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ABSTRACT 
 
 
 

 

Prolonged exposure to elevated environmental temperature can result in heat 

stress. Heat stress has negative effects on human health, animal health and wellbeing, 

and brings economic losses related to agricultural production. While clinical 

symptoms of heat stress are well studied, intracellular mechanisms of heat stress-

induced injury require further investigation and are essential for development of 

etiological treatment of heal illness. Skeletal muscle dysfunction is one of the major 

pathologies associated with heat stress in both humans and animals. This thesis was 

aimed to determine changes in major pathways involved in the skeletal muscle 

response to short-term hyperthermic exposure. It has been established that redox 

balance plays a crucial role in heat stress injury as an exposure to elevated 

temperature leads to mitochondrial respiratory dysfunction via disruption of the 

mitochondrial electron transport chain. Dysfunctional mitochondrial respiration, in 

turn, leads to increased production of reactive oxygen species and oxidative stress. 

Further, heat stress activates inflammatory signaling pathways in skeletal muscle. To 

determine changes in heat stress sensitive pathways, this thesis was divided into three 

research chapters. The first research chapter includes results from pigs exposed to heat 

stress for 2 h, 4 h, or 6 h. We found that heat stress resulted in decreased abundance of 

oxidative stress indicators likely due to elevations in antioxidant activity. These 

changes were independent of mitochondrial content and mitochondrial biogenesis. In 

the second research chapter we found activation of AP-1 signaling pathway following 

4 h of heat stress, while initial signs of NF-κB activation occurred following 6 h of 

heat stress. Inflammatory signaling activation was associated with decreased protein 

abundance of cytokine IL-6. In the final research chapter we aimed 
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to determine the extent to which short-term heat stress altered mitochondrial function 

in murine skeletal muscle. Mice exposed to elevated temperature for 6 h had 

mitochondrial function similar to animals kept under thermoneutral conditions. In 

conclusion, short-term heat stress shifts redox balance and activates inflammatory 

signaling but has little effect on mitochondrial content, biogenesis, or function. 
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CHAPTER 1 

 

LITERATURE REVIEW 
 
 
 

Introduction 

 

The average global temperature has risen within the last decades (Pachauri 

RK, 2016) because of the effect of increased carbon dioxide from fuel emission on 

atmospheric composition (Archer and USA, 2016). Cumulative fuel emission of 500 

gigatons of carbon (GtC) maintains a climate within the range of human and animal 

adaptation, however, we are now reaching the point of cumulative fuel emission of 

1,000 GtC. This would be associated with 2°C average increase in environmental 

temperature, which would result in a slow response, to a 3-4°C average increase, the 

consequences of which could be disastrous (Hansen et al., 2013). These negative 

consequences include an elevated rate of infectious and mosquito-borne diseases 

(Kurane, 2010), and the impairment of ecosystem structures (Yvon-Durocher et al., 

2010). Higher environmental temperature, the main component of climate change, 

will expose more living creatures to prolonged hyperthermia, particularly those 

resident in temperate climates that rarely experience elevated temperatures. 

 

Endothermic animals have physiological preferences for environmental 

temperature that fall within unique ranges. Within its preferred temperature range, an 

animal shows better performance and biological fitness (JE, 2004). This range is 

called thermoneutral zone (TNZ), limited by lower and upper tolerable temperatures. 

When staying within its TNZ, an animal's basal rate of metabolic heat production 

equals its rate of heat loss. When environmental temperature exceeds the upper limit 

of TNZ, heat is produced faster than it is lost to the environment, which results in an 

increased core temperature followed by a set of body reactions resulting in heat- 
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related morbidities. Specific characteristics of exposure to increased environmental 

temperature such as duration and intensity will determine if the heat exposure causes 

therapeutic hyperthermia, heat stroke, or heat stress. 

 

Heat Stroke and Therapeutic Hyperthermia 

 

Short-term, acute elevation in core temperature can result in beneficial 

changes. It has been reported that hyperthermic exposure for 30 min on alternating 

days attenuated oxidative damage and muscle atrophy caused by hind limb 

immobilization (Selsby and Dodd, 2005). However, increased activity of endogenous 

antioxidants catalase and superoxide dismutase (SOD) was shown not to be involved 

in free radical damage attenuation, and alternative antioxidants were suggested for 

consideration. This group has also demonstrated heating-induced augmented regrowth 

in skeletal muscle following immobilization that was explained by elevated heat-

shock protein (HSP) (HSP25, HSP32, and HSP72) abundance through improved 

redox status (Selsby and Dodd, 2005). Other studies have also shown therapeutic 

hyperthermia to play a protective role via HSP72 function that controls muscle 

atrophy induced by reduced contractile activity (Naito et al., 2000). Goto et al., 2003 

showed that therapeutic hyperthermia stimulated protein synthesis (Goto et al., 2003). 

 
In stark contrast to therapeutic hyperthermia, more prolonged exposure to 

elevated temperature can result in negative effects on human and animal health. Heat 

injury is classified in three categories: heat cramps, heat exhaustion, and heat stroke 

(Armstrong et al., 1990). Heat stroke can be described as a condition of a core body 

temperature increased above 40.6°C that exists in two clinical forms: classic (without 

exercise component) and exertional (in physically active individuals) (Leon and 

Bouchama, 2015; Yeo, 2004). The etiology of exertional heat stroke involves 

imbalance between heat production, exacerbated by muscular exercise, and heat 
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dissipation capacities (Shapiro and Seidman, 1990). Most of the time heat stroke is 

recognized as a heat-related illness resulting from untreated heat exhaustion, which is 

characterized by non-specific symptoms like nausea and headache (Glazer, 2005). 

Unlike heat exhaustion, a necessary component of heat stroke is dysfunction of the 

nervous system such as delirium, coma, combativeness, and seizures (Leon and 

Bouchama, 2015). 

The focus of this review will be a type of heat-induced response that we term 

heat stress. We define heat stress as a body response to prolonged (more than 2 h) 

exposure to high environmental temperature that does not necessarily lead to 

neurological symptoms or beneficial effects, and is not associated with exercise. This 

type of stress is highly physiologically relevant and frequent in both humans and 

animals and is principally and physiologically distinct from heat stroke and 

therapeutic hyperthermia. Heat stress affects multiple aspects of human health and 

agricultural production, and generates economic and ethical concerns. 

 

Heat Stress 
 

 

Human health and heat stress 

 

Among the most common clinical manifestation of heat stress is 

hypertension. Increased blood pressure is a major risk factor of various cardiovascular 

pathologic conditions, including coronary artery disease, cardiac dysrhythmia, or 

cardiac arrest (Forslund et al., 2013; Kones, 2011). Heat stress has also been shown to 

induce hemodynamic effects such as increased blood flow in skeletal muscle and 

elevated cardiac output (Pearson et al., 2011). In addition, heat stress modifies the 

metabolic environment by decreasing circulating non-esterified fatty acids, activating 

stress hormones, and shifting whole body metabolism of heat-stressed organisms 

toward the use of carbohydrates (Crandall and Gonzalez-Alonso, 2010; Rhoads et al., 
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2013). During severe heat waves episodes of large scale heat stress-induced injury and 

increased hospitalization rate have been reported in the Southern United States, Italy, 

and Australia (Bishop-Williams et al., 2015; Schifano et al., 2009; Wilson et al., 

2013). In the Netherlands a heat wave in 2011 caused a 12.1% increase in mortality, 

or 39.8 deaths/day (Huynen et al., 2001). In addition to negative health consequences, 

heat exposure negatively impacts the capacity for work. Models suggest that 

productivity may decrease by 20% by 2050 as a direct result of environmental 

hyperthermia (Dunne et al., 2013). 

There are certain groups of people who show a faster and more severe 

response to heat stress. For example, the elderly have physiologically impaired 

thermoregulation, which makes them more sensitive to changes in environmental 

temperature (Kenny et al., 2010; Schifano et al., 2009). Pre-pubertal children are 

another group of risk due to their thermoregulation that is challenged under extreme 

environments (Sinclair et al., 2007). People with metabolic, hormonal and/or chronic 

diseases may also experience deterioration of symptoms (Kenny et al., 2010). Outdoor 

workers are another high risk group due to continuous prolonged exposure to high 

environmental temperatures potentially compounded by increased workloads 

(Gubernot et al., 2014; Tawatsupa et al., 2012; Xiang et al., 2014). 

Symptoms of heat stress are well documented and depend on the severity of 

exposure. They include elevated body temperature, respiratory rate, and heart rate, as 

well as hyperemia, headache, and nausea. In the U.S., an average of 334 individuals 

dies each year from all heat related injuries, which exceeds deaths from all weather-

related exposures combined (Marinucci et al., 2014). Mortality and morbidity are 

correlated with the duration of exposure to increased environmental temperature. 

Mortality rate of heat stress is about 10%, though it can reach 80% if cooling is 
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delayed. Prevention of heat stress is still considered to be the most optimal approach 

though is of no value once heat stress has occurred (Miners, 2010). In spite of existing 

awareness, treatment of heat stress-induced conditions remains symptomatic and does 

not eliminate the etiology of heat stress. This may be partially explained by 

insufficient knowledge regarding tissue-specific molecular mechanisms that drive heat 

stress-induced injury. 

 

Animal agriculture and economic losses due to heat stress 

 

Heat-stressed animals experience lower feed intake (Pearce et al., 2014) and 

gain less weight, thus producing less meat. Multiple studies have shown that heat 

stress alters intestinal barrier integrity as intestinal stress is established (Pearce et al., 

2013a; Pearce et al., 2013b; Pearce et al., 2014). It has also been shown that heat 

stress decreases fatty acid circulation, which is surprising considering heat stress is 

generally associated with decreased food consumption. From a whole body 

perspective, heat stress plays a large role in insulin function, stimulating plasma 

insulin and tissue insulin receptors, presumably increasing insulin-stimulated glucose 

uptake (Sanz Fernandez et al., 2015), glycolytic capacity (Cruzen et al., 2015), and 

activating glucose transport (Pearce et al., 2013a), however, the tissues in which this 

may be occurring are poorly understood. 

 
In addition to decreased production efficiency, heat stress has a profound 

negative impact on reproductive function. Impaired spermatogenesis, oocyte 

development, and embryonic growth were detected in agricultural animals exposed to 

environmental hyperthermia (Hansen, 2009). It lowers conception rates and results in 

fewer viable embryos (White et al., 2002), leading to smaller litters. Of these viable 

pregnancies, heat stress also caused lower birth weights (Omtvedt et al., 1971). This 

phenomenon is termed seasonal infertility and occurs in late summer and early 
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autumn months, a period when agricultural animals are exposed to the highest 

environmental temperature (Leneveu, 1998). The effect of gestational heat stress is 

emerging as an important factor for agricultural production. It has been shown that 

gestational heat stress applied to pigs during the first half of pregnancy causes a 

thickening of subcutaneous fat (Boddicker et al., 2014). In addition, developing 

animals exposed to heat stress in utero demonstrated increased core temperature, 

respiratory rate, and heart rate long after birth potentially increasing maintenance 

costs and resultant producer inputs (Johnson et al., 2015a). During the growing phase, 

prenatally heat stressed pigs showed inhibited lipid accretion rate, although the protein 

accretion rate remained unchanged (Johnson et al., 2015a). However, during the final 

phase of postnatal development protein accretion rate was also decreased (Johnson et 

al., 2015b). 

 
A detailed estimation of economic losses, including decreased performance, 

increased mortality and decreased reproduction, was performed using United States 

livestock industry data. The minimum intensity of heat stress (without heat abatement) 

was estimated to result in annual losses of $2.4 billion from U.S. livestock industry in 

total and $299 million from U.S. swine industry particularly (St-Pierre et al., 2003). 

As these estimates were made more than a decade ago and the size of the US livestock 

industry has expanded since then this likely represents a very conservative estimate 

when applied to the threat facing the industry today. Prevention of future financial 

losses is of crucial importance, and further investigation regarding heat stress is a 

necessary step toward therapeutic measures. 

 

Ethical issues 

 

Many of the physiological changes experienced by agricultural animals 

under heat stress contribute to poor animal welfare. Despite constantly improving 
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livestock technologies, they are not currently able to eliminate heat stress, and 

agricultural animals continue to suffer from high ambient temperatures. Additionally, 

long-haul live export voyages, when environmental temperature can exceed 30°C for 

several days, expose animals to chronic heat stress conditions without any relief 

(Caulfield et al., 2014). Continuous monitoring of environmental temperatures inside 

livestock facilities in accordance with known thermoneutral ranges allows for high 

standards of animal welfare and provides information about optimal and pathological 

temperature range for various livestock species. These data can then be used for 

designing heat stress models to investigate intracellular mechanisms of heat-induced 

damage in order to identify the most dangerous effects of heat stress along with the 

improved measures of treatment and prevention. 

 

Heat Stress and Major Pathways 

 

Observed phenotypic changes caused by heat stress ultimately have a 

cellular cause, suggesting that detailed investigation of intracellular mechanisms 

altered by environmental hyperthermia is an important step to developing adequate 

interventions to protect against heat stress. Signaling pathways and cellular processes 

that are especially sensitive to heat stress include, but are not limited to, oxidative 

stress, mitochondrial content and biogenesis, apoptosis, and inflammatory signaling. 

The aim of this review is to consider and synthesize the existing data regarding 

mitochondrial content, oxidative stress, and inflammatory signaling under heat stress 

conditions. 

 
The link between oxidative stress and inflammatory signaling has been 

established in multiple studies (Khansari et al., 2009; Reuter et al., 2010). In 

particular, inflammation-induced release of peroxiredoxin-2 (PRDX-2), a redox-active 

intracellular enzyme, was shown to be, in part, responsible for increased 
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abundance of pro-inflammatory cytokine tumor necrosis factor alpha (TNF-alpha). 

Synthesis of glutathione, a marker of oxidative stress (Schulz et al., 2000), occurs 

during PRDX-2 release, suggesting that activation of inflammatory signaling can be 

coupled with oxidative damage (Salzano et al., 2014). In addition, major transcription 

factors responsible for expression of pro-inflammatory genes, such as activator 

protein 1 (AP-1) and nuclear factor kappa B (NF-κB), are redox-sensitive (Burton and 

Jauniaux, 2011). That is, the endogenous NF-κB inhibitor, nuclear factor of kappa 

light polypeptide gene enhancer in B-cells inhibitor, alpha (IκB-α), was found to be 

dependent on redox status (Hung et al., 2001). Further, the addition of antioxidants 

was shown to block secretion of NK-κB-sensitive pro-inflammatory markers such as 

interleukin-1β (IL-1β) and TNF-α (Cindrova-Davies et al., 2007). 

 

Heat Stress and Mitochondria 
 

 

Mitochondrial biogenesis 

 

A large portion of proteins found within the mitochondria are encoded by the 

nuclear genome, whereas approximately 13 proteins are encoded by the mitochondrial 

genome, or mtDNA (Zhu et al., 2013). Genes within mtDNA are responsible for 

mitochondrial inner and outer membrane structure, assembly of complexes of 

oxidative phosphorylation, and protein import (Herrmann et al., 2012). Transcription 

of mtDNA is largely activated by nuclear transcription factors, which includes 

mitochondrial transcription factor A (TFAm). 

