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Introduction

Abstract

Heat stress (HS) jeopardizes human and animal health and reduces animal
agriculture productivity; however, its pathophysiology is not well understood.
Study objectives were to evaluate the direct effects of HS on carbohydrate and
lipid metabolism. Female pigs (57 £ 5 kg body weight) were subjected to two
experimental periods. During period 1, all pigs remained in thermoneutral
conditions (TN; 20°C) and were ad libitum fed. During period 2, pigs were
exposed to: (1) constant HS conditions (32°C) and fed ad libitum (n = 7), or
(2) TN conditions and pair-fed (PFTN; n = 10) to minimize the confounding
effects of dissimilar feed intake. All pigs received an intravenous glucose toler-
ance test (GTT) and an epinephrine challenge (EC) in period 1, and during
the early and late phases of period 2. After 8 days of environmental exposure,
all pigs were killed and tissue samples were collected. Despite a similar reduc-
tion in feed intake (39%), HS pigs tended to have decreased circulating none-
sterified fatty acids (NEFA; 20%) and a blunted NEFA response (71%) to the
EC compared to PFTN pigs. During early exposure, HS increased basal circu-
lating C-peptide (55%) and decreased the insulinogenic index (45%) in
response to the GTT. Heat-stressed pigs had a reduced T; to T, ratio (56%)
and hepatic 5'-deiodinase activity (58%). After 8 days, HS decreased or tended
to decrease the expression of genes involved in oxidative phosphorylation in
liver and skeletal muscle, and ATGL in adipose tissue. In summary, HS mark-
edly alters both lipid and carbohydrate metabolism independently of nutrient
intake.

despite increased understanding on the pathophysiology
of heat-related illnesses (Bouchama and Knochel 2002),

Heat stress (HS) is a major environmental hazard for
both humans and animals. Heat claims more human lives
than all other climatic events combined (Changnon et al.
1996), with the young and elderly populations being the
most susceptible (Leon and Helwig 2010). Surprisingly,
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the only standard procedures to treat heat victims are
cooling and rehydration (Leon and Helwig 2010).

In addition to morbidity and mortality, HS negatively
impacts livestock productivity. Environmental hyperther-
mia costs global animal agriculture several billion dollars
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annually due to reduced and inconsistent growth,
decreased carcass quality, compromised reproduction,
reduced milk yield and egg production, and increased vet-
erinary costs (St-Pierre et al. 2003; Baumgard and Rhoads
2013). We have previously reported that, despite hyper-
catabolic hallmarks like marked hypophagia and weight
loss, HS increases basal and stimulated (i.e., in response
to a metabolic challenge) circulating insulin and decreases
adipose tissue mobilization in a variety of species (Baum-
gard and Rhoads 2013), including pigs (Pearce et al.
2013a). Interestingly, diabetic humans and rodents are
more susceptible to heat-related illnesses and exogenous
insulin rescues this phenotype (Semenza et al. 1999; Niu
et al. 2003). Furthermore, thermal therapy improves insu-
lin sensitivity in diabetic and obese rodents (Kokura et al.
2007; Gupte et al. 2009) and humans (Hooper 1999).
Collectively, these reports suggest that insulin or altered
insulin action and subsequent shifts in metabolism are a
conserved response among species that might play an
important role in the adaptation and survivability to HS
(Baumgard and Rhoads 2013).

Thus, the first study objective was to determine the
effects of HS on the temporal responses to acute meta-
bolic challenges in pigs. Our second objective was to
investigate the systemic and molecular changes responsi-
ble for the HS-induced shift in postabsorptive metabo-
lism. We hypothesized that HS has a direct effect on
metabolism, independent of the heat-induced hypophagia.
The pig is both a relevant biomedical model (Prather
et al. 2013) and an important agricultural species, thus
results will likely have important implications in both
human health and animal production.

Materials and Methods

Animals and experimental design

Iowa State University Institutional Animal Care and Use
Committee approved all procedures involving animals.
Seventeen crossbred female pigs (57 £ 5 kg body weight)
were randomly assigned to 1 of 2 treatments during two
experimental periods. Prepubertal female pigs were uti-
lized to be consistent with our previous experiments
(Sanz-Fernandez et al. 2012; Pearce et al. 2013a,b; Sanz
Fernandez et al. 2014). During period 1 (4 days in
length), all pigs were exposed to thermoneutral conditions
[TN; 20°C, ~35% humidity (Federation of Animal Sci-
ences Societies 2010)] and fed ad libitum. During period
2 (8 days in length), pigs were either exposed to constant
HS conditions (32°C, ~23% humidity (Federation of Ani-
mal Sciences Societies 2010); n = 7) and fed ad libitum or
remained in TN conditions and were pair-fed (PFTN;
n =10) to their HS counterparts, in order to eliminate
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the confounding effect of dissimilar nutrient intake. For
the pair-feeding calculations, as-fed period 1 daily feed
intake (FI) was averaged for each pig and used as a base-
line. For each HS pig, the decrease in intake during per-
iod 2 was calculated as the percentage of FI reduction
relative to period 1 for each day of HS exposure. This
percentage of FI reduction was averaged for all the HS
pigs per day of exposure and applied individually to the
baseline of each PFTN pig. The calculated amount of feed
was offered to the PFTN pigs three times a day (~0800,
1400, and 2100 h) in an attempt to minimize large post-
prandial shifts in metabolism. All pigs were fed a standard
swine grower diet consisting mainly of corn and soybean
meal formulated to meet or exceed nutrient requirements
(National Research Council 2012). Pigs were individually
housed in metabolic crates in 1 of 6 environmental cham-
bers where temperature was controlled but humidity was
not governed. Both parameters were recorded every
30 min by a data logger (Lascar EL-USB-2-LCD, Erie,
PA). Rectal temperature was measured with a digital ther-
mometer (ReliOn, Waukega, IL), respiration rate was
determined by counting flank movements, and both indi-
ces were measured twice a day (0700 and 2200 h) and
condensed into daily averages. Pigs were killed on d 8 of
period 2 using the captive bolt technique and subcutane-
ous adipose tissue (AT) from the cranial dorsum, skeletal
muscle from longissimus dorsi (LD), liver, and pancreas
samples were immediately collected and snap frozen or
preserved for histology.

Blood sampling and metabolic challenges

An indwelling jugular catheter was surgically inserted on
d 1 of period 1 in all pigs. Pigs were anesthetized with a
mixture of tiletamine/zolazepam (Telazol®; Fort Dodge
Laboratories Inc., Fort Dodge, IA), ketamine (Ketaject®;
Clipper Distributing Company, LLC, St Joseph, MO),
and xylazine (Anased®; Lloyd Inc., Shenandoah, IA) for
a final concentration of 100, 50, and 50 mg/mL, respec-
tively. Pigs were injected IM with the anesthetics mixture
at 1 mL/23 kg BW dose. With the pigs in dorsal recum-
bency, the jugular vein was located with a 14 G, 3.75 cm
introducer needle (Mila International Inc., Erlanger, KY)
using a percutaneous technique. Once in the vein, Ty-
gon® tubing (1.016 mm inside diameter, 1.778 mm out-
side diameter; Saint-Gobain Performance Plastic Corp.,
Aurora, OH) was inserted through the introducer needle
(15 cm). After removing the introducer, a small skin
incision was made cranial to the tube’s insertion point
exposing the subcutaneous tissue. Using laparoscopic
forceps (Auto Suture Endo Grasp™ 5 mm; Covidien,
Mansfield, MA), the tube was tunneled subcutaneously
from the incision and exteriorized at the dorsum of the
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back. The neck incision was sutured and the catheter
remained and not exposed. All pigs
received antibiotics (Ceftiofur, Excede®; Pfizer Animal
Health, New York, NY) and nonsteroidal antiinflamma-
tory drugs (Flunixin meglumine, Banamine-S; Schering-
Plough Animal Health Corp., Whitehouse Station, NJ)
during the surgery. Intravenous antibiotic therapy con-
tinued daily for the rest of the study (Ampicillin, Poly-
flex®; Fort Dodge Laboratories Inc., Fort Dodge, IA)
and catheters were flushed twice daily with heparinized
saline (100 U/mL).

Animals were fasted for 2 h prior to the metabolic
challenges and daily blood sampling (basal metabolism
samples). Glucose tolerance tests (GTT) were performed
on d 3 of period 1 and d 1 and 6 of period 2. A 50%
dextrose solution bolus (VetOne®; MWI Veterinary Sup-
ply, Boise, ID) was administered at 0.5 g/lkg BW dose via
the jugular catheter. Blood samples were collected at —20,
-10, 0, 5, 7.5, 10, 15, 20, 30, 45, 60 min relative to the
glucose administration. Epinephrine challenges (EC; 3 pug/
kg BW; American Regent, Inc., Shirley, NY) were per-
formed on d 4 of period 1 and d 2 and 7 of period 2 and
blood samples were collected at —20, —10, 0, 2.5, 5, 7.5,
10, 15, 20, 30, 45, 60 min relative to the epinephrine
administration. Daily blood samples were obtained at
0800 h so animals in both treatments were in a prepran-
dial state. All blood samples were collected into dispos-

subcutaneous

able glass tubes containing 250 U of sodium heparin and
immediately placed on ice. Plasma was harvested by cen-
trifugation at 1300 x g for 15 min at 4°C and stored at
—80°C for later analysis.

