
Temperature 1:1, 42–50; April/May/June 2014; © 2014 Landes Bioscience

 research paper

42	 Temperature	 Volume 1 Issue 1

research paper

Introduction

Despite advances in cooling technologies and strategies heat 
stress (HS), the inability of an organism to properly dissipate 
thermal energy produced,1,2 continues to represent a serious 
health concern. In 2012, heat-related illnesses resulted in the 
largest number of weather-related fatalities in the US due to 
heat stroke3 and also caused additional morbidities related to 
excess heat load.4 These negative effects of heat stress are often 
more pronounced in agricultural species as they frequently are 
held under environmental conditions with a limited capacity 
for cooling and are bred for rapid growth. Given that climate 
variability has, and may continue to result in increasing tem-
peratures,5 these problems will likely become more frequent and 
severe.

The extent to which and mechanism by which HS causes 
pathologic changes in specific organ systems is less clear. In 
skeletal muscle hyperthermia has been used as a therapeutic 
intervention to spare muscle from loss due to disuse6,7 as well 
as augment regrowth following atrophy.8,9 In these studies 
therapeutic hyperthermia was also found to decrease oxidative 

damage. These hyperthermic interventions were generally brief 
in nature lasting approximately 30 min. In contrast, prolonged 
exposure to an excessive heat load results in HS, which nega-
tively impacts muscle growth10,11 and has been associated with 
increased production of reactive oxygen species (ROS) in avian 
skeletal muscle.12-14 Oxidative stress can lead to protein degrada-
tion through increased proteolysis and autophagy15-19 as well as 
impair protein synthesis by preventing translation.20,21

It seems likely that HS would also lead to increased inflam-
matory signaling in skeletal muscle through activation of the 
NF-κB pathway. While there are a number of molecular triggers 
that lead to increased NF-κB signaling, within the context of 
heat stressed skeletal muscle increased ROS and endotoxemia 
seem to be likely candidates. Importantly, free radicals have 
been identified as initiators of NF-κB signaling22,23 and are 
increased following HS in avian skeletal muscle.12-14 Likewise, 
HS may lead to increased intestinal permeability and subse-
quent endotoxemia.24,25 Bacterial lipopolysaccharide (LPS) that 
has entered the circulation can be recognized by TLR4 recep-
tors on muscle cell membranes26 and initiate an inflamma-
tory response via NF-κB signaling.27 Of note, activation of the 
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Heat stress is associated with death and other maladaptions including muscle dysfunction and impaired growth 
across species. Despite this common observation, the molecular effects leading to these pathologic changes remain 
unclear. The purpose of this study was to determine the extent to which heat stress disrupted redox balance and initiated 
an inflammatory response in oxidative and glycolytic skeletal muscle. Female pigs (5–6/group) were subjected to ther-
moneutral (20 °C) or heat stress (35 °C) conditions for 1 or 3 days and the semitendinosus removed and dissected into red 
(STR) and white (STW) portions. After 1 day of heat stress, relative abundance of proteins modified by malondialdehyde, a 
measure of oxidative damage, was increased 2.5-fold (P < 0.05) compared with thermoneutral in the STR but not the STW, 
before returning to thermoneutral conditions following 3 days of heat stress. This corresponded with increased catalase 
and superoxide dismutase-1 gene expression (P < 0.05) and superoxide dismutase-1 protein abundance (P < 0.05) in the 
STR but not the STW. In the STR catalase and total superoxide dismutase activity were increased by ~30% and ~130%, 
respectively (P < 0.05), after 1 day of heat stress and returned to thermoneutral levels by day 3. One or 3 days of heat 
stress did not increase inflammatory signaling through the NF-κB pathway in the STR or STW. These data suggest that 
oxidative muscle is more susceptible to heat stress-mediated changes in redox balance than glycolytic muscle during 
chronic heat stress.
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NFKB transcription factor has been associated with increased 
production of ubiquitin ligases, as well as muscle atrophy.28,29

It is apparent that there are fundamental differences that dis-
tinguish therapeutic hyperthermia and heat stress, however, these 
have not been identified. Further, the mechanisms by which heat 
stress leads to muscle dysfunction are also unclear. Our long-term 
goal is to understand the mechanisms caused by HS that lead to 
muscle loss. Given that goal, the purpose of this investigation was 
to determine the extent to which HS led to increased oxidative 
stress and NF-κB activation in oxidative and glycolytic mam-
malian skeletal muscle. We hypothesized that HS would result 
in a progressive increase in oxidative stress and NF-κB pathway 
activation in oxidative and glycolytic skeletal muscle.