Activation or suppression of TFAm is dependent on peroxisome proliferator-

activated receptor gamma coactivator 1 α (PGC -1α), hence, the PGC-1α signaling 

pathway is a major regulator of mitochondrial biogenesis. Various molecules, 

including adenosine monophosphate (AMP)-activated protein kinase (AMPK), protein 

kinase A (PKA)-dependent cAMP response element-binding protein (CREB), 
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and sirtuin 1 (SIRT1), can upregulate PGC-1α activity. PGC-1α stimulates several 

factors such as nuclear respiratory factor 1 (NRF1), and estrogen-related receptor α 

(ERR- α), which promote translocation of TFAm into the nucleus where it triggers 

expression of genes responsible for mitochondrial biogenesis. 

Biogenic signaling may also play a role in the heat stress response. For 

example, PGC-1α serves as a transcriptional repressor of heat-shock factor 1 (HSF1) 

(Minsky and Roeder, 2015), a major regulator of heat stress response. Under resting 

conditions HSF1 forms a complex with heat shock protein (HSP) 40, HSP70, and 

HSP90, which maintain HSPs inactive in the absence of cellular stress. Under heat 

stress conditions, HSF1 is released from the complex, translocates into the nucleus 

and stimulates the expression genes that carry a HSF1 binding site. Thus, activated 

mitochondrial biogenesis signaling contributes to inhibition of heat stress promoters 

and may blunt an effective response to prolonged heat stress. In addition, PGC-1α 

regulates cellular oxidant-antioxidant homeostasis stimulating an expression of 

superoxide dismutase-2 (SOD2), catalase, and glutathione peroxidase1 (GPX1). 

Overexpression of PGC-1α in skeletal muscle was shown to result in inhibited 

indicators of oxidative stress (Kang and Li Ji, 2012). These data demonstrate that 

PGC-1α along with several other molecules recruited in specific signaling pathways 

are key regulators of multiple pathways involved in heat stress response. Thus, they 

are important targets of heat stress-resistance modification. 

 

Mitochondrial function 

 

Mitochondria play a major role in production of adenosine triphosphate 

(ATP) during the electron transport chain (ETC) and allow the combustion of fatty 

acids and glucose. As a result of this process mitochondria are a primary source of 

free radical production. Given this, stress may alter abundance of mitochondria and 
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function of mitochondria independently. In rats, both short- (2 hours) and long-term 

(24 hours) heat stress induced morphological changes in mitochondria along with 

decreased abundance of cytochrome C, a component of ETC, raising the likelihood of 

alterations in mitochondrial function as a result of heat stress (Haak et al., 2009). 

Furthermore, measurement of superoxide production in isolated mitochondria 

confirmed an increased level of reactive oxygen species (ROS) production by 

mitochondria and is strongly suggestive of decreased mitochondrial efficiency 

resulting in increased heat production to maintain energy balance. These changes were 

aggravated by age such that younger mice showed moderately increased ROS 

production while older mice experienced significant ROS increase (Haak et al., 2009). 

Speculatively, this may contribute to the increased heat sensitivity observed in elderly 

populations. In addition, heat stress was demonstrated to lead to mitochondrial 

electron leak indicating dysfunctional mitochondria (Bishop-Williams et al., 2015). 

Oocytes collected from cows during hot summer days have decreased mitochondrial 

membrane potential, which is suggestive of decreased flux and suppressed function 

(Roth, 2015). Further, these oocytes had decreased expression of genes that encode 

respiratory chain proteins, e.g. cytochrome C oxidase subunit II (MT-CO2) and 

cytochrome B (MT-CYB). 

 

Inflammation 

 

As early as the 1970’s, inflammation was shown to inhibit mitochondrial 

respiration both in moderate inflammation and sepsis models (Brealey et al., 2004; 

Schumer et al., 1970). Upregulated inflammation was found to activate production of 

ROS by mitochondria and consequentially induce general mitochondrial dysfunction 

including decreased ETC activity and inhibited mitochondrial biogenesis. These 

changes, in turn, caused mitochondrial damage and ROS production that resulted in 
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activated inflammatory signaling, thus creating a vicious cycle (Cherry and 

Piantadosi, 2015). Among other factors, heat stress has been hypothesized to cause 

activation of the inflammatory response. Liu et al., 2011 have proposed that 

inflammation driven by endotoxin leaked from intestines is a causative factor of 

mortality and morbidity in heat-stressed animals (Liu et al., 2011; Mani et al., 2012). 

A stimulated immune system may adequately protect an organism from internal and 

external stresses by integrating various signals from multiple tissues and organs 

(Gabay and Kushner, 1999). 

The NF-κB and AP-1 signaling pathways play major roles in inflammatory 

signaling. The end molecules of these two pathways translocate into the nucleus and 

drive multiple target genes, including pro-inflammatory genes. 

 

NF-κB signaling pathway 

 

In mammalian cells, the NF-κB family contains five members: NF-κB/RelA 

p65, NF-κB/c-Rel, NF-κB/RelB, NF-κB1 p50/p105, and NF-κB2 p52/p100 (96). The 

most frequent heterodimer association, RelA (p65) and p50 is called NF-κB (Ghosh et 

al., 1998) and drives either canonical or alternative pathway activation (Lawrence, 

2009). Under unstressed conditions, NF-κB is bound and inhibited by IκB-α. Upon 

establishment of inflammation-inducing conditions, pro-inflammatory cytokines, 

TNF-α or interleukin family members initiate the canonical pathway through Toll-like 

receptor 4 (TLR4) located in the cell membrane (Karin and Ben-Neriah, 2000). 

Initiation of inflammatory signaling upregulates inhibitor of nuclear factor kappa-B 

kinase subunit beta (IKK-β), which phosphorylates IκB-α causing dissociation from 

NF-κB. The NF-κB complex translocates into the nucleus and triggers expression of 

inflammatory genes while phosphorylated IκBα is degraded by the proteasome. 

Induction of NF-κB target genes is only possible in the presence of phosphorylated 
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NF-κB, which undergoes this post-translational modification by various kinases 

before it translocates into the nucleus (Viatour et al., 2005). NF-κB can also be 

activated by B-cell activating factor (BAFF), lymphotoxin-beta (LT-β) (also known as 

TNF-c), or receptor activator of nuclear factor kappa-B ligand (RANKL), which drive 

NF-κB signaling via upregulation of IKK-α (Bonizzi and Karin, 2004). The 

alternative signaling stimulates expression of genes responsible for lymph-

organogenesis and B-cell activation. 

 

AP-1 signaling pathway 

 

AP-1 is a heterodimeric transcription factor consisting of proteins that 

belong to the Jun, Fos, activating transcription factor (ATF), and musculoaponeurotic 

fibrosarcoma (MAF) families (Angel and Karin, 1991; Eferl and Wagner, 2003). AP-1 

signaling can be driven by multiple stimuli including environmental stress conditions, 

growth factors, inflammatory cytokines, ultraviolet radiation, and neurotransmitters 

(Bogoyevitch et al., 2010; Derijard et al., 1994). Stress-activated protein kinases 

(SAPK)/c-Jun N-terminal kinases (JNK), components of the mitogen-activated 

protein kinases (MAPK) family, were reported to play a crucial role in initiating AP-1 

signaling (Davis, 1993). SAPK/JNK phosphorylates the c-Jun component of AP-1, 

which results in its translocation into the nucleus where it functions as an activator of 

gene transcription (Hu et al., 1997). Transcription factor properties of AP-1 are 

provided by a basic leucine zipper Domain (bZIP), which allows binding to a specific 

DNA sequences (Angel and Karin, 1991; Johnson and McKnight, 1989). The list of 

genes includes those responsible for cell growth, differentiation and survival, 

apoptotic death, oncogenesis, and inflammation (Hess et al., 2004; Shaulian and 

Karin, 2002). 
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AP-1-dependent gene regulation has been established for pro-inflammatory 

cytokines IL-2, IL-3, IL-4, IL-5, IL-8, TNFα, CD40L, FasL, CD5, Igκ, CD25 (Zenz et 

al., 2008). IL-6 was also found to act as a chemokine as it promotes cell adhesion and 

chemotaxis (Clahsen and Schaper, 2008). It has been shown that inhibition of the AP-

1 signaling pathway resulted in decreased levels of inflammatory mediators and 

subsequent lack of inflammatory response. Wand et al., 2013 have demonstrated that 

IL-6, IL-8, and TNF-α were downregulated in human coronary artery endothelial cells 

infected with C. pneumoniae treated with interfering RNA against AP-1 (Wang et al., 

2013). Deletion of c-Jun in epidermal cells caused blocked cytokine expression, 

indicating that c-Jun kinase-dependent AP-1 signaling is required for cytokine 

production (Schonthaler et al., 2011). In contrast, selective upregulation of AP-1 

signaling in an LPS-induced inflammation mouse model resulted in a significant 

increase in IL-6, IL-8, and IL-1β and inflammation-induced preterm labor (Migale et 

al., 2015). 

 

Heat Stress and Inflammation 

 

The duration of heat stress exposure appears to be important in investigating 

inflammatory signaling. For example, 12 h of heat stress increased NF-κB pathway 

activity including stimulated NF-κB protein abundance in the nuclei and increased 

expression of NF-κB-driven genes (Ganesan et al., 2016), whereas 24 and 72 h of heat 

stress no longer stimulated NF-κB signaling (Montilla et al., 2014). Of interest, 

relative abundance of TNF-α in skeletal muscle was increased following 24 h 

(Montilla et al., 2014), while TNFα content in circulation was decreased following 12 

h and 24 h of heat stress (Pearce et al., 2015, Pearce et al., 2013a). Consistent with 

longer-term heat stress, seven days (Nivon et al., 2009) and as many as 206 days 

(Dickson, 2008) of heat stress did not affect serum cytokine abundance. 
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Interestingly, NF-κB pathway quiescence following long-term heat stress is 

followed by accumulation of NF-κB during the recovery period. This event has been 

observed in HeLa cells and human umbilical vein endothelial cells (Liu et al., 2015), 

where increased NF-κB content was found in both nuclear and cytoplasmic fractions. 

The authors suggested that accumulation of NF-κB occurred due to stimulated 

synthesis rather than translocation of NF-κB from cytoplasm into nucleus. In contrast, 

Kretz-Remy et al., 2001 found that p65 and p50 subunits of NF-κB migrated into the 

nucleus during heat stress recovery, although activation was independent of IKK and 

IκB-α (Kretz-Remy et al., 2001). NF-κB migration only required dissociation of NF- 

κB-IκB-α complex, thus, NF-κB translocation into the nucleus, a final step of NF-κB 

pathway, does not necessarily result from activation of this pathway, per se. These 

findings are supported by discovery that heat shock proteins (HSP) blunt NF-κB 

activation (Schell et al., 2005). For example, HSP 70 has been shown to prevent 

separation of IκB-α from NF-κB, but during recovery, when HSP 70 is no longer 

active, NF-κB/IκB-α dissociation occurred allowing for NF-κB inflammatory 

signaling pathway activation (Feinstein et al., 1997). 

Results of investigations regarding an effect of heat stress on SAPK/JNK 

and AP-1 are contradictory, although this contradiction may be explained by different 

heating protocols that lead to either therapeutic hyperthermia, heat stroke, or heat 

stress. An experiment in rats that were exposed to heating at 42°C for 15 minutes, and 

whose hearts were later exposed to ischemia and reperfusion, had suppressed JNK 

activity (Pantos et al., 2003). Interestingly, 20 min of hyperthermia at 45°C 

suppressed JNK activation in rat myogenic cells by a direct effect of HSP72, a protein 

that is expressed during heat stress and serves as a protector against heat stress - 

induced damage (Meriin et al., 1999). The authors have explained inhibited JNK by 
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direct effect of elevated temperature and involvement of JNK kinase in heating-

induced cardioprotection. Furthermore, activation of HSP72 was shown to inhibit 

JNK in other models of therapeutic hyperthermia (Gabai et al., 1997; Mosser et al., 

1997). 

In models of heat stress using prolonged hyperthermic exposure, AP-1 

mRNA was increased following 2 h to 10 h of heat stress in HeLa cells (Diamond et 

al., 1999). It was found that AP-1 transcription can be activated by redox factor-1 

(Ref-1) establishing the redox dependence of AP-1. Likewise, Mattson et al., 2004 

have hypothesized that a heat stress-induced redox signaling imbalance would affect 

the AP-1 pathway considering the redox sensitivity of the transcriptional factor. It has 

been discovered that exposure to high temperatures resulted in increased DNA 

binding activity of AP-1 between 4 hours and 5 hours of heat stress (Mattson et al., 

2004). Welc et al., 2013 confirmed upregulated AP-1 transcript abundance and 

suggested it as a reason of increased protein abundance of IL-6 (Welc et al., 2013a). 

In addition, the same study showed that 24 h of heat stress also increased IL-10, IL-

1β, and TNF-α protein abundance in skeletal muscle. 

 

Summary 

 

Heat stress is a pressing threat to human and animal health, animal 

wellbeing, and efficient livestock production. Intracellular mechanisms of heat stress-

induced injury, including skeletal muscle dysfunction, require further investigation 

because knowledge collected to date is not sufficient to develop etiological treatment 

of heat illness. The important role of mitochondria is clearly established as heat stress 

leads to disruption of complexes of the ETC and subsequent mitochondrial respiratory 

dysfunction. Resulting elevations in ROS production lead to redox imbalance and are 

associated with oxidative stress, a key mechanism of the heat stress-response. Further, 
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it appears that inflammatory signaling is also involved as a response to hyperthermic 

 

exposure. Together, redox imbalance and activated inflammatory signaling create a 

 

favorable environment for further intracellular modifications. 

 

. 
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Abstract 

 

Heat stress contributes to higher morbidity and mortality in humans and 

animals, and brings economic losses by reducing livestock production. Redox balance 

and associated mitochondrial response plays a central role in heat stress-induced 

skeletal muscle pathology. We have previously reported increased oxidative stress in 

oxidative, but not glycolytic muscle following 24 h of heat stress. The purpose of the 

current investigation was to determine the extent to which short-term heat stress 

induced oxidative stress and impacted mitochondrial content and biogenesis in 

oxidative skeletal muscle. Crossbred gilts were randomly assigned to either 

thermoneutral (21°C) (n=8) (control group) or heat stress (37°C) conditions for 2 h 

(n=8), 4 h (n=8), or 6 h (n=8). Upon completion of the experiment, animals were 

killed by barbiturate overdose and exsanguination, and the red portion of the 

semitendinosus muscle (STR) was harvested. Surprisingly, 6 h of heat stress was 

characterized by decreased abundance of malondialdehyde (MDA)-modified proteins, 

a marker of lipid peroxidation. Six hours of heat stress also decreased activity of 

superoxide dismutase (SOD) compared to thermoneutral conditions. These changes 

were preceded by increased activity of catalase following 4 h of heat stress. Heat 

stress-modified antioxidant activity was not a result of altered protein abundance or 

transcript expression. We also found that mitochondrial content and mitochondrial 

biogenic signaling did not alter redox balance as they were similar between groups. 

