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Dietary supplementation of saccharin-based artificial sweeteners and capsicum oleoresin as a 

strategy to mitigate the negative consequences of heat stress on pig growth performance and 

intestinal physiology 

 

Morgan Biggs 

Abstract 

Pigs exposed to elevated ambient temperatures exhibit reduced average daily gain, alterations in 

muscle and fat deposition during growth phases, and decreased overall health. Negative aspects 

of gastrointestinal (GI) function, integrity and permeability also result from hyperthermia. 

Saccharin-based artificial sweeteners have the potential to ameliorate the negative effects of heat 

stress (HS) by increasing GI GLP-2 production while capsicum oleoresin has been shown to 

reduce inflammatory response. Study objectives were to examine the effects of two artificial 

sweeteners, neohesperidin dihydrochalcone and saccharin, in combination with capsicum 

oleoresin (TakTik Sweet Heat, Pancosma, SA) on growth performance of pigs. Forty-eight 

pigs (12 weeks of age, 47.3 ± 7.6kg) were assigned to six treatments: thermal neutral conditions 

(21°C) fed ad libitum with (TN+) or without supplement (TN-), heat stress (35°C) fed ad libitum 

with (HS+) or without supplement (HS-), and thermal neutral conditions pair-fed to HS intake 

with (PFTN+) or without supplement (PFTN-). Dietary supplementation began 2 days prior to 

the 3-day environmental treatment period. Body weight was recorded on day -1 and day 3 

relative to start of environmental treatment. Body temperature (BT) and respiration rate (RR) 

were measured thrice daily and feed intake (FI) was recorded daily. Blood samples were 

collected on day -1 and day 3 to determine metabolite profiles and immune response. Following 

sacrifice, sections of duodenum, ileum, and colon were collected for histology. Pigs in HS 

conditions had increased average BT and RR (~2.7-fold) compared to TN and PFTN groups 

(P<0.01). Irrespective of day, HS+ animals had increased respiration rates when compared to 

HS- animals (P<0.04). Heat stress decreased FI compared to TN groups. Regardless of treatment, 

supplement increased feed efficiency by 0.12kg (P<0.04). Circulating glucose concentrations 

tended to decrease in HS+ and PFTN+ pigs compared to non-supplemented treatments (P=0.1). 

Circulating insulin increased in HS compared to PFTN (P<0.04), but did not differ from TN. 

Lymphocyte count tended to be decreased in HS compared to PFTN and TN (P=0.052). 

Monocyte count increased during HS compared to PFTN (P=0.01), but HS and TN did not 

differ. Supplement increased basophil count (P<0.03), irrespective of treatment. Ileal villus 

height tended to decrease during HS and PFTN compared to TN (P<0.08). Duodenal and colon 

villus height and duodenal, ileal and colon crypt cell depth did not differ between groups. 

Overall, TakTik Sweet Heat supplementation increases pig feed efficiency and may improve 

immune response. 
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General Audience Abstract 

Rising temperatures across the globe pose a threat to all species, human and animal alike. 

Increases in global population have elevated the demand for meat and milk, leading to increased 

livestock production in hot and humid tropical and sub-tropical climates. Temperate areas also 

experience high temperatures during summer months, as well as severe weather and heat waves. 

Pigs exposed to high environmental temperatures, such as those experienced in summer months 

or subtropical climates, exhibit reduced weight gain, reduced muscle growth and increased fat 

deposition during growth, and decreased overall health. Elevated temperatures also promote 

negative aspects of gastrointestinal (GI) function and integrity. Saccharin-based artificial 

sweeteners have the potential to ameliorate the negative effects of heat stress (HS) by increasing 

beneficial GI hormone production while capsicum oleoresin has been shown to reduce 

inflammatory response.  Study objectives were to examine the effects of two artificial 

sweeteners, neohesperidin dihydrochalcone and saccharin, in combination with capsicum 

oleoresin (TakTik Sweet Heat, Pancosma, SA) on growth performance of pigs. Forty-eight 

pigs were assigned to six treatments: thermal neutral conditions (21°C) fed ad libitum with 

(TN+) or without supplement (TN-), heat stress (35°C) fed ad libitum with (HS+) or without 

supplement (HS-), and thermal neutral conditions pair-fed to HS intake with (PFTN+) or without 

supplement (PFTN-). Body weight was recorded just before onset of environmental treatment 

and prior to euthanasia at the end of treatment. Body temperature (BT) and respiration rate (RR) 

were measured thrice daily and feed intake (FI) were recorded daily. Blood samples were 

collected just before environmental treatment and prior to euthanasia to determine metabolite 

profiles and immune response. Following sacrifice, sections of small intestine were collected for 

histology. Pigs in HS conditions had increased average BT and RR (~2.7-fold) compared to TN 

and PFTN groups. Irrespective of day, HS+ animals had increased respiration rates when 

compared to HS- animals. Heat stress decreased FI compared to TN groups. Regardless of 

treatment, supplement increased feed efficiency by 0.12kg. Blood glucose concentration tended 

to decrease in HS+ and PFTN+ pigs compared to non-supplemented treatments. Circulating 

insulin increased in HS compared to PFTN, but did not differ from TN. Some white blood cell 

(WBC) counts (lymphocyte) tended to decrease in HS compared to PFTN and TN; however, 

other WBC counts (monocyte) increased during HS compared to PFTN, but HS and TN did not 

differ. Supplement increased WBC (basophil) count irrespective of treatment. Certain sections of 

small intestine showed decreased villus height during HS and PFTN compared to TN. Overall, 

TakTik Sweet Heat supplementation increases pig feed efficiency and may improve immune 

response. 



 iv 

Acknowledgments 

 First and foremost, I would like to thank Dr. Robert Rhoads for giving me the 

opportunity to work in his lab and for his guidance and unending patience. I feel I have grown 

intellectually and emotionally though my experiences working as part of this laboratory team, 

and I will always be grateful for the possibilities my graduate career with Dr. Rhoads has opened 

up for me.  

 I would also like to express my gratitude to my other committee members, Dr. Eric Wong 

and Dr. Samer El-Kadi, for their counsel during my graduate career. Their knowledge and 

understanding was truly a guiding light during the completion of my thesis.  

 Huge thanks go to my lab mates, Lidan Zhao and Zhenhe Zhang, for their help during my 

live animal study and lab work. I would have been lost without you two, and cannot tell you how 

much I appreciate your help. Torie Pass and Kendra Shepard were the most outstanding 

undergraduate help I could have asked for, and I am eternally grateful to them for putting up with 

all my requests.  

 I would like to thank all of the faculty, staff, other graduate and undergraduate students 

for their support and wealth of advice during my time as a graduate student. Special thanks to Pat 

Williams for her constant help and encouragement during my live animal trials, and to Swine 

Center manager Kevin Young for his assistance with animal and feed transport.  

Last but not least, I would like to thank my family and friends for being my rock 

throughout my entire academic career. I couldn’t have done it without you, Mom and Dad.  

 

 

 



 v 

Table of Contents 

Abstract 

General Audience Abstract 

Acknowledgements.........................................................................................................................iv 

Table of Contents.............................................................................................................................v 

List of Figures................................................................................................................................vii 

List of Tables...................................................................................................................................x 

List of Abbreviations......................................................................................................................xi 

 

CHAPTER I. Literature Review 

Heat Stress in the Livestock Industry..............................................................................................1 

Responses to Heat Stress in Pigs.....................................................................................................3 

Metabolism…..................................................................................................................................4 

Carbohydrate Metabolism....................................................................................................4 

Lipid Metabolism.................................................................................................................8 

Protein Metabolism............................................................................................................11 

Metabolic Alterations During Heat Stress.....................................................................................12 

Carbohydrate......................................................................................................................12 

Lipid...................................................................................................................................13 

Protein................................................................................................................................14 

Gut Function and Hormones..........................................................................................................15 

Gut Permeability............................................................................................................................17 

Effects of Heat Stress on Gut Permeability...................................................................................19 



 vi 

Nutritional Interventions for Alleviating Effects of Heat Stress in Pigs.......................................20 

Summary........................................................................................................................................22 

 

Chapter II. Dietary supplementation of saccharin-based artificial sweeteners and capsicum 

oleoresin as a strategy to mitigate the negative consequences of heat stress on pig growth 

performance and intestinal physiology 

Abstract..........................................................................................................................................24 

Introduction....................................................................................................................................26 

Materials and Methods...................................................................................................................28 

Results............................................................................................................................................37 

Discussion......................................................................................................................................42 

Conclusions....................................................................................................................................53 

 

Literature Cited..............................................................................................................................67 

Appendix........................................................................................................................................80 

 

 

 

 

 

 

 

 



 vii 

List of Figures 

Figure 2.1: Effects of heat stress and TakTik supplementation on daily rectal temperature in 

growing pigs...................................................................................................................................56 

Figure 2.2: Effects of heat stress and TakTik supplementation on daily respiration rate in 

growing pigs..................................................................................................................................56 

Figure 2.3: Effects of heat stress and TakTik supplementation on daily feed intake in growing 

pigs.................................................................................................................................................57 

Figure 2.4: Effects of heat stress and TakTik supplementation on average feed intake in 

growing pigs..................................................................................................................................57 

Figure 2.5: Effects of heat stress and TakTik supplementation on villus height in the ileum of 

growing pigs. .................................................................................................................................61 

Figure 2.6: Effects of heat stress and TakTik supplementation on HSP27 gene expression in 

the duodenum of growing pigs......................................................................................................62 

Figure 2.7: Effects of heat stress and TakTik supplementation on HSP70 gene expression in 

the duodenum of growing pigs......................................................................................................62 

Figure 2.8: Effects of heat stress and TakTik supplementation on SGLT1 gene expression in 

the duodenum of growing pigs......................................................................................................63 

Figure 2.9: Effects of heat stress and TakTik supplementation on ZO-1 gene expression in the 

duodenum of growing pigs. ..........................................................................................................63 

Figure 2.10: Effects of heat stress and TakTik supplementation on SGLT1 gene expression in 

the ileum of growing pigs..............................................................................................................64 

Figure 2.11: Effects of heat stress and TakTik supplementation on Claudin 3 gene expression 

in the ileum of growing pigs..........................................................................................................65 



 viii 

Figure 2.12: Effects of heat stress and TakTik supplementation on serum insulin 

concentrations before and after treatment in growing pigs............................................................66 

Figure 2.13: Effects of heat stress and TakTik supplementation on insulin sensitivity before 

and after treatment in growing pigs. .............................................................................................66 

Figure A-2.1: Effects of heat stress and TakTik supplementation on average daily gain in 

growing pigs. .................................................................................................................................80 

Figure A-2.2: Effects of heat stress and TakTik supplementation on gain to feed ratio in 

growing pigs...................................................................................................................................80 

Figure A-2.3: Effects of heat stress and TakTik supplementation on average rectal in growing 

pigs.................................................................................................................................................81 

Figure A-2.4: Effects of heat stress and TakTik supplementation on average respiration rate in 

growing pigs...................................................................................................................................81 

Figure A-2.5: Effects of heat stress and TakTik supplementation on change in body weight in 

growing pigs...................................................................................................................................82 

Figure A-2.6: Effects of heat stress and TakTik supplementation on villus height in the 

duodenum and colon. ....................................................................................................................86 

Figure A-2.7: Effects of heat stress and TakTik supplementation on crypt cell depth in the 

duodenum, ileum, and colon. ........................................................................................................87 

