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Abstract

Excessive heat exposure reduces intestinal integrity and post-absorptive energetics that can inhibit wellbeing and be fatal.
Therefore, our objectives were to examine how acute heat stress (HS) alters intestinal integrity and metabolism in growing
pigs. Animals were exposed to either thermal neutral (TN, 21uC; 35–50% humidity; n = 8) or HS conditions (35uC; 24–43%
humidity; n = 8) for 24 h. Compared to TN, rectal temperatures in HS pigs increased by 1.6uC and respiration rates by 2-fold
(P,0.05). As expected, HS decreased feed intake by 53% (P,0.05) and body weight (P,0.05) compared to TN pigs. Ileum
heat shock protein 70 expression increased (P,0.05), while intestinal integrity was compromised in the HS pigs (ileum and
colon TER decreased; P,0.05). Furthermore, HS increased serum endotoxin concentrations (P = 0.05). Intestinal permeability
was accompanied by an increase in protein expression of myosin light chain kinase (P,0.05) and casein kinase II-a (P= 0.06).
Protein expression of tight junction (TJ) proteins in the ileum revealed claudin 3 and occludin expression to be increased
overall due to HS (P,0.05), while there were no differences in claudin 1 expression. Intestinal glucose transport and blood
glucose were elevated due to HS (P,0.05). This was supported by increased ileum Na+/K+ ATPase activity in HS pigs. SGLT-1
protein expression was unaltered; however, HS increased ileal GLUT-2 protein expression (P = 0.06). Altogether, these data
indicate that HS reduce intestinal integrity and increase intestinal stress and glucose transport.
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Introduction

Both humans and livestock are susceptible to high thermal loads

that can cause acute, chronic, and lethal illness due to heat stress-

related pathologies. In 2003, approximately 50,000 Europeans

died during an intense heat-wave [1,2]. More recently, about

11,000 people succumbed to heat stress in Moscow during an

abnormally hot 2010 summer [3]. Besides cooling and rehydra-

tion, there are few standard medical procedures to treat heat

stroke and mortality for patients admitted to hospitals is thought to

be .30% [4]. Moreover, heat stress is also important for animal

agriculture as it is estimated to costs the US swine industry over

$300 million annually and cost global animal agriculture tens of

billions of dollars [5].

Heat-stressed mammals partition blood to the periphery in an

attempt to maximize radiant heat dissipation, and this blood

redistribution is supported by vasoconstriction of the gastrointes-

tinal tract [6]. As a result, reduced blood and nutrient flow leads to

hypoxia at the intestinal epithelium, which ultimately compromis-

es intestinal integrity and function [7]. Consequently, heat-

induced intestinal permeability is associated with increased blood

markers of endotoxemia, hypoxia, and inflammation; all of which

may contribute to multi-organ failure syndrome [8]. As the

gastrointestinal tract is highly sensitive to hyperthermia, and a

compromised mucosa is pivotal to the pathobiology of heat -

related illness, numerous animal and cell culture models have been

utilized to examined the etiology of heat-induced intestinal

damage [9–11]. However, few studies have examined how high

ambient temperatures affect intestinal function and integrity.

The mechanisms by which heat stress alters intestinal perme-

ability are not fully understood. However, inflammation and

hypoxia regulate intestinal tight junction (TJ) proteins such as

occludin and claudins, along with heat shock proteins (HSP) and

hypoxia-inducible factor (HIF) [12–14]. Additional consequences

of altered intestinal permeability may include changes in nutrient

digestibility and absorption across the intestinal epithelium.

Therefore, our objective was to evaluate and characterize the

effects of prolonged HS on intestinal integrity, metabolism, and

function in growing pigs. Furthermore, we hypothesized that an

acute heat-load would detrimentally alter intestinal integrity

leading to augmented endotoxemia and inflammation.

Materials and Methods

Animals and Study Design
All procedures involving animal use and care were approved by

the Iowa State University Institutional Animal Care and Use

Committee. Sixteen crossbred pigs (4666 kg BW) comprising of

six gilts and ten barrows were housed in individual pens and
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allowed ad libitum access to water and feed at all times. Feed intake

was measured throughout the acclimation period, and the diet

consisted primarily of ground corn and soybean meal and was

formulated to meet or exceed nutrient requirements [15]. After

two weeks of acclimation under thermal neutral conditions, pigs

were randomly assigned to one of two climatic treatments.

To evaluate the effects of an acute heat load, pigs were exposed

to either thermal neutral (TN, 21uC; 35–50% relative humidity;

n = 8) or HS conditions (35uC; 24–43% relative humidity; n = 8)

for 24 h. Regardless of environmental treatment, all animals were

fed the same diet throughout the duration of the experimental

period. During the 24 h experimental period animals were

monitored continuously for signs of distress. Rectal temperatures

were recorded with a digital thermometer (Top careH, Waukegan,

IL) and respiration rates (breaths/min) calculated with a

stopwatch. Pigs were moved into HS conditions in six blocks

beginning at 0800 or 1100 h over three days. For each block,

respiration rate, rectal temperature, and feed intake were

measured every four hours during each 24-h period. Body weights

were recorded on all animals at 0 h and immediately prior to

sacrifice (i.e. 24 h). Blood was obtained while the animals were

restrained (at 0 and 24 h) and immediately sacrificed using a

penetrating captive bolt followed by exsanguination.

Biological samples harvested included whole tissue and mucosal

scrapings from the ileum (2 m proximal from the ileal-cecal

junction) and colon (1 m from the rectum). A portion of the tissue

samples were snap-frozen in liquid nitrogen and stored at 280uC
until further analyses. An additional fresh sample of whole ileum

and colon was obtained and placed immediately into Krebs-

Henseleit buffer (containing 25 mM NaHCO3, 120 mM NaCl,

1 mM MgSO4, 6.3 mM KCl, 2 mM CaCl and 0.32 mM

NaH2PO4, pH 7.4) under constant aeration for transport to the

laboratory and mounting into modified Ussing Chambers.