These data demonstrate that 6 h of heat stress decreased abundance of MDA-modified 

proteins likely due to previous elevations in catalase activity, and contribute to our 

understanding of the chronology of a heat stress-induced intracellular changes in 

skeletal muscle. 
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Introduction 

 

Heat stress results from an inability to maintain a balance between heat 

production and loss and is largely dependent on environmental conditions. Heat stress 

is a significant risk factor of cardiovascular (Forslund et al., 2013; Kones, 2011), 

hemodynamic, and metabolic pathology (Crandall and Gonzalez-Alonso, 2010; 

Pearson et al., 2011; Rhoads et al., 2013)Further, 4,462 Indians died in 2010 (Azhar et 

al., 2014), and 2,000 Pakistani (Ghumman and Horney, 2016) died in 2015 due to 

severe heat waves. Of note, most of these deaths resulted from prolonged heat 

exposure rather than abrupt, short-term exposure and were independent of work or 

exercise. Further, these deaths represent a small percentage of total people exposed to 

these environmental conditions. In addition to detrimental effects on human health, 

heat stress results in agricultural losses of approximately $2.4 billion annually due to 

losses in production (Nigel Key, 2014) and increased costs associated with healthcare 

and maintenance of animal welfare, and leads to increased (St-Pierre et al., 2003). 

Hence, prolonged exposure to hyperthermia threatens human and animal health and 

wellbeing as well as jeopardizes agricultural productivity, which negatively impacts 

economics and food security. 

 
While there is an obvious negative effect of heat stress at the organismal 

level, cellular- and system-level modifications induced by heat are poorly understood. 

Gaining this understanding is complicated by the duration and intensity of 

hyperthermic exposure as short term exposure of ~30 minutes (Goto et al., 2003; 

Naito et al., 2000; Selsby et al., 2007) appears to be physiologically distinct from long 

term exposure (>2 h) (Ganesan et al., 2016; Pearce et al., 2014), which are 

themselves, distinct from intermediate durations (Leon, 2007; Welc et al., 2013a). 
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Both in animals and humans, treatment of heat stress is limited to prevention, cooling, 

and rehydration. This approach is focused on clinical symptoms and does not 

eliminate the etiology. 

In skeletal muscle heat stress increased oxidative damage, which impaired 

mitochondrial electron transport chain flux, and disrupted mitochondrial respiratory 

function (Kowluru and Mishra, 2015). These changes served to exacerbate reactive 

oxygen species (ROS) production and led to increased heat production (Alberts et al., 

2002; Jastroch et al., 2010). In particular, ROS production induced by heat stress in 

skeletal muscle is associated with disruption of Complexes I (Huang et al., 2015), II 

(Kikusato et al., 2010; Mujahid et al., 2009), and III (Huang et al., 2015) of the 

electron transport chain (ETC). Thus, disruption of mitochondrial metabolism and 

respiratory function establishes a link between oxidative stress and heat stress-induced 

damage and makes mitochondrial signaling pathways an important subject of 

investigation. We have previously found increased oxidative stress and inflammatory 

signaling in oxidative, but not glycolytic skeletal muscle (Ganesan et al., 2016; 

Montilla et al., 2014). These data implicate mitochondria as key factors in cellular 

pathology associated with heat stress. The aim of the current investigation was to 

determine the extent to which short term heat stress induced oxidative stress and 

impacted mitochondrial content and biogenesis in oxidative skeletal muscle. We 

hypothesized that 2, 4, and 6 h of heat stress would result in oxidative stress, 

decreased mitochondrial content, and activated mitochondrial biogenesis compared to 

muscle maintained under thermoneutral conditions. 

 

Materials and Methods 

 

Animals and study design. All procedures were reviewed and approved by 

the Iowa State University Institutional Animal Care and Use Committee. A detailed 
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description of methods has been previously published along with additional data on 

using hot chambers, nutrition information, and acclimation (Pearce et al., 2014). 

Briefly, 32 gilts (63.8 ± 2.9 kg) were randomly assigned to 1 of 4 treatment groups 

matched by body weight. Pigs were either kept at thermoneutral conditions (21°C; 

~70% humidity) for 6 h (n=8) or exposed to heat stress conditions (37°C; ~40% 

humidity) for 2 h (n=8), 4 h (n=8), or 6 h (n=8). All pigs were given ad libitum access 

to feed and water and the diet of all pigs met the requirements of the National 

Research Council’s (1998) for swine feed and management. Room temperature and 

humidity were monitored continuously and recorded every 5 min by a data recorder 

(Lascar® EL-USB-2-LCD, Erie, PA). Rectal temperature, respiratory rate, and feed 

intake were recorded every 2 h. Upon the completion of the experiment, pigs were 

weighed and killed by barbiturate overdose and exsanguination. The red portion of the 

semitendinosus muscle (STR) was harvested immediately, frozen in liquid nitrogen, 

and stored at -80°C. 

 
Protein extraction. Frozen STR samples were powdered on dry ice. 50 mg 

powder was homogenized in 10mM Sodium Phosphate Buffer (1 M NaH2PO4, 1 M 

Na2HPO4, 2% SDS, pH 7.0), centrifuged at 1,500 x g for 10 m at 4° C. Nuclear and 

cytoplasmic protein was extracted using Nuclear and Cytoplasmic Extraction 

Reagents Kit (Thermo Fischer Scientific, Inc., Waltham, MA) from 30 mg of muscle 

powder. Supernatants containing the whole homogenate, nuclear fraction, and 

cytoplasmic fraction were stored at -80°C until further analysis. Protein concentration 

in whole homogenate, nuclear fraction, and cytoplasmic fraction was determined 

using the Pierce BCA Protein Assay Kit (Thermo Fischer Scientific, Inc., Waltham, 

MA). Whole homogenate and the nuclear fraction were used for western blotting to 
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assess relative protein abundance. Enzymatic activity was measured in the 

cytoplasmic fraction. 

 
Western blotting. Upon determination of protein concentration in whole 

homogenate and the nuclear fraction, protein was combined with Laemmli Sample 

Buffer (4% SDS, 20% glycerol, 0.004% bromophenol blue, 0.125 M Tris-HCl, and 

5% 2-mercaptoethanol pH 6.8) (Bio-Rad Laboratories, Inc., Hercules, CA), and water 

to adjust 4 mg/mL. To additionally reduce and denature protein, samples were boiled 

at 100°C for 5 m. 

 
To measure relative protein abundance 40µg of protein was separated on 4-

20% PAGEr Gold Precast Gels (Lonza, Walkersville, MD) at 120 V by SDS-PAGE 

and transferred onto nitrocellulose membranes (Bio-Rad, Hercules, CA) at 100 V for 

1 h at 4°C. To ensure equal loading, membranes were stained with Ponceau-S stain 

and imaged with FOTO/Analyst PC Image software. The resulting signal was 

quantified and was similar between groups for all membranes. Membranes were 

destained in 0.1% TBST (50 mM Tris.HCl, pH 7.4, 150 mM NaCl, 0.1% Tween 20) 

for 20 min, blocked in 5% milk in 0.1% TBST for 1 h, and then exposed to primary 

antibodies purchased from Cell Signaling Technology, Danvers, MA, USA, unless 

stated otherwise. Blots containing whole homogenate were exposed overnight at 4°C 

to the primary antibodies against: succinate dehydrogenase complex, subunit A 

(SDHA) (1:1000 in 5% milk-TBST; cat. no. 5839), cytochrome oxidase subunit IV 

(COXIV) (1:500 in 5% milk-TBST; cat. no. 4850), prohibitin 1 (PHB1) (1:1000 in 

5% milk-TBST; cat. no. 2426), cytochrome C (1:1000 in 5% milk-TBST; cat. no. 

4272), superoxide dismutase 1 (SOD1) (1:1000 in 5% milk-TBST; cat. no. 16831; 

Abcam, Cambridge, MA, USA), superoxide dismutase 2 (SOD2) (1:500 in 5% milk-

TBST; cat. no. 30604; Thermo Fischer Scientific, Inc., Waltham, MA, USA), voltage- 
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dependent anion channel (VDAC) (1:1000 in 5% milk-TBST; cat. no. 4866), sirtuin 1 

(SIRT-1) (1:1000 in 5% milk-TBST; cat. no. 2493), histone 3 lysine 9 (H3K9) (Lys9) 

(1:1000 in 5% milk-TBST; cat. no. 9649), estrogen-related receptor alpha (ERR-α) 

(1:1000 in 5% milk-TBST; cat. no. 8644), peroxisome proliferator-activated receptor 

gamma coactivator 1-alpha (PGC1-α) (1:1000 in 5% milk-TBST; cat. no. 2178), 

transcription factor A, mitochondrial (TFAm) (1:375 in 1% milk-TBST; cat. no. 

7495), malondialdehyde (MDA) (1:5000 in 5% milk-TBST; cat. no. 27642; Abcam, 

Cambridge, MA, USA), 4-hydroxynonenal (4-HNE) (1:3000 in 5% milk; cat. no. 

5605; Milipore, Billerica, MA, USA), catalase (1:1000 in 5% milk-TBST; cat. no. 

0979; Sigma-Aldrich, Saint Louis, MO, USA), oxidative phosphorylation (OXPHOS) 

antibody cocktail (1:200 in 5% milk-TBST; cat. no. 110413; Abcam, Cambridge, MA, 

USA). Membranes that contained nuclear fraction were exposed overnight at 4°C to 

similar primary antibodies against ERR-α, PGC1-α, and TFAm. 

 
Membranes incubated with primary antibodies were washed in 0.1% TBST 3 

times (10 min each), exposed to appropriate anti-mouse or anti-rabbit secondary 

antibodies (Cell Signaling Technology, Danvers, MA, USA) for 1 h at room 

temperature, and washed in 0.1% TBST again. Membranes were incubated with ECL 

Western Blotting Substrate (Thermo Fischer Scientific, Inc., Waltham, MA) for 5 min 

at room temperature. Blots were imaged on X-ray film (Phenix Research Products, 

Candler, NC, USA), and the resultant bands quantified with Carestream software. 

Signal from each band was normalized to mean signal from the control 

(thermoneutral) group. 

 
mRNA isolation. mRNA was isolated as recently described (Ganesan et al., 

2016). Briefly, mRNA was isolated from 50 mg of powdered muscle homogenized in 

Trizol (Invitrogen, Carlsbad, CA), centrifuged at 1,500 x g for 10 min at 4°C, applied 
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to a Direct-zol MiniPrep column (Zymo, Irvine, CA), and treated with DNase. mRNA 

concentration was measured using a ND-1000 Spectrophotometer (λ = 260/280nm; 

NanoDrop Technologies, Inc., Wilmington, DE). 

 

RT-qPCR. mRNA was converted to cDNA via reverse transcription using a 

QuantiTect Reverse Transcription Kit (Qiagen, Valencia, CA). Relative transcript 

abundance was assessed using QuantiFast SYBR Green PCR Kit (Qiagen, Valencia, 

CA) for real time qPCR. 2 µl of 20ng/µl cDNA, 5 µl of SYBR Green, 0.4 µl of 25 

mM MgCl2, 1 µl of 10µM forward primer, and 1 µl of 10µM reverse primer were 

diluted to 10 µl of reaction volume with nuclease-free water. Primers pairs were 

designed for Sus scrofa and ordered from The DNA Core Facility at Iowa State 

University (Table 1). Once loaded, qPCR plates were placed into an Eppendorf 

Mastercycler RealPlex (Biocompare, San Francisco, CA). RT-qPCR cycling 

conditions were 95°C for 5 min for SYBR activation, 95°C for 10 sec for denaturation 

followed by 60°C for 30 sec for annealing and elongation (40 cycles). Analysis of the 

 
CT values was performed using the CT method with 18S as a reference gene: CT 

 

values were obtained by subtracting the CT value of each transcript with that of the 

 

CT  value  obtained  when  measuring  18S. CT  was  calculated  as  a  difference 

 

between the highest  CT in a sample set and the CT  value of each sample. CT 

values  were  used  to  calculate  fold  change  (2^ CT).  Statistical  analysis was 

performed on the  CT values and data are reported as fold change.  
 

Assessment of enzymatic activity. The cytoplasmic protein fraction was 

diluted to a concentration of 1 mg/mL and used to measure enzymatic activities. 

Catalase and superoxide dismutase activities were measured using commercially 

available kits (Cayman Chemical, Ann Arbor, MI) according to manufacturer 

recommendations. Measurement of catalase activity is based on its peroxidatic 
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activity that involves alcohol of a low molecular weight as an electron donor and 

aliphatic alcohol as a substrate. The peroxidatic activity of catalase is determined 

using a reaction that converts methanol as an electron donor into formaldehyde in the 

presence of hydrogen peroxide. 4-amino-3-hydrazino-5- mercapto-1,2,4-trizazole 

(Purpald) chromogen is added to oxidized formaldehyde to allow 

spectrophotometrical analysis. SODs catalyze dismutation of the superoxide radicals 

to molecular oxygen and hydrogen peroxide. SOD activity was measured suing the 

percentage of xanthine oxidase-generated superoxide radicals that undergo 

dismutation. This process is detected spectrophotometrically by tetrazolium salt that 

converts into a formazan dye in the presence of superoxide radicals. Citrate synthase 

activity was measured using a commercially available Citrate Synthase Enzyme 

Activity Assay (Detroit R&D, Detroit, MI). Citrate synthase converts acetyl-CoA or 

oxaloacetate into citrate, thus defining the rate of the first step of TCA cycle. Citrate 

synthase was measured spectrophotometrically by determining- groups released from 

CoA-SH by DTNB (5,5'-dithiobis-(2-nitrobenzoic acid). 

 
Statistical analysis. All data from TN, 2 h, 4 h, and 6 h HS animals were 

analyzed using one-way ANOVA with a Newman-Keuls posthoc test (GraphPad 

Prism, version 5.04). Data are reported as means ± SEM and considered significant at 

p<0.05. 

 

Results 
 

Phenotypic response 

 

The physiologic response to 2, 4, and 6 h of heat stress has been previously 

reported (Pearce et al., 2014). Briefly, our heating intervention caused an approximate 

2°C increase in rectal temperature (from 39.2±0.05°C to 41.2±0.1°C) following 2 h of 

heat stress compared to pigs kept at thermoneutral conditions, and 



36 
 

 

remained elevated at the same level following 4 and 6 h of heat stress (p<0.05). 

Hyperthermic exposure caused respiratory rate to increase from 46.4±1.6 bpm in 

thermoneutral group to 155.0±44.1 bpm, 151.0±29.3 bpm, and 134.7±17.1 bpm 

following 2 h, 4h, and 6 h of heat stress, respectively (p<0.05). 

