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Zhao L, McMillan RP, Xie G, Giridhar SG, Baumgard LH,
El-Kadi S, Selsby J, Ross J, Gabler N, Hulver MW, Rhoads RP.
Heat stress decreases metabolic flexibility in skeletal muscle of
growing pigs. Am J Physiol Regul Integr Comp Physiol 315: R1096–
R1106, 2018. First published September 26, 2018; doi:10.1152/ajp-
regu.00404.2017.—Heat-stressed pigs experience metabolic altera-
tions, including altered insulin profiles, reduced lipid mobilization,
and compromised intestinal integrity. This is bioenergetically distinct
from thermal neutral pigs on a similar nutritional plane. To delineate
differences in substrate preferences between direct and indirect (via
reduced feed intake) heat stress effects, skeletal muscle fuel metabo-
lism was assessed. Pigs (35.3 � 0.8 kg) were randomly assigned to
three treatments: thermal neutral fed ad libitum (TN; 21°C, n � 8),
heat stress fed ad libitum (HS; 35°C, n � 8), and TN, pair-fed/HS
intake (PF; n � 8) for 7 days. Body temperature (TB) and feed intake
(FI) were recorded daily. Longissimus dorsi muscle was biopsied for
metabolic assays on days �2, 3, and 7 relative to initiation of
environmental treatments. Heat stress increased TB and decreased FI
(P � 0.05). Heat stress inhibited incomplete fatty acid oxidation and
glucose oxidation (P � 0.05). Metabolic flexibility decreased in HS
pigs compared with TN and PF controls (P � 0.05). Both phospho-
fructokinase and pyruvate dehydrogenase (PDH) activities increased
in PF (P � 0.05); however, TN and HS did not differ. Heat stress
inhibited citrate synthase and �-hydroxyacyl-CoA dehydrogenase
(�-HAD) activities (P � 0.05). Heat stress did not alter PDH phos-
phorylation or carnitine palmitoyltransferase 1 abundance but reduced
acetyl-CoA carboxylase 1 (ACC1) protein abundance (P � 0.05). In
conclusion, HS decreased skeletal muscle fatty acid oxidation and
metabolic flexibility, likely involving �-HAD and ACC regulation.
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INTRODUCTION

Heat-related disorders occur due to elevated environmental
temperature exposure (classical heat stress) or as a result of
exercise (exertional heat stress) (51). Dysregulated body tem-
perature disturbs biological systems, causing effects ranging
from reduced performance to heat illnesses (6). Despite exten-
sive research in the area of heat stress, relatively little is
known on the metabolic and biochemical changes that occur
during heat exposure. In particular, it is unclear why certain

populations are less tolerant to heat than others. Diabetics
for example, have a higher risk of suffering from heat-
related illness than nondiabetics, and death rates among
diabetics increases significantly during the summer months
(10, 45). A metabolic characteristic of animals under a
reduced plane of nutrition is decreased blood insulin and/or
systemic insulin sensitivity (4). However, heat-stressed an-
imals, despite voluntarily reducing feed intake, paradoxi-
cally have increased basal insulin as well as stimulated
insulin responses (5, 50). Although such whole body meta-
bolic adaptions to a heat load have been studied recently,
investigating the effects of heat stress on fuel utilization,
particularly in skeletal muscle, the largest and one of the
most metabolically active tissues, is still limited.

Heat stress alters performance by a variety of mechanisms.
For reasons not yet clarified or explained, circulating nonest-
erified fatty acid (NEFA) concentrations are reduced during
heat stress, even in the presence of elevated stress hormones
(epinephrine, glucagon, and cortisol) that are well-known po-
tent lipolytic agents (12, 50). Heat stress, especially that caused
by exercise in the heat, is suggested to cause a shift toward
carbohydrate utilization at the expense of fatty acids, albeit not
necessarily due to increased skeletal muscle glucose uptake
(13, 15, 21, 23). Muscle lactate accumulation has been reported
in humans and dogs during exercise in the heat, indicating an
increase in the conversion of pyruvate to lactate perhaps in lieu
of complete glucose oxidation (14, 23, 32, 52). The pyruvate
dehydrogenase (PDH) complex plays a central role in alterna-
tively controlling the fate of carbohydrate versus fatty acid
oxidation by regulating entry of glycolytic products into the
tricarboxylic acid cycle in mammalian cells (28), but the effect
of heat on the regulation of this complex and substrate flexi-
bility remains unclear.

