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ABSTRACT: Study objectives were to determine
the effects of zinc (Zn) amino acid complex (Availa
Zn, Zinpro Corporation, Eden Prairie, MN) on
metabolism, biomarkers of leaky gut, and inflam-
mation during and following heat stress (HS)
and nutrient restriction. Crossbred gilts (n = 50;
50 = 2 kg BW) were blocked by initial BW and ran-
domly assigned to one of five treatments: 1) ther-
moneutral (TN) and ad libitum fed a control diet
(TNCtl), 2) TN and pair-fed a control diet (PFCtl),
3) TN and pair-fed a Zn-supplemented diet (PFZn),
4) HS and ad libitum fed a control diet (HSCtl),
and 5) HS and ad libitum fed a Zn-supplemented
diet (HSZn). The study consisted of 3 experimen-
tal periods (P): during P1 (7 d), all pigs were fed
their respective diets ad libitum and housed in TN
conditions (20.84 £ 0.03 °C, 47.11 % 0.42% relative
humidity). During P2 (7 d), HSCtl and HSZn pigs
were exposed to progressive cyclical HS conditions
(27 to 30 °C, 41.9 * 0.5% relative humidity), while
TNCtl, PFCtl, and PFZn pigs remained in TN con-
ditions and were fed ad libitum or pair-fed to their
respective HSCtl and HSZn counterparts. During
P3 (5 d; “recovery phase”™), all pigs were housed in
TN conditions and fed ad libitum. Pigs exposed to

HS had overall increased rectal temperature, skin
temperature, and respiration rate (0.33 °C, 3.76 °C,
and 27 bpm, respectively; P < 0.01). Relative to TN
controls, HS decreased ADFI and ADG (28 and
35%, respectively; P <0.05), but these variables were
unaffected by dietary treatment. Additionally, cir-
culating insulin did not differ between HS and TN
pigs (P = 0.41), but was decreased in PF relative to
TN pigs (P < 0.01). During recovery, no differences
were observed in rectal temperature or respiration
rate across treatments, but HSZn pigs had decreased
skin temperature relative to TN, PF, and HSCtI pigs
(P <0.01). During P3, no Zn effects were observed
in production parameters; however, PF pigs had
increased ADFI and ADG relative to TN and HS
treatments (P < 0.01). During P3, circulating insulin
was increased in pigs that were HS relative to TN
and PF pigs (75%, P < 0.05). Interestingly, tumor
necrosis factor alpha (TNFa) levels were decreased
during P3 (P = 0.04) in Zn relative to Ctl-fed pigs.
Circulating lipopolysaccharide-binding protein was
not different among periods (P > 0.10). In sum-
mary, Zn reduced TNFa (regardless of HS), and
the stimulatory effect of HS on insulin secretion is
amplified during HS recovery.
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INTRODUCTION

Heat stress (HS) severely limits profitable pig
production, and although certainly multifacto-
rial, many of the negative consequences of HS
on animal health and productivity are mediated
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by reduced intestinal barrier integrity (Baumgard
and Rhoads, 2013). Heat-stressed animals redis-
tribute blood to the periphery in an attempt to
increase radiant heat loss, and the gastrointesti-
nal tract vasoconstricts in a coordinated effort to
support the altered hierarchy of blood distribution
(Hall et al., 1999). Reduced splanchnic blood flow
causes ischemic damage and subsequently creates
intestinal barrier dysfunction (Lambert, 2009).
Furthermore, reduced feed intake also compro-
mises intestinal barrier integrity (Rodriguez et al.,
1996; Pearce et al., 2013b; Kvidera et al., 2017)
and thus HS causes leaky gut by multiple etiolo-
gies. Intestinal infiltrating antigens stimulate a
local immune response and, if severe enough,
cause systemic endotoxemia that is associated with
inflammation and an acute phase protein response
(Bouchama and Knochel, 2002; Mani et al., 2012).

Zinc (Zn) plays an important role at maintain-
ing gastrointestinal tract barrier function (Alam
etal., 1994), and dietary Zn decreases intestinal per-
meability in a variety of animal models (Rodriguez
et al., 1996; Sturniolo et al., 2001; Lambert et al.,
2003). Furthermore, we have demonstrated that
supplementing complexed Zn improves intestinal
barrier function and villi architecture in chronic
and acute heat-stressed pigs and ruminants
(Sanz Fernandez et al., 2014; Pearce et al., 2015;
Abuajamieh et al., 2016). However, whether Zn
can improve “recovery” from HS remains unclear.
Therefore, it was of interest to evaluate the effects
of supplemental Zn on temporal metabolism and
biomarkers of intestinal integrity both during and
following HS and/or nutrient restriction. Assessing
the recovery period provides an indication of the
duration that these 2 insults negatively affect gas-
trointestinal barrier integrity.

MATERIALS AND METHODS

Animals, Diets, and Experimental Design

Iowa State University Institutional Animal
Care and Use committee approved all procedures
involving animals (#9-15-8087-S). Fifty crossbred
gilts (50 = 2 kg BW) were utilized in a replicated
(25 pigs per replicate) experiment conducted at
the Towa State University Swine Nutrition Farm
Research Facility (Ames, IA). On the basis of initial
BW, pigs were allotted to 5 blocks and randomly
assigned to 1 of 5 environmental dietary treat-
ments: 1) thermoneutral (TN) and ad libitum fed
a control diet (TNCtl; » = 10), 2) TN and pair-fed
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a control diet (PFCtl; n = 9), 3) TN and pair-fed a
Zn-supplemented diet (PFZn; n = 10), 4) HS and
ad libitum fed a control diet (HSCtl; » = 10), and
5) HS and ad libitum fed a Zn-supplemented diet
(HSZn, n = 9). During the experimental period,
pigs were allocated to one of two environmen-
tally controlled rooms. Each room had 24 crates
(57 X 221 cm) where pigs were housed individu-
ally. Each crate was equipped with a stainless steel
feeder and a nipple drinker. Water was provided ad
libitum during the entire experiment. Two pigs were
culled from the study due to health issues (one from
the PFCtl and one from the HSZn treatments), and
their data were not included in the final analysis.

