 

Figure 6A: Mild HS increases PGC-1α mRNA expression. C2C12 myotubes were exposed to 

mild HS for one hr and then returned to the normal culture environment (37°C). The mRNA 

levels of PGC-1α were determined by quantitative PCR and normalized to 18S ribosomal 

RNA. Results are expressed as means ± SEM of triplicate samples in one representative 

experiment from three independent trials. *P < 0.05 compared to control. 
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Figure 6B 

 

 

Figure 6B: PGC-1β mRNA expression after Mild HS. C2C12 myotubes were exposed to mild 

HS for one hr and then returned to the normal culture environment (37°C). The mRNA levels 

of PGC-1β were determined by quantitative PCR and normalized to 18S ribosomal RNA. 

Results are expressed as means ± SEM of triplicate samples in one representative experiment 

from three independent trials. No significant difference detected. 
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Figure 6C 

 

 

Figure 6C: PRC mRNA expression after Mild HS. C2C12 myotubes were exposed to mild 

HS for one hr and then returned to the normal culture environment (37°C). The mRNA levels 

of PRC were determined by quantitative PCR and normalized to 18S ribosomal RNA. Results 

are expressed as means ± SEM of triplicate samples in one representative experiment from 

three independent trials. No significant difference detected. 

 

 

 

 

 



 30

Figure 6D 

 

 

Figure 6D: Mild HS increases PGC-1α transcription. C2C12 myoblasts were transfected with 

PGL3-PGC-1α 2-kb promoter-firefly luciferase reporter and a CMV Renilla luciferase 

plasmid. After differentiation, the cells were treated with 1-hr mild HS and then returned to 

the normal culture environment (37°C). After a 24-hr recovery period, cells were harvested 

for luciferase assay. The data show the ratio of firefly to Renilla luciferase luminescence, 

which represents the normalized promoter activity of PGC-1αResults are given as the means 

± SEM from 5 independent trials.*P < 0.05 compared to the control. 
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C. Mild heat stress activates mitochondrial biogenesis program 

To test whether mitochondrial biogenesis program is upregulated in response to mild 

heat stress, a series of real-time qPCR assays was conducted to compare the expression of 

downstream genes of AMPK-SIRT1-PGC-1α pathway. 2 hr or 24 hr after one-hr of mild HS, 

C2C12 myotubes were harvested for qPCR to compare the mRNA levels of genes involved in 

the mitochondrial biogenesis program. 

We first analyzed NRF1 and NRF2, the transcription factors necessary for the 

coordination of nuclear-mitochondrial gene expression required for mitochondrial biogenesis. 

The effects of PGC-1α on mitochondrial biogenesis are mediated through its ability to both 

upregulate expression of NRF1 and NRF2 as well as co-activate both nuclear respiratory 

factors (75). Similar to PGC-1α, the mRNA levels of both Nrf1 and Nrf2α remained constant 

2 hr after mild HS while a significant increase was observed after 24 hr (1.35-fold, P < 0.05 

and 1.46-fold, P < 0.05 respectively) (Figures 7A and 7B).  

Mitochondrial DNA replication and transcription are coupled events executed by unique 

enzyme systems. This process is regulated by mitochondrial transcription factors, including 

TFAM, TFB1M and TFB2M (18). After nuclear translocation and co-activation by PGC-1α, 

NRF1 and NRF2 bind and activate the promoters of Tfam, Tfb1m and Tfb2m (23). Because 

the mRNA levels of both Nrf1 and Nrf2α increased by mild HS, we subsequently measured 

the mRNA levels of Tfam, Tfb1m and Tfb2m. Two hr after mild HS, the mRNA levels of 

these three mitochondrial transcription factors remained constant.  However, 24 hr after 

treatment, a significant increase was observed in the levels of all three transcription factors 

(1.55-fold, P < 0.05, 1.27-fold, P < 0.05 and 1.77-fold, P < 0.05 respectively) (Figures 7C-E). 