Energy metabolism and substrate utilization are highly co-
ordinated interorgan processes with preferred fuel(s) differing
between tissues. Because of the large contribution of skeletal
muscle to body mass, substrate metabolism within skeletal
muscle represents a significant component of whole body
energy homeostasis (26). To delineate between the direct and
indirect (via changes in feed intake) effects of heat stress on
skeletal muscle metabolism, fuel substrate metabolism was
assessed during heat stress or reduced feed intake conditions.
We hypothesized that heat stress may change the muscle
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capacity to use glucose or lipids and the flexibility to switch
between their use.

MATERIALS AND METHODS

Animals and experimental design. All pigs were handled in accor-
dance with procedures approved by the Virginia Tech Animal Care
and Use Committee. Twenty-four cross-bred (landrace � large white)
barrows with an average initial body weight of 35.3 � 0.8 kg were
allowed to acclimate to the experimental housing for 3 days. Pigs were
randomly assigned to three groups: thermal neutral fed ad libitum
(TN; 21°C), heat stress fed ad libitum (HS; 35°C), and pair-fed/HS
intake (PF; 21°C) for 7 days. The mean initial body weights of TN,
HS, and PF were 34.5, 36.0, and 35.2 kg, respectively. Pigs were
housed individually. All pigs were fed a soybean- and corn-based
meal formulated to meet or exceed National Research Council re-
quirements. Pigs were fed twice a day at 8 AM and 6 PM. Pigs had
free access to water throughout the experiment. Feed intake was
recorded daily starting from 3 days before the thermal challenge. The
average feed intake of 3 days before thermal challenge was calculated
as a baseline. The percentage of feed intake decrease in the HS pigs
was calculated by (daily feed intake after thermal challenge � base
line) � 100/base line � 1. The amount of feed given to PF controls
was calculated based on the percentage decrease in the HS pigs. Body
weight was recorded on days �2 (2 days before thermal challenge), 3,
and 7. Longissimus dorsi muscle was biopsied on days �2, 3, and 7
after isoflurane anesthesia. Pigs were fasted at midnight before the
biopsy. Approximately 75 mg of muscle were used immediately for
metabolic measurements. The rest of muscle was snap-frozen in liquid
nitrogen and stored at �80°C until analysis.

Surgery and plasma parameters. After 3 days of acclimation, under
general anesthesia using sterile techniques, pigs were surgically fitted
with indwelling catheters in the carotid artery and jugular vein, as
described previously (9). Pigs were also fitted with an iButton sensor
in the intraperitoneal cavity for body temperature measurement.
Briefly, the iButton sensor was tied with an �30-cm nonabsorbable
polyamide suture, affixed with epoxy glue, and allowed to completely
dry for 24 h. A 5-cm incision �6 cm to the left of the linea alba on
the abdomen skin of the pig was made. The abdominal muscles were
cut with a blunt scissor until the peritoneum was punctured. The
iButton sensor was sterilized with ethanol and rinsed with sterile
water and then placed into the intraperitoneal cavity. The iButton
sensor was attached to the peritoneum and abdominal muscle wall
with suture, and then the peritoneal puncture, muscle layer, and the
incision were closed with suture. Temperature loggers (ibutton ther-
mochrons; Maxim, Dallas, TX) were used to record body temperature
every hour. The average of 24-h temperature was calculated as daily
body temperature.

Pigs were allowed to recover for 3 days postsurgery before the
initiation of treatments. On biopsy days, blood samples were collected
in lithium heparin tubes via catheters immediately after the biopsy.
The blood samples were centrifuged at 1,500 g at 4°C for 25 min.
Blood plasma was collected after centrifugation and stored at �80°C
for future analyses. Insulin concentrations were measured using a
porcine insulin ELISA kit (the intra-assay CV was 3.5%, and the
interassay CV was 4.3%; Mercodia). Other blood parameters were
measured at the Virginia-Maryland Regional College of Veterinary
Medicine using a Beckman-Coulter AU-480 with ISE Chemistry
System.