Figure A-2.8: Effects of heat stress and TakTik supplementation on HSP27 gene expression in 

the ileum.........................................................................................................................................88 

Figure A-2.9: Effects of heat stress and TakTik supplementation on HSP70 gene expression in 

the ileum.........................................................................................................................................88 



 ix 

Figure A-2.10: Effects of heat stress and TakTik supplementation on HSP90 gene expression 

in the duodenum.............................................................................................................................89 

Figure A-2.11: Effects of heat stress and TakTik supplementation on HSP90 gene expression 

in the ileum....................................................................................................................................89 

Figure A-2.12: Effects of heat stress and TakTik supplementation on GLUT2 gene expression 

in the duodenum.............................................................................................................................90 

Figure A-2.13: Effects of heat stress and TakTik supplementation on GLUT2 gene expression 

in the ileum....................................................................................................................................90 

Figure A-2.14: Effects of heat stress and TakTik supplementation on Occludin gene 

expression in the duodenum...........................................................................................................91 

Figure A-2.15: Effects of heat stress and TakTik supplementation on Occludin gene 

expression in the ileum..................................................................................................................91 

Figure A-2.16: Effects of heat stress and TakTik supplementation on Claudin 3 gene 

expression in the duodenum...........................................................................................................92 

Figure A-2.17: Effects of heat stress and TakTik supplementation on ZO-1 gene expression in 

the ileum.........................................................................................................................................92 

Figure A-2.18: Effects of heat stress and TakTik supplementation on serum IL-1B 

concentrations before and after treatment. ....................................................................................93 

Figure A-2.19: Effects of heat stress and TakTik supplementation on serum IL-6 

concentrations before and after treatment......................................................................................93 

 



  x 

List of Tables 

Table 2.1: Ingredients (DM basis) and composition of commercial diet......................................54 

Table 2.2:  List of Primers used in RT-PCR for duodenal and ileal samples...............................55 

Table 2.3: Effects of heat stress and TakTik Sweet Heat supplementation on average feed 

intake, average daily gain, feed efficiency, and change in body weight in pigs............................58 

Table 2.4: Effects of heat stress and TakTik Sweet Heat supplementation on serum chemistry 

parameters in pigs..........................................................................................................................59 

Table 2.5: Effects of heat stress and TakTik Sweet Heat supplementation on complete blood 

count in pigs...................................................................................................................................60 

Table A-2.1: Effects of heat stress and TakTik Sweet Heat supplementation on serum 

chemistry parameters in pigs.........................................................................................................83 

Table A2.2: Effects of heat stress and TakTik Sweet Heat supplementation on complete blood 

count in pigs..................................................................................................................................85 

 



  xi 

List of Abbreviations 

ADG = Average Daily Gain 

ADP = Adenosine Diphosphate 

AMP = Adenosine Monophosphate 

AMPK = AMP-Activated Protein Kinase 

AST = Aspartate Aminotransferase 

ATP = Adenosine Triphosphate 

BUN = Blood Urea Nitrogen 

BW = Body Weight 

CBC = Complete Blood Count 

CCK = Cholecystokinin  

CK = Creatine Kinase 

F-6-P = Fructose-6-Phosphate 

FA = Fatty Acid(s) 

FI = Feed Intake 

G-3-P = Glucose-3-Phosphate 

G-6-P = Glucose-6-Phosphate 

GGT = Gamma-Glutamyl Transferase 

GI = Gastrointestinal 

GIP = Gastric Inhibitory Polypeptide 

GIT = Gastrointestinal Tract 

GLP-1 = Glucagon-like Peptide 1 

GLP-2 = Glucagon-like Peptide 2 



 xii 

HS = Heat Stress 

HSP = Heat Shock Protein 

IL-1B = Interleukin 1-Beta 

IL-6 = Interleukin 6 

LPS = Lipopolysaccharide 

NADH = Nicotinamide Adenine Dinucleotide  

NADPH = Nicotinamide Adenine Dinucleotide Phosphate 

NEFA = Non-Esterified Fatty Acids 

OGTT= Oral glucose tolerance test 

PDH = Pyruvate Dehydrogenase 

PEP = Phosphoenolpyruvate 

PFK-2 = Phosphofructokinase-2 

PFTN = Pair-fed Thermal neutral 

RT = Rectal Temperature 

RR = Respiration Rate 

SGLT1 = Sodium-Glucose Transporter 1 

TLR-4 = Toll-like Receptor 4 

TN = Thermal neutral 

TNF-a = Tumor Necrosis Factor Alpha 

TNZ = Thermal neutral Zone 

TRPV1= Transient Receptor Potential Cation Channel Subfamily V Member 1 

WBC = White Blood Cell 

ZO-1 = Zona Occludin 1 



 1 

Chapter 1 

Literature Review 

 Heat Stress in the Livestock Industry 

The issue of heat stress is one of global importance. Temperatures across the world have 

been increasing within the last century and are predicted to continue to do so (IPCC, 2007). 

These rising temperatures pose a threat to all species, human and animal alike. Increases in 

global population have elevated the demand for meat and milk, leading to increased livestock 

production in hot and humid tropical and sub-tropical climates (Renaudeau et al., 2012). 

Temperate areas also experience high temperatures during summer months, as well as severe 

weather and heat waves (Renaudeau et al., 2012).  

Livestock animals have specific thermal neutral zones (TNZ), a range of external 

environmental temperatures in which bodily heat production and dissipation is optimal for 

maintaining proper metabolic function, health and productivity. When ambient temperatures shift 

out of this range, the balance between the net amount of energy flowing from the animal into its 

surroundings and the amount of heat produced internally by the animal is altered (St-Pierre et al., 

2003). This results in either hypothermia (below the TNZ), a state in which the animal must 

increase heat production by shivering or other metabolic processes, or hyperthermia (above the 

TNZ), when the animal makes behavioral changes in an effort to eliminate the excess heat load 

(Black et al., 1993). During hyperthermia, an increase in core body temperature and respiration 

rate is observed. If the duration and/or severity of the heated environment is prolonged, heat 

stress (the inability of an animal to dispel excess metabolic heat) occurs. Heat stress has 

considerable negative impacts on livestock production efficiency and leads to reduced animal 

performance, morbidity, and mortality. In the most recent estimation of economic loss in the 
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U.S. livestock industry, it was reported that the U.S. experiences $2.4 billion in animal 

production losses from heat annually, with that value only decreasing to $1.7 billion with heat 

abatement strategies implemented (St-Pierre et al., 2003). 

Increased ambient temperatures especially affect swine due to their lack of functional 

sweat glands, relatively thick layer of subcutaneous fat, and increased metabolic rate due to 

genetic selection for high lean muscle growth (Baumgard and Rhoads, 2013). Losses due to heat 

stress calculated by estimating additional days open (i.e. not pregnant) in sows were 

approximately $113 million per year (St-Pierre et al., 2003). This does not account for losses 

seen in sow efficiency from decreases in milk production and subsequent reduced piglet growth 

rates (Black et al., 1993). These monetary losses are even more apparent in growing and 

finishing phases of swine production. Hyperthermia and heat stress result in decreased feed 

intake, decreased rates of lean muscle growth and increased adipose tissue accretion in growing 

animals, leading to an increase in time needed to reach market weight and reduced carcass 

quality and value. Thermally induced production inefficiency is also accompanied by increases 

in susceptibility to diseases and parasites, leading to a heightened cost in animal health care and 

management (Baumgard and Rhoads, 2013).  

 Some environmental heat abatement strategies include increased ventilation, air 

conditioning, shading, cooling misters and fogging systems. However, the economic 

effectiveness of these methods is very small as any gains in productivity seen are often negated 

by initial capital investment, installation and maintenance (Renaudeau et al., 2012). National 

losses in the growing-finishing phase of hog production are approximated at $202 million per 

year, and combined with annual sow productivity loss, a total of $299 million has been 

calculated as the average economic losses seen in the U.S. swine industry annually (St-Pierre et 
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al., 2003). More cost-effective methods of alleviating heat stress must be addressed if livestock 

production continues to develop in hotter regions and developing countries, and if the global 

temperature index continues to increase as predicted.  

 

 Responses to Heat Stress in Pigs 

 When pigs are subjected to high ambient temperatures and heat is not abated, the 

animals’ homeothermic mechanisms can become overwhelmed and they begin to experience 

heat stress (Rhoads et al., 2013). Occurring with heat stress is an array of physiological responses 

that compromise animal growth, health, and farm productivity. A notable increase in core body 

temperature is one of the first markers. Another conserved and immediate response to initial heat 

stress is decreased feed intake. It is presumed that animals reduce their feed intake in an attempt 

to reduce metabolic rate and subsequently reduce bodily heat production  (Renaudeau et al., 

2008; Baumgard and Rhoads, 2013). Nutrients that are consumed are often partitioned to 

mechanisms involved in attempting to maintain thermal homeostasis within the animal and are 

not utilized for skeletal muscle growth.  

Conversely, respiration rate becomes increased as environmental temperatures rise in the 

pigs’ surroundings—a behavior that serves to dissipate heat via evaporative cooling. Panting 

does not function as the most efficient means of dispelling heat, however, as the contraction of 

muscles surrounding the lungs causes some heat production in itself. Lethargy and wallowing 

behaviors are often adopted in attempts to minimize activity that may raise core body 

temperatures further and to increase surface area contact with floors to maximize conductive 

cooling. Internally, blood flow is redirected away from the splanchnic organs to the peripheral 

blood vessels to increase the amount of heat radiantly dissipated from the skin (Lambert, 2009). 
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Although this process is beneficial to the release of body heat, it decreases nutrient and oxygen 

delivery to the gastrointestinal tract (GIT) and other visceral tissues, causing damage. The 

mechanisms employed by the animal to bring body temperature back into the range of thermal 

neutrality are effective in situations in which environmental temperatures are mildly increased 

out of an animal’s TNZ. However, in cases of extreme heat these methods are not adequate and 

heat stress creates damage within the body, and heat stroke and mortality can occur if not 

alleviated.  

In these circumstances, degradation and of intracellular proteins occurs leading to 

decreased cellular function, and a heat shock response is rapidly mounted (Yan et al., 2006). 

HSPs are class of molecule that are highly conserved across organisms and play critical roles in 

the folding and unfolding of proteins, protecting cells during thermal or oxidative stress, and 

preventing apoptosis (Li and Srivastava, 2004; Horowitz and Robinson, 2007). These protective 

proteins, including families such as HSP27, HSP70, and HSP90, are rapidly activated to protect 

cells in stressed states (Dokladny et al., 2006). 

 

Metabolism 

Carbohydrate Metabolism 

 According to Nafikov and Beitz (2007), dietary carbohydrates provide more than one half 

of the energy needs in livestock species. The article reports that energy created from catabolism 

of these compounds is typically in the form of sugars and starches, and is used in the animal for 

growth, maintenance of metabolic function, lactation and reproduction. In pigs, carbohydrates 

are derived from a diet rich in starchy grains, such as corn or milo. Once ingested, there is 

limited enzymatic breakdown and absorption of sugars and starches in the mouth and stomach 
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(Drochner, 1993). After the digesta has passed from the stomach into the small intestine, 

absorption of the different compounds occurs at different rates based on their structure. The 

monosaccharide glucose is transported through the mucosal epithelium quite quickly via the 

primary glucose transporter in the brush border membrane, sodium glucose transporter 1 

(SGLT1), as opposed to monosaccharides such as fructose and maltose, which are slower to be 

absorbed, and in some cases not absorbable at all (Drochner, 1993; Wright et al., 2011). Many 

enzymes used to break down polysaccharides are found in the brush border membrane of this 

section of GIT, such as lactases, sucrases, maltases, and others (Drochner, 1993).  