Ussing Chamber
Intestinal tissue from the proximal ileum and colon was

mounted into modified Ussing chambers (Physiological Instru-

ments, San Diego, CA) for determining intestinal integrity and

active nutrient transport. Tissue samples were pinned and placed

vertically into the chambers, connected to dual channel current

and voltage electrodes submerged in 3% noble agar and filled with

3 M KCl for electrical conductance. Each segment was bathed in

4 mL of Krebs-Henseleit buffer (KHBB) on both serosal and

mucosal sides, and tissue was provided with a constant O2-CO2

mixture. Individual segments were clamped at a voltage of 0 mV

and transepithelial electrical resistance (TER) was determined

[16]. Ileal active glucose and glutamine nutrient transport were

measured as previously described by Gabler and co-workers [16].

To further assess intestinal integrity, ileum and colon mucosal to

serosal macromolecule transport of 4.4 kDa fluorescein isothiocy-

anate labeled dextran (FITC-Dextran) was used. After 20 min of

stabilization, Krebs-Henseleit buffer was removed from the

luminal side and 2.2 mg/mL of FITC-Dextran was added while

4 mL of KHBB was added to the acceptor side. Samples from

both sides were obtained in duplicate every 20 min for 80 min.

The relative fluorescence was then determined using a fluorescent

plate reader (Bio-Tek, USA) with the excitation and emission

wavelengths of 485 and 520 nm, respectively. Thereafter, an

apparent permeability coefficient (Papp) was calculated for each

treatment [17]:

PaPP~dQ=(dt|A|C0)

Where: dQ/dt = transport rate (mg=min ); C0= initial concentra-

tion in the donor chamber (mg=mL); A= area of the membrane

(cm2).

Blood Glucose and Endotoxin Analysis
Blood glucose was analyzed using an i-STATH (Abbott Point of

Care, Princeton, NJ) machine with the CG8+ cartridge. Blood

from the 0 and 24 h sampling was obtained using lithium heparin

vacutainer tubes. Serum endotoxin concentrations were deter-

mined using a commercially available kit validated for use in our

laboratory. Briefly, endotoxin concentrations were determined in

triplicate using a recombinant Factor C (rFC) endotoxin assay with

a 1/1000 dilution factor for porcine serum samples (PyroGeneH
Recombinant Factor C Endotoxin Detection System, Lonza,

Walkersville, MD). The procedure was conducted in 96-well

microplates and fluorescence was measured at time 0 and after 1 h

incubation at 37uC. The plates were then read under fluorescence

using a Synergy 4 microplate reader (Bio-Tek, Winooski, VT) with

excitation/emission wavelengths of 380/440 nm. Relative fluo-

rescence unit (RFU) was determined and concentration of

endotoxin was interpolated from the standard curve. Values were

calculated by subtracting the endotoxin concentration at time zero

of the study from the concentration at time of sacrifice.

Myeloperoxidase Activity (MPO)
To assess immune cell infiltration into the intestinal tract due to

HS, whole ileum tissue MPO activity was measured using a

modified method previously described [18]. Briefly, tissue samples

were homogenized in 0.5% hexadecyltrimethylammonium bro-

mide (HTAB) in potassium phosphate buffer (PPB; pH 6.0) and

then freeze-thawed and vortexed three times. Samples were then

centrifuged for 15 min at 10,0006g. The resulting supernatant

was transferred to a new tube and the remaining pellet was again

suspended in 500 mL of 0.5% PPB+HTAB. The resuspended

pellet was freeze-thawed and homogenized 26 and 500 mL was

transferred to a new tube. Samples were then centrifuged again at

10,0006g for 15 min and the supernatant was collected. The final

supernatant was mixed with o-dianasidine dihydrochloride and

0.005% hydrogen peroxide. One unit of MPO activity was

expressed as the amount of MPO needed to degrade 1 mmol of

hydrogen peroxide/min/mL. Absorbance was read at 460 nm for

10 min reaction time and absorbance was calculated on a milliliter

sample/milligram protein basis.

Na+/K+ ATPase Activity
Ileal mucosal scrapings were homogenized in sucrose buffer

(pH 7.4) consisting of: 50 mM sucrose, 1 mM Na2EDTA, and

20 mM tris base and centrifuged at 10006g for 10 min for protein

extraction. Protein extracts were separated into 5 aliquots: two for

water, two for ouabain, and one for bicinchoninic acid (BCA)

protein analysis. Proteins with either MQ H2O or 20 mM ouabain

were pre-incubated for 15 min with Na+/K+ ATPase reaction

buffer (pH 7.0; 2000 mM NaCl, 100 mM KCl, 50 mM MgCl2
and 250 mM HEPES) and then incubated for 45 min after

addition of fresh 105 mM ATP to start the reaction. After 45 min

the reaction was terminated using ice-cold 50% trichloroacetic

acid. Samples were centrifuged at 15006g for 10 min to obtain

the final product which was present in the supernatant [19].

Lastly, samples were analyzed for the presence of inorganic

phosphate using the Molybdovanadate method [20] and assessed

in triplicate at a wavelength of 400 nm using a Synergy 4

microplate reader (Bio-Tek, Winooski, VT). Specific Na+/K+

ATPase activity was determined by the difference in inorganic

phosphate (Pi) production from ATP in the presence of absence of

ouabain (specific Na+/K+ ATPase inhibitor). Unspecific phos-
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phate hydrolysis was correlated by measuring Pi freed in the

absence of protein suspension.

Western Blotting
Whole cell protein from ileal mucosal scrapings was extracted in

a PBS +1% Triton X-100 buffer with protease and phosphatase

inhibitors and used for a majority of western blot analysis. For TJ

measurement, proteins from ileum mucosal scrapings were

fractionated into cytosolic and membrane portions as previously

described [21]. Briefly, tissues were homogenized in a lysis buffer

containing 1% Triton X-100, 100 mM NaCl, 10 mM HEPES

pH 7.6, 2 mM EDTA with protease and phosphatase inhibitors.