Skeletal muscle biopsy. Pigs were fasted for 8 h before the biopsy
and placed under general anesthesia using isoflurane. The location of
the first biopsy was taken approximately at the first lumbar vertebra.
The location was determined by following the curvature of the last rib
of the animal to where it meets the vertebral column and then moved
�2 cm toward the posterior of the animal and �2 cm lateral from
midline of the animal to collect the biopsy. For subsequent biopsies,
the location moved in a straight-line �3 cm toward the posterior of

the animal from the previous biopsy site. Skeletal muscle biopsy sites
were shaved and aseptically cleaned with betadine and 70% isopro-
panol. An incision of �5 cm in length was made in the skin. A
10-gauge � 9 cm long Vacora Bard Biopsy Instrument was inserted
through the incision at a 45° angle to the orientation of the Longis-
simus lumborum muscle fibers to collect the biopsy. After the tissue
sample collection, incision sites were sutured (Ethicon; MWI Veter-
inary Supply, Glendale, AZ), cleaned with 70% isopropanol, and
disinfected with an aerosol bandage (Allushield; Valley Vet,
Maryville, KS). The first biopsy (�75 mg) of muscle was used
immediately for metabolic measurements of substrate oxidation and
metabolic flexibility. The remainder of the muscle biopsy was snap-
frozen in liquid nitrogen and stored at �80°C until analysis.

Substrate oxidation and metabolic flexibility. Palmitate ([1-
14C]palmitic acid), glucose ([U-14C]glucose), and pyruvate ([1-
14C]pyruvate) oxidation were performed as previously described (17,
47). Skeletal muscle samples used to assess substrate metabolism and
metabolic flexibility were immediately placed in SET buffer (0.25 M
sucrose, 1 mM EDTA, 0.01 M Tris·HCl, and 2 mM ATP) and stored
on ice until homogenization (�25 min). Each skeletal muscle sample
was minced with scissors, transferred to a glass homogenization tube,
and homogenized on ice using a Teflon pestle (12 passes at 150 rpm).
The sample rested on ice for �30 s, and the homogenization steps
were repeated. The homogenate was transferred to an Eppendorf tube,
and a fresh sample was used to measure substrate oxidation and
metabolic flexibility. Palmitate oxidation was assessed by measuring
and summing 14CO2 production and 14C-labeled acid-soluble metab-
olites from the oxidation of [1-14C]palmitic acid. Glucose oxidation
was assessed by measuring 14CO2 production from the oxidation of
[U-14C]glucose, and pyruvate oxidation was assessed by measuring
14CO2 production from the oxidation of [1-14C]pyruvate. Gaseous
14CO2 was trapped in benzethonium hydroxide for 60 min and placed
in a scintillation vial containing EcoLite liquid scintillation cocktail
(MP Biomedicals, Santa Ana, CA) and counted. 14C-labeled acid-
soluble metabolites were measured by transfer aqueous phase after
lipid extraction of incubated muscle into a scintillation vial and
counted. Metabolic flexibility was assessed by comparing [1-14C]py-
ruvate oxidation with and without 100 	M palmitic acid. The degree
to which pyruvate oxidation decreased in the presence of free fatty
acid (FFA) was used as an index of metabolic flexibility. A greater
reduction (%decrease) in pyruvate oxidation in the presence of palmi-
tate is indicative of appropriate substrate switching and thus metabolic
flexibility (47).

Enzyme activity. Muscle samples were homogenized using a ho-
mogenizing buffer containing 0.175 mM KCl and 2.0 mM EDTA
(pH � 7.4). Citrate synthase and �-hydroxyacyl-CoA dehydrogenase
(�-HAD) activities were determined spectrophotometrically, as pre-
viously described (25).

Analysis of mRNA abundance. Analysis of gene expression was
performed as described previously (43). Briefly, total RNA was
isolated from �50 mg of tissue using TRIzol reagent (5 Prime,
Gaithersburg, MD) and purified using the Qiagen (Germantown, MD)
RNeasy Mini Kit with on-column DNase digestion to remove
genomic DNA contamination. Quantity and quality of RNA were
assessed by absorbance at 260 nm and verified using the Experion
System (Bio-Rad Laboratories, Hercules, CA). Total RNA (1,000
ng) was reverse-transcribed using iScript reverse transcriptase
(Bio-Rad Laboratories). Real-time SYBR green PCR assays were
performed with porcine-specific primers (Table 1), including car-
nitine palmitoyl transferse 1 (CPT-1), acetyl-CoA carboxylase
(ACC)1, ACC2, and �-HAD, related to fatty acid metabolism.
PCR reactions were performed in a 20-	l volume using SsoAd-
vanced universal SYBR Green Supermix (Bio-Rad Laboratories).
Reactions contained a 1-	l primer set and diluted cDNA (10 ng).
PCR quantification of each sample was performed in triplicate, and
SYBR Green fluorescence was quantified with the CFX96 Touch
Real Time PCR Detection System (Bio-Rad Laboratories). For
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each assay, 40 PCR cycles were run, and a dissociation curve was
included to verify the amplification of a single PCR product.
Amplicons were sequenced to verify primer specificity. Analyses
of amplification plots were performed with the CFX Manager
Software version (Bio-Rad Laboratories). Data were analyzed
using a five-point standard curve generated using serial 10-fold
dilutions of TOPO-TA plasmid (Invitrogen) inserted with target
genes. Each assay plate contained negative controls and a standard
curve to determine amplification efficiency of the respective primer
pair. Unknown sample expression was then determined from the
standard curve and normalized for 18S expression.