 After absorption from the lumen of the small intestine, monosaccharides are transported 

through the bloodstream and delivered to tissues in need (McKee and McKee, 2008). They can 

then enter a variety of pathways in which energy is made in the form of adenosine triphosphate 

(ATP), also referred to as the “energy currency” of the cell. This currency is used in a multitude 

of pathways that maintain biological processes such as muscle contraction, transport of 

molecules, ion movement and synthesis of complex compounds. One such pathway that 

synthesizes ATP is glycolysis, which utilizes a 6-carbon glucose molecule and splits it into two 

3-carbon units of pyruvate. The process oxidizes several carbon atoms and produces a small 

amount of net energy as two molecules of ATP and two of NADPH. Utilization of the substrates 

after this process depends largely on intracellular energy status of the cell, or the ratio of ATP to 

adenosine monophosphate (AMP; Baumgard and Rhoads, 2012).  

The first step in glycolysis is the conversion of glucose to glucose-6-phosphate (G-6-P) 

catalyzed by the enzyme hexokinase, which effectively traps the glucose inside the cell and 

allows for a shift in glucose equilibrium. G-6-P is then converted to fructose-6-phosphate (F-6-P) 

via the enzyme phosphoglucose isomerase. Conversion of F-6-P to Fructose-1,6-bisphosphate by 
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phosphofructokinase-1(PFK-1) follows, which is an irreversible transformation and is considered 

the first committed step of glycolysis, meaning that compound cannot be utilized for any other 

pathway once it reaches that step. Aldolases cleave fructose-1,6-bishosphate into a molecule of 

glyceraldehyde-3-phosphate (G-3-P) and dihydroxyacetone phosphate (DHAP). The latter is 

reversibly catalyzed to G-3-P, as G-3-P is the only substrate that can proceed to the next reaction 

in glycolysis. G-3-P undergoes oxidation and phosphorylation, converting it to a compound 

known as glycerate-1,3-bisphosphate, which contains a high energy bond that is then used to 

generate ATP in the next step. Transfer of a phosphoryl group from glycerate-1,3-bisphosphate 

to a molecule of adenosine diphosphate (ADP) then proceeds, forming a molecule of ATP and 

another product, glycerate-3-phosphate. Because two molecules of G-3-P are created from one 

glucose molecule, this portion of the pathway produces two ATP molecules.  

Through a multi-step reaction, the remaining glycerate-3-phosphates are converted to 

phosphoenolpyruvate (PEP), which has a higher phosphoryl group transfer potential than the 

previous compound. In the final step, pyruvate kinases drive the transfer of a phosphoryl group 

from PEP to a molecule of ADP. The result of this reaction is one molecule of ATP and one of 

pyruvate, the entire process generating a net gain of two molecules of ATP from one glucose 

molecule. This pathway is one that is conserved across eukaryotes and prokaryotes, and serves as 

a reliable source of energy production within the cell that can be carried out under anaerobic 

conditions. 

When the availability of oxygen to the cell is limited, remaining pyruvate molecules are 

often reduced further, allowing for the generation of NAD+ which is used to continue glycolysis 

reactions. Glycolysis can be regulated allosterically depending on the cell’s metabolic state, such 

as hexokinases during the first step being inhibited by high concentrations of G-6-P, which 
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prevents the cell from converting more glucose to G-6-P than it needs. Glycolysis is also 

regulated hormonally by pancreatic peptide hormones. Glucagon, released by -cells in the 

pancreas, causes a decrease in the activity of PFK-2 and subsequent activity and flux through 

glycolysis is inhibited. Insulin is released by -cells of the pancreas and has an opposite effect. 

This hormone activates PFK-2 and increases glycolytic flux. Insulin also promotes glucose 

uptake in cells equipped with insulin-sensitive glucose transporters by upregulating expression of 

these transporters. Gluconeogenesis is principally the reverse of glycolysis, utilizing a multitude 

of enzymes to catalyze and bypass the reactions that are irreversible in the glycolysis pathway. 

This mechanism is employed when blood glucose levels are low and glycogen storage in the 

liver is depleted, and utilizes amino acids, lactate, and glycerol to form glucose.  

There are other pathways that form a greater supply of energy per reaction, however. 

These reactions utilize the product of glycolysis, pyruvate, as well as many other fuel substrates 

in the presence of oxygen to produce substantial amounts of ATP. The citric acid cycle is the 

final common pathway for the oxidation of molecules used for fuel. During this cycle, a series of 

oxidation-reduction reactions occur and acetyl groups are oxidized to two molecules of carbon 

dioxide. The cycle itself does not synthesize ATP nor utilizes oxygen, but forms electron carriers 

such as NADH which are then oxidized via oxidative phosphorylation. The electrons released 

during this process flow through the electron transport chain within the mitochondria and 

generate a proton gradient that is used to power the ATP synthase mechanism which synthesizes 

ATP from ADP and inorganic phosphate. The combination of the citric acid cycle and oxidative 

phosphorylation provides 90% or more of the energy used by cells in aerobic situations.  

Within the mitochondria, pyruvate is converted to acetyl coenzyme A (acetyl-CoA), 

which can then enter the citric acid cycle. The regulation of catabolism of pyruvate to acetyl-
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CoA is controlled by the pyruvate dehydrogenase (PDH) complex. Dephosphorylation of the 

complex by pyruvate dehydrogenase phosphatases results in an increase in conversion of 

pyruvate to acetyl-CoA and an increase in ATP production using glucose as the original 

substrate. Contrary to this, phosphorylation of this complex by pyruvate dehydrogenase kinases 

leads to its inactivation, which plays a critical role in glucose conservation when glucose is 

scarce because there is no pathway that converts acetyl-CoA back to glucose in mammals 

(Sugden and Holness, 2003). This complex also plays a key role in the competition between 

anabolic fatty acid (FA) synthesis and catabolic glucose substrate utilization (Sugden and 

Holness, 2003). 

 

Lipid Metabolism 

Dietary lipid degradation occurs through the activation of intestinal enzymes known as 

lipases, secreted by the pancreas. These enzymes work to break down lipid molecules into 

smaller components such as free fatty acids and monoacylglycerols. This process begins in the 

stomach and is completed in the upper portions of the small intestine (Lowe, 2002). The products 

of the enzymatic degradation of lipids are not water soluble, however, and must be incorporated 

into structures known as micelles composed of bile salts. Integration of these constituents results 

in an amphipathic molecule which can then be transported into enterocytes  (Lowe, 2002; Berg et 

al., 2007).  

Once absorbed into intestinal mucosal cells, the micelles are cleaved into smaller 

chylomicrons, and they can be transported through the lymph system and into the blood stream 

where they bind with membrane-bound lipases. Binding with these lipases leads to the 

breakdown of the chylomicrons, resulting in free fatty acids and glycerol for absorption, which 
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are reconstituted into triglycerides within cells for storage or oxidation. Fatty acids are comprised 

of long hydrocarbon chains with terminal carboxylate groups. One of the roles of fatty acids is 

their usage as fuel molecules to meet energy demands of the cell (Berg et al., 2007). They also 

play a pivotal role in components of lipid bilayers that form cell membranes and intracellular 

compartments, signal transduction pathways, eicosanoid metabolism, and gene expression (Innis, 

2002). 

Fatty acids serve as a source of energy that can be stored very compactly due to their 

reduced and anhydrous nature. In mammals, droplets triglycerides accumulate in the cytoplasm 

of adipose cells, cells that are specialized for the synthesis and storage of these compounds. Fatty 

acid metabolism is carefully controlled within the body and is highly responsive to metabolic 

needs. When glucose and energy is in good supply, FA synthesis increases. When energy 

reserves are low, degradation occurs to utilize the fatty acids for formation of ATP and synthesis 

is inhibited.  

According to Berg et al. (2007), FA synthesis begins with free units to be assembled into 

the chain, an acetyl unit and a malonyl-CoA, which are condensed to form a four-carbon 

molecule. Malonyl-CoA is produced with the aid of acetyl-CoA carboxylase, an enzyme that 

plays a large role in the regulation of FA synthesis. Following the condensation of the two 

coenzymes is a reduction, dehydration, and another reduction reaction that produces a 

hydrocarbon chain. The result of these steps is a unit of butyryl-CoA. Another malonyl group 

then condenses with the butyryl-CoA intermediate, a process which continues until a FA chain is 

produced.  

Degradation of FAs involves four steps that are essentially the reverse of its counterpart, 

FA synthesis. The first step involves the oxidation of an activated FA to introduce a double bond, 
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which is then hydrated with the introduction of a hydroxyl group. This new compound is 

oxidized again and finally cleaved by coenzyme A to form acetyl-CoA, which can proceed into 

the citric acid cycle described above. The resulting FA chain is two carbons shorter, and the 

process can continue until the FA is completely converted to acetyl-CoA.  

Acetyl-CoA carboxylase is responsible for the regulation of synthesis and degradation of 

FAs. This enzyme catalyzes the formation of malonyl-CoA, a compound that is necessary for FA 

synthesis in tissues capable of lipogenesis, and a key regulatory molecule in others (Kersten, 

2001; Brownsey et al., 2006). The activity of acetyl-CoA carboxylase is governed by local and 

hormonal signaling. When cellular energy is low, AMP-dependent protein kinase (AMPK) 

phosphorylates acetyl-CoA carboxylase and inactivates it. AMPK is activated by AMP and 

inhibited by ATP, so when cellular energy levels are low, FA synthesis decreases. On the 

contrary, when energy levels are high (abundant ATP), the carboxylase is activated and FA 

synthesis is increased.  

Hormonal control of this pathway involves regulation by insulin, glucagon, growth 

hormone and epinephrine (Kersten, 2001; Berg et al., 2007). Glucagon, growth hormone and 

epinephrine are present under conditions such as fasting and exercise. They stimulate the release 

of fatty acids while inhibiting the activity of acetyl-CoA carboxylase. Liberation of these 

molecules allows them to be used as substrates in energy synthesizing pathways (Kersten, 2001; 

Berg et al., 2007). Although the exact mechanism is not known, the route of fasting hormone 

action appears to amplify inhibition of carboxylase via phosphorylation by AMPK (Berg et al., 

2007). Insulin, conversely, hinders the mobilization of FAs and increases triglyceride formation 

in muscle and adipose tissue through activation of acetyl-CoA via a phosphatase complex that 

dephosphorylates it, leading to synthesis of FAs when energy stores are adequate. 
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Protein Metabolism 

 Animals obtain protein from dietary sources as well as from degradation of cellular 

proteins to maintain an abundance of amino acids. Dietary proteins are a necessary part of animal 

diets due to the need for essential amino acids, or compounds that cannot be synthesized within 

the body. Amino acids are used as building blocks for new protein synthesis within cells, as well 

as other nitrogen containing compounds such as nucleotides. If stores are in excess of that 

needed for protein synthesis, remaining amino acid molecules are reduced through a series of 

mechanisms to carbon skeletons that can then be used for the synthesis of glucose and glycogen 

(Berg et al., 2007).  