Blood parameters analyses

Plasma glucose and nonesterified fatty acids (NEFA) con-
centrations were measured enzymatically using commer-
cially available kits (Wako Chemicals USA, Richmond,
VA). The intra and interassay coefficients of variation
were 4.3 and 3.6%, and 7.3 and 5.8% for glucose and
NEFA, respectively. Plasma f-hydroxybutyrate (BHB)
concentration was also analyzed enzymatically using a
commercially available kit (Pointe Scientific Inc., Canton,
MI) and the intra and interassay coefficients of variation
were 3.2 and 2.2%. Plasma insulin and C-peptide concen-
trations were analyzed using ELISA kits (Mercodia AB,
Uppsala, Sweden) following the manufacturer’s instruc-
tions. The intra and interassay coefficients of variation
were 2.9 and 6.3%, and 7.2 and 4.9% for insulin and C-
peptide, respectively. Plasma lipopolysaccharide (LPS)-
binding protein (LBP) concentration was determined
using an ELISA kit (Hycult® biotech, Uden, The Nether-
lands) and the intraassay coefficients of variation was
1.5%. Total plasma thyroxine (T,) and triiodothyronine
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(T5) concentrations were evaluated using commercially
available solid phase RIA kits (MP Biomedicals, LLC;
Irvine, CA) according to the manufacturer’s instructions.
The assay kits were validated (recovery and linearity of
diluted samples) for use with porcine plasma samples as
previously described (Kahl et al. 2000), and the intraassay
coefficients of variation were 3.7 and 4.1% for T3 and Ty,
respectively.

Hepatic 5'-deiodinase type | (5'D) activity

Outer-ring deiodinating activity was determined by quan-
tifying the '*°I" source released from 3,3',5'-['*’I]-T5 (rTs)
as previously described (Kahl et al. 2000). In brief, hepa-
tic samples were homogenized in 0.01 mol/L HEPES buf-
fer (pH 7.0, 0.25 mol/L sucrose, 5 mmol/L EDTA). After
centrifugation (30 min at 2000 x g), the supernatant was
incubated for 5 min in 0.1 mol/L phosphate buffer (pH
7.0, 1 mmol/L EDTA) in the presence of 5 mmol/L dith-
iothreitol at 37°C with approximately 80,000 cpm of
['*°1]-rT; (DuPont-New England Nuclear, Boston, MA)
and 500 nmol/L of unlabeled rT5; (Calbiochem, La Jolla,
CA). The released I source was isolated as trichloro-
acetic acid-soluble radioactivity. The 5D activity was
expressed as nmol of I™ produced per mg protein per
hour. Protein concentration in homogenates was deter-
mined by bicinchoninic acid assay (BCA, Pierce™;
Thermo Fisher Scientific Inc., Rockford, IL). The intraas-
say coefficient of variation was 8.6%.

Pancreatic insulin content

Pancreatic protein was extracted at 4°C overnight with
acid-ethanol (75% ethanol, 1.5% HCI). After centrifuga-
tion at 2000 rpm for 15 min, the supernatant was neu-
tralized with 1 mol/L Tris (pH = 7.5) and total protein
was determined by BCA assay (Pierce™; Thermo Fisher
Scientific Inc., Rockford, IL). Neutralized samples were
further diluted (1:20000) and insulin concentration was
measured using an ELISA kit (Mercodia AB, Uppsala,
Sweden) following the manufacturer’s instructions. Pan-
creatic insulin content was calculated relative to the total
amount of protein.

Pancreatic immunohistochemistry

Pancreatic tissue samples were fixed in 10% formalin for
24 h and then transferred into 70% ethanol. Fixed sam-
ples were sectioned at 4 um thickness. Two random sec-
tions per pig were stained for insulin using an indirect
immunoperoxidase technique. The primary and secondary
antibodies (Dako, Carpinteria, CA) were a polyclonal gui-
nea pig antiporcine insulin antibody (Dilution 1:1000)
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and a polyclonal rabbit antiguinea pig horse radish perox-
idase-conjugated immunoglobulin (Dilution 1:50), respec-
tively. Diaminobenzidine (Dako, Carpinteria, CA) was
used as the chromogen and Mayer’s hematoxylin as the
counterstain. Negative controls were generated by omit-
ting the primary or the secondary antibody. Five nonov-
erlapping fields per section were imaged at 50x using Q-
capture Pro 6.0 software (Qimaging®, Surey, BC) with
the operator being blind to the treatments. The relative-
stained area was measured by thresholding and the num-
ber and size of insulin-stained cell clusters were deter-
mined using the particle analysis tool in Image] (US
National Institutes of Health, Bethesda, MD). The results
obtained in each section were averaged into a single mea-
surement per pig.

RNA isolation and quantitative PCR

Total RNA was extracted from AT, LD and liver using TRI-
z0l® Reagent (Invitrogen, Carlsbad, CA) following the
manufacturer’s protocol and was utilized for cDNA synthe-
sis using the QuantiTect Reverse Transcription Kit (Qia-
gen, Hilden, Germany). Gene expression differences were
determined using qPCR (BioMark™ System, Fluidigm Cor-
poration, San Francisco, CA) on 40, 44, and 44 genes for
AT, LD, and liver, respectively (Tables 3—5). Genes chosen
for analysis were selected based on the RNA-Seq output of
a similar experiment (Seibert et al. 2014). Expression nor-
malization across samples within a tissue was performed by
calculating a delta Ct (AC,) value for each sample using
GAPDH for AT, f-actin for LD, and RPL32 in liver, as
transcript abundance for these genes proved to be the most
similar between treatments for each given tissue
(P > 0.05). AAC, values were calculated utilizing a refer-
ence sample and fold differences between treatments were
obtained by applying the equation 2/42Cwm—44Cus | where
a positive and a negative value indicate an increase and a
decrease in transcript abundance, respectively, in HS pigs
relative to PFTN controls. Statistical analysis was per-
formed on the AAC; values and data are reported in the
results section as relative fold difference.

Calculations and statistical analysis

Metabolic responses to the GTT and EC were calculated
as area under the curve (AUC) by linear trapezoidal sum-
mation between successive pairs of metabolite concentra-
tions and time coordinates after subtracting baseline
values. Glucose and insulin AUC in response to the GTT
were calculated through min 20 of the challenge. Glucose
and NEFA responses to the EC were determine through
min 30 and 15, respectively. For the GTT, glucose and
insulin deltas were calculated for each challenge as the
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change in their concentration between 0 and 5 min, and
0 and 7.5 min, respectively. In addition, glucose disap-
pearance was calculated as the slope of glucose concentra-
tions between 5 and 30 min. An insulinogenic index was
determined as the insulin AUC to glucose AUC ratio.

All data were statistically analyzed using SAS version
9.3 (SAS Institute Inc., Cary, NC). Single measurements
were analyzed using PROC MIXED and the model
included treatment as fixed effect. Variables with multiple
measurements per pig over time were analyzed using
PROC MIXED with day of period 2 as the repeated effect
and period 1 values used as a covariate. Auto regressive
and spatial power covariance structures were utilized for
equally and unequally spaced measurements, respectively.
The model included treatment, day and their interaction
as fixed effects. For each variable, normal distribution of
residuals was tested using PROC UNIVARIATE and loga-
rithmic transformation was performed when necessary.
Data are reported as least square means and considered
significant if P < 0.05 and a tendency if 0.05 < P < 0.10.

Results

As expected, during period 2 HS pigs had increased rectal
temperature and respiration rate (1.5°C and 4.5 fold,
respectively; P < 0.01) compared to PFIN controls
(Table 1). Heat stress decreased FI (39%, P < 0.01), and
by design, PFTN pigs’ FI was reduced similarly (Table 1).
Opverall, this data indicate that pigs experienced an acute
and sustained heat load indicative of marked heat stress.
During period 2, basal glucose concentrations decreased
progressively with time (P < 0.01) in both treatments;
however, HS pigs became overall more hypoglycemic (6%,
P =0.02) than PFTN pigs (Fig. 1A). No treatment differ-
ences were detected on basal plasma insulin (Fig. 1B) or
the insulin to glucose ratio (Fig. 1C), but there was a
treatment by day interaction on plasma C-peptide and C-
peptide to glucose ratio (P = 0.01) as they were increased
on d 1 (48 and 44%, respectively) and 3 (61 and 64%,
respectively) in HS pigs compared to PFTN controls, but
no treatment differences were detected on d 7 (Fig. 1D
and E). During period 2, basal plasma NEFA acutely
increased on d 1 and progressively decreased thereafter
(P < 0.01) in both treatments, but overall HS pigs tended
to have reduced basal NEFA (20%, P = 0.07) than PFTN
pigs (Fig. 1F). There was a tendency for a treatment by
day interaction on plasma BHB (P = 0.10), as HS pigs had
increased BHB levels on d 1 (44%) compared to PFTN
pigs, but similar BHB concentrations thereafter (Fig. 1G).
Circulating LBP decreased with time (P = 0.05) and there
was a tendency for a treatment by day interaction
(P = 0.08), as HS pigs had numerically increased LBP con-
centrations on d 1 (20%) and d 3 (56%) compared with
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Table 1. Effects of pair-feeding or heat stress on body temperature indices and feed intake.