In summary, these data can be interpreted to mean that the mitochondrial biogenesis program 

is upregulated by mild heat stress. 
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Figure 7A 

 

 

Figure 7A: Mild HS activates mitochondrial biogenesis program. C2C12 myotubes were 

exposed to mild HS for one hr and then returned to the normal culture environment (37°C). 

Cells were harvested after 2- and 24-hr recovery periods. The mRNA levels of Nrf1 were 

determined by quantitative PCR and normalized to 18S ribosomal RNA. Results are 

expressed as means ± SEM of triplicate samples in one representative experiment from three 

independent trials. *P < 0.05 compared to the control. 
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Figure 7B 

 

 

Figure 7B: Mild HS activates mitochondrial biogenesis program. C2C12 myotubes were 

exposed to mild HS for one hr and then returned to the normal culture environment (37°C). 

Cells were harvested after 2- and 24-hr recovery periods. The mRNA levels of Nrf2α were 

determined by quantitative PCR and normalized to 18S ribosomal RNA. Results are 

expressed as means ± SEM of triplicate samples in one representative experiment from three 

independent trials. *P < 0.05 compared to the control. 
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Figure 7C 

 

 

Figure 7C: Mild HS activates mitochondrial biogenesis program. C2C12 myotubes were 

exposed to mild HS for one hr and then returned to the normal culture environment (37°C). 

Cells were harvested after 2- and 24-hr recovery periods. The mRNA levels of Tfam were 

determined by quantitative PCR and normalized to 18S ribosomal RNA. Results are 

expressed as means ± SEM of triplicate samples in one representative experiment from three 

independent trials. *P < 0.05 compared to the control. 
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Figure 7D 

 

 

Figure 7D: Mild HS activates mitochondrial biogenesis program. C2C12 myotubes were 

exposed to mild HS for one hr and then returned to the normal culture environment (37°C). 

Cells were harvested after 2- and 24-hr recovery periods. The mRNA levels of Tfb1m were 

determined by quantitative PCR and normalized to 18S ribosomal RNA. Results are 

expressed as means ± SEM of triplicate samples in one representative experiment from three 

independent trials. *P < 0.05 compared to the control. 
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Figure 7E 

 

 

Figure 7E: Mild HS activates mitochondrial biogenesis program. C2C12 myotubes were 

exposed to mild HS for one hr and then returned to the normal culture environment (37°C). 

Cells were harvested after 2- and 24-hr recovery periods. The mRNA levels of Tfb2m were 

determined by quantitative PCR and normalized to 18S ribosomal RNA. Results are 

expressed as means ± SEM of triplicate samples in one representative experiment from three 

independent trials. *P < 0.05 compared to the control. 
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D. Mild heat stress induces gene expression for mitochondrial 

components 

Because activation of the mitochondrial biogenesis transcriptional cascade should lead to 

increased expression of mitochondrial components, we quantified the mRNA levels of 

mitochondrial oxidative proteins including cytochrome c (Cycs), nuclear-encoded 

cytochrome c oxidase subunit IV (Cox4) and mtDNA-encoded respiratory subunit Cox2. No 

significant changes in the mRNA levels of Cycs, Cox2 and Cox4 were observed 2 hr after 

mild HS while significant increases were seen in all of them 24 hr after treatment (1.40-fold, 

P < 0.05, 1.77-fold, P < 0.05 and 1.74-fold, P < 0.05 respectively) (Figures 8A-C). In 

summary, not only the regulatory genes, but also genes of mitochondrial components 

increased after mild HS. 