Materials and Methods

Ethical approval
All animal experiments were approved by the Iowa State 

University Institutional Animal Care and Use Committee and 
complied with rules and guidelines for animal use established by 
the USDA.

Study design and animal treatments
Due to their anatomical and physiological similarities with 

humans30 and high sequence homology to the human genome,31 
pigs have long been used as biomedical models.32-34 Prior data from 
animals used in this investigation and a detailed study design have 
been previously reported.24 Female pigs (35 ± 4 kg; n = 5–6/group) 
were kept at thermal-neutral (TN) conditions (20 ± 1 °C; 35–50% 
relative humidity) as recommended by FASS35 or exposed to con-
stant heat stress (HS) (35 ± 1 °C; 20–35% relative humidity) for 
a period of 1 or 3 d. Pigs were housed in individual pens with 
ad libitum access to food and water in either a TN or HS room 
with concrete floors. Temperature and humidity were recorded in 
continuous 30 min intervals using a data logger (Lascar). Animals 
were euthanized by the captive bolt technique and exsanguina-
tion at the end of the respective treatment period. At this time, the 
semitendinosus (ST) muscle was removed and dissected into red 
(STR) and white (STW) muscle. The red and white portions of 
the pig ST muscle are visually apparent. Two gram sections were 
collected for each portion and frozen in liquid nitrogen for further 
analyses.

Protein abundance
Muscle was powdered on dry ice and divided into portions 

used for measurement of relative protein and gene abundance. 
In order to measure protein abundance, approximately 50 mg of 
muscle powder was homogenized in 1.5 mL of protein extraction 
buffer (10 mM sodium phosphate, pH 7.0, and 2% SDS) using a 
Dounce homogenizer. The sample was then centrifuged at 1500 × 
g for 15 min at 20 °C to remove cellular debris. Protein concentra-
tion was determined (Pierce® BCA microplate protein assay kit, 
Pierce) and samples were diluted to 4 mg/mL in loading buffer 
(62.5 mM Tris (pH 6.8), 1.0% SDS, 0.01% bromophenol blue, 
15.0% glycerol, and 5% β-mercaptoethanol). Ten microliters 
(40 μg of protein) of each sample were loaded into 4–20% precast 
gradient gels and proteins were separated at room temperature for 

30 min at 60 V followed by 50 min at 120 V. Afterward, pro-
teins were transferred (90 min; 90 V) to a nitrocellulose mem-
brane with a pore diameter of 0.2 μm. Membranes were blocked 
in 5% dehydrated milk TTBS (Tris-buffered saline containing 
0.1% Tween 20) solution for 1  h and exposed to primary anti-
body overnight at 4  °C in 1% dehydrated milk TTBS solution 
as follows: catalase (Sigma, primary 1:1000, cat. no C0979, sec-
ondary 1:2000), Malondialdehyde (MDA; Abcam; primary 
1:5000, cat. no ab27642, secondary 1:2000), MnSOD (Abcam; 
primary 1:5000, cat. no ab13533, secondary 1:2000), NF-κB p-65 
(Abcam; primary 1:1000, cat. no ab7970, secondary 1:2000), IL-6 
(Abcam; primary 1:1000, cat. no ab6672, secondary 1:2000), 
phosphorylated-NF-κB p65 (Thermo Scientific; primary 1:1000, 
cat. no MA5–15160, secondary 1:2000), TNF-α (Abcam; pri-
mary 1:1000, cat. no ab6671, secondary 1:2000), IκB-α (Santa 
Cruz Biotechnology; primary 1:1000, cat. no SC-371, secondary 
1:2000). After three 10 min washes with TTBS, membranes were 
exposed to secondary antibody (as noted above) for 1 h at room 
temperature in 1% dehydrated milk TTBS solution. Membranes 
were washed again three times for 10 min with TTBS and detec-
tion was performed by enhanced chemiluminescence and X-ray 
film. X-ray film was then scanned and blot signal was quantified 
through the use of Kodak software. Optical density was deter-
mined and values for each group were normalized to the mean 
of TN samples on each membrane. Values are reported relative to 
TN. All membranes were stained with Ponceau S to assure equal 
loading. We found that Ponceau S staining was similar for all 
groups for all membranes.