Samples were centrifuged at 15,0006g for 30 min and the triton-

soluble (cytosolic) supernatant was collected. The pellet was

ultrasonicated in triton buffer with 1% SDS and centrifuged at

15,0006g for 5 min to give the triton-insoluble (membrane)

fraction. Tissue homogenates were separated by SDS (10–15%)

polyacrylamide gel electrophoresis (SDS-PAGE). Gels were run

under reducing conditions and transferred to nitrocellulose

membranes. Membranes were blocked for 1 h in 5% non-fat

dry milk (NFDM) in TBST (16 TBS, 0.1% Tween-20).

Membranes were then blocked in primary antibody with 5%

NFDM in TBST overnight. After blocking in primary antibody

(HSP70, HIF 1-a, MLCK, GLUT 2, SGLT-1, C-Src, CK II-a,
Claudin 1, Claudin 1, Occludin, MCT, and GAPDH; Table S1)

membranes were incubated in secondary antibody for one hour.

For detection, SupersignalH West Pico Chemiluminescent Sub-

strate was used (Thermoscientific, Waltham, MA). Membranes

were imaged using FOTO AnalystH Luminary/FXH (Fotodyne

Inc, Hartland, WI). Band densities were quantified by densitom-

etry using TotalLab Quant (Total LabH, Newcastle Upon Tyne,

UK). Bands were standardized to the density of GAPDH and

represented as a ratio of each protein to GAPDH.

Inflammation Measures
Equal amounts of ileal mucosal scraping tissue protein (100 mg)

and serum were analyzed for interleukin-1b (IL1B) and IL-8

concentrations using a porcine-specific ELISA (DuoSetH Porcine

IL1, catalog number DY681 and DY535, respectively, R&D

systems, Minneapolis, MN, USA) per the manufacturer’s instruc-

tions. Further, serum tumor necrosis factor (TNF)-a was measured

also using a commercially available ELISA kit (QuantikineH
Porcine TNF-a, catalog number PTA00, R&D systems, Minnea-

polis, MN, USA).

Digestive Enzyme Activities
Activities of maltase, sucrase, and lactase were analyzed in ileal

mucosal scrapings using a modified method of Dahlqvist [22], and

liberated glucose was measured using the glucose oxidase method.

L-alanine aminopeptidase activity was analyzed using a modified

method of Roncari and Zuber [23], utilizing p-nitroaniline as a

substrate.

Statistics
All data were statistically analyzed using the PROC MIXED

procedure of SAS version 9.2 (SAS Inst. Inc. Cary NC). The

model included a fixed effect of treatment (TN vs. HS) as well as a

random effect of sex and experimental block if significant. For

hourly measurements (body temperatures, respiration rates and

feed intake) each animal’s respective parameter was analyzed using

repeated measures with an auto-regressive covariance structure

and time as the repeated effect. Baseline or time 0 data was used as

a covariate. All data are reported as LS means and differences

considered significant if P,0.05 and a tendency if P,0.10.

Results

Phenotypic Response to Heat Stress
Heat-stressed pigs had an immediate and overall increase in

rectal temperatures (39.3 vs. 40.9uC, P,0.01, Figure 1a) and an

approximate 2-fold increase in overall respiration rate compared

to the TN controls (52 vs. 119 bpm, P,0.05, Figure 1b). During

HS, cumulative feed intake decreased (53%; P,0.01, Figure 1c)

and heat-stressed pigs lost BW (22.2 kg; P,0.05, Figure 1d) while

TN pigs gained BW (0.5 kg).

Intestinal Integrity
Ileum and colon TER decreased 52 and 24%, respectively in

heat-stressed pigs (P,0.05, Table 1). Furthermore, the apparent

permeability coefficient (transport of the macromolecule, FITC-

dextran) was markedly elevated in the ileum and colon (119 and

472%, respectively; P,0.05, Table 1) due to HS. Protein

expression of ileum mucosal MLCK was elevated during HS

(116%; P,0.05, Figure 2a). There was a tendency (P=0.06;

Figure 2b) for HS to increase expression of ileum CK II-a,
however c-Src expression was unchanged due to temperature

(P.0.10, Figure 2c). Circulating endotoxin concentrations also

increased 200% in HS pigs compared to TN counterparts

(P,0.05, Figure 3). There were no differences (P.0.10) detected

in cytosolic or membrane fraction protein expression of claudin

1 (Table 2, Figure 4). Total claudin 3 was upregulated (P,0.05)

due to HS and this difference was solely due to an increase in

the membrane fraction (42%; P,0.05). Occludin protein

expression was increased in the total fraction (P,0.05,

Table 2, Figure 4), however, differed from claudin 3, in that

the increase was solely in the cytosolic fraction due to HS.

(44%; P,0.01, Table 2, Figure 4).

Intestinal Metabolism
After 24 h of an acute heat load, HS pigs had increased blood

glucose (12%; P,0.05, Figure 5a). Ileum active glucose transport

activity was increased (283%; P,0.05; Figure 5b) during HS, and

HS tended to increase glutamine transport (P= 0.09, Table 3). HS

tended to increase GLUT-2 protein expression (P=0.06,

Figure 5c). However, no changes were detected in SGLT-1

protein abundance (P.0.05, Figure 5d). Ileal Na+/K+ ATPase

activity was increased due to HS (109%; P,0.05, Figure 6) while

sucrase and maltase activities were decreased by HS (30 and 24%,

respectively; P,0.05, Table 3). Lactase activity did not differ

between treatment groups (P= 0.37, Table 3). There were no

differences in ileal mucosal aminopeptidase N activity (P= 0.17,

Table 3).

Immune and Stress Response
As expected, HS increased mucosal HIF-1a (139%, P#0.05,

Figure 7) and HSP70 protein expression (201%, P,0.01, Figure 7).

There were no differences observed in ileal mucosal IL1B and IL-

8 concentrations, however there was a HS-induced decrease in

serum IL-8 (56%; P,0.01, Table 4), serum TNF-a (P,0.05) and a

tendency for a decrease in serum IL1b (62%; P=0.11, Table 4).