In addition to the genes involved in mitochondrial biogenesis, we also measured the 

transcription of glucose transporter Glut4, another target regulated by PGC-1α. No significant 

change in the mRNA levels of Glut4 was observed 2 hr after mild HS while an increase of 

1.45-fold (P < 0.05) was seen after 24 hr (Figure 8D). At the same time, there was no 

difference observed in mRNA levels of lactate dehydrogenase isoform A (Ldha) after mild 

HS after 2 or 24 hr (data not shown).   
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Figure 8A 

 

 

Figure 8A: Mild HS increases Cycs mRNA expression. C2C12 myotubes were exposed to 

mild HS for one hr and then returned to the normal culture environment (37°C). Cells were 

harvested after 2- and 24-hr recovery periods. The mRNA levels of Cycs were determined by 

quantitative PCR and normalized to 18S ribosomal RNA. Results are expressed as means ± 

SEM of triplicate samples in one representative experiment from three independent trials. *P 

< 0.05 compared to the control. 
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Figure 8B 

 

 

 

Figure 8B: Mild HS increases Cox2 mRNA expression. C2C12 myotubes were exposed to 

mild HS for one hr and then returned to the normal culture environment (37°C). Cells were 

harvested after 2- and 24-hr recovery periods. The mRNA levels of Cox2 were determined by 

quantitative PCR and normalized to 18S ribosomal RNA. Results are expressed as means ± 

SEM of triplicate samples in one representative experiment from three independent trials. *P 

< 0.05 compared to the control. 
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Figure 8C 

 

 

Figure 8C: Mild HS increases Cox4 mRNA expression. C2C12 myotubes were exposed to 

mild HS for one hr and then returned to the normal culture environment (37°C). Cells were 

harvested after 2- and 24-hr recovery periods. The mRNA levels of Cox4 were determined by 

quantitative PCR and normalized to 18S ribosomal RNA. Results are expressed as means ± 

SEM of triplicate samples in one representative experiment from three independent trials. *P 

< 0.05 compared to the control. 
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Figure 8D 

 

 

Figure 8D: Mild HS increases Glut4 mRNA expression. C2C12 myotubes were exposed to 

mild HS for one hr and then returned to the normal culture environment (37°C). Cells were 

harvested after 2- and 24-hr recovery periods. The mRNA levels of Glut4 were determined by 

quantitative PCR and normalized to 18S ribosomal RNA. Results are expressed as means ± 

SEM of triplicate samples in one representative experiment from three independent trials. *P 

< 0.05 compared to the control. 
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E. Mild heat stress induces cytoprotective heat shock response 

The heat-shock response is a conserved protective reaction of cells to elevated 

temperatures. The mRNA expression of stress-inducible Hspa1a (aka Hsp72) and Hspa1b, 

both members of the heat shock protein 70-kD family, increased by more than 100-fold when 

measured one hr after mild HS (Data not shown). Two hr and 24 hr after mild HS, the mRNA 

levels were still significantly higher for Hspa1a (3.41-fold, P < 0.05 and 1.82-fold P < 0.05) 

(Figure 9A) and for Hspa1b (4.98-fold, P < 0.05 and 1.67–fold, P < 0.05) (Figure 9B). A 

significant increase in HSP70 protein levels was also observed in dissected rat soleus muscles 

exposed to mild HS at 40°C for 1 hr and harvested immediately (Figure 9C). Our data show 

that mild HS within physiological range is sufficient to induce a cytoprotective heat shock 

response. 

A variety of mitochondrial chaperones provide indispensable functions for mitochondrial 

biogenesis. The most abundant and important chaperone for mitochondrial function is 

mitochondrial heat shock protein 70 kDa (mtHsp70) which is involved in protein 

translocation into the mitochondria (70). Together with other inner membrane proteins of the 

mitochondria, membrane-associated mtHsp70 forms an import motor complex for 

polypeptide movement and unfolding during preprotein membrane translocation in an ATP-

dependent manner. In addition, mtHsp70 in the matrix plays an essential role in the folding of 

newly imported proteins and in the biosynthesis of mitochondrially encoded proteins. Our 

data showed that mtHsp70 protein levels remained unchanged 24 hr after mild HS (Figure 

9D). 
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Figure 9A 

 

 

Figure 9A: Mild HS activates heat shock response. C2C12 myotubes were exposed to mild 

HS for one hr and then returned to the normal culture environment (37°C). Cells were 

harvested after 2- and 24-hr recovery periods. The mRNA levels of Hspa1a were determined 

by quantitative PCR and normalized to 18S ribosomal RNA. Results are expressed as means 

± SEM of triplicate samples in one representative experiment from three independent trials. 