 Breakdown of dietary protein begins in the stomach, where low pH causes the denaturing 

of these large molecules and allows enzymes to bind more easily during degradation. One such 

important enzyme is pepsin, secreted by chief cells in the stomach mucosa as the inactive form 

pepsinogen, which is quickly cleaved in the acidic environment into its active configuration 

(Goodman, 2010). Pepsin hydrolyzes large proteins into smaller polypeptides, preparing them for 

further digestion in the intestine. Once the partially degraded polypeptides reach the small 

intestine, where the pancreas secretes inactive zymogens and that are converted to active 

enzymes and pancreatic bicarbonate to increase pH (Goodman, 2010). These enzymes have a 

higher specificity than pepsin in the stomach and degrade the polypeptides into free amino acids 

and small peptides, which can be transported into enterocytes then released into the blood for 

absorption by other tissues (Berg et al., 2007). 

 The synthesis and degradation of proteins within cells is continuous and is carefully 

regulated. There are some stable proteins that have longer lives and continue to work within the 

cell, but many proteins are short lived and are degraded quickly. Proteins that are damaged or 
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misfolded are also degraded quickly to prevent improper function or aggregation which can lead 

to cellular damage. Proteins that must be broken down are tagged with a molecule of ubiquitin 

using the energy from ATP hydrolysis to form the bond. More ubiquitin molecules may be 

attached to a protein that requires quick degradation. A protein’s amino acid terminal residue is 

the deciding factor of half-life. Some residues, such as arginine, are read by E3 enzymes and 

marked for destruction quite quickly, whereas others serve as stabilizing residues.  

 Once marked by ubiquitin, large complexes called proteasomes, the most common of 

which is the 26S, perform ATP-dependent proteolysis (Coux et al., 1996). These large structures 

are present in the nucleus and cytosol of all eukaryotic cells, and have two components: 20S and 

19S catalytic subunits that stack to form a barrel-like shape (Coux et al., 1996; Berg et al., 2007). 

When the marked protein enters this complex, hydroxyl groups associated with the proteasome 

attack carbonyl groups of peptide bonds of the protein, which reduces the compound to peptides. 

Prior to release of these peptides, the 19S subunit cleaves off intact ubiquitin for reuse in the cell 

and peptides are further degraded into individual amino acids by other proteases for involvement 

in biosynthesis, use of their carbon skeleton in the production of energy substrates, or nitrogen 

disposal via the urea cycle (Berg et al., 2007).  

   

 

Metabolic Alterations During Heat Stress 

Carbohydrate 

Heat stress decreases feed intake in many species. A classic response in undernourished 

growing animals is to alter metabolism by increasing adipose mobilization in an attempt to spare 

glucose and prioritize skeletal muscle protein accretion, but studies have shown that this is not 
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the case in hyperthermic animals (Pearce et al., 2013a). Hyperthermia induces many metabolic 

changes by increasing metabolic rate, and have been studied in pathways such as glycolysis, the 

citric acid cycle, and oxidative phosphorylation (Streffer, 1988). Although dietary carbohydrates 

typically reduce hepatic glucose production and breakdown in thermal neutral situations, heat 

stress appears to blunt this response due to an increase in glycogenolysis and gluconeogenesis 

(Febbraio et al., 1994; Angus et al., 2001). This suggests that heat stressed animals increase 

production and utilization of glucose for fuel at the expense of lipids (Rhoads et al., 2013). This 

increase in glucose use may be in response to an upregulation in pyruvate carboxylase activity in 

the liver, which controls entry of some substrates into the gluconeogenic pathway (Rhoads et al., 

2009; Rhoads et al., 2013). Heat stressed animals also show an increased reliance on the 

oxidization of lactate for energy in capable tissues, which may be a way of sparing glucose for 

tissues obligated to its use (Baumgard and Rhoads, 2013).  

Proper insulin function is critical to surviving high heat loads and is an important 

regulator of carbohydrate and lipid metabolism (Baumgard and Rhoads, 2013; Fernandez et al., 

2015). Heat stress increases basal and circulating insulin concentrations and decreases adipose 

tissue utilization in many species, which may explain the increase in glucose utilization and a 

decrease in lipid mobilization in these animals (Febbraio, 2001; Baumgard and Rhoads, 2013).  

 

Lipid 

 As mentioned before, heat stressed animals significantly decrease feed intake, 

presumably in an effort to decrease metabolic rate and subsequently decrease bodily heat 

production. In thermal neutral conditions, this would elicit a response triggered by glucagon, 

epinephrine and other hormones to increase fatty acid mobilization and use as substrates for 
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energy synthesizing pathways. Although heat stressed animals have been documented to have 

high levels of circulating stress hormones such as cortisol and epinephrine, an increase in 

circulating non-esterified fatty acids (NEFA) is not seen (Collier et al., 1982; Baumgard and 

Rhoads, 2013). Instead, increased heat load has been shown to decreases adipose tissue 

mobilization and increases glycolytic pathways to produce cellular energy. This may be in 

response to higher basal and circulating insulin concentration in heat stressed animals when 

compared to pair-fed counterparts (Pearce et al., 2011). Additionally, hyperthermia increases the 

activity of lipoprotein lipase in adipose tissue, which is an enzyme that promotes cellular uptake 

of free fatty acids (Berg et al., 2007; Sanders et al., 2009). This suggests that fatty tissue of heat 

stressed animals has an increased ability to absorb circulating triglycerides (Baumgard and 

Rhoads, 2013). Increased lipid retention in heat stressed animals results in fattier carcasses, 

which return less profit to producers (Bridges et al., 1998)   

 

Protein 

 Hyperthermia leads to a decrease in protein synthesis and enzyme activity is caused by 

disaggregation of protein synthesizing mechanisms (Streffer, 1982). Whole body glucose 

utilization appears to increase in heat stressed animals, and muscle tissue is thought to reduce 

reliance on fatty acid for energy synthesis in favor of a shift to glycolysis (Fink et al., 1975; 

Baumgard and Rhoads, 2012). Creatine kinase (CK) is an enzyme that plays a significant role in 

energy homeostasis in cells with high energy requirements, such as cardiac and skeletal muscle 

(McLeish and Kenyon, 2005). CK is released from muscle cells when after damage occurs to 

muscle tissue, such as during bouts of strenuous exercise or hyperthermia (Pennington, 1971). 

An increase in this enzyme is used clinically to determine extent of muscle damage (Son et al., 
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2015). An acute increase in blood urea nitrogen (BUN) and sustained increase in circulating 

creatinine, both markers of protein degradation, also validate the idea that heat stress increase the 

breakdown of skeletal muscle (Pearce et al., 2011). This is an interesting response as is the 

opposite of what occurs in thermal neutral animals—insulin typically increases protein synthesis 

and inhibits degradation. The result is a decrease in skeletal muscle mass and an increase in lipid 

retention, both of which contribute negatively to overall quality of the hog carcass.  

 

Gut Function and Hormones 

 The digestive system is the primary means of nutrient supply in all species of animal. In 

monogastric species, nutrients are consumed via the oral cavity, where mechanical breakdown 

occurs through mastication. The enzyme amylase is secreted by salivary glands in the oral cavity 

and aids in breakdown of carbohydrates, but this is the extent of enzymatic breakdown in the 

mouth. Once the bolus is moved down the esophagus it reaches the stomach. This anatomical 

feature is lined with simple columnar epithelial cells and goblet cells that produce a mucosal 

layer over the epithelium which protects the epithelial lining of the stomach from its acidic 

conditions. Chief cells in the stomach produce pepsinogen—converted to the active form pepsin 

when released—which aids in the breakdown of dietary proteins (Goodman, 2010). Chief cells 

also produce small amounts of lipases that begin breakdown of dietary lipids (Akers and 

Denbow, 2008).  

 After partial breakdown in the stomach, gastric emptying through the pyloric sphincter 

into the duodenum occurs. A decrease in duodenal pH caused by the acidic quality of the 

contents of the stomach leads to release of hormones and enzymes from the cells within the 

duodenal epithelium and from the pancreas (Akers and Denbow, 2008). Further breakdown of 
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sugars, lipids and polypeptides occurs in this section of the small intestine by enzymes such as 

lipases, trypsin, pepsin, and amylase to produce small molecules that can be absorbed by 

enterocytes (Akers and Denbow, 2008). Degradation and absorption continues as the chyme 

moves through to the jejunum and ileum and into the colon. Attached to the colon is the cecum; 

in many omnivorous species, such as pigs, this organ is moderately sized to allow for microbial 

fermentation of chemically indigestible components of foods. The colon is responsible for 90% 

of water absorption from ileal outflow and is directly related to rate of sodium absorption 

(Sandle, 1998). Any waste left over after these processes is excreted as fecal matter. 

 Absorption of nutrients occurs through a variety of mechanisms. Many monosaccharides 

are transported via active sodium-dependent channels, such as sodium-glucose cotransporter 1 

(SGLT1), located in the apical membrane of enterocytes, which are then either utilized by that 

cell or shuttled out through active transport proteins on the basal side of the cell and into the 

blood stream (Holmes, 1971; Roder et al., 2014). Breakdown of lipids by lipases in the intestinal 

lumen result in free fatty acids, and both protein-independent diffusion and protein-dependent 

methods of absorption through the intestinal epithelium have been proposed (Iqbal and Hussain, 

2009). Some fatty acid transport proteins, such as FATP4 and FAT/CD36, have been identified 

and implicated in roles in lipid uptake (Stahl et al., 1999; Iqbal and Hussain, 2009). Amino acids 

are transported into the body via a similar mechanism as monosaccharides, utilizing membrane-

bound sodium-dependent active transport proteins (Lodish et al., 2000). 

 Movement, enzyme excretion, and absorption in the GIT is under the control of a variety 

of hormones produced throughout the body that are induced by luminal contents. The hormone 

ghrelin is secreted in the stomach and decreases after the ingestion of a meal. This hormone 

works to stimulate appetite and may play a role in regulation of energy homeostasis via influence 
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on insulin release from the pancreas in response to nutrient intake (Klok et al., 2007). 

Cholecystokinin (CCK) produced by I cells and glucose-dependent insulinotropic polypeptide 

(GIP) produced by K cells are found in the duodenum and jejunum, whereas distal portions of 

the intestine such as the ileum and colon contain enteroendocrine L cells which produce 

glucagon like peptide (GLP) 1 and 2, oxyntomodulin, and peptide YY (Cote et al., 2014).  