Day P
P 1 2 3 4 5 6 7 8 SEM  Trt! Day TXD?
Tr3, °C
PFTN*  39.32 39.08° 3895° 3892° 3874 3882% 33883°® 3882% 3882% 010 <001 <0.01 <0.01
Hs® 3936 40.06° 40739 4050 40.31°  40.26%  40.29%  40.27%  4026% 0.12
RR, bpm®
PFTN 40 34P 23° 21 21° 192 22° 24° 22° 4 <0.01 <0.01 <0.01
HS 32 88° 118" 9gde 100% 9™ 105¢ 9gde 9de 5
FI”, kg
PFTN 2.01 1.20 1.16 1.20 1.15¢ 1.19¢ 1.18" 1.55Y 1.23* 0.05 0.75 <0.01 0.99
HS 1.97 1.19% 1.14% 1.19% 1.14% 1.18% 1.16* 1.53Y 1.21% 0.06
Treatment.
“Treatment by day interaction.
3Rectal temperature.
4Pair-fed thermoneutral.
®Heat stress.
®Respiration rate, breaths per minute.
’Feed intake.
*Represents period 1 values that were statistically used as covariate.
aMeans with different superscript differ (P < 0.05).
*YDays with different superscript differ (P < 0.05).
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80l __——®—FPFIN — @ = HS 000 | ——@—PFIN = @ = Hs 0.00 ——PFIN— & —HS 20l ——#—PFIN — @ — Hs
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7 01 2 3 4 5 6 7
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Figure 1. Effects of ad libitum feed intake in constant heat stress conditions (HS; 32°C) and pair-feeding in thermoneutral conditions (PFTN;

20°C) on temporal changes in plasma (A) glucose, (B) insulin, (C) insulin to glucose ratio (Insulin:G) (D) C-peptide, (E) C-peptide to glucose ratio
(C-peptide:G), (F) nonesterified fatty acids (NEFA), (G) B-hydroxybutyrate (BHB), and (H) lipopolysaccharide-binding protein (LBP). Values on day
0 represent period 1 average that was statistically used as covariate. *“Means with different superscript differ (P < 0.05). *?Days with different

superscript differ (P < 0.05).

PFIN controls, but plasma LBP did not differ between
treatments on d 7 (Fig. 1H). At the initiation of period 2,
plasma T; concentrations decreased, but progressively
increased over time (P < 0.01) for both treatments
(Fig. 2A). However, the d 1 decrease was more severe in
HS pigs (68%) and this difference was maintained through
the end of period 2 (P < 0.01; Fig. 2A). There was a treat-
ment by day interaction on plasma T, (P < 0.01) as HS
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pigs had decreased concentrations compared to PFTN pigs
on d 1 and 3 (36 and 40%, respectively), but circulating
T, did not differ between treatments on d 7 (Fig. 2B).
Overall, HS pigs had decreased T; to T, ratio (56%,
P =10.01) compared to PFTN controls (Fig. 2C). After
8 days of environmental treatment, hepatic 5D activity
was reduced (58%; P < 0.01) in HS pigs compared to
PFTN controls (Fig. 2D).
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Figure 2. Effects of ad /ibitum feed intake in constant heat stress conditions (HS; 32°C) and pair-feeding in thermoneutral conditions (PFTN;
20°C) on temporal changes in plasma (A) Ts, (B) T4, (C) T3 to T4 ratio (T3:T4); and (D) hepatic 5'-deiodinase type | activity (5'D) after 8 days of
environmental treatment. Values on day O represent period 1 average that was statistically used as covariate. *“Means with different
superscript differ (P < 0.05).

During period 2 there was a treatment by day interac- (P = 0.04), as it did not change from day 1 to 6 in PFTN
tion on the glucose response to the GTT (P < 0.01) as pigs but decreased (10%) in HS pigs (Table 2). Glucose
HS pigs had an increased glucose AUC (15%) on d 1, but disappearance following glucose administration tended to
not on d 6 (Table 2). There was a treatment by day inter- increase (13%; P = 0.06) from day 1 to 6, however, over-
action on the glucose delta in response to the GTT all, it tended to be decreased (14%; P = 0.07) in HS pigs

Table 2. Effects of pair-feeding or heat stress on the response to metabolic challenges.

pT1* Day 1-2 of P2 Day 6-7 of P2 P
Parameter PFTN?  HS® PFTN HS PFTN HS SEM  Trt* Day ™D?
Glucose tolerance test
Glucose AUCS, mg/dL-min 1991 1712 2257° 2595° 22732 21892 97 0.32 0.01 0.01
Glucose delta, mg/dL 1726 1714 186.1%®  1983° 1906 17867 7.5 099 0.18 0.04
Glucose disappearance, mg/dL/min 8.50 8.98 7.54 6.69 8.61 7.44 0.48 0.07 0.06 0.72
Insulin AUC, ng/mL-min 9.06 7.52 8.82 6.16 6.75 6.13 0.53 0.02 0.06 0.06
Insulin delta, ng/mL 0.58 0.54 0.47 0.39 0.43 0.36 0.03 0.06 0.11 0.89
Insulinogenic index, AU 5.20 4.85 4.53° 2.50° 3.68° 3.03° 0.43 0.04 0.47 0.01
Epinephrine challenge
NEFA AUC, pEg/L-min 812 1260 1717 1309 1332 381 198 0.01 <0.01 0.17
Glucose AUC, mg/dL-min 519 433 620 580 689 685 77 0.80 0.23 0.80
"Period.

2Pair-fed thermoneutral.

3Heat stress.

“Treatment.

®Treatment by day interaction.

®Area under the curve.

“Represents period 1 values that were statistically used as covariate.
abMeans with different superscript differ (P < 0.05).
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compared to PFTN counterparts (Table 2). There was a
tendency for a treatment by day interaction on the insulin
response to the GTT (P =0.06) as HS pigs had a
decreased (30%) insulin AUC on days 1 compared to
PFTIN pigs, but the insulin response was similar between
treatments on d 6 (Table 2). Overall, the insulin delta in
response to the GTT tended to be reduced (16%,
P =0.06) in HS pigs compared to PFIN controls
(Table 2). There was a treatment by day interaction on
the insulinogenic index (P < 0.01) as it was decreased
(45%) in HS pigs on day 1 compared to PFTN controls,
but did not differ between treatments on d 6 (Table 2).
During period 2, the NEFA AUC in response to the EC
decreased (43%; P < 0.01) from days 2 to 7, and overall
it was reduced (71%; P = 0.01) in HS pigs compared to
PFTN controls (Table 2). In contrast,

the glucose

Heat Stress and Metabolism

response to the EC did not differ (P > 0.10) between
treatments or change with time (Table 2).

After 8 days of environmental exposure, pancreatic
insulin content did not differ (P > 0.17) between treat-
ments (Fig. 3C). Based on the immunohistochemistry
data, HS tended to decrease pancreatic insulin-stained
area (32%; P =0.08) compared to PFTN conditions
(Fig. 3A, B, D). In addition, there were no treatment dif-
ferences detected in the quantity of insulin-positive cell
clusters (Fig. 3E). However, when classified by size, HS
decreased (66%; P < 0.01) the percentage of larger clus-
ters (diameter >100 um), whereas increasing (4%;
P <0.01) the percentage of smaller clusters (diameter
<50 um; Fig. 3F).

After 8 days of environmental treatment, HS increased
or tended to increase transcript abundance for heat-shock
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Figure 3. Effects of 8 days of ad /ibitum feed intake in constant heat stress conditions (HS; 32°C) and pair-feeding in thermoneutral conditions
(PFTN; 20°C) pancreatic insulin content. (A) Representative picture of PFTN pancreas; (B) representative picture of PFTN pancreas; (C) insulin
content; (D) insulin-stained area; (E) number of insulin-stained clusters; (F) insulin-stained clusters size distribution. *Represents differences with

PFTN controls (P < 0.05).
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proteins compared to PFIN conditions: HSPA4 (2.43;
P =0.08), HSPBS (2.51; P =0.10), and HSPEI (2.57;
P =0.09), in AT; HSP90AAI (2.10; P < 0.01), HSPA4
(1.52; P =0.05), HSPCB (1.72; P = 0.02), and HSPEI
(2.38; P =0.02), in LD; and HSPEI (1.62; P = 0.08), in
liver (Tables 3-5). In AT, transcripts for the following
genes were or tended to be less abundant in HS com-
pared to PFIN pigs: ATGL (—1.56; P = 0.07), INSR
(—1.46; P=0.07), MIF (—1.60; P =0.10), PDAPI
(—1.73; P =10.07), PRKAGI (—1.89; P =0.05), and
ZSCAN29 (—1.77; P = 0.05; Table 3). In LD, HS condi-
tions increased transcript abundance for CDI4 (1.68;
P = 0.01), and reduced or tended to reduce it for CKMT2
(—2.03; P=0.10), IDH2 (—1.77; P = 0.06), NDUFS7
(—2.01; P = 0.06), PDK4 (—2.53; P = 0.05), and SLCI6A5
(—2.60; P =0.03); compared to PFIN conditions
(Table 4). In liver, mRNA transcripts for FASN (2.62;
P <0.01), KCTD6 (1.36; P = 0.08), and RBM7 (1.31;
P = 0.06) were or tended to be more abundant; whereas,
NDUFB7 (—1.28; P =0.05) and NDUFS7 (—1.29;
P =0.10) were or tended to be less abundant in HS pigs
compared to PFTN controls (Table 5).