*P < 0.05 compared to the control. 
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Figure 9B 

 

 

Figure 9B: Mild HS activates heat shock response. C2C12 myotubes were exposed to mild 

HS for one hr and then returned to the normal culture environment (37°C). Cells were 

harvested after 2- and 24-hr recovery periods. The mRNA levels of Hspa1b were determined 

by quantitative PCR and normalized to 18S ribosomal RNA. Results are expressed as means 

± SEM of triplicate samples in one representative experiment from three independent trials. 

*P < 0.05 compared to the control. 
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Figure 9C 

 

 

Figure 9C: Mild HS activates heat shock response in rat soleus muscle. Dissected Rat soleus 

muscles were exposed to mild HS at 40°C for 1 hr and harvested immediately for Western 

blot. Results were normalized to α-Tubulin.  
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Figure 9D 

 

Figure 9D: mtHsp70 expression after Mild HS. C2C12 myotubes were exposed to 1-hr mild 

HS (40°C) and then returned to the normal culture environment (37°C). After a 24-hr 

recovery period, cells were harvested for Western blot. Results were normalized to Histone 

H3. Quantification of band intensity is shown below the Western blot. Results are given as 

the means ± SEM from four independent trials.*P < 0.05 compared to the control. 
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F. Repeated mild heat stress increases the expression of PGC-1α and 

oxidative phosphorylation subunit proteins as well as mitochondrial 

DNA copy number 

Our initial studies demonstrated that a single bout of mild HS is capable of activating the 

expression of a diverse group of genes. To further characterize the adaptive response to mild 

HS in myotubes, repeated mild HS was used to mimic the repeated HS that occurs in muscle 

as the result of regular exercise.  

C2C12 myotubes were exposed to one hr of mild HS per day for 5 days and then 

harvested for subsequent assays. With regard to 1-hr vs. 5-day comparisons we noted that the 

responses to treatments may not be proportional to the durations of treatment. For example, 

there was no significant difference in SIRT1 protein expression observed between control and 

HS groups (data not shown), therefore a bad example. The expression of important signaling 

transduction molecules tends to be transient. For example, AMPK kinase activities were 

halted immediately if cells in heat shock were returned to 37°C (16). Therefore, we focused 

on the regulatory molecules after one bout of mild HS and the protein and mitochondrial 

DNA end products after repeated heat treatments. 

After a 5-day treatment a significant increase in PGC-1α protein expression was seen 

(1.58 fold, P < 0.05) (Figure 10A). Repeated mild HS significantly increased the protein 

levels of 4 representative oxidative phosphorylation subunits, Complex I subunit NDUFB8 

(1.94 fold, P < 0.05), Complex II subunit 30 kDa (1.76 fold, P < 0.05), Complex III subunit 

Core 2 (1.78 fold, P < 0.05), and Complex V or ATP synthase subunit α (1.61 fold P < 0.05) 

(Figure 10A). The protein levels of Complex IV subunit I did not change significantly after 

treatment. In addition, the protein levels of major mitochondrial molecular chaperon 

mtHsp70 also significantly increased (1.26 fold P < 0.05) (Figure 10B). 