 
 

 

Oxidative stress 

 

To address our hypothesis that acute heat stress results in increased oxidative 

stress, we measured relative abundance of proteins modified by MDA, a marker of 

lipid peroxidation. Surprisingly, heat stress of two and four hours did not alter relative 

abundance of MDA-modified proteins, however, 6 h of heat stress resulted in a 38% 

reduction in the abundance of proteins modified by MDA compared to all groups 

(p<0.05) (Figure 1A). Relative abundance of proteins modified by 4-HNE, another 

marker of lipid peroxidation, was similar between groups (Figure 1B). To determine 

the extent to which antioxidant enzymes may be preserving redox balance in the face 

of heat stress we measured relative protein expression of SOD1, SOD2, and catalase, 

and found that these were similar between groups (Figure 2A). Relative transcript 

abundance of antioxidant enzymes was also similar between groups (Figure 2B). 

Because abundance is not necessarily reflective of activity, we also assessed the 

activities of SOD (Figure 3A) and catalase (Figure 3B). We found that SOD activity 

following two and four hours of heat stress was similar to thermoneutral, however, 

SOD activity was decreased by 27% following 6 h of heat stress compared to other 

groups (p<0.05). This change was preceded by a 50% increase in catalase activity 

following 4 h, which returned to initial state at 6 h of heat stress (p<0.05). 
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Mitochondrial content and mitochondrial energy metabolism 

 

Given our unexpected findings on redox imbalance, we reasoned that 

decreased MDA modified proteins could be explained in part by decreased 

mitochondrial content. To measure mitochondrial content, relative abundance of 

several mitochondrial membrane proteins was measured as well as proteins involved 

in the ETC and the tricarboxylic acid (TCA) cycle (Figure 4A). VDAC and prohibitin, 

found in the outer and inner mitochondrial membrane, respectively, were similar 

between groups. Likewise, cytochrome C, a major component of the ETC, was similar 

between groups. Relative protein abundance of COX IV was also similar following 0, 

2, 4, and 6 h of heat stress, although it increased numerically in a time dependent 

fashion. Relative abundance of SDHA, located on the inner mitochondrial membrane, 

was increased by 128% (p<0.05) following 6 h of heat stress compared to 

thermoneutral. In addition, relative protein abundance of SDHA following short-term 

heat stress (2 h, 4 h, and 6 h thermal treatments combined) was increased compared to 

thermoneutral (p<0.05) and appeared to be a linear function of heat stress-induced 

changes (p<0.05). Surprisingly, CS activity was decreased approximately 17% 

following 2 and 6 h of heat stress compared to thermoneutral and 4 h of heat stress, 

respectively (p<0.05) (Figure 4B). 

 
Proteins involved in oxidative phosphorylation were used as additional 

indicators of mitochondrial content (Figure 5). Relative protein abundance of the 

NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 8, mitochondrial 

(NDUFB8), succinate dehydrogenase, subunit B (SDHB), and ATP synthase subunit 

α (ATP5A) was similar between groups. Protein abundance of MT-CO1 was 

decreased by 27.6% following 2 h of heat stress compared to thermoneutral (p<0.05) 
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but was otherwise similar between groups. Protein abundance of UQCRC2 was 

similar between groups. 

 

Mitochondrial biogenesis 

 

To determine the extent to which mitochondrial content was maintained by 

biogenic signaling, we assessed activation of the PGC-1α pathway as it has been 

established to be a master regulator of mitochondrial production. We assessed relative 

protein abundance of the upstream PGC-1α-activator SIRT-1 and found that it was 

similar between groups (Figure 6A) as was SIRT-1 activity, assessed by measuring 

acetylated H3K9. Accordingly, PGC-1α and downstream pathway components, ERR-

α and TFAM, were also similar between groups. To test the hypothesis that 

mitochondrial biogenic signaling had already occurred we also measured relative 

abundance of PGC-1α, ERR-α, and TFAm in the nuclear fraction. PGC-1α and TFAm 

were similar between groups, but relative protein abundance of ERR-α in the nuclear 

fraction was found to be a linear function of heat stress-induced alterations (p<0.05) 

and, additionally, was increased in pigs exposed to 2 h, 4 h, or 6 h of heat stress 

compared to thermoneutral (Figure 6B). 

 

Discussion 

 

The current knowledge regarding prolonged exposure to elevated 

environmental temperature clearly demonstrates its negative effects on human and 

animal health, animal wellbeing, and agricultural economics. Treatment of heat 

induced conditions includes general cooling and rehydration but largely ignores the 

underlying etiology. This symptomatic approach is, in part, due to a failure to 

appreciate intracellular changes that occur in heat-stressed organisms. Further, 

identification and investigation of signaling pathways altered by heat stress is 

necessary to develop new methods of treatment and prevention. The current study 
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addressed the hypothesis that short-term heat stress would result in increased 

oxidative stress, decreased mitochondrial content, and increased mitochondrial 

biogenic signaling in oxidative skeletal muscle compared to muscle maintained under 

thermoneutral conditions. Surprisingly, we found that heat stress caused a reductive 

shift in redox balance and did not alter mitochondrial content or biogenic signaling. 

We have previously reported that 24 h of heat stress induced oxidative stress 

in oxidative skeletal muscle as well as increased activation of antioxidant enzymes 

SOD and catalase (Montilla et al., 2014). Here, we found that 6 h of heat stress 

decreased abundance of MDA-modified proteins suggesting that short-term heat stress 

resulted in a redox shift toward a reductive environment. We speculate that decreased 

MDA-modified protein abundance following 6 h of heat stress could be in part 

explained by increased catalase activity that occurred following 4 h of heat stress. 

This reductive shift might also lead to decreased SOD activity observed following 6 h 

of heat stress as SOD is known to be driven by superoxide production (Alscher et al., 

2002). 

Interestingly, changes in antioxidant activity in this investigation did not 

result from heat-modified protein expression. Increased catalase activity was 

accompanied by catalase protein abundance and transcript expression that were 

similar between groups. Likewise, decreased SOD activity following short-term heat 

stress was independent of protein abundance or transcript expression. However, 24 h 

of heat stress was characterized by increased catalase and SOD transcript expression 

that resulted in increased antioxidant protein abundance and contributed to increased 

antioxidant activity (Montilla et al., 2014). Three days of heat stress returned catalase 

transcript and protein abundance along with activity to thermoneutral conditions, 

while SOD activity remained increased (Montilla et al., 2014). In total, these findings 
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contribute to construction of the early chronology of heat stress-induced changes in 

redox balance. 

Of note, it appears that 4 h of heat stress is required to cause the initial 

changes in redox equilibrium leading to increased catalase activity. Such findings of 

increased antioxidant activity with prolonged hyperthermic exposure are consistent 

with previous findings in skeletal muscle (Yang et al., 2014). Given our findings in 

redox balance it seems likely that elevated catalase activity caused a reductive 

environment that was allowed to persist with decreased SOD activity at 6 h and 

decreased abundance of MDA-modified proteins. This reductive shift is transient, 

however, as by 12 h (unpublished observations) and 24 h of heat stress (Montilla et 

al., 2014) oxidative stress is apparent in skeletal muscle. Oxidative stress is still 

present following 1.5 mo of heat stress as indicated by increased MDA coupled with 

increased SOD activity (Ghazi Harsini et al., 2012). However, 8 w of heat stress 

returned MDA-modified protein abundance and SOD activity to thermoneutral level 

(Xie et al., 2014). 

 
As lipid peroxidation may be regulated by mitochondrial respiratory 

substrates (Bindoli, 2016), we reasoned that in addition to altered antioxidant enzyme 

activity decreased MDA-modified protein abundance could be impacted by decreased 

mitochondrial content. On the whole, measures of mitochondrial content including 

membrane proteins (PHB1, VDAC), the ETC (Cytochrome C, COX IV), and 

oxidative phosphorylation indicate similar mitochondrial content between heat stress 

and thermoneutral groups. Given this, it is unlikely that decreased mitochondrial 

content is altering redox balance. 

To assess the extent to which heat stress altered mitochondrial biogenesis, 

we measured protein abundance of several components of the PGC-1α signaling 
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pathway. We discovered that increased protein abundance of ERR-α in the nuclear 

 

fraction was independent of PGC-1α protein content in whole homogenate or nuclear 

 

fraction and did not result in increased TFAm. Hence, that mitochondrial biogenesis 

 

was not stimulated during short-term heat stress exposure is in contrast to heat stroke 

 

models, during which mitochondrial biogenesis was stimulated in myotubes (Liu and 

 

Brooks, 2012). Previous works suggest a direct correlation between oxidative stress 

 

and activated mitochondrial biogenesis (Aquilano et al., 2013; Piantadosi and 

 

Suliman, 2012). Thus, this finding is supported by our discovery on inhibited markers 

 

of oxidative stress associated with inactive mitochondrial biogenic signaling 

 

In  summary,  6  h  of  heat  stress  caused  decreased  abundance  of  MDA- 

 

modified proteins likely due to previous elevations in catalase activity. This 

 

phenomenon  was  independent  of  changes  in  mitochondrial  content  and  biogenic 

 

signaling. These  data  contribute  to  our  understanding  of  the  chronology  of  a 

 

prolonged heat stress-induced intracellular changes in skeletal muscle. 
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Table 1. Sequences for RT-qPCR primers. 

 

Target  Forward primer  Reverse primer 

     

18S  aaacggctaccacatccaag  tcgcggaaggatttaaagtg 

     

Catalase  gggtcatctgaaagacgcac  caacttggtgcaggatcagg 

     

SOD1  atggtgggccaaaggatca  gatgtacacagtggccacac 

     

SOD2  tctgaatgcggcttgttcag  cctagaggccccaacagtag 
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Figure 1A. Short-term heat stress inhibited protein abundance of oxidative stress 

 

markers in porcine STR. Relative abundance of proteins modified by 

malondialdehyde (MDA) was decreased by 38.1% following 6 h of heat stress. 

Representative blots are included. * indicates significant difference compared to 

thermoneutral control, p<0.05; # indicates significant difference compared to 2 h of 

heat stress, p<0.05; + indicates significant difference compared to 4 h of heat stress, 

p<0.05. 



48 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1B. Short-term heat stress inhibited protein abundance of oxidative stress 

 

markers in porcine STR. Relative abundance of 4-hydroxynonenal (4-HNE) was 

 

similar between groups. Representative blots are included. 
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Figure 2A. Short-term heat stress did not affect protein or transcript expression 

 

of antioxidants in porcine oxidative skeletal muscle. Relative protein abundance of 

 

superoxide dismutase 1 (SOD1), SOD2, and catalase was similar between groups. 

 

Representative blots are included. 
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Figure 2B. Short-term heat stress did not affect protein or transcript expression 

 

of antioxidants in porcine oxidative skeletal muscle. Relative transcript expression 

 

of SOD1, SOD2, and catalase was not affected by heat stress. 
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Figure 3. Antioxidant activity in heat-stressed oxidative porcine skeletal muscle. 

 

A) 6 h of heat stress decreased total SOD enzymatic activity by 26.5%. B) Following 

4 h of heat stress, catalase enzymatic activity was increased by 52%. * indicates 

significant difference compared to thermoneutral control, p<0.05; # indicates 

significant difference compared to 2 h of heat stress, p<0.05; + indicates significant 

difference compared to 4 h of heat stress, p<0.05; †indicates significant difference 

compared to 6 h of heat stress, p<0.05. 
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Figure 4A. Effect of short-term heat stress on mitochondrial content in oxidative 

 

muscle. Expression of the ETC, TCA cycle, and structural mitochondrial proteins was 

similar between groups. 6 h of heat stress increased SDHA relative protein abundance 

by 128%. Representative blots are included. * indicates significant difference 

compared to thermoneutral control, p<0.05;  indicates significant difference 

compared to 2 h, 4 h, 6 h of heat stress combined;  indicates linear function. 
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Figure 4B. Effect of short-term heat stress on mitochondrial content in oxidative 

muscle. Citrate synthase enzymatic activity was 16.8% inhibited following 2 hours of 

heat stress, normalized at 4 hours of heat stress, and downregulated again by 16.8% at 

6 hours of heat stress compared to thermoneutral. * indicates significant difference 

compared to thermoneutral control, p<0.05; + indicates significant difference 

compared to 4 h of heat stress, p<0.05. 
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Figure 5. Protein abundance of markers of oxidative phosphorylation was mostly 

 

unchanged  between  groups.  2  h  of  heat  stress  decreased  MT-CO1  by  27.6%. 

 

Representative  blots  are  included.  *  indicates  significant  difference  compared  to 

 

thermoneutral control, p<0.05. 
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Figure  6A.  Short-term  heat  stress  applied  for  2,  4,  or  6  h  did  not  change 

 

mitochondrial biogenesis in STR. The relative protein abundance in whole 

 

homogenate was similar between the groups. Representative blots are included. 
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Figure  6B.  Short-term  heat  stress  applied  for  2,  4,  or  6  h  did  not  change 

 

mitochondrial biogenesis in STR. The relative protein abundance in nuclear fraction 

was similar between the groups. Representative blots are included.  indicates 

significant difference compared to 2 h, 4 h, 6 h of heat stress combined;  indicates 

linear function. 
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Abstract 

 

Heat stress is established to be a reason of multiorgan alterations in humans 

and animals, including skeletal muscle dysfunction and impaired growth. Despite 

well-studied clinical manifestations, intracellular mechanisms of the heat stress 

response remain unclear and require further investigation. We have previously 

reported increased inflammatory signaling following 12 h of heat stress in oxidative 

skeletal muscle and showed activation of NF-κB signaling and increased NF-κB and 

AP-1 driven transcripts. The purpose of this investigation was to determine the extent 

to which inflammatory signaling is activated in response to short-term heat stress in 

skeletal muscle. 32 gilts were randomly assigned to one of four treatment groups 

(n=8/group): control (21°C), or exposed to heat stress conditions (37°C) for 2 h (n=8), 

4 h (n=8), or 6 h (n=8). Upon completion of the experiment, the red portion of the 

semitendinosus muscle (STR) was harvested. We found evidence of earliest activation 

of the NF-κB signaling pathway, as indicated by increased protein abundance of NF-

κB activator IKK-α and increased total NF-κB protein abundance following 6 h of 

heat stress. In addition, we demonstrated stimulated AP-1 inflammatory signaling 

pathway as SAPK/JNK kinase protein abundance was increased following 4 h of heat 

stress, and AP-1/c-Jun protein abundance was elevated in a nuclear fraction. IL-6 

protein abundance was decreased following 4 h and 6 h of heat stress. These data 

indicate that short-term heat stress activated inflammatory signaling in the porcine 

STR muscle via the AP-1 pathway and was characterized by signs of early activation 

of the NK-κB pathway. 