CCK is secreted primarily in response to fatty acids and promotes satiety and mediates 

the lowering of glucose production in response to dietary lipids while GIP and GLP-1, which are 

also released in response to luminal nutrients, work to stimulate insulin secretion in a glucose-

dependent fashion (McIntosh et al., 2009; Cote et al., 2014). Oxyntomodulin activates GLP-1 

and glucagon receptors and improves glucose tolerance and metabolism, and peptide YY is a 

peptide hormone that regulates food intake through action on the hypothalamic arcuate nucleus, 

an area of the brain that regulates appetite (Batterham and Bloom, 2003; Pocai, 2014). GLP-2 is 

secreted by enteroendocrine L cells and is present in low levels during a fasting period, but rises 

quickly after ingestion of food. GLP-2 increases mesenteric blood flow in a nitrous oxide 

dependent manner, enhances crypt cell proliferation and decreases villus cell apoptosis, which 

results in expansion and improved ability of absorption in the gut (Guan et al., 2003; Drucker 

and Yusta, 2014). GLP-2 also enhances intestinal absorption of carbohydrates, amino acid and 

lipids through upregulation of active transporters such as SGLT1 and CD36. Because of the 

acute intestinotrophic effects that GLP-2 produces, it has been suggested for use in patients 

receiving parenteral nutrition that may experience gut atrophy and bacterial translocation due to 

reduced barrier function, and may have positive effects on gut health during other forms of 

intestinal damage (Illig et al., 1992; Lei et al., 2016).  
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Gut Permeability 

 The contents of the intestinal tract contain large quantities of a multitude of microbial 

species, and exposure of the gut to numerous toxins occurs on a regular basis. Although many of 

these microbes serve important roles in maintaining proper gut function, they can cause potent 

immune responses and damaging inflammation if translocation through the intestinal epithelium 

occurs (Hall et al., 2001). Thus, the function of the lining of the GIT as a barrier to these 

pathogenic organisms and compounds is one of utmost importance in maintaining gut health as 

well as overall animal health. The luminal side of the intestinal epithelium is comprised of a 

contiguous layer of cells that have a rigid lipid bilayer referred to as the brush border on their 

apical aspect. This layer is soluble to lipids but not to water-soluble compounds, the latter of 

which is controlled by selective protein transporters and channels located in the membrane of 

brush border cells (Arrieta et al., 2006).  

Between the cells that make up the brush border are junctions, known as tight junctions 

nearest to the luminal surface and adherens junctions on the basal side, which are not regulated 

by cellular transporters (Arrieta et al., 2006). These structures contain complex combinations of 

lipids and proteins that act to regulate passive diffusion of solutes in this region and contribute 

greatly to the maintenance of the protective barrier of the gut. Protein constituents include 

families of polypeptide structures known as occludins, such as Zona-Occludin 1 (ZO-1), and 

claudins, which serve as structural and functional components of the tight junctions of the gut 

(Sonoda et al., 1999; Blikslager et al., 2007). It is known that the opening and closing of tight 

junctions occurs regularly in response to many stimuli. Dietary elements that lead to activation of 

SGLT1 complexes result in a physiological opening of the tight junctions and the movement of 

small molecules, but movement excludes larger particles in a healthy GIT (Arrieta et al., 2006). 
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Effects of Heat Stress on Gut Permeability 

 As previously described, heat stress is known to cause a multitude of physiological 

changes within the body and has considerable negative consequences on overall health and 

wellbeing of an animal. One mechanism employed by animals to facilitate radiant thermal 

dissipation is diversion of blood flow via vasoconstriction away from the splanchnic bed to the 

peripheral blood vessels. Although this is an effective means of dispelling excess heat, it takes an 

adverse toll on intestinal integrity and barrier function. Reduction in blood flow to the viscera not 

only reduces nutrient delivery, but also decreases oxygen availability to enteric tissue that results 

in hypoxia. Hypoxia can cause ATP depletion in cells, acidosis, can alter ion pump activity in 

affected tissues, the accumulation of which leads to cell damage and apoptosis (Lambert, 2009). 

Damage to cells leads to a deterioration in the tight junction proteins and an increase in 

paracellular permeability to toxins and bacteria present in the lumen.  

 Lipopolysaccharide (LPS) is a component present in the cellular membrane of bacteria 

and is one of the most potent stimuli of the innate immune system known (Rossol et al., 2011). 

This compound triggers the activation of monocytes, macrophages, or polymorphonuclear 

neutrophils mediated through LPS binding to membrane receptor CD14 (Cario et al., 2000). 

LPS-bound CD14 is internalized and transfers endotoxin molecules to MD-2, which then 

associates with toll like receptor 4 (TLR-4) and leads to dimerization of the complex (Peri et al., 

2010). The result is the recruitment of proteins within the cell and the transcription and 

production of proinflammatory cytokines such as tumor necrosis factor alpha (TNF-), 

interleukin (IL) 1 alpha (IL-1), IL-6, and IL-1 and interferon-, (Bouchama et al., 1991; 

Batterham and Bloom, 2003). Once released, these cytokines bind to receptors on surrounding 
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cells and act to produce pain and inflammation by triggering intracellular signaling cascades that 

result in a multitude of responses. When this immune mechanism functions properly it is 

effective in eliminating the source of the response, however, dysfunction can lead to 

overproduction of inflammatory signals leading to sepsis and toxic shock (Peri et al., 2010). 

 

 

Nutritional Interventions for Alleviating Effects of Heat Stress in Pigs 

 During heat stress, animals reduce their feed presumably to decrease the thermic effect of 

feed intake, but this intensifies the reduction in growth and reproductive performance associated 

with hyperthermia (Renaudeau et al., 2008). Some environmental strategies of alleviating heat 

stress in pigs exist, but many are not economically feasible or effective in reducing heat-related 

losses in production. Using nutritional strategies may offer more financially efficient means of 

relieving heat stress in farm animals, which can be used alone or in conjunction with 

environmental heat relief techniques. Some methods of nutritional interventions for decreasing 

metabolic heat production have been investigated.  

Bellego et al., (2001), a 6.6% decrease in dietary crude protein resulted in a 7% reduction 

in heat production related to metabolism of feed. However, limiting crude protein in the diet of 

meat animals may hinder growth, negatively impacting overall production performance. Another 

method of lessening the impact of reduced feed intake on production outcomes involves 

increasing nutrient density in the feed of heat stressed animals. Pigs fed diets high in nutrients 

consumed less feed but grew faster than pigs maintained on a control diet, and no difference in 

carcass adiposity was reported (Myer et al., 2008). In areas where heat stress is an issue in pig 
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farming, water that is available to animals is often warm. Cooling water sources can help to 

decrease body temperature in these situations (Renaudeau et al., 2012).  

Nutritional supplements may be a novel way of alleviating the negative effects of heat 

stress on overall health of the animal. As mentioned before, a mechanism employed by animals 

experiencing heat stress is restriction of blood flow to the viscera and shunting of blood to 

peripheral vessels in an attempt to increase radiant heat dissipation, but results in decreased gut 

function and increased permeability. The gut hormone GLP-2 has been shown to significantly 

increase delivery of blood to the intestinal tract. Stimulating secretion of GLP-2 via dietary 

secretogogue could have positive effects on gut health and animal performance.  

The addition of an artificial sweetener in the diets of weaning piglets not only promoted 

increased feed intake, but also increased expression of SGLT1 via activation of taste receptor 

T1R2/T1R3, therefore increasing absorption of dietary sugars (Margolskee et al., 2007). Moran 

et al. (2010) determined that enteroendocrine L cells discharged GLP-2 in response to a 

saccharin-based artificial sweetener in piglets. In addition, capsicum oleoresin, whose key 

ingredient is capsaicin, may inhibit proinflammatory cytokine production via activation of 

capsaicin-sensitive afferent neurons in dendritic cells and T-cells (Murai et al., 2008; Tsuji et al., 

2010; Holzer, 2011). Inclusion of these compounds in animal diets may aid in recovery of the 

intestinal inflammation and damage that occurs during heat stress, resulting in increased 

production efficiency.  

 

 



 22 

Summary 

 Heat stress severely affects the swine industry, costing millions of dollars annually during 

summer months in the US and significantly hinders production in tropical and sub-tropical 

climates year-round (Renaudeau et al., 2012). The effects of heat stress are conveyed indirectly 

by reduction of feed intake, which decreases rates of gain and reproductive efficiency; moreover, 

effects of heat stress on animal performance may also be mediated through direct effects (Pearce 

et al., 2013a).  When nutrient intake is adequate, metabolic function is mostly sustained through 

breakdown of carbohydrates and utilization of glucose. During fasting or stress, substrate 

utilization shifts to fatty acid breakdown for energy, and nutrients are still partitioned to 

maintaining skeletal muscle growth and maintenance. However, during heat stress, although feed 

intake is drastically decreased, metabolism remains in a glycolytic state and lipids are not 

mobilized, which results in decreased carcass quality due to increased adiposity and decreased 

lean content (Prunier et al., 1997).  

 Simultaneously, damage to the gastrointestinal tract occurs due to redirection of blood 

flow away from the splanchnic bed to the periphery to aid in heat dissipation (Yan et al., 2006). 

This leads to decreased nutrient and oxygen delivery to the abdominal organs, and ATP 

depletion, acidosis, and alteration in ion pump activity ensue. If severe enough, cell apoptosis 

and overall damage to the gut epithelium occur, and absorption of nutrients is impeded. In 

addition, damage to the gut epithelium results in decreased solute transport specificity within 

tight junctions due to damage to tight junction proteins. This decrease in intestinal barrier 

function allows for the translocation of bacteria found in the intestinal lumen, triggering cytokine 

release and stimulating local inflammation in the intestines. If not alleviated, this response to the 

endotoxin component of the bacterial cellular membrane can lead to septicemia. 
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 Although environmental heat abatement strategies exist, not many are 

economically effective as startup cost and maintenance of these methods negate any monetary 

increases from increased animal productivity. Financially sound alternative methods of 

diminishing the consequences of heat stress need to be explored, especially if human populations 

continue to increase and the demand for meat increases. Moreover, it is predicted that pig 

production in tropical, subtropical, and developing countries will continue to increase to sustain 

future global growth of pig production. Making use of nutritional strategies of decreasing 

metabolic heat production or alleviating detrimental effects of heat stress on animal health, in 

combination with environmental heat abatement or singularly, may be efficacious in reducing 

production loss in the swine industry due to high ambient temperatures. The objective of this 

study was to determine the effects of a novel feed supplement, a combination of two artificial 

sweeteners, saccharin and neohesperidin dihydrochalcone, and capsaicin oleoresin, forming a 

product named TakTik Sweet Heat®, on production parameters and gut integrity in heat stressed 

growing pigs. We hypothesized that feeding this supplement to growing pigs under heat stress 

will partly mitigate the detrimental effect of heat stress on production outcomes. 
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Chapter II 

Dietary supplementation of saccharin-based artificial sweeteners and 

capsicum oleoresin as a strategy to mitigate the negative consequences of heat 

stress on pig growth performance and intestinal physiology 

 

Abstract 

Pigs exposed to elevated ambient temperatures exhibit reduced average daily gain, alterations in 

muscle and fat deposition during growth phases, and decreased overall health. Negative aspects 

of gastrointestinal function, integrity and permeability also result from hyperthermia. Saccharin-

based artificial sweeteners have the potential to ameliorate the negative effects of heat stress 

(HS) by increasing GIT GLP-2 production while capsicum oleoresin has been shown to reduce 

inflammatory response.  Study objectives were to examine the effects of two artificial 

sweeteners, neohesperidin dihydrochalcone and saccharin, in combination with capsicum 

oleoresin (TakTik Sweet Heat , Pancosma, SA) on growth performance of pigs. Forty-eight 

pigs (12 weeks of age, 47.3 ± 7.6kg) were assigned to six treatments: thermal neutral conditions 

(21°C) fed ad libitum with (TN+) or without supplement (TN-), heat stress (35°C) fed ad libitum 

with (HS+) or without supplement (HS-), and thermal neutral conditions pair-fed to HS intake 

with (PFTN+) or without supplement (PFTN-). Dietary supplementation began 2 days prior to 

the 3-day environmental treatment period. Body weight was recorded on day -1 and day 3 

relative to start of environmental treatment. Body temperature (BT) and respiration rate (RR) 

were measured thrice daily and feed intake (FI) was recorded daily. Blood samples were 

collected on day -1 and day 3 to determine metabolite profiles and immune response. Following 
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sacrifice, sections of duodenum, ileum, and colon were collected for histology. Pigs in HS 

conditions exhibited increased average BT and RR (~2.7-fold) compared to TN and PFTN 

groups (P<0.01). Irrespective of day, HS+ animals had increased respiration rates when 

compared to HS- animals (P<0.04). Heat stress decreased FI compared to TN groups. Regardless 

of treatment, supplement increased feed efficiency by 0.12kg (P<0.04). Circulating glucose 

concentration tended to decrease in HS+ and PFTN+ pigs compared to non-supplemented 

treatments (P=0.1). Circulating insulin increased in HS compared to PFTN (P<0.04), but did not 

differ from TN. Lymphocyte count tended to decrease in HS compared to PFTN and TN 

(P=0.052). Monocyte count increased during HS compared to PFTN (P=0.01), but HS and TN 

did not differ. Supplement increased basophil count (P<0.03), irrespective of treatment. Ileal 

villus height tended to decrease during HS and PFTN compared to TN (P<0.08). Duodenal and 

colon villus height and duodenal, ileal and colon crypt cell depth did not differ between groups. 