Because mitochondria contain their own DNA encoding 13 proteins, measurements of 

mitochondria DNA copy number was used to verify changes in mitochondrial biogenesis 

levels (49). qPCR analysis showed that repeated mild HS for 5 days increased the 

mitochondrial DNA copy number by 1.68-fold (P < 0.05) (Figure 10C). Taken together, 

repeated mild HS for 5 days resulted in a significant increase in PGC-1α protein expression 

as well as in mitochondrial components including oxidative phosphorylation proteins and 

mitochondrial DNA. 
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Figure 10A 
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Figure 10A: Repeated mild HS increases the expression of PGC-1α and oxidative 

phosphorylation subunits. C2C12 myotubes were exposed to 1-hr HS for 5 days. 24 hr after 

the last treatment, cells were harvested and subjected to Western blot analysis using 

antibodies specific for PGC-1α and oxidative phosphorylation subunits. Protein levels were 

normalized to Histone H3.Quantification of band intensity is shown below the Western blot. 

Results are given as the means ± SEM from three independent trials.*P < 0.05 compared to 

control. 
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Figure 10B 

 

Figure 10B: Repeated mild HS increases the mtHsp70 expression. C2C12 myotubes were 

exposed to 1-hr HS for 5 days. 24 hr after the last treatment, cells were harvested and 

subjected to Western blot. Results were normalized to Histone H3. Quantification of band 

intensity is shown below the Western blot. Results are given as the means ± SEM from four 

independent trials.*P < 0.05 compared to the control. 
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Figure 10C 

 

 

 

Figure 10C: Repeated mild HS increased mitochondrial DNA copy number. C2C12 myotubes 

were exposed to 1-hr mild HS for 5 days. 24 hr after the last treatment, cells were harvested 

for total DNA extraction. Using qPCR, the relative mitochondrial DNA copy number was 

determined by the ratio of mtDNA-encoded Cox2 and nucleus-encoded 18S ribosomal RNA 

genes. Results are expressed as means ± SEM of triplicate samples in one representative 

experiment from six independent trials.*P < 0.05 compared to the control. 
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This study demonstrates that mild HS is sufficient to induce mitochondrial biogenesis in 

C2C12 myotubes. Evidence that mild HS induces mitochondrial biogenesis has been shown 

in two ways. First, key molecules of the mitochondrial biogenesis pathway, including energy-

sensing AMPK and SIRT1 as well as their downstream targets such as PGC-1α, are activated 

by mild HS. Second, levels of mitochondrial components, including several oxidative 

phosphorylation proteins and mitochondrial DNA, increase after mild HS.  

 

Heat production is a byproduct of oxidative and mechanical coupling inefficiencies 

during physical activity, and dissipating excess heat is essential at the evolutionary, 

organismal and cellular levels. Skeletal muscle accounts for 30 to 40% of the total human 

body mass (74), and many people who perform regular endurance exercise also undergo 

regular whole-body mild HS, unlike their more sedentary counterparts. In this study, we 

demonstrated the impact of mild heat stress in energy metabolism by showing heat-induced 

mitochondrial biogenesis and its mechanisms at the cellular level.  

 

A recent study has shown that non-damaging running exercise for 45 minutes increases 

muscle temperature from 36.2°C to 40°C (53). The authors also showed that the protein 

levels of HSP72 (HSPa1a) significantly increased 48 hr post-exercise in muscle. Interestingly, 

passive heating protocol using a tank containing water at 45 °C failed to induce a significant 

increase of major heat shock proteins in human skeletal muscle (54).  This suggests that non-

heat stress factors such as increased intracellular calcium may be involved in exercise-

induced heat shock response. It is also possible that the superficial heat modality using in that 

study did not sufficiently heat deep muscles because of the thermal insulation by 

subcutaneous tissue and the efficient removal of heat by increased cutaneous blood flow. 

