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ABSTRACT Heat stress (HS) jeopardizes ani-
mal productivity and health. The intestinal barrier is
sensitive to HS and heat-induced hyperpermeability
plays a key role in its pathophysiology. However, the
biology of recovery following HS is less understood.
Thus, study objectives were to determine the tempo-
ral pattern of metabolic, inflammatory, and intestinal
histological parameters during HS recovery. Female
pigs (n = 32; 19.5 + 0.5 kg BW) were sacrificed fol-
lowing exposure to 1 of 4 environmental treatments:
1) constant thermoneutral (TN) conditions (TNC;
24.2 + 0.5°C), 2) no TN recovery post HS (0D), 3) 3
d of TN recovery post HS (3D), and 4) 7 d of TN
recovery post HS (7D). The HS protocol was cyclical
(33.6 2 1.8t037.4+2.1°C) and lasted for 3 d for all HS
treatments. During the 3 d of HS, rectal temperature,
skin temperature, and respiration rates were increased
(1.3°C, 4.8°C, and 77 breaths/min, respectively;
P < 0.01) and ADFI was decreased (27%; P < 0.01)
compared to TNC pigs. Skin temperature tended to be
decreased 0.6°C in 3D pigs during days 1-3 of recov-
ery (P =0.06) and was decreased 1.6 and 0.7°C during
days 1-3 and 4-7 of recovery, respectively, in 7D pigs
(P < 0.03) compared to TNC. Relative to TNC pigs,
ADFT remained 14% decreased during days 1-3 of

recovery in both 3D and 7D pigs, and 17% decreased
during days 4-7 in 7D pigs (P < 0.01). Plasma glucose
was decreased (10%; P = 0.03) for 0D and 3D relative
to TNC pigs. Circulating lipopolysaccharide-binding
protein was increased in 3D and 7D vs. TNC pigs
(110 and 147%, respectively; P = 0.01) and tended
to increase linearly with increasing recovery time
(P = 0.08). Circulating tumor necrosis factor alpha
was decreased (15%) in OD pigs and increased linearly
with advancing recovery time (P < 0.01). Jejunum and
ileum villus height were reduced 17 and 11% in 0D
vs. TNC pigs and increased linearly with progressive
recovery time (P < 0.01). Jejunum and ileum mucosal
surface areas were reduced 17 and 9% in 0D pigs and
remained decreased in the jejunum while the ileum
recovered to TNC levels by day 3 of recovery. Relative
to TNC pigs, goblet cell area was similar in jejunum
and colon of 0D pigs but was reduced in the ileum of
0D pigs and in jejunum, ileum, and colon of 3D and
7D relative to TNC pigs (P < 0.01). In summary, HS
has deleterious effects on intestinal morphology that
seem to improve with recovery time. In contrast, feed
consumption remained suppressed and inflammatory
biomarkers indicative of leaky gut increased following
the heat load.
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INTRODUCTION

Heat stress (HS) negatively affects multiple fac-
ets of animal agriculture, including growth, lacta-
tion, gestation, production efficiency, and product
quality (Bhattacharya and Hussain 1974; Christon,
1988; Kadzere et al., 2002; Ross et al., 2017). In
the American pig industry, HS-induced subopti-
mal growth and poor reproductive performance is
thought to cost approximately $900 million annu-
ally (Baumgard and Rhoads, 2013) and this esti-
mate does not take into consideration the negative
and substantial consequences of in utero HS on
future piglet performance (as reviewed in Johnson
et al., 2015). Therefore, HS impedes efficient food
production for human consumption and is a global
economic and food security issue. Many negative
production and metabolic consequences of HS are
likely related to its deleterious effects on intestinal
health (Baumgard and Rhoads, 2013). During HS,
blood is directed from the splanchnic tissues to the
periphery to maximize radiant heat dissipation
(Crandall and Gonzalez-Alonso, 2010) and this is a
conserved response among species (Baumgard and
Rhoads, 2013). The decreased blood flow leads to
insufficient nutrient and oxygen supply to visceral
tissue, which compromises intestinal barrier func-
tion (Hall et al., 1999). Hypoxia-induced epithe-
lial damage allows luminal content to infiltrate the
intestinal barrier, and if the antigen load exceeds
the liver’s detoxification capacity it can cause
endotoxemia and even bacteremia (Bouchama
and Knochel, 2002; Leon and Bouchama, 2015).
Inflammatory biomarkers and morphological
changes to the intestine during HS are well-charac-
terized (Lambert et al., 2002; Pearce et al., 2013c);
however, the extent to which these negative effects
persist following HS is less known. Our previous
report demonstrates altered markers of metabo-
lism during HS recovery (Mayorga et al., 2017),
but the timing and extent of intestinal damage and
how this may contribute to HS pathophysiology is
unclear. Objectives of the current project were to
investigate the effect of various recovery times fol-
lowing HS on gut morphology, as well as temporal
patterns of physiological, metabolic, and inflam-
matory variables in growing pigs as we hypothesize
that the altered aforementioned systems contribute
to poor performance following HS. Characterizing
the chronological post-insult effects of HS is
important to holistically understanding the role of
HS-induced intestinal dysfunction and will help to
advance methods mitigating this pathophysiology.
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MATERIALS AND METHODS