Western immunoblot analysis. Total cellular protein extracts were
prepared as described previously (16). Briefly, 50 mg of muscle
biopsy were homogenized in lysis buffer (10 mM Tris·HCl, 1 mM
EGTA, 150 mM NaCl, and 1% Triton X-100) containing 1� protease
and phosphatase inhibitor cocktail (Thermo Scientific) using tissue
lyser (Thermo Scientific). The whole tissue lysates were centrifuged at
13,000 g for 15 min at 4°C, and the supernatant was collected. Protein
content of extracts was measured with the bicinchoninic acid (BCA)
protein assay (Pierce, Rockford, IL). Fixed protein amounts were
electrophoresed using 10% SDS PAGE for CPT-1, ACC1, and 
-tu-
bulin and 6% SDS PAGE for ACC2 (ACC2 was separated from
ACC1 and detected by total ACC antibody) and then transferred
electrophoretically onto nitrocellulose membranes (Bio-Rad Labora-
tories). The membranes were blocked and incubated with primary
antibodies validated for porcine extract in competition experiments
with the blocking peptide for each antibody. Membranes were immu-
noblotted with primary antibodies against 
-tubulin (1:1,000; Cell
Signaling Technology), CPT-1 (1:1,000; Bioscience), ACC1 (1:1,000;
Cell Signaling Technology), phospho-ACC (1:2,000, cell signaling),
and total ACC (1:1,000; Cell Signaling Technology), followed by
anti-rabbit secondary antibodies (1:20,000; Li-Cor). Signals were
detected and quantified by densitometry using the Li-Cor Odyssey
imaging system.

Statistical analysis. Data were analyzed by SAS (Cary, NC). The
body weight, daily FI, average daily gain, body temperature, and
respiratory rate were analyzed using the Proc Mixed procedure. The
remainder of the data was analyzed using the Proc Mixed procedure
with repeated measurements and using day �2 data as a covariate. A
pig was included in the model as a random variable. The model
included treatment (TN, HS, and PF), day (3, 7), and the treatment-
by-day interaction. Data are reported as least square means � SE and
are considered significant if P � 0.05.

RESULTS

To confirm that the heat load protocol caused heat stress in
the pigs, physiological and metabolic indices were measured.
Pigs exposed to HS had higher body temperatures (P � 0.01)
compared with thermal neutral and pair-fed pigs throughout the
experiment (Fig. 1A). Pair-fed pigs had a lower body temper-
ature from day 3 of the experiment compared with TN and HS
pigs (P � 0.05), and this difference in body temperature was
maintained until the end of the experiment. The average daily
feed intake (ADFI) in TN pigs was 1.5 kg. Feed intake was
decreased immediately in HS pigs on day 1 and remained
depressed throughout the experiment, as ADFI was 0.99 kg
(P � 0.01; Fig. 1B). Pair-fed controls consumed an amount of
feed similar (ADFI: 0.98 kg) to that of the HS pigs. The
respiration rate was significantly increased in HS pigs through
day 1 to day 7 (P � 0.01; Fig. 1C). At the end of the
experiment, TN pigs had increased body weight (41.5 kg)
compared with PF (37.8 kg) and HS (37.1 kg) pigs (P � 0.05;
Fig. 1D). Average daily gain was decreased by �70% in PF
and HS pigs throughout the experiment (P � 0.01; Fig. 1E).

Plasma glucose, insulin, and protein values are presented in
Table 2. When compared with day 7, all of the groups tended
to have higher blood glucose on day 3 (P � 0.09). Total
proteins, albumin, and globulin were not affected by any of the
treatments. Aspartate aminotransferase (AST) increased by
54% in the HS pigs compared with PF pigs, and the AST level
in TN pigs did not differ from either HS or PF pigs (P � 0.05).
�-Glutamyltransferase (GGT) was higher in PF pigs compared
with TN and HS pigs (P � 0.01; Table 2) but did not differ
between TN and HS pigs.