Two diets were formulated and mixed accord-
ing to the following specifications: 1) a control (Ctl)
diet containing 120 mg/kg of inorganic Zn in the
form of Zn sulfate (Sigma-Aldrich, St Louis, MO)
and 2) a Zn diet containing 60 mg of inorganic Zn
in the form of Zn sulfate and 60 mg/kg of com-
plexed Zn as Zn amino acid complex (Availa Zn;
Zinpro Corporation, Eden Prairie, MN). Diets
were processed in meal form and mixed at the [owa
State University Swine Nutrition Center Mill.
Other than the Zn source, all diets were similar in
ingredients and were formulated to meet or exceed
the predicted requirements of growing pigs (NRC,
2012) for energy, essential amino acids, protein,
minerals, and vitamins (Table 1).

The study consisted of 3 experimental periods
(P): P1, P2, and P3. Prior to the start of the study (i.e.,
before pigs were moved into the environmental rooms),
pigs were fed their respective diets for 21 d. During the
first 14 d, all animals were group-housed according to
their dietary treatment. After this initial feeding phase,
pigs were moved to individual crates and allowed 7 d
to acclimate to their pens before the initiation of the
experimental periods. During P1 (7 d), all pigs were
fed their respective diets ad libitum and housed in TN
conditions (20.84 = 0.03 °C; 47.11 = 0.42% relative
humidity [RH]) for collection of baseline body tem-
perature indices and production parameters. During
P2 (7 d), HSCtl and HSZn animals were fed ad libi-
tum and exposed to progressive cyclical HS condi-
tions with temperatures ranging from 27 to 30 °C
(30.23 £ 0.30 °C, 34.70 = 0.16% RH from 0800 to
1800 h, and 26.98 * 0.06 °C, 49.13 *+ 0.34% RH from
1800 to 0800 h). During P2, pigs assigned to the TNCtl
treatment remained in TN conditions and were fed ad
libitum; pigs assigned to the PFCtl and PFZn treat-
ments also remained in TN conditions, but were pair-
fed to their HS and dietary counterparts (to evaluate
the direct effect of HS while eliminating the confound-
ing effects of dissimilar nutrient intake). Briefly, ADFI
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Table 1. Ingredient composition and chemical
and nutritional composition of experimental diets
(as-fed basis)

Item Control Zinc
Ingredient
Corn, % 63.11 63.11
DDGS!, % 15.00 15.00
Soybean meal, % 18.00 18.00
Soybean oil, % 1.50 1.50
Limestone, % 1.25 1.25
L-Lysine HCI, % 0.27 0.27
L-Threonine, % 0.01 0.01
Quantum Blue (5,000 FTU/g)%, % 0.005 0.005
Vitamin premix?, % 0.200 0.200
Trace mineral premix®, % 0.150 0.150
Availa zinc¢® - 0.05
Zinc sulfate 0.05 0.025
Copper sulfate 0.002 0.002
Iron sulfate 0.06 0.06
Limestone 0.03 0.01
Manganese 0.002 0.002
Potassium iodate 0.00003 0.00003
Selenium 0.00005 0.00005
NacCl 0.500 0.500
Calculated nutrient levels, %
ME, kcal/kg 3,342 3,342
NE, kcal/kg 2,477 2,477
CP 17.97 17.97
Ether extract 4.43 4.43
ADF 5.30 5.30
NDF 12.29 12.29
SID® AA, %
Lys 0.86 0.86
Met 0.26 0.26
Thr 0.53 0.53
Trp 0.16 0.16
Ca 0.54 0.54
Total P 0.41 0.41
STTD’ P 0.27 0.27

!Corn distillers dried grains with solubles.
2Assume releases 0.08% STTD P.

3Vitamin premix provided the following (per kg diet): 4,900 TU of
vitamin A, 560 IU of vitamin D3, 40 IU of vitamin E, 2.4 mg of mena-
dione (to provide vitamin K), 39 pg of vitamin B12, 9 mg of riboflavin,
22 mg of d-pantothenic acid, and 45 mg of niacin.

4Compostion per kilogram of feed: Ca, 129 mg as limestone; Cu,
7 mg as copper sulfate; Fe, 120 mg as iron sulfate; I, 0.28 mg as potas-
sium iodate; Mn, 5 mg manganese sulfate; Zn, 120 mg as zinc sulfate
or 50% zinc sulfate + 50% Availa-Zn.