Animals and Experimental Design

Towa State University Institutional Animal
Care and Use Committee approved all proce-
dures involving animals, which took place at the
Iowa State University Swine Nutrition Farm.
Thirty-two female pigs (virgin gilts; 19.5 = 0.5 kg
BW) were utilized for this experiment and
were randomly assigned to 1 of 4 treatments:
1) constant thermoneutral (TN) conditions
(TNC; n = 8), 2) 0-d TN recovery following HS
(0D; n = 8), 3) 3-d TN recovery following HS
(3D; n = 8), or 4) 7-d TN recovery following HS
(7D; n = 8). Pigs were allotted to one of two envir-
onmentally controlled rooms (TN or HS room).
Each room had 24 crates (43 X 121 c¢m) where
pigs were housed individually. Each crate was
equipped with a stainless steel feeder and a nip-
ple drinker. Throughout the entire experiment,
water and feed were provided ad libitum and pigs
were provided a standard diet consisting mainly
of ground corn and soybean meal formulated to
meet or exceed the nutrient- and energy-predicted
requirements (NRC, 2012; Table 1).

Table 1. Ingredient and chemical composition of
diet for growing pigs (as-fed basis)

Item %

Ingredient
Corn 62.70
Soybean meal 24.16
DDGS! 10.00
Vitamin—mineral premix? 2.25
Monocalcium phosphate 0.38
Lysine HCI 0.37
pL-Methionine 0.08
L-Threonine 0.06

Calculated chemical composition
CP 18.92
SID lysine 1.20
Crude fat 4.56
Crude fiber 3.56
Ash 4.62
Ca 0.93
Total P 0.49

Distilled dried grains with solubles.

2SCE 45-30 (Nutra Blend, LLC., Neosho, MO). Premix contains:
8.8% of Fe, 8.8% of Zn, 4.0% of Mn, 1.6% of Cu, 600 mg/kg of I,
133 mg/kg of Se, 1,360,776 TU/kg of vitamin A, 249,475 1U/kg of
vitamin D,, 7,257 IU/kg of vitamin E, 4.5 mg/kg of vitamin B,
363 mg/kg of Menadione, 680 mg/kg of Riboflavin, 2,721 mg/kg of
D-Pantothenic acid, 3,425 mg/kg of Niacin, 308 mg/kg of Ethoxyquin.
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The study was divided into three experi-
mental periods (P). During P1 (3 d), all pigs were
housed in individual crates and subjected to TN
conditions (24.2 £ 0.5°C and 57.2 + 5.6% relative
humidity) for collection of baseline body tempera-
ture indices and ADFI parameters. During P2 (3
d), 0D, 3D, and 7D pigs were exposed to cyclical
HS conditions with temperatures ranging between
33.6 £ 1.8°C (1800-0700 h) and 37.4 £ 2.1°C
(0700-1800 h) with 29.5 £ 5.3% relative humidity
(a similar heat load as described in our previous
reports; Pearce et al., 2013a, 2013b, 2013c, 2015;
Sanz-Fernandez 2015a, 2015b). Pigs assigned to
the TNC treatment remained in TN conditions
during P2. Pigs assigned to the 0D treatment
were sacrificed immediately following day 3 of HS
(without access to TN conditions). During P3 (re-
covery period), pigs in 3D or 7D treatments were
returned to TN conditions for 3 and 7 d (to repre-
sent the acute and chronic aspects of HS recovery),
respectively. Pig entry into the experimental design
was staggered so that an equal number of pigs
from each treatment were euthanized on sacrifice
days. All pigs were euthanized at the end of their
respective environmental protocol via captive bolt
followed by exsanguination.

Production and Temperature Parameters Collection
and Analysis

Room temperature and humidity were recorded
every 5 min by 4 data loggers (Lascar EL-USB-2-
LCD, Erie, PA) located in different quadrants of
each room and then condensed into averages by
each 5-min time point. Average daily feed intake
was measured at 0700 h as feed disappearance (dif-
ference in feeder weight during 1 24-h timeframe).
Body weights were obtained prior to acclimation
and sacrifice. Rectal temperature (Tr), respiration
rate (RR), and skin temperature (Ts) were measured
daily at 0600, 1200, and 1800 h. Rectal tempera-
tures were measured using a digital thermometer
(Digital Thermometer with Flex Tip, Jorgensen
Labs Inc., Item #J0134F), Ts was measured on the
rump using an infrared thermometer (IRT207: The
Heat Seeker 8:1, General Tools, New York, NY),
and RR was determined by counting flank move-
ments for 15 s and then multiplied by 4 to obtain
breaths/min. Rectal temperature, RR, and Ts were
condensed into daily averages for analysis.