Discussion

Heat stress jeopardizes human health and compromises
animal agriculture productivity. Despite advances in the
understanding of heat-related illnesses, there is no treat-
ment against specific aspects of their pathophysiology, and
protocols are limited to generic cooling and hydration
(Leon and Helwig 2010). Physically modifying the micro-
environment with heat stress abatement strategies (shade,
fans, evaporative cooling) has markedly enhanced agricul-
tural productivity, but facility improvements have failed to
completely prevent the loss in animal efficiency during the
warm summer months (Stowell et al. 2009). Therefore, a
better understanding of the biological consequences of HS
is a prerequisite to developing treatment protocols and
mitigation strategies targeting the physiological and meta-
bolic ramifications of heat-related illnesses. The pig is rec-
ognized as an excellent biomedical model (Prather et al.
2013) and the highly conserved metabolic and physiologi-
cal responses to a severe heat load amongst species (Baum-
gard and Rhoads 2013) make it an ideal model to further
our appreciation of thermal biology.

Typically, during inadequate nutrient intake AT is
mobilized and NEFA contribution to whole-body oxida-
tion is markedly increased (Vernon 1992). However, in
this study, despite a 40% reduction in FI, HS pigs tended
to have reduced basal NEFA concentrations and this sug-
gests that they did not mobilize as much AT as PFTN
counterparts. Furthermore, the NEFA response to the EC
was blunted in the HS pigs and this reduced sensitivity to

2015 | Vol. 3 | Iss. 2 | e12315
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lipolytic signals agrees with our ruminant data (Baumgard
et al. 2011). The decrease in circulating markers of AT
mobilization during HS is mechanistically supported by a
tendency for a reduction in ATGL gene expression, a key
enzyme of the lipolytic cascade (Zimmermann et al.
2004), as well as the significant reduction in the gene
encoding the AMPK regulatory subunit (PRKAGI). Inter-
estingly, recent work has implicated AMPK in the regula-
tion of ATGL content and lipase activity (Gaidhu et al.
2012), and it is tempting to speculate that their simulta-
neous reduction in transcript abundance is mechanisti-
cally related. The reduced capacity for AT to contribute
to systemic energetics despite an increase in energy
requirements during HS is consistent with research in
agricultural animals and biomedical models (Torlinska
et al. 1987; Shwartz et al. 2009; Pearce et al. 2013a).
Moreover, similar to our ruminant data (Baumgard et al.
2011), the glucose response to the EC, an indicator of
hepatic glycogenolysis capacity, was similar between HS
and PFTN pigs. These data indicate that AT becomes
refractory to adrenergic signals, whereas the liver remains
responsive during HS. The mechanism for the different
responsiveness between the liver and AT is unknown, but
a rationale for it could be the increased reliance on glu-
cose as a whole-body fuel during HS like we and others
have demonstrated [see review (Baumgard and Rhoads
2013)]. By remaining sensitive to catabolic signals, the
liver can maintain its pivotal role as the glucose supplier
to extrahepatic tissues. Acute HS (24 h) increased plasma
BHB, which is somewhat perplexing as circulating BHB is
normally positively correlated with NEFA levels (Masoro
1977). However, this is not unprecedented as Ronchi
et al. (Ronchi et al. 1999) reported a similar discordant
NEFA and BHB pattern in HS ruminants. The fact that
circulating BHB increases without a concomitant increase
in circulating NEFA might indicate that ketone body oxi-
dation is decreased; thereby reduce their plasma clearance.
Interestingly, HS increases circulating LPS (presumably
from intestinal origin as described later in this discussion)
and we have recently demonstrated that LPS exposure
reduces skeletal myoblast ketone oxidation (R. P. Rhoads
and L. H. Baumgard, unpublished observation). Nonethe-
less, the mechanism by which HS uncouples the relation-
ship between circulating NEFA and BHB and its energetic
consequences require further investigation.

Reasons why heat-stressed animals fail to mobilize AT
despite being in a hypercatabolic condition might be
related to changes in insulin homeostasis. Insulin is a
potent antilipolytic signal and is frequently elevated in HS
animals when compared with PFTN counterparts (Baum-
gard and Rhoads 2013). In contrast, we did not observe
treatment differences in basal insulin; however, C-peptide,
a coproduct of insulin’s cleavage from proinsulin, was

© 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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Table 3. Effects of 8 days of pair-feeding or heat stress on gene expression in adipose tissue.

Heat Stress and Metabolism

Trt, AAG P
Gene Description Primers, 5'-3' PFTN?  HS® SEM  Fdiff*  Trt°
ADRBK1 Adrenergic, beta, receptor kinase 1 F:GCGTCATGCAGAAGTACCTG® -1.17 -053 028 -156 0.13
R:GCTTCAGGCAGAAGTCTCGG’
ATGL (PNPLA2)  Adipose triglyceride lipase (Patatin-like F:GTGGCCACGGCCCTGGTTAC —0.43 0.21 023 —156 0.07
phospholipase domain containing 2) R:CGGTTCTTGGGCCCACTGCA
ATP5J2 ATP synthase, H+ transporting, F:AGATGACGTCAGTTGTACCGC 0.69 0.28 0.30 1.33 0.35
mitochondrial Fo complex, subunit F2 R:ATGCCCGAAGGGGTGAAATC
CAPN1 Calpain 1, (mu/L) large subunit F:GAGCTGTTCTCAAACCCCCA -0.95 -050 022 -137 0.16
R:GGGTGTCGTTGAGGGTAAGG
CD14 CD14 molecule F:CCTTGCAAGATCCTTCCGGT 0.10 -0.73 0.46 1.78 0.23
RITTGGCAGACTTTGGGGGTTT
CIRBP Cold inducible RNA-binding protein F:GAGTCAGGGTGGCAGCTATG 0.70 0.12  0.31 1.49 0.21
R:ACCCTTCTGAGTTGCACTGG
FADS1 Fatty acid desaturase 1 F:CGTGATTGACCGGAAGGTGT -226 216 034 -1.07 0383
R:ACAAGGCCCTGGTTGATGTG
FASN Fatty acid synthase F:CTCATCGGCGGTGTGGACAT 0.69 090 037 -—1.16 0.69
R:CATCGTGTTCGCCTGCTTGG
G6PD Glucose-6-phosphate dehydrogenase F:GCGATGCTTTCCATCAGTCG 1.06 162 036 —147 0.29
R:GCGTAGCCCACGATGTATGT
GSK3B Glycogen synthase kinase 3 beta F:CGAGACACACCTGCACTCTT -0.62 -0.18 029 -1.36 0.30
R:TGACGCAGAAGCGGTGTTAT
HSF1 Heat-shock transcription factor 1 F:TTCAAGCACAGCAACATGGC —0.51 -0.19 026 -—-1.25 040
R:CACGCTGGTCACTTTCCTCT
HSF2 Heat-shock transcription factor 2 F:AGGCCAGGATGACTTGTTGG -064 —-1.12 041 139 043
R:ACACCTCCTTCCAAAGGGAC
HSP90AA1 Heat-shock protein 90 kDa alpha F:ATCGCCCAGTTGATGTCGTT 021 -0.73 0.41 1.92 0.13
(cytosolic), class A member 1 R:TATCGTGAGGGTCCGGTCTT
HSPA2 Heat-shock 70 kDa protein 2 F:TGAGAGTTTCCAGAAGGCGG 0.02 -0.92 055 1.92 0.25
R:AAGACGAGCAAGCGACGTTA
HSPA4 Heat-shock 70 kDa protein 4 F:CGCTTCGCAGTGTTTTGGAA 0.05 —-1.23 048 243 0.08
R:TGCACAGCCTCGAGTAACAG
HSPB8 Heat-shock 22 kDa protein 8 F:GATGGCTACGTGGAGGTGTC -0.09 —-142 0.53 2.51  0.10
R:GGGGAAAGCGAGGCAAATAC
HSPCB Heat-shock protein 90 kDa alpha F:CCGTTCTCTTGAGTCACCCC 0.19 0.01  0.27 1.13  0.66
(cytosolic), class B member 1 R:GAGACATGAGCTGGGCGATT
HSPE1 Heat-shock 10 kDa protein 1 F:AGCTGTTGGATCAGGCTCTAAA 1.76 0.40 0.52 2.57  0.09
(chaperonin 10) R:TGTGATGCCATTAGACAGTGAC
IDH2 Isocitrate dehydrogenase 2 F:CGACCAGAGGATCAAGGTGG 0.06 0.18 0.16 —-1.09 0.59
(NADP+), mitochondrial R:GGGAGCCCCAGGTCAAAATA
INSR Insulin receptor F:CAGCCTGCGAGAGCGGATCG -0.97 -042 019 -146 0.07
R:TGAGAATAACCCCGGCCGCC
LDHA Lactate dehydrogenase A F:AAGGAACACTGGAAAGCGG 1.10 0.56 047 145 044
R:CATGGTGGAAATCGGATGCAC
MAPK14 Mitogen-activated protein kinase 14 F:CAGGGGCTGAGCTTTTGAAG —-0.07 -039 024 1.25 0.35
R:GCAAGTCAACAGCCAAGGGA
MDH2 Malate dehydrogenase 2, NAD FTTCTTGCTGCCAGCTCGTTT —0.05 046 041 —142 0.39
(mitochondrial) R:AGCACAGCTACCTTGGCATT
MIF Macrophage migration inhibitory factor ~ F:ATCAGCCCGGACAGGATCTA 0.02 0.70 027 —-160 0.10
(glycosylation-inhibiting factor) R:GCCGAGAGCAAAGGAGTCTT
MKNK2 MAP kinase interacting F:AAGAAGAAGAGGTGCCGAGC —-0.65 -0.10 025 —146 0.15
serine/threonine kinase 2 R:CACCTCCCGGAAAACCCTAC
NDUFB7 NADH dehydrogenase (ubiquinone) 1 F:CGCATGAAGGAGTTTGAGCG —0.03 053 023 —-147 0.12