Ileal MPO activity was increased in HS pigs compared to TN

counterparts (147%; P,0.05, Table 4). Protein expression of ileal

mast cell tryptase (MCT) was increased due to HS (116%; P,0.01,

Figure 2d).

Heat Stress and Intestinal Function
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Discussion

Exposure to high ambient temperatures can impose consider-

able health and physiological stress-related problems to humans

and animals, and the gastrointestinal tract is one of the main

organs affected [6]. By design, our HS protocol resulted in marked

hyperthermia as evidenced by elevated rectal temperatures and

respiration rates. Another immediate effect of HS was the decrease

in feed intake, and this reduced appetite is presumably a strategy

to minimize metabolic heat production. Decreased feed intake

during HS was expected as this is a highly conserved response

amongst species [24,25]. However, it is important to note that

nutrient restriction can lead to alterations in intestinal function,

transport, morphology, and this may increase the risk of

developing bacterial sepsis [26]. Heat-stressed pigs also lost a

significant amount of body weight in 24 h and this demonstrates

that our acute model was an incredibly catabolic event. This may

be explained by the fact that pigs are extremely susceptible to HS

because they lack functional sweat glands and produce a large

amount of metabolic heat [27]. However, the loss of body weight

could be partially explained by a combination of reduced feed

intake, increased basal metabolic rate and a presumed increase in

urination. Although, no diarrhea was observed due to HS and

water consumption was not recorded, we believe our HS pigs were

well hydrated as crudely assessed by blood hematocrit values

which were not different from the TN control pigs (data not

shown).

Heat stress repartitions blood to the periphery which results in

reduced blood flow to the intestinal epithelium and may lead to

hypoxia, ATP depletion, oxidative and nitrosative stress, as well as

apoptosis [6]. ATP depletion and osmotic stress is further

amplified by an increase in ion pump activities that are a

significant source of cellular and whole body energy expenditure

[28]. During heat stress, cells also become more permeable to

sodium and require more energy to maintain osmolyte homeo-

stasis, membrane potential and active nutrient transport [29,30].

As such, this likely explains the increase in intestinal Na+/K+

ATPase activity observed in our HS model. We also observed

increased cellular stress in the form of increased protein expression

of HIF 1-a and HSP70 during HS. Under hypoxic conditions,

HIF-1-a is rapidly upregulated to support many aspects of cell

survival [31]. On the other hand, heat shock proteins, are a diverse

family of proteins that are important in the stress response as they

act as chaperones and housekeepers to provide protection and

recovery to proteins which are misfolded, unfolded, or otherwise

altered due to elevated temperatures [32]. Specific to thermal

biology, HSP70 is rapidly upregulated 2–4 h after heat exposure

[9]. In addition, HSP70 mediates responses to endotoxin induced

cytokine production and may interfere with nuclear factor (NF)-kB
transcription, thus diminishing or disrupting the inflammatory

response [33]. Altogether, these data indicate that 24 h of HS

induces a localized stress response to the gastrointestinal tract.

Inflammation and pro-inflammatory cytokines [34] as well as

hypoxia [35] regulate or disrupt TJ’s and reduce intestinal

integrity. In the current study, HS increased circulating endotoxin,

endotoxin transport, and intestinal permeability. As a result,

increased permeability can lead to endotoxemia and systemic

inflammation [8]. This reduction in intestinal integrity is likely in

part due to decreased resistance across the intestinal epithelium, as

evidenced by a reduced TER during HS. The decrease in TER

agrees with previous HS models in cell culture and rodents [9,10].

Figure 1. The effects of 24 hours of either constant thermal neutral conditions (TN; 21uC) or heat stress conditions (HS; 35uC) on a)
rectal temperature, b) respiration rates, c) cumulative feed intake, and d) change in body weight in growing pigs. a,bP,0.05, n = 8/trt.
doi:10.1371/journal.pone.0070215.g001

Heat Stress and Intestinal Function
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TJ proteins such as zonula occludin, claudins, and occludins re-

distribute or re-localize during times of stress [14,36,37]. ZO-1 is

thought to primarily regulate paracellular permeability in the

intestine, while the role of occludin in paracellular permeability is

still not fully understood [38]. In the current study we observed an

Figure 2. Heat stress augments ileum protein expression of TJ protein regulatory machinery; a) Myosin light chain kinase (MLCK),
b) Casein kinase (CK) II-a, c) c-Src, and d) Mast cell tryptase (MCT) in growing pigs. Pigs were exposed for 24 hours to either constant
thermal neutral conditions (TN; 21uC) or heat stress conditions (HS; 35uC). n = 8/trt.
doi:10.1371/journal.pone.0070215.g002

Figure 3. Heat stress conditions (HS; 35uC) increases serum
endotoxin compared to pigs reared in thermal neutral
conditions (TN; 21uC) for 24 hours. a,bP,0.05, n = 8/trt.
doi:10.1371/journal.pone.0070215.g003

Figure 4. Heat stress conditions (HS; 35uC) alters expression
and localization of TJ proteins compared to pigs reared in
thermal neutral conditions (TN; 21uC) for 24 hours. Supplemen-
tal figure in support of Table 2.
doi:10.1371/journal.pone.0070215.g004

Heat Stress and Intestinal Function
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overall (membrane plus cytosolic) increase in claudin 3 and

occludin protein expression due to HS. Our occludin data agrees

with previous 24 h intestinal HS models in which occludin protein

is upregulated [9,39]. Upregulation of these TJ proteins may

indicate a barrier enhancement effect during HS in an attempt to

compensate for increased permeability. This notion is supported

by data indicating heat-induced expression of HSPs are required

for occludin upregulation [9]. Another possibility is that the

occludin detected is not functionally bound to ZO-1 and TJ

complexes. Interestingly, the distribution of TJ proteins differed, in

that claudin 3 protein expression was upregulated more in the

membrane fraction, while occludin was upregulated more in the

cytosolic or detergent insoluble fraction.

Re-distribution of TJ proteins has previously been shown due to

oxidative stress [40] in a c-Src kinase dependent manner [41].