 

 

Key words: heat stroke, pig, cytokines, IL-6, TNF-α 
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Introduction 

 

Heat-related illness remains a major consequence of global warming. While 

acute and prolonged heat exposure appear to result in different intercellular 

modifications (Gonzalez-Esquerra and Leeson, 2005), both can lead to clinical 

conditions. Clinical manifestation can vary from exacerbation of cardiovascular or 

gastrointestinal risk factors such as hypertension (Fonseca et al., 2015) or disruption 

of the intestinal barrier (Xu et al., 2015) to potentially life-threatening diseases, 

including kidney pathology (Glaser et al., 2016), coronary artery disease, or cardiac 

arrest (Kones, 2011). There were also a significant number of deaths reported due to 

heat waves in California (Knowlton et al., 2009), India (Azhar et al., 2014), and 

Pakistan (Ghumman and Horney, 2016) in the last decade. Heat stress can affect not 

only human health, but also agricultural animal welfare and bring associated 

economic losses. For example, the U.S. swine industry is conservatively estimated to 

lose $299 million annually (St-Pierre et al., 2003), mostly from decreased meat 

production (Pearce et al., 2014) and higher morbidity and mortality (St-Pierre et al., 

2003). While the negative effects of heat stress are clearly established, little is known 

about molecular changes that underlie heat-induced injury. The lack of a mechanistic 

understanding of heat stress-mediated pathologies contributes to the unavailability of 

etiological treatments for heat illness leaving only rehydration and general cooling as 

standard procedures to treat heat stress. 

 
Heat stress appears to be in stark contrast to therapeutic hyperthermia during 

which very brief (approximately 30 min) hyperthermic exposures attenuate muscle 

atrophy (Naito et al., 2000; Selsby and Dodd, 2005). Interestingly, different 

inflammatory signaling events may also distinguish pathology associated with heat 
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stroke from heat stress aside from the relatively brief duration of thermal exposure, 

neurological symptoms, and often a component of exercise that characterize heat 

stroke but not heat stress. In particular, interleukin-6 (IL-6) is strongly induced during 

heat stroke and appears to be cytoprotective for a number of organ systems (Welc et 

al., 2012), however, is blunted during the prolonged nature of heat stress events. 

Moreover, heat stroke appears to induce AP-1 signaling but not NF-κB signaling 

(Welc et al., 2013b), while heat stress activates both AP-1 and NF-κB (Ganesan et al., 

2016). 

We have previously established that heat stress induced NF-κB signaling 

following 12 h of heat stress (Ganesan et al., 2016) and that such signaling was no 

longer activated following 24 h of heat stress (Montilla et al., 2014). Of interest, it 

was clear that NF-κB signaling was activated prior to the 12 h time point as indicated 

by increased expression of NF-κB-driven genes. Expression of AP-1 driven 

transcripts was also increased despite no longer active AP-1 signaling . This raised the 

possibility of a complex chronology of inflammatory signaling in skeletal muscle 

occurring earlier in the response to environmental hyperthermia. We also noted that 

circulating endotoxin (liposaccharide, LPS) was increased while circulating TNF-α 

was decreased following 12 h (Pearce et al., 2015) and 24 h (Pearce et al., 2013a) of 

heat stress. A migration of TNF-α from vasculature into muscular tissue is a possible 

mechanism of heat-induced damage via inflammatory signaling. The purpose of this 

investigation was to determine the extent to which inflammatory signaling was 

increased following short-term heat stress in skeletal muscle. We hypothesized that 2 

h, 4 h, and 6 h of heat stress would result in activated inflammatory signaling via NF- 

 
κB- and AP-1 pathways in oxidative porcine skeletal muscle. 



61 
 

 

Materials and Methods 

 

Animals and study design. All procedures were reviewed and approved by 

the Iowa State University Institutional Animal Care and Use Committee. A detailed 

experimental design and phenotypic data have been previously published (Pearce et 

al., 2014). Briefly, 32 gilts (63.8 ± 2.9 kg) were randomly assigned to one of four 

treatment groups matched by body weight. Control pigs (n=8) were kept at 

thermoneutral conditions (21°C; ~70% humidity) for 6 h, while animals from the 

three thermal treatment groups were exposed to heat stress conditions (37°C; ~40% 

humidity) for 2 h (n=8), 4 h (n=8), or 6 h (n=8). Ad libitum access to feed and water 

was provided for all animals, and the diet met the requirements of the National 

Research Council’s (1998) for swine feed and management. Environmental 

temperature and humidity were recorded every 5 min by a data recorder (Lascar® EL-

USB-2-LCD, Erie, PA). Rectal temperature, respiratory rate, and feed intake were 

recorded every two hours. Once the thermoneutral or heat stress exposure was 

finished, animals were killed by barbiturate overdose and exsanguination. The red 

portion of the semitendinosus muscle (STR) was harvested immediately, frozen in 

liquid nitrogen, and stored at -80°C. 

 
Protein extraction and immunochemistry. Procedures were performed as 

recently described (Ganesan et al., 2016). Protein was extracted according to standard 

techniques. The nuclear fraction was isolated using a Nuclear Extraction Reagents Kit 

according to manufacturer instructions (Thermo Fischer Scientific, Inc., Waltham, 

MA). Protein concentration was normalized following a BCA assay (Thermo Fischer 

Scientific, Inc., Waltham, MA), and protein was diluted in Laemmli buffer to 4 

mg/mL and boiled for 5 min to denature proteins. Approximately 40 µg of protein 

were separated on PAGEr Gold Precast Gels (Lonza, Walkersville, MD) at 120 V and 
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transferred to 0.2 µm pore-size nitrocellulose membranes (Bio-Rad, Hercules, CA) at 

100 V for 1 h at 4°C. Equal loading was verified by quantification of Ponceau-S 

staining. Membranes were exposed to primary antibodies purchased from Cell 

Signaling Technology (Danvers, MA, USA), unless stated otherwise, overnight at 4°C 

as follows: heat shock protein (HSP) 72 (1:1000 in 5% milk-TBST; cat. no. C95F3A-

5; Enzo Life Sciences, Farmingdale, NY, USA), HSP60 (1:750 in 5% milk-TBST; 

cat. no. 12165), HSP90 (1:1000 in 5% milk-TBST; cat. no. 4874), stress-activated 

protein kinases (SAPK)/c-Jun N-terminal kinases (JNK) (1:1000 in 5% milk-TBST; 

cat. no. 9252), phospho-SAPK/JNK (Thr183/Tyr185) (1:1000 in 5% milk-TBST; cat. 

no. 9251), activator protein 1 (AP1/p-c-Jun) (Ser73; 1:1000 in 1% milk-TBST; 9164), 

nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB p65) (1:5000 in 

5% milk-TBST; cat. no. 8242), phospho-NF-κB p65 (Ser536) (1:1000 in 5% milk-

TBST; cat. no. 3033), nuclear factor kappa-alpha kinase subunit alpha (IKK-α) 

(1:1000 in 1% milk-TBST; cat. no. 2682), nuclear factor of kappa light polypeptide 

gene enhancer in B-cells inhibitor, alpha (IκBα) (1:2000 in 5% milk-TBST; cat. no. 

9242), tumor necrosis factor alpha (TNF-α) (1:2000 in 5% milk-TBST; cat. no. 3707), 

interleukin-6 (IL-6) (1:500 in 1X TBST; cat. no. 12153), interleukin-1 β (IL -1β) 

(1:500 in 1X TBST; cat. no. 12242). Membranes that contained nuclear fraction were 

exposed overnight at 4°C to primary antibodies against AP1/p-c-Jun, NF-κB p65, and 

phospho-NF-κB p65 using dilutions noted above. After washing, membranes were 

exposed to appropriate anti-mouse or anti-rabbit secondary antibody (Cell Signaling 

Technology) for 1 h at room temperature, washed and incubated with ECL Western 

Blotting Substrate (Thermo Fischer Scientific, Inc., Waltham, MA) for approximately 

5 min at room temperature. Blots were imaged on X-ray film (Phenix Research 

Products, Candler, NC, USA), and the resultant bands quantified with Carestream 
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software using the automated band quantification feature where possible to limit bias. 

Secondary antibody exposure only was used as a control of non-specific binding, and 

no signal was obtained. 

 
mRNA isolation and RT-qPCR. mRNA was isolated as recently described 

(Ganesan et al., 2016). Briefly, mRNA was isolated from 50 mg of powdered muscle 

homogenized in Trizol (Invitrogen, Carlsbad, CA), applied to a Direct-zol MiniPrep 

column (Zymo, Irvine, CA), and treated with DNase. mRNA concentration was 

measured using an ND-1000 Spectrophotometer (λ = 260/280nm; NanoDrop 

Technologies, Inc., Wilmington, DE). 

 
mRNA was converted into cDNA using a QuantiTect Reverse Transcription 

Kit (Qiagen, Valencia, CA). Primers were obtained from The DNA Core Facility at 

Iowa State University (Table 1). An optimal annealing temperature for each primer 

pair was determined using a gradient of annealing temperatures in a thermal range of 

59°C to 69°C on an Eppendorf Mastercycler RealPlex (Thermo Fischer Scientific, 

Inc., Waltham, MA). The resulting PCR product was run on a 1% agarose gel to 

identify the thermal condition resulting in a single product at the correct molecular 

weight. Primer sequences and the corresponding optimized annealing temperatures are 

shown in Table 1. Relative transcript abundance was assessed using QuantiFast SYBR 

Green PCR Kit (Qiagen, Valencia, CA) for real time qPCR. qPCR plates were placed 

into an Step One System (Thermo Fischer Scientific, Inc., Waltham, MA) and run at 

95°C for 5 min for SYBR activation, 95°C for 10 seconds for denaturation followed 

by annealing and elongation for 30 seconds at an optimized annealing temperature (40 

cycles). The high quality of the RT-qPCR was confirmed by observing melting curves 

and identifying a single peak for each primer pair, indicating a single product was 

obtained. PCR product was run on a 1% agarose gel, 
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and a single RT-qPCR product of the right size was imaged with Carestream software 

for each sample. To ensure absence of non-specific amplification, the product of the 

no template control RT-qPCR was run on a 1% agarose gel, and no bands were 

observed. Analysis of the CT values was performed using the CT method with 18S as 

a reference gene (Ganesan et al., 2016). 

 
Statistical analysis. Data from all groups were analyzed using one-way 

ANOVA with a Newman-Keuls posthoc test (GraphPad Prism, version 5.04). Data are 

reported as means ± SEM and considered significant at p<0.05. 

 

Results 
 

Phenotypic response 

 

The physiological response to short-term heat stress in pigs has been 

previously reported (Pearce et al., 2014). Briefly, animals increased core temperature 

from 39.2±0.05°C (thermoneutral group) to approximately 41.2°C (animals exposed 

to 2 h, 4 h, and 6 h of heat stress)(p<0.05). Respiratory rate was increased from 

46.4±1.6 breaths/minute in the thermoneutral group to 155.0±44.1, 151.0±29.3, and 

134.7±17.1 breaths/minute following 2 h, 4h, and 6 h of heat stress, respectively 

(p<0.05). 

 
Heat shock proteins 

 

To assess the extent to which 2, 4, and 6 hours of heat stress increased relative 

abundance of heat shock proteins, we measured relative protein abundance of HSP 60, 

72, and 90, and found that they were similar between groups (Figure 1). 

 

Inflammatory signaling 

 

We have previously established increased serum LPS content in these pigs 

exposed to 2 h, 4 h, and 6 h of heat stress (Pearce et al., 2013a), which can drive NF- 

κB signaling (Guijarro-Munoz et al., 2014). We measured the relative abundance, 
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activation status, and localization of pathway components (Figure 2). We discovered 

that relative protein abundance of the NF-κB activator, IKK-α, was increased 

approximately 2-fold in animals exposed to 6 h of heat stress compared to those 

exposed to 2 h and 4 h of heat stress, and thermoneutral conditions (p<0.05). IKK-α 

leads to the phosphorylation and subsequent degradation of IκBα, an endogenous NF- 

κB inhibitor. Protein abundance of IκBα was similar between groups. Total NF-κB 

protein abundance was increased by approximately 40% following 6 h of heat stress 

compared to all other groups, which were similar to each other (p<0.05). Protein 

abundance of phosphorylated NF-κB was similar between groups. Relative abundance 

of total and phosphorylated NF-κB in the nuclear fraction was also similar between 

groups (Figure 3). 

AP-1 signaling appears to play a major role in the response to heat stroke but 

its response to short term heat stress is unknown. To determine the extent to which 

short term heat stress induced AP-1 signaling, we assessed activation and localization 

of pathway components (Figure 4). Relative protein abundance of SAPK/JNK, which 

acts as an upstream component of the AP-1 activation pathway, was increased 2.8-

fold following 4 h of hyperthermia compared to the thermoneutral animals and those 

exposed to 2 h and 6 h of heat stress (p<0.05). Relative protein abundance of 

phosphorylated SAPK/JNK kinase was similar between groups as was AP-1/c-JUN. 

Interestingly, we found that the AP-1/c-JUN relative protein abundance measured in 

the nuclear fraction was increased 2-fold following 4 h and 6 h of heat stress 

compared to thermoneutral (p<0.05) (Figure 5). 

 
The end product of NF-κB and AP-1 signaling is increased abundance of a 

variety of transcripts and resultant proteins, including cytokines. Relative transcript 

expression of select cytokines driven by NF-κB and/or AP-1 was similar between 



66 
 

 

groups (Figure 6). Relative protein abundance of TNF-α and IL-1β was similar 

between groups (Figure 7). Relative protein abundance of IL-6 was decreased by 50% 

following 4 h and 6 h of heat stress compared to 2 h of heat stress (p<0.05). 

 

Discussion 

 

Prolonged exposure to elevated environmental temperature causes heat stress 

in humans and animals, which compromises human health (Kones, 2011) and 

negatively impacts animal welfare (Pearce et al., 2013b; Pearce et al., 2014; St-Pierre 

et al., 2003) and agricultural economics (Nigel Key, 2014; St-Pierre et al., 2003). 

Aside from prevention, general cooling and rehydration are used to treat heat stress-

induced injury (Miners, 2010). Etiological treatment is currently unavailable because 

of limited knowledge regarding intracellular mechanisms of heat stress-related injury. 

We have previously shown a switch from activated NF-κB signaling in oxidative 

skeletal muscle following 12 h of heat stress (Ganesan et al., 2016) to quiescence 

following 24 h of heat stress (Montilla et al., 2014). In contrast to previous reports 

focused on heat stroke, we did not find activated AP-1 signaling following 12 h of 

heat stress, though did find evidence of prior pathway activity. These findings 

suggested a strong rationale for investigating the effect of shorter-term heat stress on 

inflammatory signaling. We addressed the hypothesis that 2 h, 4 h, and 6 h of heat 

stress would activate inflammatory signaling via the NF-κB and AP-1 pathways in 

oxidative skeletal muscle. We found evidence of early signs of the NF-κB signaling 

pathway activation as well as evidence of increased AP-1 signaling. 