Plasma Collection and Analysis

At sacrifice, blood samples were collected dur-
ing exsanguination into a tube containing EDTA
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as the anticoagulant (~10 mL; BD Vacutainer,
Franklin Lakes, NJ). Plasma was harvested follow-
ing centrifugation at 1,500 X g for 15 min at 4°C
and subsequently frozen at —20°C until analysis.
Plasma insulin, nonesterified fatty acids (NEFA),
glucose, lipopolysaccharide-binding protein (LBP),
and tumor necrosis factor alpha (TNFa) were
determined using commercially available kits (in-
sulin, Mercodia AB, Uppsala, Sweden; NEFA,
Wako Chemicals USA, Richmond, VA; glucose,
Wako Chemicals USA Inc., Richmond, VA; LBP,
Hycult Biotech, Uden, Netherlands; TNFa, R&D
Systems USA Inc., Minneapolis, MN).

Postmortem Tissue Collection and Analysis

Organs and tissues were harvested immediately
after sacrifice. Liver, heart, and spleen weights were
recorded. A liver sample (~50 g) was collected and
snap-frozen in liquid nitrogen and stored at —80°C
until further analysis. Liver moisture and fat content
were determined using methods 950.46 and 960.39,
respectively, with slight modifications (AOAC,
2000). Briefly, ~5.0 g of liver sample was dried in an
oven for 18 h at 102°C, and reweighed after cooling
to determine liver moisture percentage. The dried
sample was then placed on a Soxhlet extractor
and fat was removed using petroleum ether. The
extracted sample was dried and reweighed to deter-
mine fat content. A jejunum segment was collected
~90 cm distal to the pyloric sphincter. An ileum seg-
ment was collected ~15 cm proximal to the ileoce-
cal junction. A colon segment was collected ~35 cm
proximal to the rectum. Intestinal segments were
flushed with cold PBS to remove contents. A trans-
versal section was collected from each sample, fixed
in 10% neutral buffered formalin, and submitted
to the Iowa State University Veterinary Diagnostic
Laboratory for sectioning and staining. Periodic
acid-Schiff (PAS) and hematoxylin-eosin stain-
ing were used for goblet cell area and morphology
quantification, respectively. One slide per pig per
tissue was generated for each stain. Using a micro-
scope (Leica DMI3000 B Inverted Microscope,
Bannockburn, IL) with an attached camera
(QImaging 12-bit QICAM Fast 1394, Surrey, BC),
5 images per section of intestine were obtained at
40x magnification. All image processing and quan-
tification was done using ImageJ 1.48v (National
Institutes of Health, USA). Total mucosal area
was determined after subtracting luminal area
and the area of the PAS stain was measured using
the ImageJ color deconvolution tool with H PAS
vector. Goblet cell area was expressed as the per-
centage of the total mucosal area stained by PAS.
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Villus height was measured from the villus tip to the
villus—crypt interface. Villus (v.) width was meas-
ured at mid-villus height. Crypt depth was meas-
ured from the villus—crypt opening to the laminae
propria. Crypt (c.) width was measured at the vil-
lus—crypt interface level. A mucosal surface area
estimate was obtained using the mucosal-to-serosal
amplification ratio M, as previously reported by
Kisielinski et al. (2002), where

villuswidth  c.width 2_ v.width 2
2 2 2

v.width + c.width 2
2 2

(v.width X v.length) +(

Statistical Analysis

All data were statistically analyzed using PROC
MIXED (SAS Institute Inc., Cary, NC). For pro-
duction and thermal indices, the model included
treatment, day, and treatment-by-day interaction as
fixed effects. Within P2 and P3, each variable was
analyzed by repeated measures with an autoregres-
sive covariance structure and day as the repeated
effect. Each specific variable’s P1 value (when avail-
able, Tr, ADFI, RR, etc.) served as a covariate. Due
to the differences in the total length of the environ-
mental treatments, body temperature indices, and
ADFT were divided into 3 independently analyzed
periods: P2, P3 (recovery) days 1-3, and P3 (recov-
ery) days 4-7. Within each period, only the relevant
treatments were included (i.e., P2 included TNC,
0D, 3D, and 7D; P3 [recovery] days 1-3 included
TNC, 3D, and 7D; P3 [recovery] days 4-7 included
TNC and 7D). For blood and postmortem data,
the effect of treatment was analyzed using PROC
MIXED. To test for linear and quadratic effects of
recovery time on blood and postmortem parame-
ters, PROC IML was utilized to generate contrast
coefficients for unequally spaced HS recovery times
for 0D, 3D, and 7D treatments. Preplanned con-
trasts were used to evaluate the effects of recovery
period [TNC vs. HS (0D + 3D + 7D)] and the lin-
ear and quadratic effects of recovery time (0D, 3D,
and 7D) using the CONTRAST statement of SAS.
Results are reported as LSmeans and considered
different when P < 0.05 and a tendency was defined
as 0.05 < P<0.10.