Phosphorylation of occludin by multiple kinases and phosphatases

is thought to contribute to TJ regulation and modification [42].

The Src-family kinases are thought to be involved in TJ assembly

and intestinal integrity. Casein kinase II-a also plays a key role in

occludin phosphorylation and acts as an important regulator of

ZO-1, claudin-1, and claudin-2 proteins. TJ protein complexes

dissociate and lead to impaired barrier function upon CKII-a
activation [38]. In the current study we have shown HS to increase

ileum CK II-a expression, indicating another mechanism through

which TJ disruption of the intestinal epithelium may occur.

Interestingly, no differences in c-Src expression were observed due

to HS. c-Src has been shown to directly bind and phosphorylate

occludin, thus diminishing its ability to bind to zonula occludins

[42]. Epithelial cells also consist of an actin cytoskeleton and

contraction of this cytoskeleton is necessary to maintain cell

motility. Regulation of the cytoskeleton is largely mediated by

MLCK and post-translational modifications to myosin light chain

[14]. Increased expression and activation of MLCK and

subsequent phosphorylation of myosin light chain has been

observed during HS and increases intestinal permeability [43].

This agrees with our data, as HS increased MLCK protein

expression. Interestingly, MLCK is known to be activated by

oxidative stress, hypoxia and HIF 1-a [12]. Moreover, it has been

established that Na+-glucose cotransporter, SGLT1, activation in

Caco-2 monolayers increases tight junction permeability [44].

Thus, this suggests that the enhanced glucose transport also

contribute to intestinal tight junction remodeling via MLC/

MLCK activation and increased paracellular permeability [45].

Environmental stresses such as HS and hypoxia cause local and

systemic inflammation in a number of human and animal models

[8,46,47]. Myeloperoxidase activity was used as an indirect

measure of ileum inflammation and more specifically, as a

measure of neutrophil infiltration which produces hypochlorous

acid to aid in pathogen killing. Our findings indicate that HS

induced MPO activity. Interestingly, Kansagra et al., [48]

reported moderate to weak correlations between MPO activity

and intestinal permeability in a piglet enteric versus total parental

nutrition model. Thus, suggesting a clear link between intestinal

inflammation and permeability. Mast cells are activated due to an

immune response and release tryptase which activates downstream

signaling pathways involved in inflammation. Previous reports

indicate an increase in MCT (in a model of weaning stress) which

is correlated with an increase inflammation and intestinal

permeability [49,50]. Intriguingly, the pro-inflammatory cytokines

IL-8, IL1B, and TNF-a were reduced in circulation and remained

unchanged in the ileum epithelium. This was surprising as we

hypothesized that endotoxemia and hypoxia would have increased

these cytokines in our model. This discrepancy may be explained

by the fact that the peak immune-febrile response may have

occurred earlier than 24 h and that a down regulation of this

cytokine response was measured [51]. Alternatively, the up

regulation of HSP70 has been shown to reduce TLR-4 induced

signaling in enterocytes [32] and thus HSP70 may be diminishing

NF-kB activation and the subsequent pro-inflammatory response.

Metabolically, both HS and endotoxin induced inflammation

shift post-absorptive fuel selection from oxidative phosphorylation

to glycolytic metabolism, while deemphasizing fatty acid oxidation

[25,52,53]. Our HS pigs were hyperglycemic after 24 h and this

may partially be a result of increased ileum glucose transport. This

data is supported by data showing nutrient absorption optimiza-

tion and post-absorptive metabolism changes in HS poultry [54].

Furthermore, we and others [55] have reported an increased

Table 1. Ileum and colon intestinal integrity is compromised
in pigs reared in heat stress (HS) conditions compared to
thermal neutral (TN).

Parameter Environmenta P-value

TN HS

Ileum TERb, V6cm2 182.3617.4 87.7618.6 ,0.01

Colon TERb, V6cm2 133.067.2 101.668.3 ,0.01

Ileum APPc, mg/mL/min/cm 3.6160.93 7.9261.08 ,0.01

Colon APPc, mg/mL/min/cm 2.7463.55 15.6763.55 0.02

aPigs were exposed for 24 hr to either thermal neutral (TN; 21uC) or heat stress
(HS; 35u) conditions. Mean 6 S.E.M, n = 8/trt.
bTransepithelial electrical resistance (TER).
cApparent permeability coefficient of FITC-Dextran transport (APP).
doi:10.1371/journal.pone.0070215.t001

Table 2. Ileum tight junction protein expression from pigs reared in thermal neutral or heat stress conditions for 24 h.

Cytosolic Fractionb Membrane Fractionc Cyto/Mem Ratioe P-value

Parameter TNa HSa TNa HSa TNa HSa Cytob Memc Totald Ratioe

Claudin 1 1.0160.12 1.1060.12 1.0960.19 1.2860.18 1.0660.16 0.7160.14 0.62 0.47 0.15 0.14

Claudin 3 1.1260.06 1.2160.06 1.0060.09 1.4260.09 1.1260.07 0.8760.07 0.34 ,0.01 0.06 0.02

Occludin 1.1460.11 1.6460.12 0.4560.07 0.5960.08 2.8260.32 2.9360.32 0.01 0.22 0.02 0.82

aPigs were exposed for 24 hr to either thermal neutral (TN; 21uC) or heat stress (HS; 35u) conditions. Mean 6 S.E.M, n = 8/trt.
bCytosolic Fraction – Protein expression relative to a control sample on each gel, Arbitrary units.
cMembrane Fraction – Protein expression relative to a control sample on each gel, Arbitrary units.
dSum of cytosolic and membrane protein expression densitometry data.
eRatio of cytosolic/membrane fraction.
doi:10.1371/journal.pone.0070215.t002
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intestinal membrane GLUT2 protein expression that would aid in

passive glucose uptake. However, we observed no differences in

ileal SGLT-1 protein expression in the HS pigs, which is contrary

to avian HS data [54]. Amino acid metabolism is also of interest as

glutamine is a primary energy source for intestinal cells [56]. It is

not clear whether the observed changes reflect increased transport

or increased glutamine oxidation. Regardless, glutamine appears

to play a key role in maintaining intestinal health [56] and this is

Figure 5. The effects of 24 hours of either constant thermal neutral conditions (TN; 21uC) or heat stress conditions (HS; 35uC) on a)
blood glucose, b) active glucose transport, c) GLUT-2 expression, and d) SGLT-1 expression in growing pigs. n = 8/trt.
doi:10.1371/journal.pone.0070215.g005