 
Previously, we showed that 12 h of heat stress were characterized by 

increased NF-κB pathway activity including stimulated NF-κB protein abundance in 

the nuclei and increased expression of NF-κB-driven genes (Ganesan et al., 2016). In 

total, our discoveries in this investigation combined with our previous observations 
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provide a picture of gradual heat stress-mediated activation of the NF-κB signaling 

pathway. We show that within the time range of 6 h to 12 h of heat stress, NF-κB 

signaling returns to thermoneutral state, while the NF-κB protein inside the nuclei 

continue to drive NF-κB sensitive genes. We previously established that 24 h of heat 

stress no longer activated NF-κB signaling suggesting that sometime between 12 h 

and 24 h inhibition/deactivation of the NF-κB pathway occurs. Such NF-κB signaling 

during heat stress is in stark contrast to events occurring during heat stroke. For 

example, 60 min of heat exposure upregulated Iκb-α, a suppressor of NF-κB (Ohno et 

al., 2010), and NF-κB had no significant effect in heat response in heat stroke models 

(Welc et al., 2013b; Welc et al., 2012). 

Inflammatory signaling may also be driven by AP-1 (Diamond et al., 1999; 

Welc et al., 2013a). In a heat stroke model, 1 h of hyperthermic exposure was 

sufficient to induce activation in SAPK signaling in skeletal muscle (Welc et al., 

2013b). Also, 30 min (Welc et al., 2013a) and even 15 min (Diamond et al., 1999) of 

therapeutic hyperthermia increased AP-1 protein abundance. In our current study we 

found evidence supporting activated AP-1 signaling as relative protein abundance of 

SAPK/JNK kinase protein was increased in whole homogenate following 4 h of heat 

stress compared to thermoneutral. Moreover, AP-1/c-JUN protein abundance was 

increased in the nuclear fraction following 4 h and 6 h of heat stress compared to 

thermoneutral. These events suggest that following 4 h of heat stress, SAPK/JNK 

promotes translocation of the AP-1 protein into the nucleus. Of interest, we reported 

previously that following 12 h of heat stress, AP-1 signaling was inactive in oxidative 

muscle, however, increased expression of AP-1-driven transcripts continued to be 

increased. We proposed that increased transcript expression was likely due to previous 

activation of the AP-1 pathway, which is now supported given our present 
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findings. This also suggests that between 6 h and 12 h of heat stress, intracellular 

inflammatory signaling via AP-1 shifts from an active to inactive state. 

In addition to AP-1 and NK-κB signaling, changes in IL-6 transcript and 

protein abundance may represent a key difference between heat stroke and heat stress. 

In several studies modeling heat stroke IL-6 has been shown to be increased and 

cytoprotective (Leon, 2007; Phillips et al., 2015; Welc et al., 2013b; Welc et al., 

2012). During more prolonged hyperthermic exposure consistent with heat stress, IL-6 

protein abundance plummets potentiating multisystemic dysfunction. Indeed, IL-6 

protein abundance was decreased following 4, 6, and 12 h of heat stress. Of interest, 

we did not identify difference in IL-6 transcript abundance between groups, 

suggesting another potential difference between heat stroke and heat stress. These two 

different heating protocols can affect IL-6 differently at not only the protein level, but 

also transcriptional level. This possibility is supported by increased transcript 

abundance of IL-6 found in heat stroke models (Takii et al., 2010; Welc et al., 2013a; 

Welc et al., 2012), and unchanged IL-6 mRNA abundance found in the current 

investigation or other studies (DuBose et al., 2002; Ganesan et al., 2016). It was also 

established that, in a muscle tissue IL-6 can be independent from TNF- α expression 

and the NF-κB signaling pathway, and may be inversely correlated with the level of 

inflammatory activity (Brandt and Pedersen, 2010; Schindler et al., 1990; Welc et al., 

2012). In accordance with this relationship, we demonstrated an association of 

activated inflammatory signaling and decreased protein abundance of the IL-6 

following short-term heat stress. 

 
TNFα is a pro-inflammatory cytokine that activates the NF-κB pathway and 

is produced as a result of its activity (Ghosh et al., 1998). We reported previously that 

24 h and 72 h of heat stress increased TNF-α 2.5 fold in skeletal muscle (Montilla et 
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al., 2014) in spite of NF-κB pathway quiescence. We speculated that this increase 

 

resulted from early changes in inflammatory signaling or migration from vasculature, 

 

since TNF-α blood content is decreased following 12 and 24 hours of heat stress 

 

(Pearce et al., 2013a; Pearce et al., 2015). We found that 6 h of heat stress were 

 

insufficient to induce increased protein or transcript abundance of TNF-α but was 

 

indeed characterized by activated NF-κB signaling. These findings indicate that TNF- 

 

α abundance following 6 h of heat stress was independent of NF-κB signaling. In 

 

summary, short-term heat stress activated inflammatory signaling in the STR muscle 

 

chronologically such that AP-1 was activated prior to NK-κB. In contrast to heat 

 

stroke models and consistent with our previous work focused on heat stress, IL-6 

 

protein  abundance  was  decreased  at  4  h  and  6  h  of  heat  stress  following  peak 

 

expression. Chronologically it appears that in skeletal muscle the AP-1 signaling 

 

pathway is activated following 4 h of heat stress, while the earliest signs of NF-κB 

 

signaling activation occur at 6 h. 
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Table 1. Sequences for RT-qPCR primers. 

 

Target  Forward primer Reverse primer  Ta, °C 
 

    

 

 
 

18S  ctctagataacctcgggccg gtcgggagtgggtaatttgc 60.0 
 

    

 

 
 

IL-2  ggtgcacctacttcaagctc ctccctccagagctttgagt 64.4 
 

    

 

 
 

IL-6  agatgccaaaggtgatgcca ctcagggtctggatcagtgc 65.7 
 

    

 

 
 

IL-1β  ccaaagagggacatggagaa ttatatcttggcggcctttg 62.2 
 

    

 

 
 

IL-8  gaaatcacaggatgcccagt tgcaagttgaggcaagaaga 61.8 
 

    

 

 
 

IL-10  tgtgccctatggtgttcaac ctttgtcacactccggaagc 59.7 
 

 
 

 

IL-15 tcctggagttacgcgtcatt ttttcctccagctcctcaca 62.2 
 
 

 

 TNF-α         gcccttccaccaacgttttc          tcccaggtagatgggttcgt   66.9 
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Figure 1. Effect of short-term heat stress on heat shock proteins in oxidative 

 

skeletal muscle. Relative protein abundance of HSP72, HSP60, and HSP90 was 

 

similar between groups. Representative blots are included. 
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Figure  2. Short-term  heat  stress  activated  the  NF-κB  pathway  in  whole 

 

homogenate protein of oxidative skeletal muscle. Representative blots are included. 

* indicates significant difference compared to TN control, p<0.05; # indicates 

significant difference compared to 2 h of heat stress, p<0.05; + indicates significant 

difference compared to 4 h of heat stress, p<0.05. 
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Figure 3. Short-term heat stress did not affect NF-κB in a nuclear fraction of 

 

oxidative skeletal muscle. Relative protein abundance of NF-κB and p NF-κB was 

 

similar between groups. Representative blots are included. 
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Figure 4. Short-term heat stress activated the AP1/c-JUN pathway in whole 

homogenate protein of oxidative skeletal muscle. Relative protein abundance of the 

SAPK/JNK was increased 2.8-fold following 4 h of heat stress, while relative protein 

abundances of the phospho-SAPK/JNK and AP-1 were similar between groups. 

Representative blots are included. * indicates significant difference compared to TN 

control, p<0.05; # indicates significant difference compared to 2 h of heat stress, 

p<0.05; †indicates significant difference compared to 6 h of heat stress, p<0.05. 
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Figure 5. Short-term heat stress increased nuclear protein abundance of AP1/c- 

 

JUN in nuclear fraction of oxidative skeletal muscle. AP-1/c-JUN relative protein 

abundance was 2-fold increased following 4 h and 6 h of heat stress. Representative 

blots are included.* indicates significant difference compared to TN control, p<0.05. 
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Figure 6. Short-term heat stress did not change transcript expression of NF-κB- 

 

and AP-1-driven pro-inflammatory cytokines in oxidative porcine skeletal 

 

muscle. 
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Figure 7. Relative protein expression of TNF-α, IL-1β, and IL-6 in oxidative 

 

porcine skeletal muscle following short-term heat stress. The TNF-α and IL-1β 

were unchanged between all treatment groups, while the IL-6 was 50% decreased 

following 4 h and 6 h of heat stress. Representative blots are included. 
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Abstract 

 

Heat stress is established to have a negative effect on human and animal 

physiology. Following 6 h of heat stress we have previously shown a reductive shift in 

redox equilibrium. The aim of the current investigation was to determine the extent to 

which 6 h of heat stress altered mitochondrial function and redox balance in oxidative 

skeletal muscle. C57BL/6 mice were randomly assigned to thermoneutral 21°C 

(n=12) or heat stress conditions at 37°C (n=12) for 6 h, and the soleus and oxidative 

portion of gastrocnemius were harvested and combined. Mitochondrial respiration 

was similar between groups. Fatty acid oxidation efficiency and metabolic flexibility 

were also similar between groups. Heat-exposed mice demonstrated balanced redox 

status, as indicated by ROS production, abundance of MDA- and 4-HNE-modified 

proteins, and abundance of antioxidants SOD1, SOD2, and catalase that were similar 

between groups. Mitochondrial content was also similar between groups. In summary, 

we found that 6 h of heat stress was insufficient to affect mitochondrial function, 

mitochondrial content, or redox balance in oxidative murine skeletal muscle. These 

findings are counter to our hypotheses and inconsistent with our previous results 

employing a porcine model and may represent species-specific outcomes differences. 

 
 
 
 

 

Key words: heat stroke, mitochondrial respiration, mitochondrial metabolism, OCR, 

ROS, fatty acids, metabolic flexibility 
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Introduction 

 

Humans and animals are responsive to prolonged exposure to high 

environmental temperatures that can result in heat illness. Heat-induced responses 

may vary depending on the intensity and duration of the exposure (Yeo, 2004). While 

heat stroke leads to mortalities, prolonged exposure to less severe environmental 

hyperthermia also results in morbidities and mortalities. It appears that approximately 

2 h of heat exposure distinguishes heat stroke (Glazer, 2005) from heat stress 

(Diamond et al., 1999). Aside from duration of a thermal exposure, heat stroke might 

appear under physical exercise conditions (Leon and Bouchama, 2015; Yeo, 2004) 

and manifests in neurological symptoms (Leon and Bouchama, 2015), while heat 

stress does not necessarily include those components. In addition, heat stroke and heat 

stress differ in intracellular signaling. For example, heat stroke is characterized by 

increased AP-1 signaling and IL-6 abundance (Welc et al., 2012), while heat stress 

leads to AP-1 quiescence and decreased IL-6 abundance (Ganesan et al., 2016). Heat 

stress jeopardizes human health and animal health and resulted in increased 

hospitalizations in Italy (Wilson et al., 2013) and the United States (Bishop-Williams 

et al., 2015), due to heat waves of 2013 and 2015, respectively. Moreover, heat stress 

was the primary reason of multiple deaths in Europe during the heat wave of 2003 

(Patz et al., 2005). In addition to human health, heat stress negatively impacts 

agricultural economics and leads to annual losses of approximately $2.4 billion from 

U.S. livestock industry, alone (St-Pierre et al., 2003). Despite this severe and broad 

problem rehydration and general cooling remain the standard treatment, which does 

not address the underlying etiology. Intracellular changes induced by heat stress 

require further investigation, including appreciation of tissue specific responses to 
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heat stress. In particular, while skeletal muscle has been studied in heat stroke models 

(Leon, 2007; Leon and Bouchama, 2015; Phillips et al., 2015; Welc et al., 2013a), 

little is known regarding the effect of heat stress on skeletal muscle. 

Heat stress was recently shown to induce oxidative stress via disruption of 

the mitochondrial electron transport chain (ETC) (Kowluru and Mishra, 2015). 

Particularly, prolonged heat stress exposure was demonstrated to decrease Complex I 

activity and increase Complex III activity of the mitochondrial ETC (Huang et al., 

2015). Heat stress-mediated ETC dysfunction leads to increased ROS production 

(Jastroch et al., 2010; Kikusato and Toyomizu, 2013) as they are by-products of cell 

respiration. Alternatively, ROS may also contribute to mitochondrial dysfunction, thus 

facilitating mitochondrial ROS production and initiating a positive feedback loop. 

Mitochondrial respiratory function and metabolism were also established to 

participate in heat stress-induced oxidative stress (Kang and Hamasaki, 2003; Satapati 

et al., 2015). Specifically, respiratory control and respiration coupled with oxidative 

phosphorylation were negatively affected by elevated temperature (Brooks et al., 

1971; Saltin et al., 1972), and fatty acid oxidation was suppressed following 

prolonged heat stress exposure (Azad et al., 2010; Vallés et al., 2014). We have 

established that heat stress causes oxidative stress in porcine oxidative muscle 

following 24 h (Montilla et al., 2014) of heat stress, though a reductive shift to redox 

balance was apparent following 6 h of heat stress despite no observable changes in 

mitochondrial content (unpublished observations). Hence, the purpose of this 

investigation was to determine the extent to which 6 h of heat stress impaired 

mitochondrial function and confirm a reductive shift in redox balance in oxidative 

skeletal muscle. We hypothesized that 6 h of heat stress would result in disrupted 



85 
 

 

mitochondrial respiration and mitochondrial metabolism associated with decreased 

ROS production. 

 

Materials and Methods 

 

Animal treatment and study design. All procedures were reviewed and 

approved by the Iowa State University Institutional Animal Care and Use Committee 

and Virginia Polytechnic Institute and State University Institutional Animal Care and 

Use Committee. 24 male, 5 month old C57BL/6 mice (28.7 ± 0.4 g) were randomly 

assigned to one of two thermal treatment groups and either kept at thermoneutral 

conditions (21°C; ~70% humidity, n=12), or exposed to heat stress conditions (37°C; 

~40% humidity, n=12) for 6 h. All mice were given ad libitum access to feed and 

water prior to environmental exposure. During environmental exposure animals were 

given ad libitum access to water but food was withheld. Temperature and humidity 

were monitored continuously and recorded every fifteen minutes by a data recorder 

(Lascar® EL-USB-2-LCD, Erie, PA). Rectal temperature was recorded before and 

upon the completion of the experiment. Mice were killed by CO2 inhalation and 

exsanguination. The medial (oxidative) portion of gastrocnemius and soleus muscle 

were harvested and combined immediately after sacrifice. The muscles were divided 

into three equal aliquots and used for measurement of mitochondrial function, 

metabolic flexibility, and oxidative stress. 

 
Isolation of mitochondria from oxidative muscle. Mitochondria were 

isolated as described by Boutagy et al., 2015 (Boutagy et al., 2015a). Once harvested, 

muscles were placed in Isolation Buffer for Mitochondria 1 (IBM-1) buffer (67mM 

sucrose, 50 mM Tris-HCl, 50 mM KCl, 10 mM EDTA, 0.2% BSA, pH 8.0) on ice. 