beta subcomplex, 7, 18 kDa

R:GGGGCCTGGAGGCTTTTATT

© 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
the American Physiological Society and The Physiological Society.

2015 | Vol. 3 | Iss. 2 | e12315
Page 9



Heat Stress and Metabolism

Table 3. Continued.

M. V. Sanz Fernandez et al.

Trt, AAG] P
Gene Description Primers, 5'—3' PFTN?  HS? SEM  Fdiff*  Trt°
NDUFS7 NADH dehydrogenase (ubiquinone) F:-TGCCAGAGCCTCGTTATGTT 0.13 042 023 —-122 040
Fe-S protein 7, 20 kDa R:CAGTCTCTTCTCCCGCTTGA
NDUFV1 NADH dehydrogenase F:CGCGAGTATCTGTGCGTTTC —0.17 032 022 -140 0.13
(ubiquinone) flavoprotein 1, 51 kDa R:TTCAGTCTCCAGTCATGGCG
PC Pyruvate carboxylase F:AAGCCCTGGCCATAAGTGAC 0.30 048 024 —-1.13 0.60
R:CCCAATCTGGCCCTTCACAT
PDAP1 PDGFA-associated protein 1 F:GTGGAAGGGCTCATCGACAT 0.61 140 028 -1.73 0.07
R:GCTCTGTCTTCCCCGCTAAA
PDCD7 Programmed cell death 7 F:-TCTTACAGCCTTTCCGGCAG -1.17 =122 037 1.04 092
R:TTAATGGCGGTTGCCCAGAT
PEMT Phosphatidylethanolamine F:ATGGAGCGCGTGTTTGACTA 0.32 040 027 -1.06 0.84
N-methyltransferase R:TCCTGGGATCTCGTTCTCGT
PLIN Perilipin F:CAACAAGGGCCTGACTTTGC -1.63 -044 071 -228 026
R:ATTGCATACAGACGCCACCA
PRKAG1 Protein kinase, AMP-activated, F:GCATCCTCAAGACACCCCAG —0.59 0.33 030 -1.89 0.05
gamma 1 noncatalytic subunit R:GCAGCTCGGACACCATTAGT
PRLR Prolactin receptor F:ACAGTCACCTCCGGGAAAAC -1.15 -092 063 -1.17 0.79
R:TAGGGCCGCCAGTTTTGTAG
RBM7 RNA-binding motif protein 7 F:AGCAGGTACGAAAGAACGGT -0.13  -0.72 031 1.51  0.21
R:GGGACTGAACTGATGGCGAA
UBE2B Ubiquitin-conjugating enzyme E2B F:GGTGACCCACAGTGATTCGG —-1.03 —-148 142 137 0.81
R:AGGTGGGTCCTCTTGCAATC
UBE2G1 Ubiquitin-conjugating enzyme E2G 1 F:-TCGCCCGCTGTGTAAGAAAA 0.92 0.19 0.70 1.66 0.47
R:CAGTTCCAGCCAGTGTTTGC
ZAP70 Zeta-chain (TCR)-associated F:CAACTTTGGCTCTGTTCGCC 0.35 154 057 -228 0.19
protein kinase 70 kDa R:CACGTTGCTGACAGGGATCT
ZSCAN29 Zinc finger and SCAN domain F:CCCACAGGAGAAGCTCAGAC -1.13 -031 026 —177 0.05

containing 29

R:CCCAGTGATCCTGTTCCACC

"Delta delta C,.

2Pair-fed thermoneutral.

3Heat stress.

4Fold difference: positive/negative values indicate increased/decreased transcript abundance in HS pigs compared to PFTN controls.

STreatment.
SForward.
’Reverse.

increased in HS pigs. C-peptide is thought to be a better
indicator of pancreatic insulin secretion because it is pro-
duced at a 1:1 ratio to insulin and it avoids the confound-
ing effects of hepatic insulin extraction (Wallace et al.
2004). Our observation of increased C-peptide suggests
that HS-induced increase in circulating insulin is the result
of enhanced pancreatic secretion rather than decreased
systemic insulin clearance. Furthermore, increased insulin
secretion in heat-stressed pigs was associated with pancre-
atic insulin depletion as HS decreased pancreatic insulin
content, ostensibly (i.e., insulin-stained area was reduced
and pancreatic insulin protein content was numerically
decreased) due to a reduction in insulin-positive cluster
size rather than cluster number. Interestingly, insulin
receptor (INSR) gene expression at the adipose tissue level
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tended to be decreased in HS pigs, which is presumably an
adaptive response to increased circulating insulin.
Exposing f cells to HS in vitro decreases insulin secre-
tion (Kondo et al. 2012), which suggests that the heat-
induced circulating insulin response we observe in vivo
might be triggered by secondary signals rather than direct
pancreatic hyperthermia. One example may be prolactin,
which increases in response to HS in a variety of species
and models (Alamer 2011), including humans (Iguchi
et al. 2012) and our HS pig model (Sanz-Fernandez et al.
2012). Prolactin is thought to be involved in water
homeostasis and the sweating response (Alamer 2011);
however, its role in HS adaptation is not fully under-
stood. Intriguingly, prolactin increases f§ cell proliferation
and glucose-stimulated insulin secretion in vivo and

© 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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Table 4. Effects of 8 days of pair-feeding or heat stress on gene expression in skeletal muscle (Longissimus dorsi).