Figure 6. Heat stress conditions (HS; 35uC) increase Na+/K+

ATPase activity compared to pigs reared in thermal neutral
conditions (TN; 21uC) for 24 hours. a,bP,0.05, n = 8/trt.
doi:10.1371/journal.pone.0070215.g006

Table 3. The effects of 24 h of thermal neutral (TN) or heat
stress (HS) conditions on intestinal glutamine transport and
digestive enzymes in growing pigs.

Parameter Environmenta P-value

TN HS

Ileum glutamine transport, Arbitrary Units 1.0260.31 1.9360.38 0.09

Lactase activityb, mmol/min/g protein 2.2160.47 1.6260.44 0.37

Sucrase activityb, mmol/min/g protein 43.564.2 30.564.2 0.05

Maltase activityb, mmol/min/g protein 246.8612.1 187.0612.1 ,0.01

Aminopeptidase N, mmol/min/g protein 1.6260.17 1.9560.16 0.17

aPigs were exposed for 24 hr to either thermal neutral (TN; 21uC) or heat stress
(HS; 35u) conditions. Mean 6 S.E.M, n = 8/trt.
bLiberated glucose.
doi:10.1371/journal.pone.0070215.t003
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likely similar during HS. Although contradictory to the glucose

transport data, ileal mucosal sucrase and maltase activities were

attenuated by HS (Table 3). These digestive enzyme reductions

due to HS may be explained by increased epithelial sloughing or

atrophy [57].

In addition, our glucose findings may also suggest possible

mechanisms for cellular protection and hydration by the intestinal

epithelium form HS. Intestinal SGLT-1-mediated glucose uptake

has been shown to protect intestinal epithelial cells against LPS

and Giardia induced apoptosis via targeting mitochondrial depen-

dent and independent pathways [58,59]. Mechanistically, this is a

result of LPS induced CD14 activation of SGLT-1, independent of

TLR4, that ultimately leads to cell rescue [60]. The increase in

glucose transport due to HS may also be a reflection of increased

water transport. Water can be co-transported along with Na= and

glucose through SGLT-1 [61].

In conclusion, exposure to acute HS had reduced intestinal

integrity and increased circulating endotoxin. Furthermore,

intestinal glucose transport, digestive capacity and post-absorptive

metabolism is adversely affected during acute HS. Further

research is warranted with a pair-fed control group to elucidate

differences that may be related to caloric restriction verses direct

heat. Short term exposure to high ambient heat increases intestinal

permeability and targets key kinases that regulate TJ complexes.

Osmotic stress, hypoxia and inflammation appear all to contribute

to the intestinal pathologies of heat stress.

Supporting Information

Table S1 Primary antibody and source information for
Western blot analysis.

(DOCX)

Acknowledgments

The authors would like to thank Martha Jeffery, Samantha Lei, Anna

Gabler, Amir Nayeri, Maria Victoria Sanz Fernandez, Matt King and Dr.

Elaine Wright for their assistance with the animal and laboratory work

presented in this paper.

Author Contributions

Conceived and designed the experiments: SP RB LB JR NG RR.

Performed the experiments: SP RB VM TW JR JJ. Analyzed the data: NG

RB SP LB. Contributed reagents/materials/analysis tools: TW NG LB JR.

Wrote the paper: SP LB NG.

References

1. Kosatsky T (2005) The 2003 European heat waves. Euro Surveill 10: 148–149.

2. Patz JA, Campbell-Lendrum D, Holloway T, Foley JA (2005) Impact of regional

climate change on human health. Nature 438: 310–317.

3. Rahmstorf S, Coumou D (2011) Increase of extreme events in a warming world.

Proceedings of the National Academy of Sciences 108: 17905–17909.

4. LoVecchio F, Pizon AF, Berret C, Balls A (2007) Outcomes after environmental

hyperthermia. Am J Emergency Med 25: 442–444.

5. St-Pierre NR, Cobanov B, Schnitkey G (2003) Economic Losses from Heat

Stress by US Livestock Industries1. Journal of dairy science 86: E52–E77.

6. Lambert GP (2009) Stress-induced gastrointestinal barrier dysfunction and its

inflammatory effects. J Anim Sci 87: E101–108.

7. Yan Y, Zhao Y, Wang H, Fan M (2006) Pathophysiological factors underlying

heatstroke. Med Hypotheses 67: 609–617.

8. Hall DM, Buettner GR, Oberley LW, Xu L, Matthes RD, et al. (2001)

Mechanisms of circulatory and intestinal barrier dysfunction during whole body

hyperthermia. Am J Physiol Heart Circ Physiol 280: H509–H521.

9. Dokladny K, Moseley PL, Ma TY (2006) Physiologically relevant increase in

temperature causes an increase in intestinal epithelial tight junction permeabil-

ity. Am J Physiol Gastrointest Liver Physiol 290: G204–G212.

10. Prosser C, Stelwagen K, Cummins R, Guerin P, Gill N, et al. (2004) Reduction
in heat-induced gastrointestinal hyperpermeability in rats by bovine colostrum

and goat milk powders. J Appl Physiol 96: 650–654.

11. Hales JR, Rowell LB, King RB (1979) Regional distribution of blood flow in

awake heat-stressed baboons. The American journal of physiology 237: H705–
712.

12. Qi H, Wang P, Liu C, Li M, Wang S, et al. (2011) Involvement of HIF-1a in

MLCK-dependent endothelial barrier dysfunction in hypoxia. Cell Physiol
Biochem 27: 251–262.