Exercise-induced expression of HSPs in the heart is also one of the mechanisms 

responsible for the cardioprotective effects of exercise (24). Hspa1a (aka Hsp72) and Hspa1b 

(aka Hsp 70) are members of the heat shock protein 70-kD family. In our study, the mRNA 

expression of stress-inducible Hspa1a increased by more than 1000-fold one hr after mild HS 

(data not shown). This dramatic change may be unrealistic because of little or no basal 

expression of this protein (19). Hspa1b is the major heat-inducible member with some basal 

expression. In our study Hspa1b increased by 415-fold when measured one hr after mild HS 

(Data not shown). Two hr after mild HS the relative mRNA levels of Hspa1b (4.98-fold, P < 

0.05 ) was higher than that of Hspa1a (3.41-fold, P < 0.05), which may reflect Hspa1b’s role 

as the major heat-inducible member (19). In summary, temperature increase within the 

physiological range is sufficient to induce the cytoprotective heat shock response. 

In addition to the heat shock response, mild HS also activates energy sensing molecules 
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AMPK and SIRT1, which respond to various stresses by adjusting cellular metabolic 

activities. AMPK is a key cellular metabolic sensor and plays a role in regulation of whole 

body energy homeostasis (30). Our results showed that the activation of AMPK was 

immediately seen after mild HS (Figure 5A), which is consistent with the results of a 

previous investigation (16). A recent study showed that increase of Nampt expression during 

glucose restriction in C2C12 myoblasts was mediated by AMPK and implicated AMPK, 

Nampt and SIRT1 as components in a skeletal muscle nutrient-sensing response pathway (20). 

Another study showed that skeletal muscle Nampt increased in response to exercise in 

humans (17). We found that a single bout of mild HS is sufficient to increase Nampt levels. 

Combined with prior reports, this suggests that Nampt-mediated NAD biosynthesis may play 

a role in the regulation of AMPK-SIRT1-PGC-1α pathway and also correlate with the heat-

induced mitochondrial biogenesis. 

SIRT1 is well-known for its role in modulating the lifespan of a number of organisms 

including yeast, worms, flies and mice with restricted caloric intake (45). Similarly, mild HS 

has also long been reported to extend lifespan in different species (42, 48, 66), though the 

mechanism is not yet clear. Recently, Westerheide et al. showed that SIRT1 directly 

deacetylates heat shock factor 1 and thereby regulates the acute heat shock response in 

mammalian cells (72). That result may mean that SIRT1 plays a role in heat-induced life span 

extension. Our results showed that SIRT1 protein levels significantly increased 24 hr after 

mild HS. To our knowledge, this is the first report showing the direct upregulation of SIRT1 

protein expression by heat. This may mean that SIRT1 not only functions in the early stages 

of the heat shock response, but may also provide important long-term functions after HS is 

removed. Accordingly, upregulation of SIRT1 may play a crucial role in two renowned 

environmental stressors that extend lifespan in animals: calorie restriction and mild heat 

stress.  

 

Based on the evidence of the increase of PGC-1α promoter activity and mRNA levels, 

our data show that PGC-1α is transcriptionally modulated by mild HS. Interestingly, levels of 

PGC-1α were initially found to be greatly induced in muscle and brown fat by cold exposure 

(58). The common effect of cold exposure and excess heat on cells is an increase in cellular 

energy requirement. Taken together with results of previous studies, there is clear evidence 

that PGC-1α plays a role in response to temperature fluctuations in cells. 

Glucose uptake is a rate-limiting step in muscle glucose metabolism (71), and both gain-

of-function and loss-of-function mutations have shown that GLUT4 is essential in the 

maintenance of normal glucose homeostasis (10, 78). As well, in skeletal muscle, Glut4 is 

one of the targets regulated by PGC-1α (50). In our studies, Glut4 transcription was 
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significantly increased by mild HS, possibly due to an increase of PGG-1α expression. Thus, 

results of our study may reveal an additional factor that, among others (15, 26), contributes to 

the heat-induced improvement of glucose tolerance and insulin sensitivity.  