Next, we sought to determine the effect of heat stress and
reduced plane of nutrition on the ability of skeletal muscle to
metabolize different fuel substrates. The complete fatty acid
oxidation measured as CO2 production was decreased in HS
pigs (P � 0.01; Fig. 2A). The incomplete fatty acid oxidation
measured as acid-soluble metabolites (ASM) was also lower in
HS pigs (P � 0.01; Fig. 2B). There was a treatment difference
in total fatty acid oxidation (P � 0.01; Fig. 2C), as it was
higher in the pair-fed pig compared with HS pigs (PF vs. HS
P � 0.01) and tended to be higher than TN pigs (PF vs. TN
P � 0.1). There were no environmental differences in fatty
acid oxidation efficiency (CO2/ASM; Fig. 2D). Glucose oxi-
dation was decreased by HS (P � 0.05; Fig. 2E). The meta-
bolic flexibility was increased from day 3 to day 7 of the
experiment (P � 0.01). Heat stress inhibited metabolic flexi-
bility by �40 and 55% compared with TN and PF, respectively
(P � 0.05; Fig. 2F).

There was an interaction between day and treatments in
phosphofructokinase (PFK) activity (P � 0.05), as PFK activ-
ity was increased in PF pigs compared with TN pigs on day 7
(P � 0.05; Fig. 3A), but PFK activity in HS pigs did not differ
from either TN or PF pigs (Fig. 3A). The overall PDH activity
was increased on day 7 (P � 0.01; Fig. 3B,), and there was also
a treatment difference (P � 0.05). The activity of PDH was
increased in PF pigs compared with TN and HS pigs (P �
0.05), and no difference was detected between TN and HS
pigs. Citrate synthase activity was decreased in HS pigs com-
pared with TN controls (P � 0.05; Fig. 3C), but PF pigs did not
differ from TN or HS pigs. There was a day-by-treatment
interaction in �-HAD activity (P � 0.05; Fig. 3D). On day 7,

Table 1. Primers used for qPCR

Target Name Sequence (5=to 3=) Amplicon Size, bp

CPT-1
Forward AGGCCTCATCAAGAAGTGCC 183
Reverse TGAACGAAGGCTGTGGACTC

ACC1
Forward CTGGAGGTGTATGTGCGAAG 177
Reverse GTGGTTGAGGTTGGAGGAGA

ACC2
Forward TCATCCGCGTCATCATCAGG 127
Reverse GTGTTGTTGAACGCCACCTC

�-HAD
Forward GCTGGACAAGTTTGCTGCTG 116
Reverse AGAAATGGAGCCCGGCAAAT

18 s
Forward GTAACCCGTTGAACCCCAT 151
Reverse CCATCCAATCGGTAGTAGCG

ACC1, acetyl-CoA carboxylase-1; ACC2, acetyl-CoA carboxylase-2;
�-HAD, �-hydroxyacyl-CoA dehydrogenase; CPT-1, carnitine palmitoyltrans-
ferase-1.
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�-HAD activity was decreased in HS pigs compared with TN
pigs (P � 0.05), and PF pigs did not differ from TN or HS pigs.

Finally, we sought to examine the molecular basis for the
apparently altered fuel substrate metabolism in heat-stressed
skeletal muscle. Carnitine palmitoyltransferase-1 (CPT-1)
mRNA expression was greater in PF pigs compared with TN or
HS (P � 0.05; Fig. 4A). On day 3, CPT-1 mRNA tended to be

decreased in HS pigs (P � 0.08). There was a day-by-treatment
interaction in ACC1 mRNA expression as PF and HS pigs
expressed �30% ACC1 of TN pigs (P � 0.05; Fig. 4B). On
day 3, there was a decrease in ACC2 mRNA abundance in HS
pigs compared with TN (P � 0.05; Fig. 4C). There tended to
be a day-by-treatment interaction in �-HAD mRNA expres-
sion, as it was decreased in HS compared with TN pigs on day
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Fig. 1. Effects of heat stress on body temperature (A), feed intake (FI; B), respiration rate (C), body weight (BW; D), and average daily gain (ADG; E) in growing
pigs. Pigs were exposed to thermal neutral (TN), pair-fed (PF), or heat stress (HS) conditions for 7 days. Body temperature and feed intake were measured daily.
Body weights were measured on days 0 (D0), 3 (D3), and 7 (D7). Results are presented as means � SE; n � 8 pigs. Different letters indicate significance within
day: lowercase letters, P � 0.05; uppercase letters, P � 0.01. D�2, day �2.
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3 and day 7 (P � 0.08; Fig. 4D). There was no difference in
CPT-1 protein abundance among the treatments (Fig. 5A).
Total ACC protein abundance in HS was decreased on day
3 and day 7 (�30%), although there was no statistical
significance (Fig. 5B). Consistent with mRNA data, there
was a day-by-treatment interaction in ACC1 protein abun-
dance (P � 0.05; Fig. 5C). The abundance of ACC1 protein
was significantly lower in HS and PF pigs on day 7 com-
pared with TN pigs. ACC2 protein abundance was un-
changed (Fig. 5D). There was a tendency in day-by-treat-
ment interaction in phosphorylation of ACC protein abun-
dance (P � 0.07; Fig. 5E)