13. Yamagata K, Tagami M, Takenaga F, Yamori Y, Itoh S (2004) Hypoxia-
induced changes in tight junction permeability of brain capillary endothelial cells

are associated with IL-1beta and nitric oxide. Neurobiology of disease 17: 491–
499.

14. Turner JR (2006) Molecular basis of epithelial barrier regulation: from basic
mechanisms to clinical application. The American journal of pathology 169:

1901–1909.

15. NRC (1998) Nutrient Requirements of Swine. Washington, D.C.: National

Academy Press.

16. Gabler NK, Spencer JD, Webel DM, Spurlock ME (2007) In utero and

postnatal exposure to long chain (n-3) PUFA enhances intestinal glucose

absorption and energy stores in weanling pigs. J Nutr 137: 2351–2358.

Figure 7. The effects of 24 hours of either constant thermal
neutral conditions (TN; 21uC) or heat stress conditions (HS;
35uC) on a) mucosal HSP70 expression or b) mucosal HIF-1a
protein expression in growing pigs. a,bP,0.05, n = 8/trt.
doi:10.1371/journal.pone.0070215.g007

Table 4. Ileum and serum inflammatory responses are
differentially modulated after 24 h of thermal neutral (TN) or
heat stress (HS) conditions in growing pigs.

Parameter Environmenta P-value

TN HS

Ileum

Interleukin 1b, pg/mg protein 144.0617.0 124.5617.0 0.43

Interleukin 8, pg/mg protein 418.2618.1 376.4617.0 0.12

Myeloperoxidase Activity, U/mg
protein

9.060.9 13.360.7 ,0.01

Serum

Interleukin 8, pg/mL 12376118 5486118 ,0.01

Interleukin 1b, pg/mL 217.1654.8 82.5654.8 0.11

Tumor necrosis factor-a, pg/mL 53.163.17 42.563.17 0.03

aPigs were exposed for 24 hr to either thermal neutral (TN; 21uC) or heat stress
(HS; 35u) conditions. Mean 6 S.E.M, n = 8/trt.
doi:10.1371/journal.pone.0070215.t004

Heat Stress and Intestinal Function

PLOS ONE | www.plosone.org 8 August 2013 | Volume 8 | Issue 8 | e70215



17. Tomita M, Ohkubo R, Hayashi M (2004) Lipopolysaccharide transport system

across colonic epithelial cells in normal and infective rat. Drug Metab
Pharmacokinet 19: 33–40.

18. Suzuki K, Ota H, Sasagawa S, Sakatani T, Fujikura T (1983) Assay method for

myeloperoxidase in human polymorphonuclear leukocytes. Anal Biochem 132:
345–352.

19. Fuller W, Parmar V, Eaton P, Bell JR, Shattock MJ (2003) Cardiac ischemia
causes inhibition of the Na/K ATPase by a labile cytosolic compound whose

production is linked to oxidant stress. Cardiovasc Res 57: 1044–1051.

20. Ueda I, Wada T (1970) Determination of inorganic phosphate by the
molybdovanadate method in the presence of ATP and some interfering organic

bases. Anal Biochem 37: 169–174.
21. Jacob C, Yang P-C, Darmoul D, Amadesi S, Saito T, et al. (2005) Mast Cell

Tryptase Controls Paracellular Permeability of the Intestine. J of Biol Chem 280:
31936–31948.

22. Dahlqvist A (1984) Assay of intestinal disaccharidases. Scand J Clin Lab Invest

44: 169–172.
23. Roncari G, Zuber H (1969) Thermophilic aminopeptidases from Bacillus

stearothermophilus. I – isolation, specificity, and general properties of the
thermostable aminopeptidase. Int J Protein Res 1: 45–61.

24. Collin A, van Milgen J, Le Dividich J (2001) Modeling the effect of high,

constant temperature on food intake in young growing pigs. J Anim Sci 72: 519–
527.

25. Baumgard LH, Rhoads RP (2011) Effects of environment on metabolism. In:
Collier RJ, editor. Environmental Physiology: John Wiley and Sons, Inc.

26. Ferraris RP, Carey HV (2000) Intestinal transport during fasting and
malnutrition. Annu Rev Nutr 20: 195–219.

27. D’Allaire S, Drolet R, Brodeur D (1996) Sow mortality associated with high

ambient temperatures. Can Vet J 37: 237–239.
28. Milligan LP, McBride BW (1985) Energy costs of ion pumping by animal tissues.

J Nutr 115: 1374–1382.
29. Cant JP, McBride BW, Croom Jr WJ (1996) The regulation of intestinal

metabolism and its impact on whole animal energetics. J Anim Sci 74: 2541–

2553.
30. Gaffin SL, Hubbard R (1996) Experimental approaches to therapy and

prophylaxis for heat stress and heat-stroke. Wild Environ Med 7: 312–334.
31. Katschinski DM, Le L, Heinrich D, Wagner KF, Hofer T, et al. (2002) Heat

induction of the unphosphorylated form of hypoxia-inducible factor-1a is
dependent on heat shock protein-90 activity. J Biol Chem 277: 9262–9267.

32. Afrazi A, Sodhi CP, Good M, Jia H, Siggers R, et al. (2012) Intracellular Heat

Shock Protein-70 Negatively Regulates TLR4 Signaling in the Newborn
Intestinal Epithelium. J Immunol 188: 4543–4557.

33. Dokladny K, Lobb R, Wharton W, Ma TY, Moseley PL (2010) LPS-induced
cytokine levels are repressed by elevated expression of HSP70 in rats: possible

role of NF-kappaB. Cell Stress Chaperon 15: 153–163.

34. Al-Sadi RM, Ma TY (2007) IL-1b Causes an Increase in Intestinal Epithelial
Tight Junction Permeability. J Immunol 178: 4641–4649.

35. Furuta GT, Turner JR, Taylor CT, Hershberg RM, Comerford K, et al. (2001)
Hypoxia-Inducible Factor 1–Dependent Induction of Intestinal Trefoil Factor

Protects Barrier Function during Hypoxia. J Exp Med 193: 1027–1034.
36. Turner JR (2009) Intestinal mucosal barrier function in health and disease.