Overall, TakTik Sweet Heat® supplementation increases pig feed efficiency and may improve 

immune response. 
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Introduction 

Temperatures across the globe have been increasing over the past few decades, and are 

predicted to continue to do so (IPCC, 2007). According to the EPA, increases in greenhouse gas 

concentrations are expected to increase the Earth’s average temperature, influence weather 

patterns, and increase the frequency, intensity, and duration of extreme weather events such as 

heat waves and droughts (EPA, 2016). This drastic increase in temperature affects human and 

animal health, and has a large impact on the production and quality of food sources (Renaudeau 

et al., 2012).  

Livestock have specific thermal neutral zones (TNZ), which are defined as the range of 

ambient temperatures in which the body can maintain its core temperature through skin blood 

flow (Kingma et al., 2014). If ambient temperatures increase to a point where animals cannot 

dispel excess heat, heat stress is experienced, resulting in a multitude of physiological changes 

within the body. Livestock species experiencing heat stress have decreased growth and 

reproductive performance and reduced carcass quality, diminishing overall economic 

productivity of the animal. Increases in global population have increased the demand for meat 

and milk, increasing production of livestock in hot and humid tropical and sub-tropical climates, 

raising the frequency of heat related decreases in livestock productivity (Renaudeau et al., 2012). 

 Swine are particularly susceptible to heat stress due to their lack of functional sweat 

glands and relatively thick layer of subcutaneous fat (Mount, 1979; Curtis, 1983). Genetic 

selection for higher lean muscle growth may also play a role, as increased metabolic rate and 

subsequent heat production may be influenced by this (Baumgard and Rhoads, 2013). In the 

most recent estimation of U.S. economic losses to the livestock industry due to heat stress, it was 

calculated that the swine industry experiences about $300 million annually due to decreases in 
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sow productivity, market hog growth and development, and overall carcass quality (St-Pierre et 

al., 2003). Environmental heat abatement strategies include increased ventilation, air 

conditioning, shading, cooling misters, fogging systems or a combination thereof. Economic 

effectiveness of these methods is typically small, however, as gains in productivity are negated 

by start-up and maintenance costs (St-Pierre et al., 2003). 

 Many responses to heat stress are relatively conserved across species. An increase in 

respiration rate is seen, which is a mechanism utilized to dispel excess heat through evaporative 

cooling through the mouth. Feed intake is decreased, which is presumably a method of 

decreasing metabolism and metabolic heat production within the body (Renaudeau et al., 2008; 

Baumgard and Rhoads, 2013). Blood is redirected from splanchnic organs to peripheral veins 

and arteries to aid in heat dissipation through the skin (Lambert, 2009). 

Although these mechanisms are relatively effective in reducing core body temperature, 

they themselves can have negative impacts on animal health. A reduction in feed intake has 

indirect detrimental effects on growth and productivity in livestock species by diminishing 

nutrient availability for muscle accretion and maintaining normal reproductive processes. Muscle 

degradation is also seen during heat stress, and post absorptive nutrient metabolism is shifted, 

resulting in reduced carcass quality and carcass price (Baumgard and Rhoads, 2013). Limited 

blood flow to the visceral organs results in damage to the gastrointestinal tract, and disruption in 

proper function of the GIT and increased gut permeability to lumenal bacteria and toxins can 

occur (Pearce et al., 2013b). Developing a product that helps mitigate the detrimental effects of 

heat stress on animal health may prove to be a more affordable way to increase animal growth, 

well-being and productivity in hot climates.  
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The objective of this study was to determine the effects of a novel feed supplement, a 

combination of two artificial sweeteners, saccharin and neohesperidin dihydrochalcone, and 

capsaicin oleoresin, forming a product named TakTik Sweet Heat®, on production parameters 

and gut integrity in heat stressed growing pigs. We hypothesized that feeding this supplement to 

growing pigs under heat stress will partly mitigate the detrimental effect of heat stress on 

production outcomes. 

 

 Materials and Methods 

Animals and Treatment 

Virginia Polytechnic Institute and State University Institutional Animal Care and Use 

Committee approved all procedures involving animals. 48 crossbred pigs (n=24 gilts, n=24 

barrows; 43.2 kg ± 4.3kg) were brought to Litton Reaves Hall at about 12 weeks of age and 

housed in individual pens (with individual feeders and waterers) in either one of four rooms (4 

pens in each of two heat stress rooms and 7 or 9 pens in each of two thermal neutral rooms. All 

rooms were kept in a 12hr light and 12hr dark cycle. All animals were given a 6 to 7-day 

acclimation period in which rooms were maintained in thermal neutral conditions (22°C) with ad 

libitum access to an antibiotic-free commercial diet which provided adequate levels of all 

essential nutrients (Table 2.1). Prior to arrival, animals (n=48) were weighed and randomly 

assigned to one of six treatment groups (n=4 per group, two males and two females) based on 

average body weights. Treatments consisted of 1) thermal neutral conditions (TN-; 22°C), 2) 

thermal neutral + supplement conditions (TN+), 3) heat stress conditions (HS-) (35°C), 4) heat 

stress + supplement conditions (HS+), 5) thermal neutral conditions pair-fed to heat stress groups 

(PFTN-), and 6) thermal neutral pair-fed to heat stress group + supplement (PFTN+). 



 29 

TakTik supplement was mixed homogenously (0.1g/kg feed) to the feed of groups 

receiving it two days prior to onset of environmental treatment. Feed intake was recorded daily 

for all animals using a weigh-back method. Empty feeder weight was determined before start of 

the trial. Feeders with feed were weighed each morning (7AM) and empty feeder weigh 

subtracted to determine refused feed. Refused feed was then subtracted from the amount given to 

each animal the previous day to determine feed intake. After onset of environmental treatment, 

percent reduction in feed intake in HS pigs (with and without supplement, respectively) was 

calculated daily based on animal’s average feed intake prior to heat stress. The amount offered to 

PFTN groups (with and without supplement) was then reduced by that amount. Similarly, daily 

supplement intake was calculated for HS+ animals after onset of heat, and that amount was 

added to feed in TN+ groups (supplement was mixed with a small amount of feed initially daily 

to ensure consumption, then more feed was added). PFTN and TN+ groups were lagged one day 

behind HS and TN- groups in treatment to allow for feed and supplement calculations. HS and 

TN- pigs were sacrificed 3 days after initiation of environmental treatment, and PFTN and TN+ 

groups one day after that. 

 Each room’s temperature and humidity were measured (Acurite model Thermo Hygro, 

Bellingham, WA) and recorded at 6am and 5pm. An electric forced air heater (model 

F3F551QT, TPI Corporation) with constant air circulation maintained the heat stress room 

temperatures. All animals were monitored for signs of distress throughout the experiment. Rectal 

temperatures and respiration rates were taken twice daily (6am and 5pm) and three times daily 

(6am, 12pm, and 5pm) during heat stress. Rectal temperatures were measured using a GLA 

M700 digital thermometer (San Luis Obispo, CA) and respiration rates (breaths/min) were taken 

via visual observation and stop watch. If body temperatures rose above 41.5°C or respiration rate 
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went above 140 breaths/min, pigs were hosed down with cool water for 2 minutes and 

temperatures and respiration rates retaken. Body weights were recorded for each pig on arrival to 

Litton Reaves, one day prior to environmental treatments, and immediately before sacrifice using 

a Raytec AH300 Way Pig market hog scale (Ephrata, PA). 

 Blood was collected one day prior to onset of environmental treatments and immediately 

before sacrifice. Jugular vein blood was obtained (one 10mL BD vacutainer containing either 

lithium heparin or silicone coat, and two 10mL vacutainers containing liquid K2EDTA, Franklin 

Lakes, NJ) and centrifuged at 4°C for 20 minutes at 1425 x g (IEC Centra-8R Centrifuge, 

Needhan Height, MA). One K2EDTAvacutainer was sent to the Virginia Regional College of 

Veterinary Medicine (VMRCVM) for complete blood count (CBC) analysis. After blood 

collection on day of sacrifice, pigs were euthanized via captive bolt followed by exsanguination.  

 Tissue samples were collected within 10 minutes of death and included sections of 

duodenum, ileum, colon, liver, and Longissimus Dorsi (LD) muscle. Intestinal samples were 

flushed gently with ice-cold phosphate-buffered saline to remove waste. One inch sections of 

each intestinal sample were fixed in 10% neutral buffered formalin for sectioning and 

hematoxylin and eosin staining. The remainder of the intestinal, liver and LD muscle samples 

were snap frozen in liquid nitrogen and stored at -80°C until analysis.  

 

Metabolite Assays 

 After blood collections, whole blood in 10mL silicone coated BD vacutainers was 

allowed to coagulate at room temperature for approximately 1 hour before centrifuging at 4°C 
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for 20 minutes at 1425 x g. Serum was then aliquoted into three 1.5mL microcentrifuge tubes. 

Two were stored at -80°C and one was sent to the VMRCVM for analysis with a large animal 

blood panel. This panel included measurements for glucose, urea nitrogen, creatinine, 

phosphorus, calcium, magnesium, total protein, albumin, globulin, aspartate aminotransferase, 

gamma-glutamyl transpeptidease, total bilirubin, direct bilirubin, indirect bilirubin, creatine 

kinase, sodium, potassium, chloride, carbon dioxide, and anion gap. All plasma samples were 

analyzed with a Beckman Coulter AU480 (Brea, CA). One of the two 10mL BD vacutainer tubes 

with liquid K2EDTA in which whole blood was collected was centrifuged at 4°C for 20 minutes 

at 1425 x g, after which plasma was aliquoted into two 1.5mL microcentrifuge tubes and stored 

at -80°C. The other K2EDTA vacutainer was sent to VMRCVM for CBC analysis. Plasma 

samples were analyzed using a Siemens Advia 2120 (Malvern, PA). Measurements included red 

blood cell (RBC) count, hemoglobin, hematocrit, packed cell volume (PCV), white blood cell 

(WBC) count, segmented neutrophil count, lymphocyte count, monocyte count, eosinophil 

count, and basophil count.  