’Awvaila zinc (Availa Zn; Zinpro Corporation).
Standardized ileal digestibility.
’Standardized total tract digestibility.

during P1 was averaged for each pig and used as a base-
line. During P2, the decrease in ADFI in HS pigs was
calculated every day as a percentage of ADFI reduc-
tion relative to P1. The percentage of ADFI reduction
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was averaged for all pigs in HS treatments per day of
heat exposure and applied individually to the baseline
of each pig in the PF treatments. The daily amount of
feed provided to the PF treatments was divided into
3 equal portions during P2 (~0800, 1200, and 1800 h)
to minimize large metabolic changes associated with
gorging. To accomplish pair-feeding, pigs assigned to
PF treatments remained 1 calendar day behind TN and
HS treatments during the entire experimental period.
This technique of pair-feeding has been extensively uti-
lized (Pearce et al., 2013b; Sanz Fernandez et al., 2015a,
2015b). During P3 (recovery period; 5 d), pigs from the
HS treatments (HSCtl and HSZn) returned to TN con-
ditions (21.00 £ 0.08 °C, 45.79 *+ 0.66% RH) and were
fed ad libitum; likewise, pigs in the TNCtl, PFCtl, and
PFZn treatments remained in TN conditions and were
fed ad libitum.

Throughout the experiment, ambient tempera-
ture and humidity were monitored and recorded every
5 min by a data logger (Lascar EL-USB-2-LCD, Erie,
PA). One data logger was placed in each quadrant
of each room (8 data loggers in total), and data were
then condensed by room into hourly averages.

Body Temperature Measurements

During P1, P2, and P3, body temperature indi-
ces (rectal temperature [T ], skin temperature [T],
and respiration rate [RR]) were obtained thrice
daily (~0700, 1200, and 1800 h). Rectal tempera-
ture was measured using an electronic thermome-
ter (SureTemp Plus 590, WelchAllyn, Skaneateles
Falls, NY). Skin temperature was measured at the
rump using an infrared thermometer (IRT207: The
Heat Seeker 8:1 Mid-Range Infrared Thermometer,
General Tools, New York, NY) ~12 cm from the
skin. Respiration rate was determined by count-
ing flank movements for 15 s and multiplied by
4 to obtain breaths per minute (bpm). All indices
recorded were condensed into daily averages.

Production Parameters

Daily feed intake was measured at 0700 h dur-
ing P1, P2, and P3 as feed disappearance. Body
weights were obtained at the beginning and end of
P1, and at the end of P2 and P3. Average daily gain
and G:F were calculated by period.

Blood Sampling and Analysis

An indwelling jugular catheter was surgically
inserted on d 1 of P1 using a percutaneous tech-
nique as previously described (Sanz Fernandez
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etal., 2015a). All pigs received antibiotics (Ceftiofur,
Excede, Pfizer Animal Health, New York, NY) and
nonsteroidal, anti-inflammatory drugs (Flunixin
Meglumine, Banamine-S, Schering-Plough Animal
Health Corp., Whitehouse Station, NJ) during the
surgery. Blood samples were obtained from the jug-
ular catheter daily at 1200 h into disposable tubes
(plasma, K. EDTA tube, BD vacutainers, Franklin
Lakes, NIJ; serum, culture glass tubes, Fisher
Scientific, Waltham, MA). Catheters were flushed
afterwards with heparinized saline (100 IU/mL).
Plasma and serum samples were harvested by cen-
trifugation at 1,500 X g for 15 min at 4 °C and stored
at —20 °C until analysis. Plasma glucose, NEFA,
blood urea nitrogen (BUN), insulin, lipopolysac-
charide (LPS) binding protein (LBP), and tumor
necrosis factor-alpha (TNFa) concentrations were
measured using commercially available kits follow-
ing the manufacturers’ instructions (glucose, Wako
Chemicals USA, Inc., Richmond, VA; NEFA, Wako
Chemicals USA, Inc.; BUN, Teco Diagnostics,
Anaheim, CA; insulin, Mercodia Porcine Insulin
ELISA; Mercodia AB, Uppsala, Sweden; LBP,
Hycult Biotech, Uden, The Netherlands; TNFa,
R&D Systems, Inc., Minneapolis, MN). These pro-
cedures were conducted in 96-well microplates and
read using a microplate spectrophotometer (Eon,
BioTek Instruments, Inc., Winooski, VT). The intra-
and interassay coefficients of variation for glucose,
NEFA, BUN, insulin, LBP, and TNFa were 4.6 and
13.5%, 5.5 and 14.9%, 4.4 and 5.8%, 9.1 and 7.2%,
3.5 and 15.5%, and 6.2 and 10.9%, respectively.

Statistical Analysis

Data from each experimental period were
assessed separately using SAS version 9.4 (SAS
Inst. Inc., Cary, NC). Daily measurements (i.c.,
ADFI, body temperature indices, and blood metab-
olites) were analyzed by repeated measures using the
MIXED procedure of SAS with an autoregressive
covariance structure and day of the experiment as
the repeated effect. The model included treatment,
day, treatment by day interaction, block, and repli-
cate as fixed effects; initial BW was used as a covari-
ate. Production parameters (i.e., BW, ADG, and G:F)
were analyzed using the MIXED procedure of SAS
with a diagonal covariance structure and initial BW
as a covariate. The model included treatment, block,
and replicate as fixed effects. Pre-planned contrasts
were assessed to evaluate environmental (i.e., TN
vs. PF, TN vs. HS, and PF vs. HS) and dietary (i.e.,
HSCtl vs. HSZn and Ctl vs. Zn-fed pigs) treatment
effects. Data are reported as least squares means and
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a difference between treatments considered signif-
icant if P < 0.05 and a tendency for a difference if
0.05< P<0.10.