Muscle tissue was transferred to a pre-chilled flat plastic cutting board into a droplet 

of IBM-1, and minced with razor blades, changing blades every 40 sec for a total of 



86 
 

 

120 sec. Minced tissue was transferred back to a 50 mL beaker containing 5 mL IBM-

1, and poured through 100 µm cell stainer (nylon mesh) placed onto a 50 mL conical 

tube. Tissue was kept, and transferred into a microcentrifuge tube containing fresh 

IBM-1. 0.05% trypsin was added into IBM-1 and the tissue was incubated on ice for 

30 min. Upon completion of incubation a pellet of tissue was obtained by 

centrifugation at 200 x g for 3 min at 4°C, resuspended in 3 mL of ice cold IBM-1, 

and transferred into a pre-chilled 45 mL glass homogenizer tube. Tissue was 

homogenized on ice in 10 passes at 80 rpm with 2 sec hold on bottom of each pass. 

Mitochondria were isolated from the muscle tissue by centrifugation at 700 x g for 10 

min at 4°C, and put into IBM-2 (200 mM mannitol, 70 mM sucrose, 5 mM EGTA, 10 

mM tris-HCl, pH 7.4) on ice. The protein concentration of isolated mitochondria was 

measured using BCA assay. 

 
Mitochondrial respiration. Mitochondrial respiration was measured as 

previously described (Boutagy et al., 2015b). Briefly, key parameters of mitochondrial 

function were measured by directly measuring the oxygen consumption rates (OCR) 

in muscle cells using a Seahorse XF Cell Mito Stress Test Kit (Seahorse Bioscience, 

North Billerica, MA). The Seahorse XF Cell Mito Stress Test applies modulators of 

mitochondrial respiration to target specific components of the ETC. ADP is added 

prior to stimulate mitochondrial respiration. Oligomycin, (carbonyl cyanide-4 

(trifluoromethoxy) phenylhydrazone), FCCP, and a mix of rotenone and antimycin A 

are then injected to measure ATP production, maximal respiration, and non-

mitochondrial respiration, respectively. 

 
Oligomycin inhibits complex V (ATP synthase) and results in decreased 

OCR and measures mitochondrial respiration associated with ATP production. FCCP 

is an uncoupling agent that uncouples oxidative phosphorylation from the ETC, 
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resulting in ongoing shunt of electrons down the ETC with a little or no ATP 

generated. As a result of the FCCP-disrupted function of the ETC, oxygen is 

maximally consumed by complex IV, which allows for measuring maximal 

respiration by increased OCR. A mix of rotenone, an inhibitor of complex I, and 

antimycin A, an inhibitor of complex III, decreases OCR by inhibiting mitochondrial 

respiration, and is used to determine respiration provided by non-mitochondrial 

sources. 

Basal respiration is the difference between OCR at rest and OCR upon the 

injection of antimycin/rotenone A. Maximal respiration is ATP-linked respiration and 

is calculated as a difference between OCR at rest and OCR upon the injection of 

oligomycin. Subtracting OCR upon the injection of oligomycin from OCR at rest 

allows for calculation of ATP-linked respiration, and proton leak is then determined 

as the difference between basal respiration and ATP-linked respiration. Reserve 

capacity, the ability of the cell to respond to increased energy demand, can be 

calculated as basal respiration subtracted from maximal respiration. 

The procedure was performed using Seahorse XF Cell Mito Stress Test Kit 

according to manufacturer instructions. Briefly, the Seahorse Sensor Cartridges were 

loaded with an Assay Medium (1 mM pyruvate, 2 mM glutamine, 10 mM glucose), 

injected with oligomycin, FCCP, and rotenone/antimycin A, and mitochondrial 

samples. OCR values were monitored and recorded using the Seahorse XF Analyzer. 

 
ROS measures in isolated mitochondria. ROS production was measured 

using an Amplex Red Hydrogen Peroxide/Peroxidase assay Kit (Thermo Fischer 

Scientific, Inc., Waltham, MA). Briefly, upon isolation and protein concentration 

measurement, mitochondria were plated on a 96 well plate at a concentration of 

5ug/well in the presence of Solution A (pyruvate (20mM)/malate (10mM)/oligomycin 
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(2µM)/rotenone (200nM)), Solution B (pyruvate (20mM)/malate (10mM)/oligomycin 

(2µM)/SOD (400U/ml)/antimycin A (2µM)), or Solution C (pyruvate (20mM)/malate 

(10mM)/succinate (20mM)/oligomycin (2 µM)). To maintain the integrity of the 

mitochondria, all procedures were conducted in a sucrose/mannitol solution. Amplex 

Red working solution was loaded to initiate the reaction. Experiments consisted of a 1 

minute delay and 1 minute reading cycles, followed by a 5 second mixing cycle 

performed every third reading. All experiments were performed at 37°C. Fluorescent 

signal was measured using a 530 nm excitation filter and a 560 nm emission filter. 

 
Fatty acid oxidation and metabolic flexibility. Measurements of fatty acid 

oxidation and metabolic flexibility were performed as described by Zhang et al., 2014 

(Zhang et al., 2014). Briefly, muscle tissue was diluted 1:20 (weight:volume) in a 

buffer (0.25 M sucrose, 1mM EDTA, 0.01 M Tris-Cl and 2mM ATP, pH 7.4), minced 

200 times, and transferred to a 2 ml glass homogenizing tube. Samples were then 

homogenized on ice using a Polytron homogenizer and Teflon glass pestle for 30 sec 

at 300 r.p.m alternating with 30 sec on ice for a total of 12 min. Fatty acid oxidation 

was measured as a sum of 14-CO2 production and 14C-labeled acid-soluble 

metabolites from the oxidation of [1-14C] palmitic acid (Perkin-Elmer, Waltham, 

MA, USA) as described by Frisard et al., 2010 (Frisard et al., 2010). Metabolic 

flexibility was determined by measuring [1-14C] pyruvate oxidation ± non-labeled 

BSA (0.5%)-bound palmitic acid. Flexibility is represented by the percentage decrease 

in pyruvate oxidation in the presence of free fatty acid. 

 
Protein extraction and immunochemistry. Procedures were performed 

according to standard techniques (Ganesan et al., 2016). A portion of the red 

gastrocnemius muscle and soleus muscle were frozen in liquid nitrogen upon removal 

and stored at -80°C. Protein was extracted, and protein concentration was measured 



89 
 

 

using the Pierce BCA Protein Assay Kit (Thermo Fischer Scientific, Inc., Waltham, 

MA), diluted to 4 mg/ml in Laemmli Sample Buffer (4% SDS, 20% glycerol, 0.004% 

bromophenol blue, 0.125 M Tris-HCl, and 5% 2-mercaptoethanol pH 6.8) (Bio-Rad 

Laboratories, Inc., Hercules, CA), and boiled at 100°C for 5 min. 

To measure relative protein abundance 16µg of protein was separated on 

PAGE Gold Precast Gels (Lonza, Walkersville, MD) at 120 V and transferred onto 

nitrocellulose membranes (Bio-Rad, Hercules, CA) at 100 V for 1 h at 4°C. 

Membranes were subjected to Ponceau-S staining to ensure equal loading. The signal 

was quantified and was shown to be similar between groups for all membranes. 

Membranes were exposed to primary antibodies from Cell Signaling Technology, 

Danvers, MA, USA, unless stated otherwise. Exposure was performed overnight at 

4°C as follows: heat shock protein (HSP) 72 (1:1000 in 5% milk-TBST; cat. no. 

C95F3A-5; Enzo Life Sciences, Farmingdale, NY, USA), HSP27 (1:1000 in 5% milk-

TBST; cat. no. ADI-SPA-800-D; Enzo Life Sciences, Farmingdale, NY, USA), 

HSP90 (1:1000 in 5% milk-TBST; cat. no. 4874), succinate dehydrogenase complex, 

subunit A (SDHA) (1:500 in 5% milk-TBST; cat. no. 5839), prohibitin 1 (PHB1) 

(1:1000 in 5% milk-TBST; cat. no. 2426), voltage-dependent anion channel (VDAC) 

(1:1000 in 5% milk-TBST; cat. no. 4866), oxidative phosphorylation (OXPHOS) 

antibody cocktail (1:200 in 5% milk-TBST; cat. no. 110413; Abcam, Cambridge, MA, 

USA), superoxide dismutase 1 (SOD1) (1:1000 in 5% milk-TBST; cat. no. 16831; 

Abcam, Cambridge, MA, USA), superoxide dismutase 2 (SOD2) (1:500 in 5% milk-

TBST; cat. no. 30604; Thermo Fischer Scientific, Inc., Waltham, MA, USA), catalase 

(1:1000 in 5% milk-TBST; cat. no. 0979; Sigma-Aldrich, Saint Louis, MO, USA), 

malondialdehyde (MDA) (1:500 in 5% milk-TBST; cat. no. 27642; Abcam, 

Cambridge, MA, USA), glutathione S-transferase (GST) (1:5000 in 5% milk- 
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TBST; cat. no. 8902; Milipore, Billerica, MA, USA), 4-hydroxynonenal (4-HNE) 

(1:3000 in 5% milk; cat. no. 5605; Milipore, Billerica, MA, USA), transcription factor 

A, mitochondrial (TFAm) (1:375 in 1% milk-TBST; cat. no. 7495), heat-shock 

protein 70/72 (HSP70/72) (1:1000 in 5% milk-TBST; cat. no. C92F3A-5, Enzo, New 

York, NY, USA). 

Upon incubation with primary antibodies, membranes were exposed to 

appropriate anti-mouse or anti-rabbit secondary antibodies (Cell Signaling 

Technology, Danvers, MA, USA) for 1 h at room temperature, washed, and incubated 

with ECL Western Blotting Substrate (Thermo Fischer Scientific, Inc., Waltham, MA) 

for approximately 5 min at room temperature. Blots were imaged on X-ray film 

(Phenix Research Products, Candler, NC, USA), and the resultant bands quantified 

with Carestream software. Possibility of non-specific binding was excluded by 

secondary antibody only exposure that did not show any signal. 

 
RT-qPCR. mRNA was isolated as recently described (Ganesan et al., 2016). 

Briefly, mRNA was isolated from 15 mg of powdered muscle that was homogenized 

in Trizol (Invitrogen, Carlsbad, CA), centrifuged at 1,500 x g for 10 m at 4°C, applied 

to a Direct-zol MiniPrep column (Zymo, Irvine, CA), and treated with DNase. mRNA 

concentration was measured using a ND-1000 Spectrophotometer (λ = 260/280nm; 

NanoDrop Technologies, Inc., Wilmington, DE) and converted to cDNA via reverse 

transcription using a 5X All-in-One RT Master Mix Kit (ABM, Richmond, BC, 

Canada). 18S primer pair was ordered from The DNA Core Facility at Iowa State 

University, and TFAm primer pair was designed for mus musculus and ordered from 

Fluidigm, San Francisco, CA, USA (Table 1). An optimal annealing temperature for 

each primer pair was determined using a gradient of annealing temperatures in a 

thermal range of 59°C to 69°C on an Eppendorf Mastercycler RealPlex (Thermo 
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Fischer Scientific, Inc., Waltham, MA). The PCR product was run on a 1% agarose 

gel to identify the condition producing a single product at the correct molecular 

weight. Relative transcript abundance was assessed using QuantiFast SYBR Green 

PCR Kit (Qiagen, Valencia, CA) for real time qPCR. Once loaded, qPCR plates were 

placed into a Step One System (Thermo Fischer Scientific, Inc., Waltham, MA). RT-

qPCR cycling conditions were 95°C for 5 min for SYBR activation, 95°C for 10 sec 

for denaturation followed by 30 seconds for annealing and elongation at optimal 

annealing temperature (60°C for 18S primer pair, 62.2°C for TFAm primer pair) (40 

cycles). To ensure absence of primer dimer amplification, the product of the no 

template control RT-qPCR was run on a 1% agarose gel, and no bands were observed. 

Transcript expression was calculated using the CT method with 18S as a reference 

gene as we have done previously (Ganesan et al., 2016). 

 

 

Statistical analysis. All data from thermoneutral and heat-stressed animals 

were analyzed using unpaired two-tailed t-test (GraphPad Prism, version 5.04). Data 

are reported as means ± SEM and considered significant at p<0.05. 

 

Results 
 

Physiological response 

 

Our 6 h heating protocol caused a 12.4°C increase in environmental 

temperature (Figure 1A) that resulted in 1.6°C increase in rectal temperature (from 

35.1±0.31°C to 36.7±0.16°C) compared to mice kept under thermoneutral conditions 

(p<0.05) (Figure 1B). Heating exposure did not affect body weight as indicated by a 

difference between measurements before and after (Figure 1C) heat stress. Water 

intake of heat stressed mice was increased approximately 2-fold (p<0.05) (Figure 1D). 

Anecdotally, heat-stressed mice were visibly shaking, lethargic, and spent most of 
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their time sitting on a hydrogel, while mice kept under thermoneutral conditions 

exhibited none of these behaviors and were freely moving about the chambers. 

Our heating protocol did not change relative protein abundance of heat shock 

proteins (HSP) 72, HSP27, and HSP90 (Figure 2). 

 

Mitochondrial respiration 

 

Mitochondrial respiratory function was assessed by directly measuring OCR 

in the presence of inhibitors of the ETC complexes (Figure 2). The representative 

curve demonstrates changes in ADP-stimulated respiration upon the injection of 

inhibitors of the ETC enzymatic complexes (Figure 3A). Mitochondria did not 

respond to oligomycin injection indicated by OCR similar to basal level, which 

prevented our measure of ATP-linked respiration and proton leak. Injection of FCCP 

and antimycin A/rotenone allowed for calculating maximal respiration and non-

mitochondrial respiration, respectively. Reserve capacity was calculated as a 

difference between maximal respiration and basal respiration. We found that basal 

respiration, respiration provided by non-mitochondrial sources, maximal coupled 

respiration (State 3), and reserve capacity were similar between groups (Figure 3B). 

 

Fatty acid oxidation and metabolic flexibility 

 

To estimate efficiency of fatty acid (FA) oxidation, we measured rates of 

CO2 production (Figure 4A) and acid soluble metabolite (ASM) production (Figure 

4B) during palmitate oxidation. These were similar between groups. Accordingly, 

total palmitate oxidation estimated as total CO2 and ASM production, was similar 

between groups (Figure 4C). FA oxidation efficiency was assessed as a CO2/ASM 

production ratio, and was also similar between groups (Figure 4D). 

Metabolic flexibility, as indicated by a percent change in PDH activity in the 

presence of fatty acids, was numerically lower in heat-stressed animals though failed 
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to reach statistical significance (Figure 5A). We also found that pyruvate oxidation 

rates with (Figure 5B) and without FA (Figure 5C) were similar between groups. 

 

ROS production 

 

Reactive oxygen species production was assessed by measuring hydrogen 

peroxide content using fluorescent signal in three different assay buffers (Figure 6). 

We found that 6 h of heat stress did not affect ROS production regardless of the 

presence of rotenone (A; Complex I inhibitor), SOD and antimycin (B; Complex III 

inhibitor) mixture, or succinic acid (C). 

 

Oxidative stress 

 

To estimate redox status in oxidative murine muscle following 6 h of heat 

stress, we measured relative abundance of proteins modified by malondialdehyde 

(MDA) (Figure 7A), 4-HNE-modified proteins (Figure 7B), lipid peroxidation 

markers. These were similar between groups as was relative protein abundance of 

antioxidants SOD1, SOD2, catalase, and GST (Figure 7C). 