DISCUSSION

An immediate effect of HS is decreased feed intake and
increased respiratory rate, which may minimize metabolic heat
production and maximize heat dissipation, respectively. Stud-
ies have shown that nutrient restriction was not the only driver
of altered metabolism during heat stress, as heat stress directly
affects metabolism (11, 39, 50). Therefore, we used TN ad
libitum and PF (nutrient restricted) in the TN condition as
controls to elucidate the direct and indirect effects of HS on
metabolism. Although the PF model is likely the best model to
demonstrate that the effect of HS on metabolism is related/
unrelated to plane of nutrition, it is important to note that the
PF pigs may represent a different feeding pattern compared
with the HS pigs. The PF pigs were given two meals a day;

however, the HS pigs may consume smaller meals on a
different schedule each day (8). Thus, the results described
herein are specific to the experimental protocol and feeding
regimen described. Additional studies could investigate the
effects of feeding pattern during heat stress and reduced plane
of nutrition on metabolic outcomes.

In the current study, application of the heat load was suffi-
cient to cause heat stress, as the HS pigs displayed elevated
body temperature and respiratory rate throughout the experi-
ment, which has been widely observed in both chronic and
acute heat stress animals (20, 38, 48). Consistent with a
previous study (39), PF pigs had lower body temperature after
day 3 compared with TN, which presumably was caused by
reduced thermic effect of feeding (the heat associated with
digesting, absorbing, and assimilating nutrients). It has been
reported that the body temperature increases then decline over
time of exposure to high ambient temperature, which indicates
the acclimation to chronic heat stress (42). However, we did
not observe such responses. Some variables in this study, such
as the magnitude of heat stress, genetics of the pigs, etc., may
be sufficiently different from other studies to prevent or delay
an adaptation response.

Several biochemical changes are associated with heat stress.
An increase in the plasma AST was observed in HS pigs, and
this corroborates findings in poultry and humans (2, 31). AST
is used as a clinical marker of liver function in heat stroke
patients with an elevation consistent with liver injury (37). Our

Table 2. Effect of heat stress on circulating metabolic parameters in pigs

Metabolic Parameters (day)

Treatment

SE

P Value

TN PF HS Treatment Day Interaction

Glucose, mg/dl
Day �2 114.1 115.5 6.06 0.56 0.09 0.37
Day 3 96.5 108.8 98.9
Day 7 85.3 102.6 92.1

Insulin, 	g/l
Day �2 0.091 0.048 0.069 0.02 0.33 0.62 0.54
Day 3 0.060 0.052 0.038
Day 7 0.028 0.031 0.069

G:I (�107)
Day �2 2.27 5.67 4.06 2.10 0.42 0.68 0.74
Day 3 3.84 4.45 6.81
Day 7 4.38 6.73 2.62

Total protein, g/dl
Day 0 6.00 5.88 5.76 0.12 0.28 0.03 0.82
Day 3 6.11 6.22 5.95
Day 7 6.39 6.18 6.34

Albumin, g/dl
Day �2 3.23 3.16 3.08 0.08 0.25 0.34 0.89
Day 3 3.46 3.58 3.40
Day 7 3.19 3.55 3.57

Globulin, g/dl
Day �2 2.77 2.73 2.70 0.10 0.98 0.09 0.61
Day 3 2.50 2.62 2.56
Day 7 2.61 2.62 2.52

AST, U/l
Day �2 39.00 29.25 37.87 3.18 0.01 0.02 0.04
Day 3 28.50 21.50 45.13
Day 7 30.56 22.61 32.13

GGT, U/l
Day �2 25.13 23.38 26.00 2.11 �0.01 0.09 0.86
Day 3 22.78 25.25 24.63
Day 7 24.53 28.58 24.41

AST, aspartate aminotransferase; GGT, �-glutamyltransferase; G:I, glucose-to-insulin ratio; HS, heat stress; PF, pair fed; TN, thermal neutral.