RESULTS

Body Temperature Indices, Growth Performance,
and Blood Metabolites During P1

No dietary treatment differences were
observed in T, ADG, or blood metabolites dur-
ing P1 (Supplementary Table S1). However, T
was decreased (1%; P = 0.02) and RR tended to be
decreased (5%; P = 0.06) in Zn relative to Ctl-fed
pigs (Supplementary Table S1). Moreover, ADFI
was decreased (0.16 kg) and G:F tended to be
increased (13%) in Zn-fed pigs compared with their
Ctl counterparts (P = 0.02 and P = 0.09, respec-
tively; Supplementary Table S1). Additionally,
circulating TNFa tended to be decreased (23%)
during P1 in Zn-fed pigs compared with controls
(P = 0.08; Supplementary Table S1).

Body Temperature Indices

During P2, pigs exposed to HS had an over-
all increase in 7|, compared with TN and PF pigs
(0.3 °C; P < 0.01; Table 2; Figure 1). Similarly, HS
pigs had increased T relative to TN and PF treat-
ments (~9 and 11%, respectively; P < 0.01; Table 2);
however, HSZn pigs tended to have decreased
T, compared with HSCtl pigs (0.4 °C; P = 0.06;
Table 2). Respiration rate was also increased
by ~75% in HS pigs relative to their TN and PF
counterparts (27 bpm increase; P < 0.01; Table 2).
Interestingly, PF pigs had decreased T during P2
relative to TN pigs (0.6 °C; P < 0.01; Table 2).

During P3 (recovery period), no 7, or RR dif-
ferences between treatments were observed (P >
0.10; Table 2). However, T was decreased in HSZn
compared with TN, PF, and HSCtl pigs (0.8 °C;
P <0.01; Table 2).

Growth Performance

During P2, there was an overall decrease in
ADFTI in HS pigs compared with TN controls (28%0;
0.69 kg/d; P < 0.01; Table 3; Figure 2). Similarly,
BW at the end of P2 was decreased in HS treatments
relative to TN controls (4.25 kg; P = 0.02; Table 3).
Average daily gain was also decreased in HS pigs com-
pared with TN controls (35%; 0.32 kg/d; P < 0.01;
Table 3). Feed efficiency did not differ between HS
and TN environments (P = 0.45; Table 3) during P2;
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Table 2. Effects of zinc amino acid complex on body temperature indices in heat-stressed and restricted-fed
pigs during P2 and recovery

Treatment' P Contrasts
Trtx TNvs. TNvs. PFvs. HSCtlvs. Ctlyvs.

Parameter TNCtl PFCtl PFZn HSCtl HSZn SEM  Trt? Day  Day’ PF HS HS HSZn Zn
Period 2

Tt °C 39.01°  38.97° 3896 39.32¢  39.30° 0.06 <0.01 <0.01 0.01 0.57 <0.01 <0.01 0.79 0.57

T, °C 36.82° 36.25¢ 36.11°  40.29¢ 39.89* 0.16 <0.01 <0.01 <0.01 <0.01 <0.01  <0.01 0.06 0.11

RR® bpm  36.5° 36.0° 35.0° 61.7¢ 63.5¢ 1.6 <0.01 <0.01 0.09 0.61 <0.01  <0.01 0.44 <0.01
Recovery

T2 °C 39.02  39.09 39.02 39.06 38.96  0.08 0.78 0.33 0.24 0.67 0.87 0.49 0.34 0.34

T3, °C 36.73>  37.27¢  37.14*% 36.78° 36.14c 0.16 <0.01 <0.01 <0.01 0.01 0.17  <0.01 0.01 0.05

RR® bpm  35.0 38.4 36.5 36.1 37.7 1.3 0.35 <0.01 <0.01 0.12 0.24 0.68 0.36 0.60

I'TNCtl = thermoneutral control; PFCtl = pair-fed control; PFZn = pair-fed zinc; HSCtl = heat-stress control; HSZn = heat-stress zinc.

*Treatment.

STreatment by day interactions.

“Rectal temperature averaged by day.

Skin temperature averaged by day.

“Respiration rate averaged by day.

“*Means with different superscripts significantly differ (P < 0.05).

39.9 A
39.7 A
39.5 A
39.3 A
39.1 A
38.9 A
38.7 A
38.5 .

T (°C)

BEBHPH

Trt: P <0.01
Day: P <0.01
Trt x Day: P =0.01

Trt: P=0.78
Day: P=0.33
Trt x Day: P=0.24

—a— TNCtl —e— PFCtl

- e- HSCtl —X--HSZn

Figure 1. Effects of zinc amino acid complex on rectal temperature (7;) during period 2 and the recovery period. Treatments: TNCtl = ther-
moneutral ad libitum control diet, PFCtl = pair-fed control diet, PFZn = pair-fed zinc diet, HSCtl = heat stress ad libitum control diet, and
HSZn = heat stress ad libitum zinc diet. The dashed line divides period 2 from the recovery period.

however, HSZn pigs tended to have increased G:F
compared with HSCtl counterparts (27%; P = 0.07;
Table 3). By experimental design, PFCtl and PFZn
pigs followed the same pattern of reduced ADFI,
and their ADG and G:F variables were similar to
their HS counterparts (P > 0.10; Table 3).

During P3 (all treatments housed in TN condi-
tions and fed ad libitum), ADFI was similar between
pigs assigned to the HS and TN treatments (P = 0.46;
Table 3; Figure 2); however, pigs that had been PF
during P2 had increased ADFI compared with TN
and HS animals (21 and 28%, respectively; P < 0.01;
Table 3; Figure 2). Body weight was not different
between TN and PF pigs by the end of the recovery

period (P = 0.24; Table 3) but remained decreased
in HS pigs compared with their TN counterparts
(4.70 kg; P = 0.01; Table 3). Average daily gain did
not differ between HS and TN treatments (P = 0.95;
Table 3); however, it was increased in pigs that had been
PF in P2 relative to TN and HS pigs (32%, 0.30 kg/d;
P < 0.01; Figure 2B). No treatment differences were
observed for G:F during P3 (P = 0.14; Table 3).