RESULTS

As expected, during the 3-d heat exposure,
Tr, Ts, and RR were markedly increased (1.3°C,
4.8°C, and 77 breaths/min, respectively; P < 0.01;
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Fig. 1A-C) relative to TNC pigs; and all decreased
sharply when returned to TN conditions at the end
of P2. Between days 1 and 3 of recovery, Tr and
RR decreased slightly over time for all treatments
(P £ 0.05; Fig. 1A and C). On day 3 of recovery,
Ts tended to be decreased in 3D (0.6°C; P = 0.06)
and was decreased in 7D pigs (1.6°C; P < 0.01) rel-
ative to TNC animals (Fig. 1B). During days 4-7
of recovery, Ts continued to be decreased in 7D
relative to TNC pigs (0.7°C; P = 0.03; Fig. 1B).
Similarly, RR was decreased slightly during days
4-7 of the recovery period in 7D relative to TNC
pigs (9 breaths/min; P = 0.02; Fig. 1C). Predictably,
P2 ADFI was decreased in HS relative to TNC
pigs (27%; P < 0.01; Fig. 2). Additionally, ADFI
remained depressed in HS relative to TNC pigs
(14%; P < 0.01; Fig. 2), during the first 3 d of recov-
ery; and in 7D relative to TNC pigs (17%; P = 0.01;
Fig. 2), during days 4-7 of recovery.

Relative to TNC pigs, circulating glucose at
sacrifice was decreased in 0D and 3D pigs (10%;
P =0.03; Table 2), but was not different in 7D pigs
(P = 0.17; Table 2). There were no treatment dif-
ferences in circulating insulin, the insulin-to-ADFI
ratio, the insulin-to-glucose ratio, or NEFA (P
> 0.22; Table 2). However, a weak tendency for a
linear decrease in the insulin-to-ADFI ratio was
observed with recovery time (P = 0.11; Table 2).
Circulating LBP concentrations were increased
in 3D and 7D compared to TNC pigs (110 and
147%, respectively; P = 0.01; Fig. 3A) and tended
to increase linearly with increasing recovery time
(P = 0.08; Fig. 3A). Relative to TNC pigs, circulat-
ing TNFa was decreased in 0D pigs (29%; P <0.01;
Fig. 3B), while in 3D and 7D pigs it did not differ.
Circulating TNFa increased linearly with increas-
ing recovery time (P < 0.01; Fig. 3B).

Compared to TNC counterparts, 3D pigs had
increased liver weight as a percentage of BW (9%;
P =0.04; Table 3), which contributed to the quadratic
effect observed (P = 0.01; Table 3). Liver moisture
content tended to increase linearly with increasing
recovery time (P = 0.07; Table 3). Moreover, treat-
ments tended to differ (P = 0.07) for both spleen
weight and spleen as a percentage of BW, mostly due
to a~15% decrease in 0D vs. TNC pigs (Table 3). No
other treatment differences were detected for liver
weight, liver fat, liver moisture, heart weight, and
heart as a percentage of BW (Table 3).

Jejunum villus height and crypt depth were
decreased in 0D and 3D vs. TNC pigs (~15 and
~11%, respectively; P < 0.01) and increased linearly
with progressive recovery time so that 7D were not
different from TNC pigs (Table 4). Jejunum goblet
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Figure 1. Effects of treatment (Trt): constant thermoneutral conditions (TNC; n = 8), no recovery following HS (0D; n = §), 3-d thermoneutral
recovery following HS (3D; n = 8), or 7-d thermoneutral recovery following HS (7D; n = 8) on pig (A) rectal temperature, (B) skin temperature,
and (C) respiration rate during period (P) 1 (24.2°C and 57.2% RH), P2 (thermoneutral [24.2°C and 57.2% RH] or cyclical HS [33.6 £ 1.8°C
to 37.4 £ 2.1°C]), days 1-3 of the thermoneutral recovery period, and days 4-7 of the thermoneutral recovery period. Results are expressed as
LSmeans = SEM. The P1 average was used as a covariate. HS = heat stress; RH = relative humidity.

cell area and mucosal surface area were reduced in
HS vs. TNC pigs (21 and 15% respectively; P <0.01;
Table 4). Recovery time had a quadratic effect on je-
junum goblet cell area, where 3D pigs had the low-
est goblet cell area of all treatments (44% decrease
relative to TNC; P < 0.01; Table 3). In the ileum,
villus height, villus height-to—crypt depth ratio,
and mucosal surface area were decreased in 0D vs.
TNC pigs (11, 14, and 9%, respectively; P < 0.05;
Table 4), and increased linearly with increasing re-
covery time so that 3D and 7D treatments did not