Multiple lines of evidence have shown that endurance exercise training results in an 

increase in skeletal muscle mitochondrial biogenesis (34). The physiological significance of 

mitochondrial biogenesis is the enhancement of cellular oxidative phosphorylation, which 

improves endurance performance at the organismal level. We found that the levels of several 

oxidative phosphorylation proteins and mitochondrial DNA copy number significantly 

increased after repeated mild HS. Because we show that in C2C12 myotubes mild HS 

increases markers of mitochondrial biogenesis similar to what occurs in regular endurance 

training, it is possible that muscle heat production during exercise plays a role in 

mitochondrial biogenesis. One limitation of this report is that C2C12 myotube culture system 

may not entirely reflect what occurs in vivo. Another limitation is that the data presented here 

do not establish a causal link between AMPK-SIRT1-PGC1α activation and mitochondrial 

biogenesis. Still, on the basis of our findings it is likely that, by itself, heat stress both affects 

mitochondrial biogenesis and increases the gain in response to other, contraction-induced, 

activators of mitochondrial biogenesis.  
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CHAPTER 5 

CONCLUSION AND FUTURE DIRECTIONS 
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A. Conclusion 

Mitochondrial biogenesis is a vital and exciting area of cell biology. Lack of normal 

mitochondrial function has a negative impact in insulin resistance and aging, among others 

(57). In this report, we show that mild HS is sufficient to induce mitochondrial biogenesis 

associated with activation of the AMPK-SIRT1-PGC-1α pathway in C2C12 myotubes. The 

proposed model is illustrated in Figure 11. The results presented here suggest the possibility 

of developing treatments for conditions caused by mitochondrial deficit using heat modalities 

when the ability to exercise is impaired by orthopedic or other conditions that limit mobility. 
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B. Future Directions  

 

1. To establish a cause-effect relationship between the AMPK-SIRT1-PGC-1α pathway 

and heat-induced mitochondrial biogenesis, it is necessary to systemically use 

agonists or gain-of-function approaches to establish sufficiency and inhibitors or loss-

of-function approaches to establish necessity for key proteins in this pathway. 

 

2. To further characterize the role of PGC-1α in heat-induced mitochondrial biogenesis, 

it is necessary to use an overexpression system to investigate posttranslational 

modifications (i.e. phosphorylation and acetylation) of PGC-1α. 

 

3. The key experiments should be repeated using primary muscle cell cultures. 

 

4. The experiments need to be repeated in animal models to test whether the 

temperature-induced effects are reproducible in vivo. 

 

5. In addition to myotubes/primary muscle cell cultures, experiments of mild HS can be 

performed in cells from different tissues such as hepatocytes or adipocytes to 

investigate the potentially beneficial effects on health. 

 

6. It is necessary to investigate the role of Sir2 activity and expression in the mild HS-

induced longevity in yeast, worms, and flies. 

 

7. To investigate possible practical clinical applications, it may be worthwhile to conduct 

experiments applying mild heat on specific internal organs using deep heat modalities 

such as shortwave or applying whole body mild heat stress using extracorporeal 

circulation in experimental animal models. 

 

8. Because hemodialysis requires access to the circulatory system, it may offer potential 

therapeutic value to study the effect of higher dialysate temperature on the metabolic 

profile and insulin sensitivity in selective patients receiving regular hemodialysis 

treatment.  
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Figure 11 
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Figure 11: Proposed model of mild HS-induced mitochondrial biogenesis correlating with 

activation of the AMPK-SIRT1- PGC-1α pathway. When cells are exposed to mild HS, 

AMPK activity rapidly increases. AMPK then upregulates SIRT1 expression by increasing 

the cellular NAD+/NADH ratio. Together, AMPK and SIRT1 enhance the expression of the 

downstream molecule PGC-1α. PGC-1α further co-activates NRF1 and NRF2 to promote the 

expression of key components of the mitochondrial transcription and translation machinery 

for mitochondrial biogenesis. 
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