Blood Metabolites

During P2, circulating glucose did not dif-
fer among treatments (P = 0.71; Table 4). During
P3 (recovery period), blood glucose tended to be
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Table 3. Effects of zinc amino acid complex on growth performance in heat-stressed and restricted-fed pigs

during P2 and recovery

Treatment' P Contrasts
Trtx TNvs. TNvs. PFvs. HSCtlvs. Ctlvs.

Parameter TNCtl PFCtl PFZn HSCtl HSZn SEM  Trt? Day Day? PF HS HS HSZn Zn
Period 2

ADFI, kg 248 1.79° 1.75° 1.79° 1.79*  0.06 <0.01 0.01 0.03  <0.01 <0.01 0.68 0.99 <0.01

FBW* kg  84.4 82.9v  79.8¥ 79.7% 80.6¥ 14 0.07 - - 0.07 0.02 0.38 0.64 0.09

ADG, kg 0.92¢  0.53° 0.53*  0.53° 0.67° 0.07 <0.01 - - <0.01 <0.01 0.31 0.18 0.27

G:F 0.37  0.30 0.30 0.30 0.38  0.03 0.14 - - 0.07 0.45 0.21 0.07 0.57
Recovery

ADFI, kg 236>  3.04*  2.69® 2.25¢ 2.22¢ 0.14 <0.01 <0.01 <0.01 <0.01 0.46  <0.01 0.88 0.46

FBW* kg  89.7% 89.1%  86.1¥ 85.1¥ 84.9v 1.7 0.08 - - 0.24 0.01 0.10 0.94 0.07

ADG, kg 0.94>  1.23¢ 1.242 0.94° 0.92° 0.13 0.02 - - <0.01 0.95  <0.01 0.83 0.58

G:F 040  0.39 0.49 0.42 042 0.04 0.14 - - 0.26 0.61 0.48 0.88 0.07

ITNCtl = thermoneutral control; PFCtl = pair-fed control; PFZn = pair-fed zinc; HSCtl = heat-stress control; HSZn = heat-stress zinc.

*Treatment.

’Treatment by day interactions.

“Final body weight.

**Means with different superscripts significantly differ (P < 0.05).
*YMeans with different superscripts tend to differ (P < 0.10).

4.0 -
3.5 4
3.0 A
525 !
&
2.0 A
1.5 A

1.0 A
0.5 - Day: P=10.01

Trt x Day: P=0.03
0.0 T T T T T

=
a
<

Trt: P <0.01

Trt: P <0.01
Day: P <0.01
Trt x Day: P <0.01

—=—TNCtl —e— PFCtl

ok PFZn

Day

-o- HSCtl —x--HSZn

Figure 2. Effects of zinc amino acid complex on ADFI during period 2 and the recovery period. Treatments: TNCtl = thermoneutral ad libitum
control diet, PFCtl = pair-fed control diet, PFZn = pair-fed zinc diet, HSCtl = heat stress ad libitum control diet, and HSZn = heat stress ad libitum

zinc diet. The dashed line divides period 2 from the recovery period.

increased in HS pigs compared with PF controls
(6%; P = 0.10; Table 4). During P3, a tendency
for increased glucose levels was observed in the
Zn compared with the Ctl-fed pigs (6%, P = 0.07;
Table 4).

During P2, despite marked differences in ADFI,
insulin levels did not differ between HS and TN
treatments (P = 0.41; Figure 3A and B); however,
insulin was decreased in the PF relative to TN
and HS pigs (58 and 50%, respectively; P < 0.01;
Figure 3B). No differences in the insulin:ADFI

were observed between TN and HS pigs during P2
(P = 0.52; Table 4); however, the insulin:ADFI was
increased in HS pigs compared with their PF coun-
terparts (100%; P < 0.01; Table 4). No differences
in insulin levels or the insulin:ADFI were detected
between Ctl and Zn-fed pigs during P2 (P > 0.10;
Table 4). During P3 (recovery period), circulating
insulin was increased in pigs that were assigned to
HS during P2 relative to TN and PF pigs (75%,
P <0.05; Figure 3A—C). Similarly, the insulin: ADFI
was increased in HS pigs relative to TN and PF
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Table 4. Effects of zinc amino acid complex on blood metabolites and inflammatory biomarkers in heat-
stressed and restricted-fed pigs during P2 and recovery

Treatment' P Contrasts
Trtx TNvs. TNvs. PFvs. HSCtlvs. Ctlvs.

Parameter TNCtl PFCtl PFZn HSCtl HSZn SEM Trt* Day Day’ PF HS HS HSZn Zn
Period 2

Glucose, mg/dL 98.1 94.8 99.0  99.6 94.4 33 071 <0.01 0.65 0.77 0.79 0.98 0.31 0.79

InsulintADFI*  0.05% 0.03¥ 0.03*  0.06* 0.06* 0.01 0.07 0.58 0.13 0.08 0.52 <0.01 0.94 0.87

NEFA, pEqg/liter 84.5 83.5 110.0 725 95.0 109  0.17 0.17 048 0.36 0.96 0.25 0.19 0.03

BUN?, mg/dL 8.46 7.13 7.34  7.09 6.97 0.58 041 0.72  0.31 0.09 0.07 0.73 0.90 0.44