mRNA transcript abundance
RNA was isolated using the TRIzol reagent according to the 

manufacturer’s instructions (Invitrogen; cat. no 15596). Briefly, 
powdered muscle was homogenized with TRIzol reagent, cen-
trifuged and extracted with chloroform, and precipitated with 
ethanol. Total RNA was DNase treated (RNaseFree DNase set, 
Qiagen Inc.; cat. no 79254) to remove potential genomic DNA 
contamination and purified using a column (RNeasy kit, Qiagen 
Inc.; cat. no 74106). RNA concentration and purity was deter-
mined by measuring absorbance at 260 nm and 280 nm with a 
Nanodrop (Thermo Scientific). Total RNA (1μg) was then reverse 
transcribed (Qiagen Inc.; cat. no 205311) and gene expression 
measured through qRT-PCR using SYBR green (Qiagen Inc.; cat. 
no 204056). Transcript abundance was determined by the delta 
CT method using 18S rRNA as the control gene, and fold change 
calculated from the delta delta CTs. Transcript abundance is pre-
sented as fold changes relative to TN. Sequences of primer pairs 
can be found in Table 1.

Enzymatic activities
Catalase activity was measured according to manufacturer 

instructions (Catalase Assay Kit, Cayman Chemical Company, 
Item No. 707002). Catalase activity is measured colorimetrically 
from tissue homogenates (50 mM potassium phosphate, pH 7.0, 
1mM EDTA) and determined by linear regression using a stan-
dard curve. The principle of the assay is based on the peroxidatic 
function of catalase. Catalase reacts with methanol to produce 
formaldehyde, which is then measured spectrophotometrically. 
Catalase activity is expressed as nmol/min/mL/mg of protein. Total 
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superoxide dismutase (SOD) activity was measured using a com-
mercially available kit (Superoxide Dismutase Assay Kit, Cayman 
Chemical Company, Item No. 706002) according to manufac-
turer instructions. Like above, measured activity was determined 
colorimetrically from tissue homogenates (20  mM HEPES buf-
fer, pH 7.2, 1 mM EGTA, 210 mM mannitol, 70 mM sucrose) 
using linear regression from a standard curve. The principle of the 
assay is based on the dismutation of superoxide radicals produced 
by xanthine oxidase and hypoxanthine by all types of SOD. Total 
SOD activity is expressed as U/mL/mg-of protein.

Statistics
In preliminary experiments we determined that TN groups 

were similar for all measures, as we anticipated. Because of this 
the TN group used for analyses was comprised of representatives 
from both the 1 d TN and 3 d TN groups chosen randomly for 
each measurement (n = 3–5 from each group/measure). To deter-
mine the extent to which heat stress altered variables over time data 
from TN, 1 d HS, and 3 d HS animals were compared using an 
ANOVA followed by a Newman–Keuls post hoc test when appro-
priate. To determine statistical significance, α level was set at P < 
0.05. Values are displayed as means ± SEM unless otherwise noted.

Results

Oxidative stress
To determine the extent to which HS caused free radical 

damage in skeletal muscle, abundance of proteins modified by 
malondialdehyde (MDA), a marker of lipid peroxidation, was 
measured in STR and STW. In STR the relative abundance of 
proteins containing MDA adducts was increased 2.5-fold com-
pared with TN (P < 0.05) after 1 d of HS (Fig. 1A), however, 
returned to TN levels in the 3 HS group. More detailed analyses 
(single band analysis, band subgroups) demonstrated that this 
increase was due to a subtle increase in abundance of most or 
all bands rather than significant modifications in 1 or a small 
subset of proteins. HS did not increase MDA accumulation in 
STW (Fig.  1B). To assure that the band at approximately 45 
kDa was not the result of nonspecific binding from our second-
ary antibody we probed a membrane with secondary only and 
found that no such band was present. This supports the notion 
that the band detected is the result of MDA modified protein. 
Regardless, MDA abundance was similar between groups in the 
STW independent of inclusion or exclusion of the 45 kDa band.