differ from TNC (P < 0.03; Table 4). Ileum villus
width was increased in 0D relative to TNC animals
(16%; P = 0.01) and tended to decrease linearly
with increasing recovery time so that 3D and 7D
treatments were not different from TNC (P = 0.06;
Table 4). Ileum goblet cell area was decreased in
all HS treatments relative to TNC (30%; P < 0.01;
Table 4). Colon goblet cell area was decreased in
3D and 7D pigs relative to TNC pigs (P < 0.01; 41
and 20%, respectively) and was further decreased in
3D vs. 7D pigs (27%; P < 0.01; Table 4).
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Figure 2. Effects of treatment (Trt): constant thermoneutral conditions (TNC; n = 8), no recovery following HS (0D; n = 8), 3-d thermoneutral
recovery following HS (3D; n = 8), or 7-d thermoneutral recovery following HS (7D; n = 8) on pig ADFI during period (P) 1 (24.2°C and 57.2%
RH), P2 (thermoneutral [24.2°C and 57.2% RH] or cyclical HS [33.6 + 1.8°C to 37.4 £ 2.1°C]), days 1-3 of the thermoneutral recovery period, and
days 4-7 of the thermoneutral recovery period in growing pigs. Results are expressed as LSmeans = SEM. The P1 average was used as a covariate.
HS = heat stress; RH = relative humidity.

Table 2. Effect of recovery length from heat stress' on circulating metabolites

Treatment? Contrast
Parameter TNC 0D 3D 7D SEM P Linear? Quadratic? TNC vs. HS*
Glucose, mg/dL 129° 117° 116° 123:® 3 0.03 0.19 0.37 0.01
Insulin, pg/L 0.17 0.18 0.17 0.16 0.03 0.96 0.61 0.88 0.93
Insulin:ADFI 11.1 16.6 11.9 11.4 2.0 0.22 0.11 0.34 0.37
Insulin:glucose 13.0 15.2 15.2 13.1 2.1 0.80 0.46 0.73 0.56
NEFA, nEq/L 66 62 69 63 5 0.74 0.96 0.29 0.73

NEFA = nonesterified fatty acid.

#®Means with different letters differ (P < 0.05).

"Heat stress protocol: 3 d of cyclical heat stress (33.6 = 1.8°C to 37.4 + 2.1°C).

>TNC = thermoneutral control; 0D = no thermoneutral recovery; 3D = 3 d of thermoneutral recovery; 7D = 7 d of thermoneutral recovery.
3Assessed using 0D, 3D, and 7D treatments.

‘0D, 3D, and 7D treatments.
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Figure 3. Circulating (A) lipopolysaccharide-binding protein (LBP) and (B) tumor necrosis factor alpha (TNFa) immediately prior to sacrifice
for pigs assigned to different environmental treatments (Trt): constant thermoneutral conditions (TNC), no TN recovery following 3-d HS (0D),
3-d TN recovery following 3-d HS (3D), or 7-d TN recovery following 3-d HS (7D). Results are expressed as LSmeans = SEM. **Means with dif-
ferent letters differ (P < 0.05). HS = heat stress.
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Table 3. Effect of recovery length from heat stress! on organ measurements

Treatment? Contrast
Parameter TNC 0D 3D 7D SEM P Linear? Quadratic? TNC vs. HS*
Liver
Weight, g 764 729 806 739 26 0.17 0.94 0.03 0.84
% of BW 2.38° 2.33° 2.59¢ 2.40° 0.07 0.04 0.63 0.01 0.41
Fat, % 1.28 1.46 1.22 1.30 0.09 0.28 0.26 0.12 0.64
Moisture, % 72.4 72.2 72.6 72.8 0.2 0.29 0.07 0.65 0.69
Spleen
Weight, g 76* 62y 74 77" 4 0.07 0.03 0.30 0.30
% of BW 0.24* 0.20¥ 0.24 0.25* 0.01 0.07 0.02 0.33 0.55
Heart
Weight, g 165 158 163 153 5 0.39 0.46 0.28 0.25
% of BW 0.51 0.50 0.52 0.50 0.02 0.62 0.77 0.22 0.71

®Means with different letters differ (P < 0.05).
*YMeans with different letters tended to differ (P < 0.10).

"Heat stress protocol: 3 d of cyclical heat stress (33.6 + 1.8°C to 37.4 £ 2.1°C).

>TNC = thermoneutral control; 0D = no thermoneutral recovery; 3D = 3 d of thermoneutral recovery; 7D = 7 d of thermoneutral recovery.

3Assessed using 0D, 3D, and 7D treatments.
‘0D, 3D, and 7D treatments.