LBP®, pg/mL 9.68  12.95 9.80 9.19 8.80  4.03 0.68 0.39 0.22 0.54 0.80 0.29 0.90 0.52
Recovery

Glucose, mg/dL  94.2%  87.8Y 98.4x 97.9¢  100.2* 4.0 0.09 0.60  0.09 0.79 0.31 0.10 0.67 0.07

Insulin: ADFI* (.04 0.03¢  0.04>  0.08® 0.09*  0.02 0.03 0.82 0.11 0.64 0.03 <0.01 0.56 0.37

NEFA, pEqg/liter  77.8 74.5 943 712 70.9 11.8 043 0.38 0.83 0.61 0.63 0.21 0.99 0.41

BUN?, mg/dL 8.61 8.62 853 173 8.05 0.72 0.83 <0.01 0.18 0.96 0.38 0.28 0.75 0.95

LBP®, pg/mL 12.72 13.73 11.59 11.38 9.99 3.08 0.84 <0.01 0.04 0.98 0.50 0.43 0.69 0.42

ITNCtl = thermoneutral control; PFCtl = pair-fed control; PFZn = pair-fed zinc; HSCtl = heat-stress control; HSZn = heat-stress zinc.

*Treatment.

STreatment by day interactions.

“Insulin to average daily feed intake ratio.

“Blood urea nitrogen.

"Lipopolysaccharide binding protein.

“*Means with different superscripts significantly differ (P < 0.05).
*YMeans with different superscripts tend to differ (P < 0.10).

controls (113 and 143%, respectively; P < 0.05;
Table 4). When comparing Ctl vs. Zn-fed pigs, no
differences in insulin levels or the insulin:ADFI
were detected during P3 (P > 0.10; Table 4).

During P2 and despite marked differences
in ADFI, NEFA levels were similar across treat-
ments (P = 0.17; Table 4). However, when com-
paring Ctl vs. Zn-fed pigs, NEFA levels were
increased in Zn relative to Ctl-fed pigs (28%;
P = 0.03; Table 4). During P3, circulating NEFA
was similar across treatments (P = 0.43; Table 4)
and no differences in NEFA levels were observed
between Ctl and Zn-fed pigs (P = 0.41; Table 4).
During P2, there were no overall treatment differ-
ences detected in BUN (P = 0.41; Table 4); how-
ever, there was a tendency for decreased BUN
levels in HS and PF pigs relative to TN controls
(P=0.07 and P = 0.09, respectively; Table 4). No
differences in BUN were detected between Ctl
and Zn-fed pigs during P2 (P = 0.44; Table 4).
During P3, BUN levels were similar across treat-
ments (P = 0.83; Table 4) and did not differ
between Ctl and Zn-fed pigs (P = 0.95; Table 4).
There were no treatment differences in circulat-
ing LBP during P2 or P3 (P = 0.68 and P = 0.84,
respectively; Table 4). Likewise, LBP levels did
not differ between Ctl and Zn-fed pigs during P2
or P3 (P =0.52 and P = 0.42, respectively).

During P2, TNFa levels were similar across
treatments (P = 0.60; Figure 4A), and no dif-
ferences were detected between Ctl and Zn-fed
pigs (P = 0.15). No overall treatment effect was
observed in circulating TNFa during P3 (P = 0.31;
Figure 4A); however, TNFa levels were decreased
in Zn relative to Ctl-fed pigs (25%; P = 0.04;
Figure 4B).

DISCUSSION

HS negatively impacts a variety of animal agri-
culture parameters including growth, body com-
position, milk yield, and reproduction (St-Pierre
etal., 2003; Baumgard and Rhoads, 2013). The det-
rimental effects of HS on animal productivity may
be mediated in large part by its effects on intestinal
health and barrier function (Baumgard and Rhoads,
2013). During hyperthermia, blood is redistributed
away from the splanchnic bed to the periphery in
an attempt to maximize radiant heat dissipation
(Lambert, 2004). This survival strategy results in
increased reactive oxygen species production, mem-
brane damage, and disruption of tight junction
complexes in the intestinal epithelium (Hall et al.,
2001; Lambert, 2009). Additionally, hypophagia (a
conserved response to HS; Baumgard and Rhoads,
2013) causes intestinal hyperpermeability in multi-
ple species (Ferraris and Carey, 2000; Pearce et al.,
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Figure 3. Effects of zinc amino acid complex on (A) circulating levels of insulin during period 2 and the recovery period. Treatments:
TNCtl = thermoneutral ad libitum control diet, PFCtl = pair-fed control diet, PFZn = pair-fed zinc diet, HSCtl = heat stress ad libitum control
diet, and HSZn = heat stress ad libitum zinc diet. The dashed line divides period 2 from recovery period. Circulating insulin levels during (B) period
2 and (C) the recovery period when comparing between thermoneutral (TN), pair-fed (PF), and heat stress (HS) treatments. *<Values with differing
superscripts denote differences (P < 0.05) between treatments. *¥Values with different superscripts denote tendencies (P < 0.10) between treatments.