Given that free radical injury can be caused by a failure of the 
antioxidant system to adequately respond to an oxidative insult 
we measured transcript abundance of select antioxidant enzymes. 
In STR, mRNA transcript abundance of CAT and SOD2 was 
increased by 4-fold and 1.5-fold, respectively, compared with TN 
(P < 0.05) following 1 d of HS (Fig. 2A). This increase in tran-
script abundance was transient as abundance for both CAT and 
SOD2 returned to TN levels following 3 d of HS. Following that 
general pattern of a rise and subsequent fall, transcript abundance 
of SOD1, was statistically similar to TN after 1 d of HS, however, 
was decreased by 25% (P < 0.05) after 3 d of HS compared with 
TN (Fig.  2A). As changes in mRNA transcript abundance of 
CAT and SOD2 closely mirrored that of oxidative damage we 
measured protein abundance of catalase and MnSOD. In STR 
catalase protein abundance was similar between all treatment 
groups (Fig. 3A), however MnSOD was increased 1.5-fold (P < 
0.05) after 1 and 3 d of HS compared with TN (Fig. 3A). In the 
STR, activities of both catalase (Fig.  4A) and SOD (Fig.  4C) 
were increased by 30% and 130% (P < 0.05), respectively, fol-
lowing 1 d of HS compared with TN but returned to TN levels 
after 3 d of HS.

An absence of apparent oxidative damage in STW could stem 
from a robust response in antioxidant enzyme expression and 
activity serving to mitigate ROS. Therefore, we measured anti-
oxidant transcript and protein abundance and activity in STW. 
In general, the pattern of change observed in antioxidant enzyme 
transcript abundance in the STW followed closely that observed 
in STR in that there was a shift toward increased abundance fol-
lowing 1 d of HS followed by a reduction in antioxidant enzyme 
transcript abundance following 3 d of HS (Fig. 2B). Specifically, 
in the STW CAT transcript abundance was similar following 1 
d of HS, however was decreased 40% (P < 0.05) after 3 d of 
HS compared with the 1 d HS group, however failed to reach 
significance compared with TN. SOD1 was also decreased after 
3 d of HS by 40% and 50% compared with TN and 1 d of HS, 
respectively (P < 0.05). Finally, SOD2 transcript abundance was 
increased by 40% (P < 0.05) after 1 d of HS compared with TN, 
but decreased (P < 0.05) after 3 d of HS by 30% and 50% com-
pared with TN and 1 d of HS, respectively (Fig. 2B). Protein 
abundance of both catalase and MnSOD (as determined by west-
ern blot) were similar between all treatment groups (Fig. 3B).

Enzymatic activities of catalase (Fig. 4B) and SOD (Fig. 4D) 
were similar between all treatment groups in STW. Transcript 
abundance of antioxidant enzymes in the STW (Fig.  2B) 

Table 1. Primer sequences used to measure relative mRNA abundance

Gene of Interest Forward Primer Reverse Primer

TNF-α (TNF) GCCCTTCCAC CAACGTTTTC TCCCAGGTAGA TGGGTTCGT

IL-1β (IL1B) AAGATAACAC GCCCACCCTG TGTCAGCTTC GGGGTTCTTC

IL-15 (IL15) CAGAAGCAAC CTGGCAGCAC G ACGCGTAACT CCAGGAGAAAG CA

Catalase (CAT) CAGCTTTAGT GCTCCCGAAC AGATGACCCG CAATGTTCTC

MnSOD (SOD2) CGCTGAAAAA GGGTGATGTT AGCGGTCAAC TTCTCCTTGA

CuZnSOD (SOD1) CGAGCTGAAG GGAGAGAAGA AGTCACATTG CCCAGGTCTC
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supports the numerical increase observed in SOD activity in 
STW (Fig. 4D), though it failed to reach statistical significance.

Inflammatory response
We have previously shown that HS resulted in a systemic 

increase in LPS,24 which has the potential to trigger an inflam-
matory response in tissues with a TLR4 receptor, including 
skeletal muscle.27 Further, independent of systemic pro-inflam-
matory factors, oxidative stress can also initiate an inflammatory 
response.22,36,37 Hence, in skeletal muscle subjected to HS two 
independent mechanisms may drive inflammatory signaling. 
To determine the extent to which skeletal muscle contributes to 
systemic inflammation we evaluated NF-κB pathway activation, 
a major pathway involved in inflammatory signaling. To assess 
inflammatory signaling we measured relative protein abundance 
of NF-κB (p65 subunit), activated phosphorylated- NF-κB, the 

NF-κB inhibitor, IkB-α, and the pathway product IL-6.38 We 
found that the relative abundance of NF-κB, phospho- NF-κB, 
IkB-α and IL-6 was similar between all treatment groups in STR 
(Fig. 5A). Further supporting pathway quiescence, mRNA tran-
script abundance of NF-κB pathway products TNF, IL15, and 
IL1B were similar between all groups in STR (Fig. 6A). Of inter-
est, in STR, relative protein abundance of TNF-α was increased 
2.5-fold (P < 0.05) after 1 and 3 d of HS compared with TN 
(Fig. 5B).