Table 4. Effect of recovery length from heat stress' on intestinal morphology parameters

Treatment? Contrasts
Parameter TNC 0D 3D 7D SEM P Linear? Quadratic? TNC vs. HS*
Jejunum
Villus height, pm 579* 481¢ 509b¢ 54420 14 <0.01 <0.01 0.97 <0.01
Villus width, pm 177 189 178 198 7 0.11 0.28 0.09 0.17
Crypt depth, pm 466* 415° 4120 4492 11 <0.01 0.02 0.20 <0.01
Villus height:crypt depth 1.31 1.22 1.29 1.27 0.05 0.54 0.46 0.37 0.36
Goblet cell area, %° 3.9% 3.8%® 2.2¢ 3.3° 0.2 <0.01 0.19 <0.01 <0.01
Mucosal surface area® 3.6° 3.0° 3.2° 3.2° 0.1 <0.01 0.28 0.12 <0.01
Tleum
Villus height, pm 364¢ 3230 370° 3850 <0.01 <0.01 0.08 0.66
Villus width, pm 187° 216* 181° 193° 0.01 0.06 0.01 0.31
Crypt depth, pm 350 362 357 376 14 0.65 0.47 0.56 0.37
Villus height:crypt depth 1.15¢ 0.99° 1.14¢ 1.14¢ 0.05 0.05 0.03 0.15 0.29
Goblet cell area, %° 6.4* 4.6° 4.7° 4.2° 0.3 <0.01 0.30 0.43 <0.01
Mucosal surface area® 2.3¢ 2.1° 2.48 2.48 <0.1 <0.01 <0.01 0.01 0.23
Colon
Goblet cell area, %° 12.1# 12.1# 7.1¢ 9.7° 0.5 <0.01 <0.01 <0.01 <0.01

+®Means with different letters differ (P < 0.05).

"Heat stress protocol: 3 d of cyclical heat stress (33.6 = 1.8°C to 37.4 + 2.1°C).

>TNC = thermoneutral control; 0D = no thermoneutral recovery; 3D =

3Assessed using 0D, 3D, and 7D treatments.
40D, 3D, and 7D treatments.

SGoblet cell area expressed as percentage of total epithelial area.

3 d of thermoneutral recovery; 7D = 7 d of thermoneutral recovery.

®Mucosal surface area is expressed as an M-index as described by Kisielinski et al. (2002).

DISCUSSION

Despite improvements in farm management
(e.g., barn construction, cooling strategies, diet,
etc.), livestock production remains suboptimal dur-
ing the warm summer months. The mechanisms
governing the negative effects of HS on productivity

have been intensely studied and convincing evi-
dence indicates that a compromised intestinal
barrier is in large part responsible for the unique
pathophysiology of thermal stress (Baumgard
and Rhoads, 2013; Leon and Bouchama, 2015).
However, the biology of recovery from HS has
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received considerably less attention. An improved
understanding of any lasting negative effects of HS
and identifying strategies aimed at accelerating re-
cuperation following a heat insult could potentially
help ameliorate seasonal production losses. In the
current study, our objectives were to investigate the
temporal pattern of physiological, metabolic, in-
flammatory, and gut morphology variables at dif-
ferent stages of recovery following a 3-d cyclical HS
event in pigs.

Pigs exposed to the HS protocol had mark-
edly increased body thermal indices (1.3°C, 4.8°C,
and 77 breaths/min for Tr, Ts, and RR, respec-
tively; Fig. 1), indicating a substantial heat load
was successfully implemented. Rectal temperature
of HS pigs returned to TNC levels following HS,
and while this is in contrast to several rodent mod-
els which become hypothermic following an acute
and severe thermal stimulus (Wilkinson et al.,
1988; Leon et al., 2005), it agrees with our previous
reports in pigs (Mayorga et al., 2017). Despite no Tr
differences, Ts was decreased by day 3 of recovery
in HS animals relative to TNC pigs and remained
decreased through 7 d of recovery (Fig. 1B) and this
partially agrees with our recent report (Mayorga
et al., 2017). Using just body temperature indices
as a proxy of thermogenesis and thermolysis is
difficult as feed intake and the ostensible thermic
effect of feed intake was decreased in previously
heat-stressed pigs. Regardless, rationale for why Ts
but not Tr decrease below TNC levels during recov-
ery from HS are not entirely clear, but suggest that
peripheral vasoconstriction was employed to prior-
itize core euthermia. The long-term consequences
of dysregulated thermal homeostasis on animal
productivity and health following HS are unknown.

Despite a similar BW and age, there were
numerical differences in P1 feed consumption, but
these initial differences were covariately adjusted
for within the statistical model. During HS, the
magnitude of reduced feed intake was compar-
able to our previous experiments (Sanz-Fernandez
et al., 2015a; Mayorga et al., 2017; Seibert et al.,
2018). Reducing feed intake during HS is a highly
conserved response and presumably represents an
attempt to minimize metabolic heat production
(Quiniou et al., 2000). Similar to our earlier obser-
vation (Mayorga et al., 2017), feed intake remained
depressed (~15%) in pigs previously exposed to HS
and the hypophagia lasted the entire 7 d of recov-
ery. Reasons why the pattern of feed intake differed
between the 3D and 7D pigs during the recovery
phase is not known, as both experienced an iden-
tical heat load during P2. Regardless, utilizing a
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pair-feeding model, Mayorga et al. (2017) observed
that feed intake during recovery was increased in
pair-fed animals, however, remained decreased in
HS animals relative to their respective pre-insult
levels. Determining underlying mechanisms lead-
ing to decreased feed intake were beyond the scope
of this investigation; however, speculatively, the
post-HS inflammatory state (discussed below) is a
likely contributor, as immune stimulation-induced
anorexia is a highly conserved response (Scrimshaw,
1991). Regardless of why and how, the slow return
to eutrophia has critical repercussions to on-farm
economic variables.