R1100 HEAT STRESS DECREASES SKELETAL MUSCLE METABOLIC FLEXIBILITY

AJP-Regul Integr Comp Physiol • doi:10.1152/ajpregu.00404.2017 • www.ajpregu.org
Downloaded from journals.physiology.org/journal/ajpregu (073.235.118.125) on August 30, 2021.



data indicate that heat stress may cause liver dysfunction in
pigs.

The decreased basal glucose concentration by heat stress
was found in multiple animal models, including rodents, dogs,
and sheep (1, 29, 36). In this study, we did not observe a
significant difference in the fasting blood glucose concentra-
tion among treatments, which is consistent with our previous
study (50). By day 7, HS pigs numerically increased plasma
insulin concentration by 50% compared with PF pigs, but there

was no statistical significance. However, other studies reported
that HS increased secretion of insulin in pigs, cattle, and mice
(6, 11, 50).

Heat stress alters overall metabolic rate (3, 7, 22), although
energy demands within individual body tissues will vary de-
pending on the extent of damage sustained or the function of
that tissue. Skeletal muscle, by virtue of its contribution to
body mass, can dramatically influence whole body metabolism
by altering fuel substrate dynamics. Shifting metabolic flexi-
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bility within skeletal muscle and/or changing the metabolic
products exported for use in interorgan metabolic pathways
underlies such influences. Indeed, evidence indicates that skel-
etal muscle fuel selection appears to favor carbohydrate use at
the expense of lipid (12). Studies showed increased reliance on
intramuscular carbohydrates during exercise in the heat (23,
27), whereas heat during exercises decreased muscle carbohy-
drate oxidation (13, 14). In agreement, the current study
demonstrated that glucose oxidation rate was reduced by heat
stress. Sano et al. (44) found that HS decreased glucose
turnover rate but did not change the proportion of glucose
oxidized in sheep in vivo. Taken together, further studies are
needed to investigate altered glucose and insulin dynamics
during HS.

Feed-restricted animals use free fatty acids (FFA) from
adipose tissue to spare glucose for skeletal muscle deposition
(6). To test whether heat stress affects FFA utilization in
muscle, we measured the fatty acid oxidation in the longissi-
mus dorsi muscle and found that HS pigs had similar total fatty
acid oxidation rate as TN pigs and a significantly lower fatty
acid oxidation rate compared with PF pigs. Additionally, the
incomplete fatty acid oxidation tended to be decreased in HS
pigs. The FFA concentrations during HS and feed restriction
conditions has been studied widely in both swine and rumi-
nants (6, 7, 50). However, there is no study that compares the

utilization of FFA in muscle among TN, HS, and PF condi-
tions. It has been reported that plasma fatty acid oxidation is
primarily determined by the fatty acid concentration. Our fatty
acid oxidation data are consistent with FFA concentration in
TN, HS, and PF pigs. Under similar nutrient conditions, PF
pigs mobilize adipose tissue to a greater extent, as they had
higher plasma FFA, whereas HS pigs had similar FFA con-
centration as TN pigs (39). Decreased FFA concentrations in
hyperthermic conditions compared with the PF treatment were
also shown in sheep and cattle (11, 44, 46). Additionally, in PF
pigs (feed restricted), FFA are the predominant fuel used by
skeletal muscle (39). Therefore, PF pigs had higher total fatty
acid oxidation than TN and HS pigs. These data also indicate
that, despite the low plane of nutrition, fatty acid utilization
was blunted by heat stress.

Based on the Randle cycle, there is competition between
fatty acid oxidation and glucose oxidation (40). Artificially
increasing fatty acid oxidation by adding FFA decreases glu-
cose oxidation (30). In this study, metabolic flexibility was
assessed by measuring pyruvate oxidation with and without the
presence of FFA, and the percentage decrease in pyruvate
oxidation in the presence of FFA was calculated. Our current
results show that heat stress decreased mitochondrial metabolic
flexibility, further substantiating our findings that HS pigs had
limited ability to use FFA. Pair-fed pigs, on a reduced plane of
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nutrition, had similar metabolic flexibility as the TN controls.
Our present findings provide evidence that skeletal muscle in
HS pigs may not use fatty acids as the primary fuel source.
Therefore, previous reports indicate that the mobilization of
FFA from adipose tissue is inhibited during heat stress (dis-
cussed above), and the capacity to utilize fatty acids in skeletal
muscle shown herein also appears to be attenuated. Conse-
quences of heat stress include reduced feed intake and shunted
blood flow away from the gastrointestinal tract (GIT) causing
damage and compromised integrity of the GIT (33, 38). The
resulting “leaky gut” allows infiltration of endotoxin into the
circulation to elicit effects on various tissues, including liver
and skeletal muscle. The ability of endotoxin to directly affect
tissue responses is mediated by activation of the Toll-like 4
receptor (TLR4) (18, 19). In skeletal muscle, Frisard et al. (17)
demonstrated that activation of TLR4 leads to altered metab-
olism, including reduced metabolic flexibility and fatty acid
oxidation, similar to our heat stress responses presented herein.
Thus, the reduced capacity to rely on fatty acids as a fuel may
be the consequence of heat-induced gastrointestinal hyperper-
meability.