 

Morphometry 

 Samples (duodenum, ileum and colon) were fixed in 10% neutral buffered formalin in 

50mL conical tubes after collection and washing. Tubes were sealed with parafilm and sent to 

the Histology & Pathology Research Lab (Mt. Jackson, VA) where they were sectioned and 

stained with hematoxylin and eosin. Mean villus height and crypt depth were measured in 12 

well-oriented villus crypt columns per intestinal section per pig. Stained intestinal sections were 

visualized with an Eclipse Ti-E inverted microscope, and images were captured using a DS-L3 
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digital camera and measurements were made and recorded with NIS-Elements Software (Nikon 

Instruments). 

 

RNA Extraction 

RNA extraction was performed on sections of duodenum and ileum for gene expression 

analysis. Intestinal tissue samples were retrieved from the -80°C and transferred to liquid 

nitrogen. Samples were kept frozen as they were crushed in the original Nasco Whirl-pak bags 

(Fort Atkinson, WI), transferred to new Whirl-pak bags, and placed back into liquid nitrogen. 

Individual duodenum and ileum samples (100mg) were transferred to a 2mL centrifuge tube, and 

1 mL of Tri Reagent RT (Molecular Research Center, Cincinnati, OH) was added. Tissue was 

homogenized in the Tri Reagent using a Power Gen 125 homogenizer from Fisher Scientific set 

at six speed for two passes of approximately 15 seconds each. The homogenizer was cleaned 

with ice-cold deionized water and primed with chloroform between each sample. Samples were 

allowed to sit for 5 minutes at room temperature to allow for the dissociation of nucleotide 

proteins. Chloroform (200µL) was added to homogenized samples, shaken vigorously for 

approximately 15 seconds to create an emulsion, and was allowed to sit at room temperature for 

2 to 3 minutes. Samples were then centrifuged at 4°C for 15 minutes at 12,000 x g, separating the 

clear aqueous phase and the pink colored organic phase. The clear aqueous phase was transferred 

to a new 1.5mL centrifuge tube and 500µl of isopropanol was added. Tubes were inverted to 

mix, and incubated for 10 minutes at room temperature in order to allow RNA to precipitate. 

Tubes were transferred to a centrifuge and spun at 4°C for 10 minutes at 12,000 x g. The 

supernatant was poured off leaving the RNA pellet at the bottom of the tube. One mL of 75% 
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ethanol was then added to the RNA pellet and mixed briefly by vortexing. Tubes were 

centrifuged again at 7500 x g for 5 minutes at 4°C. The supernatant was poured off. Excess 

supernatant was gently pipetted from around the RNA pellet in order to allow it to dry 

thoroughly and exposed to air for 10 minutes. Nuclease-free water was added to the pellet and 

mixed in order to re-dissolve the total RNA. Once the RNA pellet was dissolved, a 

Nanophotometer Pearl (Implen, Westlake Village, CA) was used to determine purity and 

concentration of total RNA in each sample, after which the tubes were transferred to the -80°C 

freezer to be stored.  

RNA clean-up 

Total RNA samples for duodenum and ileum were retrieved and thawed from the - 80°C 

freezer. All samples used in the clean-up procedure were 100µL by volume. The Qiagen 

RNEasy Mini Kit was used for this procedure. Buffer RLT (350uL) was added to each sample 

and mixed well. 100% ethanol (250µL) was added to each sample and mixed by pipetting. Each 

sample was then transferred to an RNEasy Mini Spin column within a collection tube and 

centrifuged for 15 seconds at 8,000 x g. The flow through was discarded. Buffer RPE (500µL) 

was added to each Mini Spin column, and columns were centrifuged again for 15 seconds at 

8,000 x g to wash the membrane. This step was repeated. The Mini Spin columns were then 

placed in new collection tubes and centrifuged at full speed (16,200 x g) for one minute to 

eliminate excess buffer. Mini Spin columns were placed in 1.5mL microcentrifuge tubes and 

40µL RNase-free water was added directly to the spin column membrane. Samples were 

centrifuged for 1 minute at 8,000 x g to elute RNA. The Nanophotometer Pearl was used to 

determine purity and concentration of total RNA in each sample, after which the tubes were 

transferred to the -80°C freezer to be stored. If sample concentration was greater than 30µg, the 
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Mini Spin column was placed back into the 1.5mL microcentrifuge tube, another 40µL of 

RNase-free water was added to the spin column membrane, samples were centrifuged at 8,000 x 

g for 1 minute, and concentrations were rechecked. Quality of clean RNA samples was also 

checked using the Experion RNA analysis kit and Experion automated electrophoresis system 

(Bio-Rad, Hercules, CA). 

 

cDNA Synthesis  

The Bio-Rad iScript cDNA Synthesis Kit (Hercules, CA) for qPCR was used for this 

procedure. Total clean RNA samples (duodenum and ileum) were thawed from the -80°C freezer 

and 1µg/uL RNA was used for each cDNA synthesis reaction. Samples were diluted with 

Nuclease-free water to a total volume of 15uL. A master mix containing the iScript reaction mix 

(1µL) and the iScript reverse transcriptase (4µL) were added to each diluted sample and mixed 

by reverse pipetting. The total volume for each reaction was 20µL. Sample tubes were incubated 

using a Bio-Rad T100 thermal cycler (Hercules, CA) set for 5 minutes at 25°C followed by 30 

minutes at 42°C followed by 5 minutes at 85°C and a holding period set for 4°C. cDNA samples 

were then frozen and stored at -20°C until qPCR was performed. 

 

Real-time qPCR  

The SsoAdvanced SYBR Green Supermix from Bio-Rad (Hercules, CA) was used for 

this procedure. 10µl SYBR Green, 5ul (1ng/µl) of cDNA, 0.5µl (10µM) of forward primer, and 

0.5µl of (10µM) of reverse primer were mixed with 4ul Nuclease-free water for a total volume of 
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20µL per reaction. Samples (duodenum and ileum) were incubated in triplicate using a Bio-Rad 

CFX96 Real Time System set for enzyme activation at 95°C for 30 seconds (1 cycle), 

denaturation at 95 °C for 5 seconds (40 cycles), annealing and extension at 56-60 °C for 30 

seconds (40 cycles), and a melt curve from 65-95 °C in 5 °C increments. The samples were 

analyzed against a standard curve and the average SQ mean was taken for each sample. The SQ 

mean of each sample was divided by the geometric mean of three housekeeping genes (-actin, 

18S, and EEFIA1 for duodenum samples, -actin, EEFIA1 and HPRT1 for ileum samples) to 

accommodate for any variation between samples.  

 

ELISA 

 Insulin ELISA was performed using Mercodia Porcine Insulin ELISA kit (Mercodia AB, 

Upppsala, Sweden). Serum samples were transferred from -80 °C freezer to ice to thaw. Thawed 

samples were vortexed briefly to mix, then centrifuged at 12,000 x g for 3 minutes to remove 

particulate matter. 96-well plates coated with mouse monoclonal anti-insulin provided in the kit 

were used. All samples and calibrators were run in duplicate. 25L each of provided calibrators 

(six total) and samples were pipetted into appropriate wells. 100L of 1X enzyme conjugate was 

added to each well, and plate was incubated on a plate shaker at 800rpm for two hours at room 

temperature (22°C). Plates were then washed with provided wash buffer (diluted to 1x 

concentration) six times using a Bio-Tek ELx50 plate washer (Bio-Tek Instruments Inc., 

Winooski, VT). Plates were inverted and tapped firmed after washing to ensure removal of 

excess liquid. 200L of Substrate TMB was added to each well and plate was incubated at room 

temperature for 15 minutes, followed by the addition of 50L of stop solution to each well. 
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Plates were placed on a shaker for 5 seconds to ensure proper mixing of stop solution. Plates 

were read immediately at optical density 450nm using a Bio-Tek PowerWave XS. 

Concentrations were calculated by computerized data reduction of the absorbance for calibrators 

(except calibrator 0) versus sample concentration using cubic spline regression.  

 Cytokine ELISAs were performed using Neo Scientific Porcine IL-1 and IL-6 kits 

(Cambridge, MA). Serum samples were transferred from -80°C freezer to ice to thaw. Thawed 

samples were vortexed briefly to mix, then centrifuged at 12,000 x g for 3 minutes to remove 

particulate matter. 200L of serum was aliquoted into new 1.5mL centrifuge tubes, to which 

20L of Balance Solution was added. 96-well plates coated with either IL-1 or IL-6 antibodies 

provided in the kits were used. All samples and standards were run in duplicate. 100L of each 

standard (six total), sample, or phosphate-buffered saline (PBS) were added to appropriate wells. 

50L of enzyme conjugate was added to each well (excluding wells containing PBS), mixed well 

and incubated at 37°C in a humid chamber for one hour. After incubation, wells were washed 

using the provided wash solution (diluted to 1X concentration) five times using the Bio-Tek 

ELx50 plate washer. Plates were inverted and tapped to ensure removal of excess liquid. 50L of 

substrate A was added to each well, followed by 50L of substrate B. Plates were then covered 

with foil to protect the light-sensitive substrates and incubated at room temperature for 10 to 15 

minutes. 50L of stop solution was then added to each well and mixed using a plate shaker. 

Optical density was read immediately at 450nm, and mean blank values were subtracted from 

each standard and sample before mean of duplicates was calculated.  

 Competitive cytokine ELISA concentrations were calculated by creating a standard 

curve. Non-zero raw standard values were divided by standard 0 and multiplied by 100 and used 
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as X values, while the log10 of the concentration of the non-zero standards were used for Y 

values. Standard X and Y values were plotted using Microsoft Excel and a linear fit line was 

applied to obtain a slope equation. X values were obtained for raw sample values by dividing by 

the standard 0 and multiplying by 100 and used in the slope equation to calculate Y values for 

the samples. 10 to the power of this Y value was calculated as the concentration for each sample.  

Data Analysis 

 All data were statistically analyzed using a MIXED procedure in SAS (SAS Inst. Inc., 

Cary, NC). Data are reported as LSmeans and considered significant if P<0.05. Daily 

measurements (rectal temperature, respiration rates, and feed intake) and blood samples for each 

animal’s metabolic parameter were analyzed as repeated measures with day as the repeated 

effect. The covariate structure AR(1) was used. Litter and gender were included as random 

variables; no effect of these variables was seen. Model included treatment, supplement, day, and 

interactions. Analysis also tested for differences between groups based on treatment and 

supplement for single measurements.  

 

 Results 

Pigs exposed to HS had increased (P<0.05) rectal temperatures on day 1 when compared 

to TN and PFTN groups. This increase was maintained throughout the remaining 2 days of the 

experiment (Figure 2.1). Supplementation did not have a significant effect on rectal temperature 

(Figure 2.1). An increase (P<0.05) in respiration rate was observed in HS groups when compared 

to TN and PFTN groups during the environmental treatment period (Figure 2.2). HS+ animals 
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had increased (P<0.05) respiration rates on day 2 when compared to HS- animals on day 1 (140 

bpm vs. 109 bpm; Figure 2.2).  

Feed intake in HS groups with and without supplement decreased (P<0.05) on day 1 of 

HS when compared to TN groups, and this decrease continued throughout the duration of 

environmental treatment (Figure 2.3; Table 2.3). Each PFTN group mirrored the intake of each 

HS group with respect to supplementation by experimental design. HS and pair feeding 

decreased (P<0.05) average daily gain (ADG) when compared to TN groups (Table 2.3). 

Average body weight of groups increased in all groups during the 3 days of environmental 

treatment, with TN+/TN- groups gaining 4.45 kg and 3.75 kg, HS+/HS- groups gaining 1.21 kg 

and 1.29 kg and PFTN+/PFTN- groups gaining 1.41 kg and 0.35 kg, respectively (Table 2.3). TN 

groups gained more (P<0.05) than HS and PFTN groups during the treatment period. 