Heat stress is a hypercatabolic state (e.g.
increase in catabolic hormones and loss of BW),
yet we and others have previously demonstrated
increased insulin (an acute and potent anabolic sig-
nal) and decreased adipose tissue mobilization dur-
ing HS (Baumgard and Rhoads, 2013; Pearce et al.,
2013a; Sanz-Fernandez et al., 2015b). In the cur-
rent study, circulating glucose was decreased in 0D
pigs, and this agrees with previous reports (Becker
et al., 1992; Sanz-Fernandez et al., 2015a, 2015b).
Interestingly, mild hypoglycemia remained follow-
ing 3 d of recovery in TN conditions. However, cir-
culating glucose returned to TNC levels following 7
d of recovery. Exact reasons for the aforementioned
temporal pattern in blood glucose are not clear, but
are likely explained by a combination of reduced
intestinally absorbed glucose (stemming from
reduced feed intake) and leukocyte glucose utiliza-
tion. We have recently demonstrated that immuno-
activation copiously utilizes glucose (Kvidera et al.,
2017a, 2017b) and HS-induced leaky gut is the
assumed origin of inflammation (Baumgard and
Rhoads, 2013; Leon and Bouchama, 2015).

Despite marked reductions in nutrient intake,
circulating NEFA, insulin, and the insulin-to-glu-
cose ratio were similar in pigs from all environmen-
tal protocols (Table 2). This is in contrast to our
previous report, which observed increased circu-
lating insulin during HS recovery (Mayorga et al.,
2017). This discrepancy is likely due to increased
frequency of blood sampling by Mayorga et al.
(2017). In the current study, post-hoc analysis
revealed the insulin:ADFI tended to be increased
(~48%) for 0D pigs compared to both TN and 7D
pigs. The increased ratio demonstrates 0D pigs were
presumably secreting more insulin per unit of feed
consumed and this agrees with previous studies in
pigs (Pearce et al., 2013a; Sanz-Fernandez et al.,
2015b) and other species (Baumgard and Rhoads,
2013). Increased circulating insulin during HS is
difficult to explain from an energetics standpoint,
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but insulin secretion is stimulated either directly or
indirectly by lipopolysaccharide (LPS; Baumgard
et al., 2016). We and others have demonstrated
that HS-induced leaky gut increases circulat-
ing LPS (Hall et al., 2001; Lambert et al., 2002;
Pearce et al., 2013b) and i.v. infusing LPS acutely
and markedly increases circulating insulin in both
pigs and ruminants (Kvidera et al., 2017a, 2017b).
Furthermore, insulin regulates glucose uptake by
activated immune cells and therefore immune cell
development and function (Walrand, 2004). Thus,
HS-induced hyperinsulinemia appears to be a strat-
egy to ensure optimal fuel uptake by LPS-activated
leukocytes.

The gut mucosal barrier is responsible for nu-
trient and water absorption while simultaneously
preventing endotoxin and bacterial transloca-
tion. Intact intestinal morphological structure
is important for nutrient utilization and absorp-
tion, as longer villi are indicators of a healthy gut
(Langhout et al. 1999; Yasar and Forbes 1999;
Hou et al., 2012; Yang et al., 2014). Furthermore,
there is a positive correlation between longer villi
height and pig production performance (Zijlstra
et al., 1996; Mekbungwan and Yamauchi, 2004).
Peripheral vasodilation is a conserved HS response,
however, it comes at the expense of blood delivery
to splanchnic tissues. Reduced nutrient and oxygen
supply causes intestinal epithelial hypoxia, which
alters intestinal morphology, impairs intestinal nu-
trient absorptive potential, and increases intestinal
permeability (Lambert et al., 2002; Yan et al., 2006).
Consequently, intestinal morphological changes
such as shortened villi can be cautiously used as
a proxy of increased permeability and endotoxin
(i.e., LPS) infiltration (Hall et al., 2001; Xu et al.,
2003; Yuet al., 2010; Hou et al., 2012; Ashraf et al.,
2013). Accordingly, the present results demonstrate
decreased villus height in both jejunum and ileum
for the 0D pigs in comparison with their TN coun-
terparts. However, ileum villus height recovered in
the 3D and jejunum villi returned to TNC levels
in the 7D pigs. Reasons why different segments of
the small intestine responded (i.e., “healed”) dif-
ferently to HS are not clear, but the current results
complement a recent report indicating there are
regional differences within the small intestine in
response to HS in poultry (Varasteh et al., 2015).
Furthermore, the temporal pattern of intestinal
morphological changes in our study agrees with
a previous report suggesting approximately 6 d
are necessary for intestinal recovery from HS (Liu
et al., 2009). The relatively quick recovery is not
surprising as the half-life of intestinal epithelial
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cells is approximately 3 d (Karam, 1999) and are
rapidly repaired following injury (Blikslager et al.,
2007; Grootjans et al., 2011). In fact, intestinal epi-
thelial cells have been reported to return to their
baseline integrity by ~ 3 h after ischemia or HS
injury (Grootjans et al., 2011; Oliver et al., 2012).
Heat stress also decreases enterocyte proliferation,
which contributes to shorter villi and a reduced
mucosal surface area (Sandikci et al., 2004). In the
present experiment, HS pigs without a TN recovery
had decreased jejunum and ileum mucosal surface
area. The decreased mucosal surface area remained
evident in the jejunum throughout the recovery
period, but the ileum mucosal surface area recov-
ered to TN levels within 3D. It appears the gastro-
intestinal tract recuperates quickly (particularly the
ileum) following heat damage, and continued or
residual intestinal barrier dysfunction after 3 d of
recovery is likely not responsible for inadequate ap-
petite during recovery.