2013b; Zhang et al., 2013). In both situations, the
loss of intestinal barrier function to luminal con-
tent (e.g., bacterial endo- and exotoxins, food-borne
antigens, etc.) results in LPS appearance in por-
tal and systemic circulation (Pearce et al., 2013Db).
Endotoxin stimulates an immune response associ-
ated with increased circulating inflammatory bio-
markers (Bouchama et al., 1991, 1993; Hall et al.,
2001; Lambert, 2004). Additionally, LPS (a cata-
bolic molecule) inexplicably increases circulating
insulin (an anabolic hormone) in a variety of ani-
mal models (Baumgard et al., 2016). Consequently,
HS-induced endotoxemia and inflammation alter
metabolism and nutrient partitioning, and this
partially explains why HS decreases productiv-
ity (Baumgard and Rhoads, 2013). Furthermore,
while the negative effects of HS have been inten-
sively studied during the heat load, little is known
regarding the biology of “recovery” following HS
exposure. Therefore, studying HS recovery provides
insight into the length of time that HS and/or nutri-
ent restriction adversely affect intestinal integrity.
Identifying effective dietary strategies aimed at
alleviating the adverse effects of HS on intestinal

health and/or accelerating the recovery following
HS exposure could have enormous impact on ani-
mal health and agriculture economics.

Zinc is essential for normal barrier function as
it improves intestinal integrity during different dis-
ease states including malnutrition (Rodriguez et al.,
1996), ethanol-induced intestinal damage (Lambert
et al., 2003), chronic inflammatory bowel diseases
(Sturniolo et al., 2001), and infectious diarrhea
(Alam et al., 1994). Furthermore, our group has
reported beneficial effects of complexed Zn sup-
plementation during a thermal load as it decreased
circulating endotoxin levels and improved intesti-
nal epithelial resistance, intestinal architecture, and
the acute phase response in heat-stressed pigs and
ruminants (Sanz Fernandez et al.,, 2014; Pearce
et al., 2015; Abuajamieh et al., 2016). Therefore, we
hypothesized supplemental Zn would reduce the
temporal pattern of inflammatory biomarkers and
subsequent altered metabolism in a HS and feed
restriction porcine model and would improve the
recovery response after both insults.

In the current study, pigs in the HS environment
experienced marked hyperthermia as demonstrated
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Figure 4. Effects of zinc amino acid complex on circulating levels of (A) tumor necrosis factor alpha during period 2 and the recovery period.
Treatments: TNCtl = thermoneutral ad libitum control diet, PFCtl = pair-fed control diet, PFZn = pair-fed zinc diet, HSCtl = heat stress ad libitum
control diet, and HSZn = heat stress ad libitum zinc diet. The dashed line divides period 2 from recovery period. Circulating TNFa levels during
recovery period (B) when comparing between dietary control (Ctl) and zinc (Zn) treatments.

by increased T, T, and RR (0.3 °C, 3.3 °C, and 26
bpm, respectively) relative to TN pigs. Conversely,
decreased T (0.6 °C) was observed in PF pigs dur-
ing P2 relative to their TN counterparts, indicating
decreased heat increment of feeding as reported
previously by our group (Pearce et al., 2013a;
Seibert et al., 2018). During the recovery period,
all body temperature indices returned to baseline
values, and no T, or RR differences were observed
across treatments. However, despite being in similar
environmental conditions, HSZn pigs had a slight
decrease in T (0.8 °C) relative to TN, PF, and HSCtl
pigs. Understanding why HSZn pigs had decreased
T during recovery and whether this is biologically
meaningful and industry relevant is of interest.

As expected, HS exposure markedly decreased
ADFI (28%) and ADG (35%) relative to TN ad
libitum fed pigs. By experimental design, PF treat-
ments mirrored this pattern of reduced ADFI
during P2. The magnitude and pattern of nutrient
intake reduction were comparable to our previous
studies (Johnson et al., 2015; Sanz Fernandez et al.,
2015b). The negative effects of HS on voluntary
ADFI have been well-documented (as reviewed by

Nyachoti et al., 2004), and it is a highly conserved
response that is partially responsible for decreased
growth performance observed in heat-stressed
animals (Baumgard and Rhoads, 2013). During
the recovery period (P3), ADFI and ADG in pigs
exposed to HS returned to TN levels; however, pigs
previously assigned the PF treatment had increased
ADFI and ADG (21 and 32%, respectively) above
TN levels. Reasons why appetite was blunted in HS
relative to PF pigs during recovery are not entirely
clear. Our group previously observed that ADFI in
pigs exposed to 3 d of HS gradually increased dur-
ing the recovery period but remained less than the
TN controls for the remainder of the experiment
(Abuajamieh et al., 2015). Additionally, Johnson
etal. (2016) observed that pigs exposed to a 3-h heat
load had a progressively increased feeding behavior
relative to that of the TN pigs during a 3-h recov-
ery period. Mechanisms underlying compensatory
growth are difficult to understand as factors influ-
encing an animal’s ability to recover may be asso-
ciated with the nature, severity, and/or duration of
nutrient restriction (Wilson and Osbourn, 1960;
Lovatto et al., 2006). Additionally, compensatory
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growth can also reflect changes in metabolism as
circulating levels of insulin, thyroid, and growth
hormones play a key role in the initiation of this
response (Prince et al., 1983; Hornick et al., 2000).
Insulin has been hypothesized to be an important
regulator of feed intake and energy balance (Rezek,
1976; Woods et al., 2006; Perry and Wang, 2012);
furthermore, exogenous insulin administration
reduces feed consumption in different rodent mod-
els (Schwartz et al., 1992; Woods et al., 1996; Air
et al., 2002). Interestingly, in the current study, pigs
previously exposed to HS during P2 had increased
circulating insulin relative to TN and PF pigs dur-
ing the recovery period (as described below), and
this may have contributed to the blunted appetite
response. Regardless, the absence of full recovery in
nutrient intake and growth in HS pigs is of practi-
cal interest and suggests the negative consequences
of HS have long-lasting effects on animal produc-
tivity and farm profitability.