Heat Stress and Metabolism

Trt, AAG P
Gene Description Primers, 5'—3' PFTN?  HS? SEM  Fdiff* Trt®
ADRBK1 Adrenergic, beta, receptor kinase 1 F:GCGTCATGCAGAAGTACCTG® 1.28 1.37 0.24 —1.06 0.80
R:GCTTCAGGCAGAAGTCTCGG’
ATP5J2 ATP synthase, H+ transporting, F:GATGACGTCAGTTGTACCGC 0.25 0.51 0.35 —1.20 0.60
mitochondrial Fo complex, subunit F2 R:AATGCCCGAAGGGGTGAAAT
CAPN1 Calpain 1, (mu/L) large subunit F:TGCACCGAGTAGTTCCACAC 0.67 0.70 0.38 —1.02 0.96
R:AACTCATTGCCTTGGGCAGA
CcD14 CD14 molecule F:AACCCCCAAAGTCTGCCAAA 0.83 0.08 0.17 1.68 0.01
R:AAGGTCCTCAAAGCCTCTGC
CIRBP Cold inducible RNA-binding protein F:GAGTCAGGGTGGCAGCTATG 0.27 0.43 0.30 —-1.12 0.71
R:ACCCTTCTGAGTTGCACTGG
CKMT2 Creatine kinase, mitochondrial F:CTAACTGGCCGCAATGCTTC 0.87 1.89 0.41 —2.03 0.10
2 (sarcomeric) R:GCAGTTGTTGTGCTTGCGTA
CPT2 Carnitine palmitoyltransferase 2 F:-TCAGGCGGTAAGATGTGGAA -0.35 —0.03 0.29 —1.25 0.45
R:ACCATTACCTGAAGAGCCCG
DDB1 Damage-specific DNA-binding F:AAGCGCCTACCATCTGCTTT 1.10 132 0.23 —1.16 0.51
protein 1, 127 kDa R:TCTGGCACTGCAATCACCAT
FAR1 Fatty acyl CoA reductase 1 F: TCCAACAATGCCCTTGCAGA 0.25 0.18 0.25 1.05 0.83
R:GGGCCTTATGGCTTACAGCA
G6PD Glucose-6-phosphate dehydrogenase F:GCGATGCTTTCCATCAGTCG 1.04 1.25 0.16 -1.16 0.35
R:GCGTAGCCCACGATGTATGT
HIF1a Hypoxia inducible factor F:ATCTCGGGCACAGATTCGC 0.10 -0.19 0.21 1.22 0.34
1, alpha subunit R:TCCTCACACGCAAATAGCTGA
HSF1 Heat-shock transcription factor 1 F:TTCAAGCACAGCAACATGGC 1.99 1.94  0.30 1.04 0.90
R:CACGCTGGTCACTTTCCTCT
HSF2 Heat-shock transcription factor 2 F:AGGCCAGGATGACTTGTTGG 0.46 035 024 1.08 0.76
R:ACACCTCCTTCCAAAGGGAC
HSP90AA1 Heat-shock protein 90 kDa alpha F:ATCGCCCAGTTGATGTCGTT 1.02 —-0.05 0.18 2.10 <0.01
(cytosolic), class A member 1 R:TATCGTGAGGGTCCGGTCTT
HSPA2 Heat-shock 70 kDa protein 2 F:TGAGAGTTTCCAGAAGGCGG —0.06 —0.01 0.53 —1.04 0.94
R:AAGACGAGCAAGCGACGTTA
HSPA4 Heat-shock 70 kDa protein 4 F:AAAGATTCCATGGCCGAGCA 0.88 0.28 0.19 1.52 0.05
R:GCCGTCTCCTTCAGTTTGGA
HSPB8 Heat-shock 22 kDa protein 8 F:GATGGCTACGTGGAGGTGTC 1.33 0.91 0.22 1.34 0.20
R:GGGGAAAGCGAGGCAAATAC
HSPCB Heat-shock protein 90 kDa alpha F:AGCCGTTCTCTTGAGTCACC 0.79 0.01 0.20 1.72 0.02
(cytosolic), class B member 1 R:TGCCTGGAAGGCAAAAGTCT
HSPE1 Heat-shock 10 kDa protein 1 F:TTGCAAGCAACCGTAGTAGC 0.17 —1.08 0.34 2.38 0.02
(chaperonin 10) R:ACAGTGACTTGTTTCAGTCTACG
IDH2 Isocitrate dehydrogenase 2 F:CGACCAGAGGATCAAGGTGG 0.73 155 028 —-1.77 0.06
(NADP+), mitochondrial R:GGGAGCCCCAGGTCAAAATA
KCTD6 Potassium channel tetramerization F-TGGATAATGGAGACTGGGGCT 0.75 0.90 0.34 —1.11 0.76
domain containing 6 R:AGCATGGAATCCGGGTAACG
LDHA Lactate dehydrogenase A FTTGTTGGGGTTGGTGCTGTT 1.14 1.83 0.43 —1.61 0.28
R:TGGGGTCCTAAGGAAAAGGC
MAPK14 Mitogen-activated protein kinase 14 F:AAGACTCGTTGGAACCCCAG 1.41 1.14  0.24 1.21 0.43
R:TCCAGCAAGTCAACAGCCAA
MDH2 Malate dehydrogenase 2, F:TTTCTTGCTGCCAGCTCGTT 1.46 2.37 0.41 —1.88 0.14
NAD (mitochondrial) R:GCACAGCTACCTTGGCATTG
MEF2A Myocyte enhancer factor 2A F:AAGGAACACAGAGGGTGCG 0.64 0.72 024 —1.06 0.81
R:AAAGCATTAGGGCTGGTCACA
MIF Macrophage migration inhibitory F:ATCAGCCCGGACAGGATCTA —0.07 -0.23  0.19 1.12 0.58

factor (glycosylation-inhibiting factor) R:GCCGAGAGCAAAGGAGTCTT

© 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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Table 4. Continued.
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Trt, AAG P
Gene Description Primers, 5'-3' PFTN®  HS? SEM  Fdiff* Tt
MKNK2 MAP kinase interacting F:AAGAAGAAGAGGTGCCGAGC 1.13 1.40 0.28 —1.21 0.51
serine/threonine kinase 2 R:CACCTCCCGGAAAACCCTAC
MYOD1 Myogenic differentiation 1 F:CTACAGCGGTGACTCAGACG 1.24 152 033 —1.21 0.57
R:AATAGGTGCCGTCGTAGCAG
NDUFA6 NADH dehydrogenase (ubiquinone) F:CAGAGCCTTGCATGTCGGTA 0.59 1.08 0.32 —1.40 0.29
1 alpha subcomplex, 6, 14 kDa R:AGCTAACCAATCCTGGTGGC
NDUFB7 NADH dehydrogenase (ubiquinone) F:CGCATGAAGGAGTTTGAGCG 0.10 0.47 0.34 —-1.29 0.45
1 beta subcomplex, 7, 18 kDa R:GGGGCCTGGAGGCTTTTATT
NDUFS7 NADH dehydrogenase (ubiquinone) F-TGCCAGAGCCTCGTTATGTT 0.28 1.29 0.36 —2.01 0.06
Fe-S protein 7, 20 kDa R:CAGTCTCTTCTCCCGCTTGA
NDUFV1 NADH dehydrogenase (ubiquinone) F:CGCGAGTATCTGTGCGTTTC 1.21 1.88 0.32 —1.59 0.16
flavoprotein 1, 51 kDa R:TTCAGTCTCCAGTCATGGCG
PC Pyruvate carboxylase F:AAGCCCTGGCCATAAGTGAC 2.65 3.08 0.35 —1.35 0.39
R:CCCAATCTGGCCCTTCACAT
PDAP1 PDGFA-associated protein 1 F:GTGGAAGGGCTCATCGACAT 0.56 0.51 0.28 1.04 0.91
R:GCTCTGTCTTCCCCGCTAAA
PDK4 Pyruvate dehydrogenase F:AAGCCACATTGGCAGCATTG -0.78 0.56 044 253 0.05
kinase, isozyme 4 R:GGTGTTCGACTGTAGCCCTC
PEMT Phosphatidylethanolamine F:ATGGAGCGCGTGTTTGACTA 2.55 3.11 0.33 —1.47 0.26
N-methyltransferase R:TCCTGGGATCTCGTTCTCGT
PRKAG1 Protein kinase, AMP-activated, F:GCATCCTCAAGACACCCCAG 0.59 0.85 0.25 —1.20 0.48
gamma 1 noncatalytic subunit R:GCAGCTCGGACACCATTAGT
RASA1 RAS p21 protein activator F:GGGAAGGGCAAAACCCTGTA 0.11 0.05 0.16 1.04 0.81
(GTPase activating protein) 1 R:GCTCAATTGGCAGCGCATAA
RBM7 RNA-binding motif protein 7 F:GCAGGTACGAAAGAACGGTG 0.27 0.16 0.24 1.08 0.76
R:ATGGGACTGAACTGATGGCG
SLC16A5 Solute carrier family 16, member 5 F:TCGGCATCTTCTTCACCGAA 1.23 2.61 0.40 —2.60 0.03
R:GATGAATCCTGCCGTGAGGT
SLC25A27 Solute carrier family 25, member 27 F:AAGCTCTGGCAAGGAGTGAC 0.76 0.07 0.29 1.61 0.12
R:CACGAAATCGCAACGGCTTT
UBE2G1 Ubiquitin-conjugating enzyme E2G 1 F-TCGCCCGCTGTGTAAGAAAA 0.26 0.36 0.35 —1.07 0.83
R:CAGTTCCAGCCAGTGTTTGC
ZAP70 Zeta-chain (TCR)-associated F:CAACTTTGGCTCTGTTCGCCx —0.05 0.40 0.33 —1.37 0.35
protein kinase 70 kDa R:CAGTTCCAGCCAGTGTTTGC
ZSCAN29 Zinc finger and SCAN domain F:CCCACAGGAGAAGCTCAGAC 1.26 1.06 0.16 1.15 0.39

containing 29

R:CCCAGTGATCCTGTTCCACC

"Delta delta G.
2Pair-fed thermoneutral.

3Heat stress.

“Fold difference: positive/negative values indicate increased/decreased transcript abundance in HS pigs compared to PFTN controls.