In the STW, relative protein abundance of TNF-α, NF-κB 
and phosphorylated- NF-κB were similar between all treatment 
groups (Fig.  5B). IkB-α protein abundance was decreased by 
40% (P < 0.05) after 3 d of HS compared with TN (Fig. 5B). 
Similarly, IL-6 protein abundance was decreased by approxi-
mately 60% after 1 and 3 d of HS (P < 0.05) compared with 

Figure 1. Heat stress increased oxidative injury in oxidative, but not glycolytic muscle. Oxidative stress 
was measured by quantifying the relative abundance of MDA modified proteins, a marker of lipid per-
oxidation. (A) MDA modified proteins increased 2.5-fold compared with TN after 1 d of HS in the STR 
(TN, n = 8; 1 HS, n = 5; 3 HS, n = 5) (B) but remained unchanged in the STW (TN, n = 6; 1 HS, n = 5; 3 HS, 
n = 4). Representative blots are shown as well as corresponding Ponceau S staining to demonstrate 
equal loading. *indicates significantly different from TN; P < 0.05.

Figure  2. Gene expression of anti-
oxidant enzymes following heat 
stress. (A) HS increased gene expres-
sion of both CAT (TN, n = 6; 1 HS, n = 
6; 3 HS, n = 6) and SOD2 (TN, n = 6; 1 
HS, n = 5; 3 HS, n = 6) following 1 d 
of HS, but not that of SOD1 (TN, n = 
6; 1 HS, n = 5; 3 HS, n = 6) in the STR. 
Expression of all antioxidant enzymes 
was decreased after 3 d of HS com-
pared with 1 d of HS in the STR. (B) HS 
increased SOD2 gene expression after 
1 d of HS compared with TN, though 
expression of all antioxidant enzymes 
was decreased by day 3 in the STW 
(TN, n = 6; 1 HS, n = 6; 3 HS, n = 6). 
*indicates significantly different from 
TN; # indicates significantly different 
from 1-HS; P < 0.05.
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TN (Fig.  5B). TNF and IL1B transcript 
abundance were similar between all treatment 
groups, but IL15 was significantly increased 
(P < 0.05) after 3 d of HS (Fig. 6B).

Discussion

Heat stress is well known to have del-
eterious consequences to human and animal 
health,1,39 including death; however, little 
is known about HS-mediated alterations to 
skeletal muscle physiology. In addition to 
health considerations, skeletal muscle is an 
interesting tissue to consider as hyperthermia 
has been used previously to attenuate mus-
cle loss due to disuse6,9 and augment muscle 
regrowth following atrophy.7,8 Conversely, 
HS has been demonstrated to blunt muscle 
growth raising the possibility of dysfunction 
due to an increased heat load. It is necessary to 
improve our understanding of HS-mediated 
changes to skeletal muscle physiology so that 
mitigation strategies for associated patholo-
gies can be developed. In this investigation 
we tested the hypotheses that HS caused 
oxidative stress and increased inflammatory 
signaling via the NF-κB pathway in skeletal 
muscle. Our data show that HS selectively 
caused free radical damage in oxidative mus-
cle, but not glycolytic muscle. Counter to our 
hypothesis, we also found that HS does not 
appear to initiate an inflammatory signaling 
response via NF-κB in skeletal muscle of either 
fiber type.

Our finding of increased free radical injury 
is in agreement with published reports in 
avian and amphibian skeletal muscle.12,14,40,41 
Previously, HS was found to increase the pro-
duction of free radicals after 12, 16, and 18 h13,14 
of HS in avian skeletal muscle. Further, the time 
of exposure resulting in that injury suggests a 
rapid onset of changes that led to a pro-oxidant 
intracellular environment, similar to our inves-
tigation. We also found that oxidative injury 

Figure 3. Protein expression of catalase and SOD following heat stress. (A) Catalase protein 
content was unchanged with HS in the STR. However, MnSOD protein content was increased 
after 1 and 3 d of HS in the STR. (B) Catalase and MnSOD protein content remain unchanged 
with HS in the STW. Representative blots are shown as well as corresponding Ponceau S stain-
ing to demonstrate equal loading. *Indicates significantly different from TN; P < 0.05.