Animals exposed to HS have altered postab-
sorptive carbohydrate, lipid, and protein metabo-
lism independent of nutrient intake. This energetic
phenotype is primarily characterized by increased
basal and stimulated circulating insulin levels and
blunted adipose tissue mobilization (Baumgard
and Rhoads, 2013). In the current study, no overall
treatment differences in blood glucose, NEFA, or
BUN were observed during P2 or recovery. Despite
marked reductions in ADFI during P2, circulating
insulin from HS pigs was similar to TN controls,
but it was decreased in PF pigs compared with
their TN counterparts. The aforementioned insulin
response corroborates similar observations in heat-
stressed rodents, pigs, and ruminants (Torlinska
et al., 1987; O’Brien et al., 2010; Wheelock et al.,
2010, Pearce et al., 2013a; Sanz Fernandez et al.,
2015b). Reasons why insulin homeostasis is altered
during HS remain unclear, but likely involve insu-
lin’s role in activating the cellular stress response
(Li et al., 2006) and facilitating immune system
fuel uptake (as reviewed by Baumgard et al., 2016).
In fact, previous reports indicate diabetic rodents
and humans are more susceptible to heat-related
illness and death (Schuman et al., 1972; Semenza
et al., 1999; Niu et al., 2003). Interestingly, during
the recovery period, PF pigs returned to euinsuline-
mia while pigs previously exposed to HS had a large
increase in circulating insulin relative to both TN
and PF pigs (~75%). This is surprising because insu-
lin secretion is very sensitive to changes in nutrient
intake, yet ADFI in pigs that were exposed to HS
remained below that of PF pigs during the recovery
period. Reasons why circulating insulin levels were
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increased during recovery in pigs that were exposed
to HS are not clear but likely suggest the stimula-
tory effect of LPS on insulin secretion is amplified
during HS recovery. This also likely explains why
the carcass from heat-stressed pigs have more adi-
pose tissue than energetically expected (Close et al.,
1971; Verstegen et al., 1978; Collin et al., 2001).

Previous studies suggest the pathophysiologi-
cal responses to a thermal load might not be due
to the direct effects of heat exposure, but the result
of a systemic and uncontrolled inflammatory
response following thermal injury (Leon, 2007,
Heled et al., 2013). The increased inflammatory
response after the cessation of HS is thought to
stem from increased LPS leakage into circulation,
which in turn elicits an immune response and stim-
ulates production of proinflammatory cytokines
(Lambert, 2009). Accordingly, Johnson et al. (2016)
observed increased circulating and tissue cytokine
levels in pigs after a 3-h recovery period following
an acute heat load. Additionally, our group has
recently reported a progressive increase in circulat-
ing LBP during recovery from an intense HS in pigs
(Abuajamieh et al., 2015), suggesting the inflam-
matory and acute phase response is constrained
or blunted during the heat load, but is expressed
during recovery and remains robust for at least
1 wk following an intense heat load. Contrarily, in
the current study no differences were observed in
circulating LBP among environments during P2
or recovery. Although not clear, inconsistencies in
this response may be explained by differences in
the intensity and length of the heat load utilized
between experiments.

Interestingly, despite no differences observed dur-
ing HS exposure, dietary Zn supplementation reduced
TNFa levels during the recovery period by 25% in Zn
compared to Ctl-fed pigs. Additionally, circulating
TNFatended to bedecreased during P1 (Supplementary
Table S1) and was numerically decreased during P2 in
Zn relative to Ctl-fed animals. Reasons for decreased
circulating TNFa during Zn supplementation are not
well-understood but suggest the importance of Zn’s role
in modulating the immune and inflammatory responses
(as reviewed by Haase and Rink, 2007, 2014). A likely
explanation based upon the literature and our previous
experiments is that Zn decreased intestinal permeabil-
ity and thus reduced passage of luminal antigens across
the intestinal barrier, consequently reducing the extent
of immune activation. A second possible mechanism
by which Zn ameliorates the inflammatory response is
by regulating the nuclear factor kappa-light-chain-en-
hancer of activated B-cells (NF-xB) pathway (Prasad,
2008) as previous in vitro studies indicated that Zn
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mhibited NF-kB activation (Jarosz et al., 2017). The
NF-xB signaling pathway plays a key role in the expres-
sion of proinflammatory cytokines that regulate the
immune response (TNFa, IL-1, IL-6, and IL-8), as well
as in different cellular processes including proliferation
and apoptosis (as reviewed by Hoesel and Schmid,
2013). Additionally, Hu et al. (2013a, 2013b) and Liu
et al. (2014) observed decreased mRNA expression
of TNFa, IL-6, IL-8, and interferon-y along different
sections of the gastrointestinal tract with increasing
concentrations of dietary Zn (inorganic Zn) in wean-
ing pigs. Decreased circulating TNFa levels observed
in this study indicate that feeding a more bioavailable
dietary Zn may be able to ameliorate the inflammatory
response and enhance the progression of recovery in
pigs that were exposed to HS or were nutrient-restricted.

In conclusion, chronic HS exposure increased
all body temperature indices and caused a marked
and constant reduction in ADFI and ADG.
Additionally, our data suggest HS has long-lasting
effects on phenotypic and metabolic responses, and
thus on animal health and productivity. Herein, we
also demonstrated that feeding a Zn amino acid
complex might be beneficial at reducing biomark-
ers of inflammation during and following stress.
Overall, Zn amino acid supplementation may be a
plausible dietary strategy to ameliorate some of the
negative effects of HS on animal health.

SUPPLEMENTARY DATA

Supplementary data are available at Journal of
Animal Science online.
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