 

Mitochondrial content and biogenesis 

 

To better understand the effect of heat stress on mitochondrial content we 

measured relative abundance of proteins localized to the mitochondrial membrane as 

well as mitochondrial metabolism. Relative protein abundance of VDAC, PHB1, and 

SDHA was similar between groups (Figure 8A). In addition, 6 h heat stress did not 

change abundance of the NADH dehydrogenase [ubiquinone] 1 beta subcomplex 

subunit 8, mitochondrial (NDUFB8), succinate dehydrogenase, subunit B (SDHB), 

ATP synthase subunit α (ATP5A), mitochondrially encoded cytochrome C oxidase 1 

(MT-CO1), and ubiquinol-cytochrome C reductase core protein 2 (UQCRC2), 
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proteins involved in mitochondrial oxidative phosphorylation and used as additional 

indicators of mitochondrial content (Figure 8B). 

To assess the extent to which mitochondrial content following 6 h of heat 

stress was maintained by activation of the mitochondrial biogenesis pathway, we 

measured protein abundance and transcript expression of TFAm, a transcription factor 

that drives activation of mitochondrial biogenesis-responsible genes. Relative protein 

abundance of TFAm was similar between groups (Figure 8C) as was TFAm transcript 

expression (Figure 8D). 

 

Discussion 

 

Prolonged exposure to high environmental temperatures has been shown to 

cause negative physiological effects such as deterioration of symptoms of chronic 

diseases (Kenny et al., 2010) and occurrence of cardiovascular and hormonal 

pathology (Forslund et al., 2013; Kones, 2011) in humans. Further, it causes a higher 

sensitivity to infectious diseases (St-Pierre et al., 2003), decreased production 

(Boddicker et al., 2014; Davidson and Schiestl, 2001), and impaired reproductive 

function in agricultural animals (Wettemann, 1984). Despite known negative effects, 

little is known about intracellular changes that occur in response to heat stress, which 

makes etiological treatment of heat stress unavailable. In addition, tissue specific 

modifications resulting from heat stress are unclear. We have previously implicated 

mitochondrial dysfunction as a key component in heat stress-mediated pathology in 

skeletal muscle as changes have been specific to oxidative muscle but not glycolytic 

muscle and alterations in metabolism have been observed (Ganesan et al., 2016; 

Montilla et al., 2014). In this investigation we measured mitochondrial function and 

redox balance in oxidative skeletal muscle following a 6 h heat stress protocol. 
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Counter to our hypotheses, mitochondrial function and redox balance were similar 

between groups. 

Our 6 h heating intervention successfully increased core temperature of heat 

stressed mice by 1.6°C. Anecdotally, our 6 h heating protocol resulted in behavioral 

changes as heat-stressed mice were shaking or lethargic, and tended to sit on a 

Hydrogel without moving, while mice kept under thermoneutral conditions were 

freely moving inside the chambers. This 1.6°C change in rectal temperature is 

consistent with our work in pigs where we saw a 2°C increase in rectal temperature 

following 2, 4, 6, 12, 24, and 72 h of heat stress (Ganesan et al., 2016; Montilla et al., 

2014; Pearce et al., 2014). In addition, in other mouse heat stress experiments an 

approximate 2°C increase in rectal temperature was achieved in heat stress groups 

(Hemmila et al., 2002; Schuchmann et al., 2006; Zhang et al., 2015). As we did not 

intend to create an extreme pathophysiological stress and subsequent response, but 

merely assess heat stress-induced intracellular signaling without a potential effect of a 

near-death condition, we consider our 1.6°C a sufficient core temperature to induce 

mild heat stress in mice following 6 h of heat stress. In addition, initial core 

temperature of 35.1°C assures that mice were not cold stressed as it was shown to lie 

within a range of typical resting temperatures for mice (Gordon, 2012). Further, 

ambient temperature of 21°C was established to be not cold stress indicative and 

optimal for mice in case of group housing and bedding material provided (Speakman 

and Keijer, 2013). Nevertheless, we recognize that our heating protocol resulted in 

only a mild heat stress. 

 
It has been shown that heat stress can lead to mitochondrial respiratory 

dysfunction by disrupting ETC flux (Kowluru and Mishra, 2015). In particular, 

Complexes I, II, and III appear to be especially heat sensitive and decreased function 
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following heat stress (Huang et al., 2015; Kikusato et al., 2010). It was also 

demonstrated that mitochondrial respiratory function plays a crucial role in heat 

stress-induced damage by causing oxidative stress (Davidson and Schiestl, 2001). In 

our current work, we measured mitochondrial respiration by directly assessing OCR 

in mitochondria isolated from oxidative skeletal muscle. Counter to our hypothesis 

and previous results mitochondrial respiration was not suppressed or uncoupled with 

heat stress. A numerical reduction in State 3u respiration in heat-stressed mice may be 

suggestive of early heat stress-mediated dysfunction. 

Given previous findings of blunted fatty acid oxidation following >30 hours 

of environmental hyperthermia in heat stressed skeletal muscle (Azad et al., 2010), we 

also measured the efficiency of fatty acid oxidation. Six hours of heat stress did not 

affect CO2/ASM production ratio that was indicative of FA oxidation efficiency. In 

contrast to prolonged heat stress, therapeutic hyperthermia of approximately 20 min 

long causes increased fatty acid oxidation in skeletal muscle (Gupte et al., 2009; 

Vallés et al., 2014), thus establishing an additional difference between heat stress and 

therapeutic hyperthermia. Similar mitochondrial function observed in heat-stressed 

oxidative skeletal muscle compared to thermoneutral was suggestive of similar 

metabolic flexibility between groups (van de Weijer et al., 2013). This was confirmed 

by our findings of similar metabolic flexibility between groups, as indicated by a 

change in PDH activity with and without fatty acids. Speculatively, the numerically 

lower metabolic flexibility in heat-stressed animals could be an initial change that 

leads toward decreased flexibility following more prolonged heat stress exposure. 

 
As we have previously detected heat stress-mediated increases in 

mitochondrial content (unpublished observations) following 12 and 24 h of heat stress 

we assessed mitochondrial content in this investigation. Consistent with 
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mitochondrial function measures, mitochondrial protein abundance was similar 

between groups as was biogenic signaling indicated by TFAm. Further, ROS 

production and abundance of oxidatively modified proteins was also similar between 

groups. It is consistent with previous findings on mitochondrial biogenesis being a 

stimulator of antioxidant expression via PGC-1α (Kang and Li Ji, 2012). We show 

that inactive biogenic signaling was associated with unchanged oxidant-antioxidant 

homeostasis. 

The apparent health of mitochondria and lack of pathologic changes further 

implicate mitochondria as master-regulators heat stress-mediated dysfunctions. 

Indeed, maintenance of mitochondrial health and stability may be a key component to 

novel therapeutic approaches for heat stress. We have speculated previously that 

mitochondria could be a victim of upstream oxidative stress and resultant metabolic 

dysfunctions the result of some other proximal cause. This notion was attractive as 

sarcoplasmic endoplasmic reticulum Ca2+ ATPase (SERCA) is heat sensitive and 

SERCA dysregulation is known to compromise Ca2+ homeostasis and lead to 

oxidative stress (Davidson and Berman, 1996; Lepock et al., 1990). Ostensibly, such a 

change would occur early in a heat stress event as it is dependent upon the physical 

properties of SERCA not on upstream signaling. As oxidative stress did not occur 

despite hyperthermia one can infer that loss of SERCA tertiary structure and resultant 

dysfunction was insufficient to cause cellular pathology following 6 h of heat stress. 

Elimination of SERCA as a major factor during heat stress further implicates 

mitochondrial dysfunction as a proximal cause. 

 
In summary, we found that 6 h of heat stress was insufficient to affect 

mitochondrial function, mitochondrial content, or redox balance in oxidative murine 

skeletal muscle. These findings are inconsistent with those of our previous work using 
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a porcine model and may reflect subtle but important species differences. 

 

Alternatively, numerical changes in many of our measurements suggest that a more 

 

prolonged heating is likely to cause heat stress-induced modifications. 
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Table 1. Sequences for RT-qPCR primers. 

 

Target  Forward primer Reverse primer 

    

18S  ctctagataacctcgggccg gtcgggagtgggtaatttgc 

    

TFAm  tttccacagaacagctaccc gggctgcaattttcctaacc 
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Figure 1. Physiological response to 6 h of heat stress. A) Mean environmental 

temperature during and B) rectal temperature following a 6 h hyperthermic exposure. 

C) Body weight of mice kept under thermoneutral conditions and exposed to heat 

stress were similar before and after experiment. D) Both thermoneutral and heat-

stressed groups of animals demonstrated similar water intake during heat stress 

exposure. * indicates significant difference compared to thermoneutral control, 

p<0.05. 
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Figure 2. Effect of 6 h of heat stress on protein abundance of heat shock proteins 

 

in oxidative murine skeletal muscle. Representative blots are included. 
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Figure 3. Mitochondrial respiratory function in oxidative murine skeletal muscle 

 

following 6 h of heat stress as indicated by OCR. A) Representative curve from a 

mouse kept under thermoneutral conditions that shows how OCR changes upon 

injection of inhibitors of ETC enzymatic complexes. B) Basal respiration, non-

mitochondrial respiration, maximal respiration, and reserve capacity were resistant to 

6 h of heat stress. 
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Figure 4. Fatty acid oxidation in oxidative murine skeletal muscle following 6 h 

 

of heat stress. A) CO2 production, B) ASM production, C) total palmitate oxidation 

 

(CO2+ASM), and D) FA oxidation efficiency (CO2/ASM). 
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Figure 5. Metabolic flexibility in oxidative murine skeletal muscle heat stressed 

 

for 6 h. A) Metabolic flexibility as indicated by percent change between PDH activity 

with and without FA, p=0.32. B) Pyruvate oxidation rates in the presence of FA. C) 

Pyruvate oxidation rates in the absence of FA. 
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Figure 6. ROS production in oxidative murine skeletal muscle following 6 h of 

 

heat stress. ROS production was similar between thermoneutral and heat-stressed 

animals as indicated by rate of fluorescent signal change in response to hydrogen 

peroxide content. Three assay buffers containing pyruvate, malate, oligomycin in the 

presence of rotenone (Assay Buffer A), SOD and antimycin mixture (Assay Buffer 

B), or succinic acid (Assay Buffer C) were used to measure ROS production. 
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Figure 7A. Redox status in oxidative murine skeletal muscle heat-stressed for 6 

 

h. Redox status in heat-stressed mice was similar to the one in thermoneutral animals. 
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Relative protein abundance of pro-oxidant indicator of free radical damage MDA 

modified proteins. Representative blots are included. 
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Figure 7B. Redox status in oxidative murine skeletal muscle heat-stressed for 6 h. 

 

Redox status in heat-stressed mice was similar to the one in thermoneutral animals. 

Relative protein abundance of 4-HNE modified proteins. Representative blots are 

included. 
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Figure 7C. Redox status in oxidative murine skeletal muscle heat-stressed for 6 

 

h. Redox status in heat-stressed mice was similar to the one in thermoneutral animals. 

Relative protein abundance of antioxidants SOD1, SOD2, catalase, and GST. 

Representative blots are included. 
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Figure 8A. Heat stress for 6 h did not affect mitochondrial content in murine 

 

oxidative skeletal muscle. Relative protein abundance of structural mitochondrial 

 

components VDAC, PHB1, SDHA. Representative blots are included. 
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Figure 8B. Heat stress for 6 h did not affect mitochondrial content in murine 

 

oxidative  skeletal  muscle.  Relative  protein  abundance  of  proteins  involved  in 
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oxidative phosphorylation NDUFB8, SDHB, MT-CO1, UQCRC2, and ATP5A. 

Representative blots are included. 
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Figure 8C. Heat stress for 6 h did not affect mitochondrial content in murine 

 

oxidative skeletal muscle. Relative abundance of mitochondrial transcription factor 

 

TFAm was unchanged following 6 h of heat stress on protein level. Representative 

 

blots are included. 
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Figure 8D. Heat stress for 6 h did not affect mitochondrial content in murine 

 

oxidative skeletal muscle. Relative transcript abundance of mitochondrial 

 

transcription factor TFAm was unchanged following 6 h of heat stress. 
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CHAPTER 5 

 

INTEGRATIVE SUMMARY 

 

The issue of elevated environmental temperature and its effect on human and 

animal health has become of special importance in the light of increasing awareness 

about global warming within the last decade. Due to its high physiological relevance 

and frequency, in our current investigation we focused on a prolonged (more than 2 h) 

exposure to high environmental temperature that does not necessarily lead to 

neurological symptoms or beneficial effects, and is not associated with exercise, 

termed heat stress. In humans, heat stress leads to cardiovascular (Forslund et al., 

2013; Kones, 2011), hemodynamic (Crandall and Gonzalez-Alonso, 2010; Pearson et 

al., 2011), and metabolic pathologies (Rhoads et al., 2013), and can result in massive 

lethal outcomes under extreme conditions of heat waves (Azhar et al., 2014; Bishop-

Williams et al., 2015; Ghumman and Horney, 2016). In addition to increased human 

morbidity and mortality, heat stress negatively affects agricultural animals by 

decreasing fertility (Hansen, 2009; Leneveu, 1998; White et al., 2002) and meat 

production (Nigel Key, 2014). Indeed, human and animal heat stress-induced 

pathology is due to, in part, skeletal muscle response (Johnson et al., 2015b; Oishi et 

al., 2015). Deep investigation of an effect of heat stress of various durations in 

skeletal muscle is crucial for developing treatment strategies to minimize or eliminate 

negative consequences of heat stress and associated economic losses. 

 
In our current investigation we intended to assess an early chronology of heat 

stress-induced intracellular response with a particular focus on redox status, 

inflammation, and mitochondrial function. We demonstrated how short-term heat 

exposure surprisingly resulted in a lower abundance of pro-oxidant indicators in 



121 
 

 

oxidative porcine skeletal muscle compared to those observed under thermoneutral 

 

conditions. Redox imbalance was associated with increased antioxidant activity but 

 

not mitochondrial content. We also showed that the combination of inhibited pro- 

 

oxidant and stimulated antioxidant activity was associated in time with initial signs of 

 

ongoing activation of inflammatory pathways. We were able to establish that most of 

 

these intracellular changes occurred at 4 h to 6 h of heat stress while 2 h of heat stress 

 

were mostly characterized by an intracellular environment similar to thermoneutral 

 

animals. We thus suggest approximately 6 h of heat stress as a time point for the 

 

earliest indicators of heat stress-mediated changes. Accordingly, our mouse heat stress 

 

model was heated for 6 h so that we could estimate the initial changes in redox status 

 

and mitochondrial function. However, we were not able to detect any significant 

 

changes in redox balance, mitochondrial respiration, or mitochondrial metabolism in 

 

oxidative murine skeletal muscle. Thus, we potentially discovered a species 

specificity of short-term heat stress response. However, to be established, this 

possibility requires a further deep investigation. 
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