To further elucidate how HS changed metabolic flexibility,
the activities of the key enzymes in glucose oxidation and fatty
acid oxidation were measured. Phosphofructokinase, the rate-
limiting enzyme in glycolysis, was increased in PF compared
with TN pigs, indicating increased glycolysis. Increased gly-

colysis may produce more pyruvate, which positively regulates
PDH. As a result, PF pigs also had increased PDH activity.
Glycolysis in HS pigs did not differ from TN or PF pigs.
However, both citrate synthase activity and �-HAD activity
were inhibited by heat stress, suggesting decreased oxidative
capacity. Citrate synthase activity, a biomarker of mitochon-
drial content, is also associated with morphological change in
mitochondrial content (34, 41). Our previous studies examin-
ing the acute effect of heat stress on skeletal muscle demon-
strate altered inflammatory signaling, redox balance, and dys-
functional autophagy, which may cause immediate and persis-
tent skeletal muscle dysfunction (20, 48). The aforementioned
changes could directly impinge upon mitochondrial function,
producing altered cellular metabolism during both acute and
chronic heat stress. Hence, it is reasonable to suggest that heat
stress may change metabolic flexibility via alteration of mito-
chondrial function or content or modifying mitochondrial mor-
phology.

We also measured CPT-1, the enzyme responsible for the
transfer of long-chain free fatty acids into the mitochondria, to
test whether decreased fatty acid oxidation by heat stress is
due to decreased transportation. CPT-1 mRNA expression
tended to decrease in heat-stressed pigs; however, protein
abundance was similar between groups. Acetyl-CoA is the
intermediate product in carbohydrate, amino acid, and fatty
acid metabolism. Fatty acid synthesis requires malonyl-CoA as
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the C2 donor, which is formed by acetyl-CoA catalyzed by
ACC. Malonyl-CoA is not only the building block of long
chain fatty acid but is also a regulator of the carnitine palmi-
toyl-CoA shuttle system that is involved in fatty acid oxidation.
Two isoforms of ACC with different functions have been
detected: ACC1 and ACC2 (35). ACC1-generated malonyl-
CoA is used by fatty acid synthesis; however, ACC2-generated
malonyl-CoA is the inhibitor of CPT-1 (49). In the present
study, although ACC2 mRNA expression was inhibited by heat
stress on day 3, protein abundance was similar between groups.
Taken together with CPT-1 data, heat stress may not inhibit
fatty acid uptake in Longissimus dorsi muscle. On the other
hand, ACC1 decreased at both mRNA and protein levels in PF
and HS pigs. We also measured the total phosphorylation of
ACC. Phosphorylated ACC tended to be decreased in PF and
HS pigs, which suggests increased fatty acid synthesis in
Longissimus dorsi muscle. Both PF and HS pigs had higher
fatty acid synthesis, whereas HS pigs also had lower fatty acid
oxidation rate. These findings may partially explain adipose
tissue accumulation during heat stress.

Perspectives and Significance

In summary, pigs exposed to heat had higher body temper-
ature, lower body weight, and lower average daily gain com-
pared with TN pigs as expected. Compared with PF pigs, the
ability of skeletal muscle to oxidize fatty acids was markedly
decreased during heat stress conditions. Concomitantly, heat
stress conditions decreased metabolic flexibility and oxidative
enzyme activity. These results were caused by direct effects of
HS on metabolism independent of lower plane of nutrition (an
indirect effect of HS). Together, these results indicate that heat
stress alters the metabolic fuel priorities within skeletal muscle
regardless of plane of nutrition. Future studies are needed to
determine the impact of the altered metabolism on skeletal
muscle performance during heat conditions.
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