Figure 4. Antioxidant enzyme activities following HS 
treatment in porcine skeletal muscle. (A) One day of 
HS increased catalase activity in STR (TN, n = 6; 1 HS, n 
= 5; 3 HS, n = 6) (B) but not STW (TN, n = 6; 1 HS, n = 6; 3 
HS, n = 6) compared with TN. (C) Likewise, SOD activ-
ity was increased after 1 d of HS in the STR (TN, n = 
10; 1 HS, n = 6; 3 HS, n = 6) (D) but remained similar in 
STW (TN, n = 10; 1 HS, n = 6; 3 HS, n = 6). *Indicates sig-
nificantly different from TN; # indicates significantly 
different from 1-HS; P < 0.05.
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was transient, however, the persistence of oxidative injury in the 
previous investigations is unknown as only a single or early time 
points were included. In mammals, heat stressed dairy cows had 
increased markers of oxidative stress in plasma,42 though the 
effect of on HS on skeletal muscle was not addressed. Clarity 
regarding the onset and persistence of oxidative damage in skel-
etal muscle is hindered by the surprising lack of similar studies 
in mammalian skeletal muscle.

The increase in free radical injury was well countered by 
corresponding changes in antioxidant enzyme expression and 
activity. Given the close timing of increased free radical damage 
following 1 d of HS and the corresponding increase in antioxi-
dant enzymes, it raises the possibility of greater damage occur-
ring at an earlier time point where injury and antioxidant enzyme 
expression may be uncoupled. Of note, we were unable to detect 
increased oxidant injury or increased antioxidant enzyme activ-
ity following 3 d of HS. This suggests that the rate of free radical 

production returned to TN conditions, which is likely indicative 
of a significant shift in cellular physiology.

Of interest then is the source of free radical production. A 
common trigger of free radical production in skeletal muscle is 
loss of Ca2+ homeostasis. Indeed, sarcoplasmic reticulum Ca2+ 
ATPase (SERCA) function is decreased in HS conditions43-45 
potentially contributing to a loss of Ca2+ homeostasis. Increased 
free Ca2+ within a cell can decrease mitochondrial membrane 
potential,46 and lead to electron leakage, primarily in complexes 
I and III, ultimately culminating in increased ROS produc-
tion.47,48 Supporting this notion, dysfunction has been previ-
ously reported in mitochondria isolated from HS avian muscle12 
along with increased free radical production.12,14,49,50 Further, 
increased MnSOD expression, as was found in this investigation, 
is indicative of increased free radical production from the mito-
chondria.51 Also pointing to mitochondria as the source of free 
radicals is the observed metabolic shift toward glycolysis for ATP 

Figure  6. Gene expression of inflam-
matory cytokines in skeletal muscle 
following HS. (A) Gene expression of 
TNF, IL1B, and IL15 was similar between 
all treatment groups in STR (TNF and 
IL1B n = 6/group; IL15 TN n = 8, 1 HS = 
3, 3 HS = 5). (B) Gene expression of TNF 
and IL1B, was similar between all treat-
ment groups, but IL15 was increased 
after 3 d of HS in STW (TNF and IL1B n 
= 6/group; IL15 TN n = 8, 1 HS = 5, 3 HS 
= 4). *Indicates significantly different 
from TN; P < 0.05.

Figure 5. Protein expression of inflammatory signaling molecules in the NF-κB pathway. (A) In STR, IkB-
α, NF-κB, phospho-NF-κB and IL-6 protein abundance were similar between all treatment groups in the 
STR, however, TNF-α was increased 2.5-fold following 1 and 3 d of HS (n = 5–6/group). (B) In the STW, 
TNF-α, NF-κB and phospho-NF-κB protein content remain unchanged, however, HS decreased IkB-α and 
IL-6 protein content (n = 5–6/group). Representative blots are shown as well as corresponding Ponceau S 
staining to demonstrate equal loading. *Indicates significantly different from TN; P < 0.05.
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production.52,53 This shift away from mitochondrial flux for ATP 
production may serve to mitigate production of these radicals. 
Lastly, this change was observed in oxidative muscle, which is 
known to have a great mitochondrial density while we failed to 
detect increased oxidative injury in glycolytic muscle, which has a 
low mitochondrial density. Considering this evidence, we postu-
late that the mitochondria are the primary source of free radical 
production during HS in mammalian skeletal muscle, however, 
acknowledge that cytosolic sources of free radical production 
should also be considered as potential contributing factors.