>Treatment.
SForward.
"Reverse.

in vitro (Brelje and Sorenson 1991; Hughes and Huang
2011). Thus, determining prolactin’s role in HS metabolic
adaptation is of obvious interest. An additional signal
potentially involved in the insulin response during HS is
LPS. Heat stress increases intestinal permeability to luminal
content due to redistribution of blood flow from the viscera
to the periphery in an attempt to maximize radiant heat
dissipation (Lambert et al. 2002). The decrease in intestinal
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perfusion leads to mucosal hypoxia which compromises
the intestinal barrier function (Hall et al. 1999). In agree-
ment, we observe an increase in intestinal permeability and
the subsequent increase in circulating LPS in our model
(Pearce et al. 2013b; Sanz Fernandez et al. 2014), and an
LPS challenge acutely increases circulating insulin both in
vivo (Burdick Sanchez et al. 2013) and in vitro (Vives-Pi
et al. 2003). Interestingly, in this study CDI4 gene

© 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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Table 5. Effects of 8 days of pair-feeding or heat stress on gene expression in liver.

Heat Stress and Metabolism

Trt, AAG P
Gene Description Primers, 5'-3' PFTN?  HS3 SEM  Fdiff*  Trt°
ADRBK1 Adrenergic, beta, receptor kinase 1 F:GCGTCATGCAGAAGTACCTG® 0.18 0.02 0.18 1.12 0.54
R:GCTTCAGGCAGAAGTCTCGG’
ATP5J2 ATP synthase, H+ transporting, F:GATGACGTCAGTTGTACCGC 0.08 034 012 —-1.20 0.14
mitochondrial Fo complex, subu F2 R:AATGCCCGAAGGGGTGAAAT
CAPN1 Calpain 1, (mu/L) large subunit F- TGCACCGAGTAGTTCCACAC 0.52 0.70 0.59 —-1.13 0.17
R:AACTCATTGCCTTGGGCAGA
CCRN4L CCR4 carbon catabolite repression F:CCCGCTTCCAGAGGGATTTT 0.94 1.49 034 —-1.46 0.27
4-like (S. cerevisiae) R:GGGCTGGTAGGCTAGGATCT
CcD14 CD14 molecule F:AACCCCCAAAGTCTGCCAAA —-0.32 0.08 0.26 -1.32 0.28
R:AAGGTCCTCAAAGCCTCTGC
CIRBP Cold inducible RNA-binding protein F:GAGTCAGGGTGGCAGCTATG 0.13 0.18 0.13 —1.04 0.81
R:ACCCTTCTGAGTTGCACTGG
FADS2 Fatty acid desaturase 2 F:GCGCAGATGCCTACCTTT 0.48 0.65 025 —-1.13 0.64
R:CTAAATCAAGGTCGCGGTGG
FASN Fatty acid synthase F:TCATCGGCGGTGTGGACAT 2.56 117 0.24 2.62 <0.01
R:CCATCGTGTTCGCCTGCTTG
G6PD Glucose-6-phosphate dehydrogenase F:GCGATGCTTTCCATCAGTCG 1.56 0.99 0.46 1.48 0.39
R:GCGTAGCCCACGATGTATGT
GCK Glucokinase (hexokinase 4) F:CTGCCTTGGAAGCCTGTTGG 2.36 1.82 0.64 1.45 0.56
R:ATCTCCTTCTGCATCCGCCT
HIF1a Hypoxia inducible factor 1, alpha subunit ~ F:ATCTCGGGCACAGATTCGC 1.02 042 0.46 1.52 0.37
R:TCCTCACACGCAAATAGCTGA
HSF1 Heat-shock transcription factor 1 F:TTCAAGCACAGCAACATGGC 0.14 0.14  0.20 1.00 1.00
R:CACGCTGGTCACTTTCCTCT
HSF2 Heat-shock transcription factor 2 F:AGGCCAGGATGACTTGTTGG 0.14  -0.07 0.17 1.16 0.40
R:ACACCTCCTTCCAAAGGGAC
HSP90AA1 Heat-shock protein 90 kDa alpha F:ATCGCCCAGTTGATGTCGTT 0.53 0.38 0.13 1.1 0.45
(cytosolic), class A member 1 R:TATCGTGAGGGTCCGGTCTT
HSPA2 Heat-shock 70 kDa protein 2 F-TGAGAGTTTCCAGAAGGCGG —0.46 —-0.62 0.52 1.12 0.83
R:AAGACGAGCAAGCGACGTTA
HSPA4 Heat-shock 70 kDa protein 4 F:AAAGATTCCATGGCCGAGCA 0.59 0.26 0.14 1.26 0.12
R:GCCGTCTCCTTCAGTTTGGA
HSPB8 Heat-shock 22 kDa protein 8 F:GATGGCTACGTGGAGGTGTC 0.28 0.39 0.18 —1.08 0.69
R:GGGGAAAGCGAGGCAAATAC
HSPCB Heat-shock protein 90 kDa alpha F:AGCCGTTCTCTTGAGTCACC -0.10 -0.18 0.24 1.06 0.81
(cytosolic), class B member 1 R:TGCCTGGAAGGCAAAAGTCT
HSPE1 Heat-shock 10 kDa protein F:TTGCAAGCAACCGTAGTAGC 1.1 0.41 0.26 1.62 0.08
1 (chaperonin 10) R:ACAGTGACTTGTTTCAGTCTACG
IDH2 Isocitrate dehydrogenase 2 (NADP+), F:CGACCAGAGGATCAAGGTGG 0.69 040 0.30 1.22 0.50
mitochondrial R:GGGAGCCCCAGGTCAAAATA
KCTD6 Potassium channel tetramerization F:-TGGATAATGGAGACTGGGGCT 0.53 0.09 0.16 1.36 0.08
domain containing 6 R:AGCATGGAATCCGGGTAACG
LDHA Lactate dehydrogenase A FTTGTTGGGGTTGGTGCTGTT 0.74 0.76 020 —1.01 0.96
R:ITGGGGTCCTAAGGAAAAGGC
LIPG Lipase, endothelial F:CTGGTTCTGGTTCAAGCCCT 0.09 032 031 -1.17 0.60
R:GATCAGACAGTGGTGGCCTT
MAPK14 Mitogen-activated protein kinase 14 F:CAGGGGCTGAGCTTTTGAAG 0.84 034 0.29 1.41 0.25
R:GCAAGTCAACAGCCAAGGGA
MDH2 Malate dehydrogenase 2, FTTTCTTGCTGCCAGCTCGTT 0.54 0.71 044 —-1.13 0.80
NAD (mitochondrial) R:GCACAGCTACCTTGGCATTG
MIF Macrophage migration F:ATCAGCCCGGACAGGATCTA 0.67 0.59 0.31 1.06 0.85

inhibitory factor
(glycosylation-inhibiting factor)

R:GCCGAGAGCAAAGGAGTCTT
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Table 5. Continued.

M. V. Sanz Fernandez et al.

Trt, AAG, P
Gene Description Primers, 5'—3' PFTN?>  HS? SEM  Fdiff*  Trt°
MKNK2 MAP kinase interacting F:AAGAAGAAGAGGTGCCGAGC 0.73 0.38 0.23 1.27 0.29
serine/threonine kinase 2 R:CACCTCCCGGAAAACCCTAC
NDUFA6 NADH dehydrogenase (ubiquinone) F:CAGAGCCTTGCATGTCGGTA —0.91 —1.02 0.15 1.08 0.60
1 alpha subcomplex, 6, 14 kDa R:AGCTAACCAATCCTGGTGGC
NDUFB7 NADH dehydrogenase (ubiquinone) F:CGCATGAAGGAGTTTGAGCG 0.12 048 0.12 —-1.28 0.05
1 beta subcomplex, 7, 18 kDa R:GGGGCCTGGAGGCTTTTATT
NDUFS7 NADH dehydrogenase (ubiquinone) F:TGCCAGAGCCTCGTTATGTT 0.02 0.39 0.16 —1.29 0.10
Fe-S protein 7, 20 kDa R:CAGTCTCTTCTCCCGCTTGA
NDUFV1 NADH dehydrogenase (ubiquinone) F:CGCGAGTATCTGTGCGTTTC 0.10 0.41 0.22 —1.24 0.32
flavoprotein 1, 51 kDa R:TTCAGTCTCCAGTCATGGCG
PC Pyruvate carboxylase F:AAGCCCTGGCCATAAGTGAC -038 -034 020 -1.03 0.87
R:CCCAATCTGGCCCTTCACAT
PDAP1 PDGFA-associated protein 1 F.:GTGGAAGGGCTCATCGACAT 1.10 0.90 0.32 1.15 0.66
R:GCTCTGTCTTCCCCGCTAAA
PDK4 Pyruvate dehydrogenase F:AAGCCACATTGGCAGCATTG —-0.28 —-0.46 0.14 1.13 0.37
kinase, isozyme 4 R:GGTGTTCGACTGTAGCCCTC
PEMT Phosphatidylethanolamine F:ATGGAGCGCGTGTTTGACTA -0.57 -043 0.17 -1.10 0.56
N-methyltransferase R:TCCTGGGATCTCGTTCTCGT
POLD4 Polymerase (DNA-directed), F:GCTCTGCTGTGAAGTTTGGC 0.13 0.14 0.13 1.00 0.90
delta 4, accessory subunit R:AGCCTTTGGAAGGGTCATGG
PRKAG1 Protein kinase, AMP-activated, F:GCATCCTCAAGACACCCCAG 0.38 0.05 0.28 1.26 0.43
gamma 1 noncatalytic subunit R:GCAGCTCGGACACCATTAGT
RBM7 RNA-binding motif protein 7 F:AGCAGGTACGAAAGAACGGT 0.33 —-0.06 0.13 1.31 0.06
R:GGGACTGAACTGATGGCGAA
SDHC Succinate dehydrogenase F:CCGTGCCCATCTTAGTCCTC 0.59 0.55 0.21 1.03 0.89
complex, subunit. C, 15 kDa R:GGGGAGACAAAGGACGGTTT
SLC16A5 Solute carrier family 16, member 5 F:-TCGGCATCTTCTTCACCGAA 0.15 0.14 034 1.01 0.98
R:GATGAATCCTGCCGTGAGGT
SLC25A27 Solute carrier family 25, member 27 F:AAGCTCTGGCAAGGAGTGAC —-0.02 —-0.23 0.19 1.16 0.44
R:CACGAAATCGCAACGGCTTT
UBE2G1 Ubiquitin-conjugating enzyme E2G 1 F:ACTCGCCTGCTAATGTGGAC 0.45 0.16 0.34 1.22 0.56
R:GTGCAGGAAAAACAGTGCCA
ZAP70 Zeta-chain (TCR)-associated F:CAACTTTGGCTCTGTTCGCC -0.07 0.04 0.16 —1.08 0.63
protein kinase 70 kDa R:CACGTTGCTGACAGGGATCT
ZSCAN29 Zinc finger and SCAN domain F:CCCACAGGAGAAGCTCAGAC —-0.24 -043 0.21 1.14 0.54