In addition to intestinal epithelial cell integrity,
goblet cells are involved in protecting and main-
taining a healthy intestinal mucosa (Masuda et al.,
2003; Deng et al., 2012) by creating a mucus barrier
(Matovelo et al., 1989; Smirnova et al., 2003). In
the current study, pigs not allowed to recover from
HS had similar goblet cell area to TNC pigs in
both jejunum and colon; however, goblet cell area
decreased in both regions with 3 and 7 d of recov-
ery. In the ileum, goblet cell area was decreased
independent of recovery length. Unfortunately, the
effects of HS on intestinal goblet cell dynamics is
inconsistent, as some report both increased and
decreased goblet cell parameters in response to HS
(Deng et al., 2012; Ashraf et al., 2013; Pearce et al.,
2015), and these discordant reports may be due to
differences in species, intestinal segment, or length
and severity of heating protocols.

Lipopolysaccharide infiltration into portal and
systemic circulation is recognized by immune cells,
eliciting the transcription and production of in-
flammatory cytokines and hepatic acute phase pro-
tein (APP) synthesis (Ceciliani et al., 2012). Acute
phase proteins play a major role during inflamma-
tion (Gabay and Kushner, 1999; Petersen et al.,
2004) and are involved in pathogen opsonization,
toxic substance removal, and regulating the immune
system response to inflammation (Ceciliani et al.,
2012). Lipopolysaccharide-binding protein is an
important APP produced in response to endotoxin
infiltration and is partially responsible for recog-
nizing and clearing LPS via the Toll-like receptor 4
(Vreugdenhil et al., 2003; Lu et al., 2008; Schumann,
2011). In the current study, circulating LBP
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increased (67%) in 0D vs. TNC pigs, and tended to
linearly increase with advancing recovery time. By
day 7 post HS, LBP was increased 148% relative to
TNC pigs. Interestingly, TNFa was decreased (29%)
in 0D relative to TNC pigs, increased linearly with
recovery and returned to TNC levels by 3 d post-HS;
a pattern corroborating previous reports indicating
suppressed circulating cytokines during HS in pigs
(Pearce et al., 2013c, 2015). Collectively, it appears
the systemic inflammatory response occurs follow-
ing the thermal injury (Bouchama and Knochel,
2002; Leon, 2007) and circulating heat shock pro-
teins (HSP) may be responsible for this unique pat-
tern. During a heat load, HSPs are increased within
hours and act as molecular chaperones or protein
stabilizers (Horowitz, 2002), but they also inhibit
proinflammatory cytokines synthesis (Chen et al.,
2006). Therefore, the linear increase in both LBP
and TNFa with extended recovery may be due to
gradual removal of HSP following HS resolution
and consequent abolition of their anti-inflamma-
tory signaling.

CONCLUSION

Our experiment investigated the temporal re-
covery pattern of HS-induced changes in metabolism,
intestinal morphology, and systemic inflammation.
Interestingly, thermal homeostasis remained altered
(primarily characterized by reduced Ts) during the
entire recovery. Furthermore, feed intake remained
reduced during HS recovery. Heat stress negatively
affected intestinal villi morphology, and the ileum
appeared to recover more quickly than the jejunum. In
pigs not allowed to recover from HS (0D), circulating
TNFa was suppressed and LBP was increased, and
both circulating inflammatory parameters increased
linearly with advancing recovery time. These data
suggest HS has profound and lasting effects on pre-
and post-absorptive systems. In particular, the lack
of full-appetite recovery (likely caused by post-HS
inflammation) from HS is concerning as it has large
implications to important on-farm economic varia-
bles. Furthermore, it appears intestinal repair and
inflammation remain active for at least a week fol-
lowing an intense heat load and both have obvious
energetic costs, which deleteriously affects product-
ivity as well as the likelihood of impaired absorptive
capacity. Thus, identifying strategies aimed at accel-
erating recuperation following HS could potentially
help ameliorate seasonal production losses.
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