Regardless of source, findings in this investigation and those 
cited above lead us to propose the following mechanism. We 
hypothesize that the pro-oxidant intracellular environment leads 
to oxidation of myoglobin-bound iron from Fe2+ (ferrous) to Fe3+ 
(ferric), which impairs its oxygen binding capacity. While suf-
ficient oxygen is likely delivered to the muscle via circulating 
hemoglobin, oxygen delivery to the mitochondria fails because 
of the oxidation state of myoglobin-bound iron. This, in turn, 
leads to cellular hypoxia, which leads to induction of HIF-1α 
and metabolic dysregulation. Indeed, increased abundance of 
HIF-1α and downstream activation has been previously reported 
in C. elegans,54 mouse testes,55 and rat hearts56 during heat stress. 
Evidence supporting metabolic dysregulation has been previously 
discussed.52,53 In this proposed mechanism a transient increase in 
oxidative stress would be expected to have persistent effects via 
activation of HIF-1α.

Despite increased LPS,24 TNF-α, and ROS in tissues taken 
from these animals, and counter to our hypothesis, HS resulted 
in an inconsistent array of changes associated with NF-κB sig-
naling in oxidative and glycolytic skeletal muscle. For example, 
in oxidative muscle at the protein level the summative evidence 
points toward NF-κB pathway activation, however, relative abun-
dance of genes driven by this pathway is suppressed. In glycolytic 
muscle protein and gene expression data comprise an inconsistent 
data set with some factors increasing and others decreasing in 
abundance. In total, these data suggest quiescence of the NF-κB 
pathway in oxidative and glycolytic muscle in response to HS. 
Such findings are in good agreement with studies in heat-stressed 
myotubes57 and LPS-treated, hyperthermic mice.58 These find-
ings are also consistent with studies that that found expression 
of inflammatory markers was independent of NF-κB signaling 
during HS.59,60

The noted increase in IL-15 abundance in glycolytic muscle is 
interesting considering the apparent lack of NF-κB signaling and 
further implicates a role of alternative transcription factors. The 
promoter region of porcine IL-15 contains a number of binding 

sites for transcription factors that have also been associated with 
heat and other cellular stresses.61 It appears likely that these alter-
native transcription factors are responsible for driving increased 
IL-15 abundance and speculatively, more wide-spread changes 
associated with heat stressed skeletal muscle. However, identifi-
cation of the factor distinguishing this response in oxidative and 
glycolytic muscle is not evident, though may be related to the 
pro-oxidant intracellular environment or differing hemoglobin 
content and potential for subsequent downstream changes as pro-
posed above.

Also, the noted increase in TNF-α protein abundance in STR 
(Fig. 5) is puzzling. Speculatively, there are 2 likely sources for 
this additional TNF-α including delivery by the circulatory sys-
tem or production by muscle cells. If indeed, TNF-α is enter-
ing skeletal muscle via the circulation, increased blood flow in 
oxidative muscle compared with glycolytic muscle62-64 may allow 
increased accumulation of TNF-α. Alternatively, TNF-α may 
have been differentially produced by oxidative and glycolytic 
muscle as the intracellular milieu may favor an innate or stress-
induced cytokine response,60 which is compounded by the dura-
tion of chronic HS. Indeed, regulation of TNF-α expression is 
complex and involves multiple suppression and stimulatory fac-
tors acting in concert.65

In summary, the first 24 h of HS resulted in increased oxi-
dative stress in the STR but not STW. This insult was quickly 
compensated by an antioxidant response, resulting in the reso-
lution of oxidative damage by 72 h. Further, selective increases 
in MnSOD and oxidative stress in the STR, but not the STW, 
strongly suggest an involvement of the mitochondria in the HS 
response.51 However, contrary to our expectations, HS did not 
seem to play a role in the initiation of an inflammatory response 
via NF-κB signaling in porcine skeletal muscle.
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