containing 29

R:CCCAGTGATCCTGTTCCACC

"Delta delta G.
2Pair-fed thermoneutral.

3Heat stress.

“Fold difference: positive/negative values indicate increased/decreased transcript abundancein HS pigs compared to PFTN controls.

>Treatment.
SForward.
"Reverse.

expression in LD and circulating LBP, both key proteins in
the recognition of LPS by Toll-like receptor 4 (Lu et al.
2008), were upregulated and numerically increased, respec-
tively, in HS pigs. Furthermore, the partial loss of differ-
ences in metabolism between treatments by d 6 of
environmental exposure might correspond to the temporal
pattern of acclimation by the intestinal barrier. This
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hypothesis is supported by the lack of differences in LBP by
the end of the experiment. Moreover, because we utilized
jugular catheters we administered antibiotics throughout
the length of the experiment to prevent infection. This
experimental approach may have influenced the intestinal
flora, mitigating the leakage of luminal proinflammatory
molecules to the portal and systemic blood stream, and/or
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the immune response to them. Determining how antibiot-
ics influence the metabolic and inflammatory response to
HS is of academic and practical interest.

Contrary to our previous studies in ruminants (O’Brien
et al. 2010; Wheelock et al. 2010), the insulin response to
the GTT was decreased by HS. This might be due to spe-
cies differences in insulin responsiveness as pigs are gener-
ally considered more insulin sensitive than ruminants
(Brockman and Laarveld 1986), and therefore, changes in
peripheral insulin sensitivity might be adequate for insulin
to exert its effects on HS adaptation in swine. The effects
of HS on whole-body insulin sensitivity is not clear as
there is evidence that it either increases, does not change
or actually decreases [see review (Baumgard and Rhoads
2013)]. In this study, the rate of glucose disposal following
the GTT was decreased by HS and this suggests insulin
resistance, but this is likely explained by a decreased insu-
lin response to the GTT in HS pigs. Coupling the insulin
response with the glucose disposal parameters (the insuli-
nogenic index) suggests that HS pigs actually required less
insulin to stimulate a similar quantity of systemic glucose
uptake. The increased insulin sensitivity agrees with previ-
ous reports where thermal therapy improved insulin action
in diabetic and obese rodents (Kokura et al. 2007; Gupte
et al. 2009) and humans (Hooper 1999), and might be the
result of heat-shock protein upregulation, as overexpres-
sion of HSP72 protects against obesity-induced insulin
resistance and hsp coinducers improve insulin sensitivity
(Chung et al. 2008). Consequently, both the increase in
basal circulating insulin and the apparent enhanced insulin
sensitivity seem to be critical for survival and adaptation
to a heat load as diabetics are more susceptible to heat
related-illness/death and insulin administration to diabetic
rodents improves survivability to severe HS (Semenza
et al. 1999; Niu et al. 2003).

Heat stress appears to markedly alter intracellular ener-
getics, characterized by a decrease in ATP production via
oxidative phosphorylation and an increase in energy pro-
duction via aerobic glycolysis (Baumgard and Rhoads
2013) and this resembles the Warburg effect utilized by
cancer cells (Kim and Dang 2006). Our molecular data
agree with this tenet as the gene expression of the tricar-
boxylic acid cycle (IDH2) and electron transport chain
enzymes (NDUFB7, NDUFS7), as well as mitochondrial
creatine kinase (CKMT2; responsible for the transfer of
high energy phosphate from the mitochondria to the
cytosol) were or tended to be downregulated in LD and
liver of HS compared to PFTN pigs. In contrast to our
previous findings (Sanders et al. 2009; Won et al. 2012),
LD pyruvate dehydrogenase kinase 4 (PDK4), which
inactivates the pyruvate dehydrogenase complex and thus
regulates glucose flux from glycolysis into the TCA cycle,
was downregulated in HS pigs. Reasons for these

© 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.

Heat Stress and Metabolism

dissimilar results may include differences in experimental
design, as in the past we have compared HS animals to
TN ad libitum controls instead of to PFTN ones, and feed
restriction by itself increases PDK4 expression (Furuyama
et al. 2003). Nevertheless, the pyruvate dehydrogenase
complex is regulated by several PDK isozymes as well as
pyruvate dehydrogenase phosphatases (Harris et al. 2002),
so further research is required in order to establish its
role in the cellular metabolic shift during HS.

The decreased AT mobilization and improved insulin
sensitivity observed in the HS pigs might actually be the
result of reduced energetic requirements. Traditionally,
HS has been thought to increase whole-body energy
expenditure due to employing heat dissipation mecha-
nisms (panting, etc.; Fuquay 1981). Furthermore, despite
the questionable applicability of the van’t Hoff-Arrhenius
equation (a formula stating that chemical reactions are
temperature dependent and that reaction rates increase as
temperature rises) to homeotherms, it is frequently touted
as being partially responsible for the increase in mainte-
nance costs of heat-stressed animals (see review: Baum-
gard and Rhoads 2013). Furthermore, the potential
activation of the immune system as a consequence of the
HS-induced increased intestinal permeability comes with
a high energetic cost. In an apparent contrast, heat-
stressed animals experience a marked decrease in thyroid
hormones, which are typically correlated with whole-body
energy expenditure and heat production [as reviewed in
(Baumgard and Rhoads 2013)]. In our study, after only
24 h of HS exposure, both circulating T5 and T, were
sharply decreased, which suggests that in the early stages
of HS the reduction in thyroid hormones is related to
reduced thyroid gland activity. However, T, progressively
increased to baseline levels, whereas T3 and similarly Ts:
T, ratio remained low throughout the experiment. This
implies that as HS progresses thyroid gland acclimates,
but the extrathyroidal T, to T; conversion (responsible
for most of the circulating T; in mammals (Kahl et al.
2002) remains reduced. In agreement, by d 8 of HS,
hepatic 5'D activity was decreased in HS pigs compared
to PFTN animals. Interestingly, thyroid hormones can
activate lipolysis and NEFA utilization (Pucci et al. 2000)
and thus the heat-induced reduction in adipose tissue
mobilization might be the result of decreased thyroid hor-
mones’ stimulation. Furthermore, hypothyroid humans
have reduced sensitivity to adrenergic signals (Mullur
et al. 2014), which may explain why HS pigs had a
blunted NEFA response to epinephrine. The mechanism
by which HS decreases thyroid parameters are not fully
understood, but both cortisol and LPS have been shown
to regulate aspects of the thyroid axis in different models
(Kahl et al. 2000; Larson 2005) and both are increased in
acute HS (Baumgard and Rhoads 2013). Determining the
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energetic and nutrient demand of heat-stressed animals
would presumably provide clues on how to better treat
humans and animals suffering from heat-related illnesses.
In summary, HS represents a major environmental haz-
ard compromising both human health and animal agri-
culture. In this study, we demonstrated that heat-stressed
pigs experience increased basal insulin secretion and
whole-body insulin sensitivity, and both variables likely
prevent adipose tissue mobilization. The similarities with
our observations during both growth and lactation in
monogastrics and ruminants, coupled with the thermal
therapy and diabetic models suggest that these responses
are conserved amongst species, highlighting its impor-
tance in the adaptation to a thermal load. A better under-
standing of the physiological effects of HS is essential in
order to develop treatment protocols and mitigation
strategies both for human health and animal agriculture.
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