Nature reviews Immunology 9: 799–809.

37. Zhang Q, Li Q, Wang C, Li N, Li J (2010) Redistribution of Tight Junction
Proteins During EPEC Infection In Vivo. Inflammation 10.1007/s10753–010–

9285–1.
38. Raleigh DR, Boe DM, Yu D, Weber CR, Marchiando AM, et al. (2011)

Occludin S408 phosphorylation regulates tight junction protein interactions and

barrier function. J Cell Biol 193: 565–582.
39. Dokladny K, Ye D, Kennedy JC, Moseley PL, Ma TY (2008) Cellular and

molecular mechanisms of heat stress-induced up-regulation of occludin protein
expression: regulatory role of heat shock factor-1. Am J Pathol 172: 659–670.

40. Musch MW, Walsh-Reitz MM, Chang EB (2006) Roles of ZO-1, occludin, and

actin in oxidant-induced barrier disruption. Am J Physiol Gastrointest Liver
Physiol 290: G222–G231.

41. Basuroy S, Sheth P, Kuppuswamy D, Balasubramanian S, Ray RM, et al. (2003)
Expression of Kinase-inactive c-Src Delays Oxidative Stress-induced Disassem-

bly and Accelerates Calcium-mediated Reassembly of Tight Junctions in the
Caco-2 Cell Monolayer. J Biol Chem 278: 11916–11924.

42. Dörfel MJ, Huber O (2012) Modulation of Tight Junction Structure and
Function by Kinases and Phosphatases Targeting Occludin. J Biomed

Biotechnol 2012.

43. Yang PC, He SH, Zheng PY (2007) Investigation into the signal transduction

pathway via which heat stress impairs intestinal epithelial barrier function.

J Gastroenterol Heptaol 22: 1823–1831.

44. Turner JR, Rill BK, Carlson SL, Carnes D, Kerner R, et al. (1997) Physiological

regulation of epithelial tight junctions is associated with myosin light-chain
phosphorylation. The American journal of physiology 273: C1378–1385.

45. Berglund JJ, Riegler M, Zolotarevsky Y, Wenzl E, Turner JR (2001) Regulation
of human jejunal transmucosal resistance and MLC phosphorylation by Na(+)-
glucose cotransport. Am J Physiol Gastrointest Liver Physiol 281: G1487–1493.

46. Leon LR (2007) Heat stroke and cytokines. Prog Brain Res 162: 481–524.

47. Bouchama A, Parhar R, el-Yazigi A, Sheth K, al-Sedairy S (1991) Endotoxemia
and release of tumor necrosis factor and interleukin 1 alpha in acute heatstroke.

J Appl Physiol 70: 2640–2644.

48. Kansagra K, Stoll B, Rognerud C, Niinikoski H, Ou CN, et al. (2003) Total

parenteral nutrition adversely affects gut barrier function in neonatal piglets.
Am J Physiol Gastrointest Liver Physiol 285: G1162–1170.

49. Moeser AJ, Ryan KA, Nighot PK, Blikslager AT (2007) Gastrointestinal

dysfunction induced by early weaning is attenuated by delayed weaning and
mast cell blockade in pigs. Am J Physiol Gastrointest Liver Physiol 293: G413–

G421.

50. Smith F, Clark JE, Overman BL, Tozel CC, Huang JH, et al. (2010) Early

weaning stress impairs development of mucosal barrier function in the porcine
intestine. Am J Physiol Gastrointest Liver Physiol 298: G352–G363.

51. Webel DM, Finck BN, Baker DH, Johnson RW (1997) Time course of increased
plasma cytokines, cortisol, and urea nitrogen in pigs following intraperitoneal

injection of lipopolysaccharide. J Anim Sci 75: 1514–1520.

52. O’Neill LA (2011) A critical role for citrate metabolism in LPS signalling. The

Biochemical journal 438: e5–6.

53. Tannahill GM, O’Neill LA (2011) The emerging role of metabolic regulation in

the functioning of Toll-like receptors and the NOD-like receptor Nlrp3. FEBS

letters 585: 1568–1572.

54. Garriga C, Hunter RR, Amat C, Planas JM, Mitchell MA, et al. (2006) Heat

stress increases apical glucose transport in the chicken jejunum. Am J Physiol
Regul Integr Comp Physiol 290: R195–R201.

55. Kellett GL, Brot-Laroche E (2005) Apical GLUT2. Diabetes 54: 3056–3062.

56. Singleton KD, Wischmeyer PE (2006) Oral glutamine enhances heat shock

protein expression and improves survival following hyperthermia. Shock 25:
296–299.

57. Song X, Xu J, Wang T, Liu F (2009) Chinese medicine granule affects the
absorption and transport of glucose in porcine small intestinal brush border

membrane vesicles under heat stress. Asiam Austral J Anim 22: 246–253.

58. Yu LC, Flynn AN, Turner JR, Buret AG (2005) SGLT-1-mediated glucose

uptake protects intestinal epithelial cells against LPS-induced apoptosis and
barrier defects: a novel cellular rescue mechanism? The FASEB journal : official

publication of the Federation of American Societies for Experimental Biology

19: 1822–1835.

59. Yu LC, Huang CY, Kuo WT, Sayer H, Turner JR, et al. (2008) SGLT-1-

mediated glucose uptake protects human intestinal epithelial cells against
Giardia duodenalis-induced apoptosis. International journal for parasitology 38:

923–934.

60. Yu LC, Turner JR, Buret AG (2006) LPS/CD14 activation triggers SGLT-1-

mediated glucose uptake and cell rescue in intestinal epithelial cells via early
apoptotic signals upstream of caspase-3. Experimental cell research 312: 3276–

3286.

61. Wright EM, Loo DD (2000) Coupling between Na+, sugar, and water transport

across the intestine. Ann N Y Acad Sci 915: 54–66.

Heat Stress and Intestinal Function

PLOS ONE | www.plosone.org 9 August 2013 | Volume 8 | Issue 8 | e70215