Supplement did not have a significant effect on body weight gain. HS and pair feeding decreased 

(P<0.05) feed efficiency when compared to TN groups during environmental treatment (Table 

2.3). Regardless of treatment, supplement significantly increased (P<0.05) feed efficiency by 

0.12 kg (Table 2.3).  

There was an effect of treatment (P<0.05) and day (P<0.05) on serum glucose levels 

(Table 2.4). PFTN groups had lower circulating glucose levels when compared to TN groups, but 

were not significantly different from HS groups. HS and TN groups were not significantly 

different from one another. Animals had lower glucose levels on day 3 when compared to day -1. 

Irrespective of day, within treatment groups, HS and PFTN animals receiving supplement tended 

(P=0.10) to have lower serum glucose levels than those not receiving supplement, but TN+ 

animals had slightly higher glucose levels than TN- groups. Serum creatinine levels were 

elevated (P<0.05) in HS groups on day 3 when compared to TN and PFTN groups (Table 2.4). 
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Irrespective of day and treatment, supplement tended to increase (P=0.06) creatinine levels 

(Table 2.4). There was a treatment by supplement by day interaction (P<0.05) on serum creatine 

kinase (CK): HS+ animals had higher CK levels on day 3 when compared to TN+/TN- and 

PFTN+/PFTN- groups (Table 2.4). HS- animals had elevated CK levels when compared to 

baseline, but were not significantly different from TN- animals (Table 2.4). Blood urea nitrogen 

(BUN) in PFTN groups was decreased (P<0.05) when compared to TN groups, and HS groups 

were not significantly different from PFTN or TN (Table 2.4).  

Regardless of day, lymphocyte count tended to decreased (P=0.05) in HS groups when 

compared to PFTN and TN groups (Table 2.5). Circulating monocyte count was increased 

(P<0.05) in HS groups when compared to PFTN groups, but HS and TN groups were not 

significantly different (Table 2.5). HS+ animals had a numerically higher monocyte count than 

HS- animals (1.24 vs 0.65 cells/uL), but groups were not statistically different. Irrespective of 

treatment and day, basophil count was increased (P<0.05) in groups receiving supplement when 

compared to those not receiving supplement (Table 2.5).  

Irrespective of day and supplementation, ileal villus height tended (P=0.08) to be lower in 

HS and PFTN groups than in TN groups (391.63 L, 367.58 L, and 411.34 L for HS, PFTN, 

and TN groups, respectively; Figure 2.5). No statistical differences were seen between groups in 

duodenal or colon villus height, or in duodenal, ileal, and colon crypt cell depth (Figure A-2.6, 

A-2.7).  

Irrespective of treatment, there was a significant effect of supplementation on duodenal 

HSP27 mRNA abundance—the addition of supplement to diet increased (P<0.05) HSP27 

expression (Figure 2.6). HS and pair feeding decreased (P<0.05) duodenal HSP70 gene 

expression (Figure 2.7). SGLT1 expression in the duodenum tended (P=0.06) to be higher in 



 40 

TN+ and PFTN+ groups when compared to their non-supplemented counterparts, but SGLT1 

mRNA abundance tended to be lower in HS+ animals when compared to HS- animals (Figure 

2.8). Irrespective of treatment, the addition of supplement in animal diets tended to increase 

(P<0.05) ZO-1 gene expression in the duodenum (Figure 2.9).  

In the ileum, heat stress and pair feeding decreased (P<0.05) SGLT1 expression when 

compared to TN groups, but supplement did not have a statistically significant effect on SGLT1 

expression in this section of the small intestine (Figure 2.10). Claudin 3 expression in the ileum 

was decreased (P<0.05) in PFTN groups when compared to TN groups, although HS and TN 

groups were not statistically different (Figure 2.11). 

Treatment and day both had significant effects on serum insulin levels. Animals in HS 

groups had significantly elevated (P<0.05) insulin levels when compared to PFTN animals, but 

did not differ from TN groups (Figure 2.12). Insulin levels were decreased (P<0.05) in animals 

on day 3 when compared to day -1 (Figure 2.12). There was no treatment by day interaction, 

however, and supplement did not appear to have a significant effect on serum insulin 

concentration (Figure 2.12). Irrespective of treatment or supplementation, insulin sensitivity 

(glucose:insulin) was higher (P<0.05) on day 3 of treatment when compared to day -1 (Figure 

2.13). Treatment and supplement did not have a significant effect on insulin sensitivity (Figure 

2.13). 

Irrespective of treatment and supplement, serum interleukin-1 (IL-1) concentrations 

were lower (P<0.05) on day 3 than on day -1 (14.3 pg/mL vs. 9.00 pg/mL; Figure A-2.18). There 

tended to be a treatment by day interaction in which all treatment groups, regardless of 

supplementation, tended to have lower circulating IL-1 levels on day 3 when compared to day -

1 (Figure A-2.18). There was a significant treatment by day interaction (P<0.05) on serum 
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interleukin-6 (IL-6) concentration: there were no differences between groups on day -1, but day 

3 IL-6 levels showed HS animals had lower circulating levels of IL-6 when compared to TN, 

although they were not significantly different from PFTN groups (Figure A-2.19).
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Discussion 

Heat stress is a condition that has considerable negative effects on swine production 

outcomes and overall animal health and wellbeing (St-Pierre et al., 2003; Renaudeau et al., 

2012). It is a situation for which economically feasible mitigation strategies must be investigated, 

as the rise in global temperatures and human population will increase the need for these animals 

to be raised in thermally incompatible regions to satiate the demand for animal-procured meat 

products. The goal of this study was to elucidate the efficacy of a novel dietary supplement, 

TakTik Sweet Heat, in its ability to partially attenuate the negative effects of heat stress on pig 

growth performance and intestinal integrity. 

TakTik Sweet Heat is a combination of a saccharin-based artificial sweetener and 

neohesperidin dihydrochalcone paired with capsicum oleoresin, encapsulated using spouted bed 

technology, which applies and dries ingredients in layers to create identical microspheres that 

can then be added to the animals’ diet at the recommended dose. The former constituent has been 

shown to increase the expression of the intestinal glucose transporter SGLT1 as well as stimulate 

the release of the gut hormone GLP-2, which has intestinotrophic effects in the proximal gut 

(Stephens et al., 2006; Burrin et al., 2007; Moran et al., 2010). The latter component has been 

demonstrated to inhibit the production of certain inflammatory cytokines in several areas of the 

body, including the digestive tract, reducing the occurrence of inflammation ((Murai et al., 2008; 

Nevius et al., 2012). Using a combination of these two ingredients is a novel approach in swine 

or in a heat stress setting.  

An immediate effect of this study’s environmental treatment protocol was a distinct 

increase in rectal temperature in the HS groups when exposed to high temperatures. Measurable 

hyperthermia continued throughout the remainder of the experiment in these animals, with rectal 
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temperatures staying approximately 1.2ºC higher than their TN counterparts. The temperature 

pattern used in this study closely resembled that used by Pearce et al. (2013a) in that the 

temperature treatment was constant and did not follow a cyclical pattern, preventing the animals’ 

body temperatures from exhibiting a diurnal rise and fall. TakTik Sweet Heat supplementation 

did not have a significant effect on the rectal temperatures of the animals in this study.  

Onset of heat also lead to a marked increase in respiration rate. This panting response is 

adopted to increase bodily heat load dissipation via evaporative cooling through moisture loss 

from the esophagus and lungs (Patience et al., 2005). Interestingly, the addition of the saccharin 

and capsicum oleoresin supplement to the diet of the HS+ group resulted in a 9.2% overall 

increase in respiration rate when compared to the non-supplemented HS- group.  

One explanation for the increased respiration rate in the HS+ groups may be related to the 

redirection of blood flow during heat stress. In bouts of hyperthermia, blood is directed away 

from the splanchnic bed to maximize perfusion of the skin for optimal heat dissipation (Lambert, 

2009). This response may be counteracted, however, by the gut hormone GLP-2, which rapidly 

increases intestinal blood flow when released from enteroendocrine cells in the intestinal tract. 

Guan et al. (2003) and Stephens et al. (2006) both established this response when GLP-2 was 

given as an intravenous infusion in piglets. Moran et al. (2010) demonstrated that the addition of 

sodium saccharin, the same artificial sweetener used in TakTik, to the diets of weaning piglets 

resulted in a release of GLP-2 from enteroendorcine cells and a response similar to that observed 

when an intravenous infusion of GLP-2 was given. If GLP-2 release is being induced by the 

addition of the dietary sweetener in the diets of the animals used in this study, it has the ability to 

increase blood flow back to the gastrointestinal tract, which may limit the animal’s ability to 
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dispel heat from the skin. This could lead to a rise in respiration rate to increase evaporative 

cooling, such as that seen in the above data.  

Reduced feed intake is a response that has been well documented in numerous heat stress 

studies involving various species, including pigs (Collin et al., 2001; Renaudeau et al., 2012; 

Pearce et al., 2013a). It is presumed that this decrease in nutrient ingestion is a behavior adopted 

to decrease metabolic heat production (Baumgard and Rhoads, 2012). As expected, our 

environmental heat stress protocol resulted in a reduction in average voluntary feed intake in HS 

groups during the treatment period when compared to TN groups, with decreases beginning 

immediately after the onset of heat. The PFTN groups mirrored the intake pattern of the HS 

groups, with respect to supplementation, as part of the experimental design to lessen the 

confounding effects of dissimilar feed intake. Numerically, ad-libitum fed thermal neutral groups 

consumed more when their diet was supplemented with TakTik Sweet Heat (2.25 kg/day vs. 

1.91 kg/day for TN+ and TN-, respectively; overall average feed intake during the treatment 

period), indicating that the supplement may have the ability to increase feed intake in thermal 

neutral conditions. 

Following a similar pattern as that of feed intake, total body weight (BW) gain was 

significantly reduced in HS and PFTN groups when compared to their thermal neutral, ad 

libitum-fed counterparts. Numerically, PFTN+ groups gained an average of 1.4kg of BW 

whereas the PFTN- groups gained 0.3kg during the 3-day treatment period, suggesting that the 

addition of the artificial sweetener and capsicum oleoresin combination positively affected the 

rate at which the animals gained weight in undernourished conditions. Without taking into effect 

day or treatment, results showed that supplementation of TakTik also increased feed efficiency, 

calculated by measuring the ratio of average weight of gain per day (kg) over average feed 
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consumption per day (kg). On average per day, supplemented animals gained 0.12kg more BW 

per kilogram of feed consumed than non-supplemented groups. 

Reducing nutrient intake in thermal neutral conditions resulted in a significant decrease in 

circulating blood glucose concentrations by day 3 when compared to ad libitum fed TN groups. 

However, pigs exposed to heat stress did not show the same decrease in blood glucose levels as 

PFTN animals, and were not significantly different from TN groups. These findings are similar 

to those described by Prunier et al. (1997) in 3-week lactational sows, and by Sun et al. (2015) in 

male broiler chickens. On the contrary, Pearce et al. (2013a) reported a reduction in plasma 

glucose concentrations in HS animals when compared to TN groups is growing pigs. When 

comparing blood glucose between heat stressed, pair fed and ad libitum fed animals, disparity 

between studies may arise due to differences in study conditions, such as length and severity of 

environmental and nutritional treatments, as well as physiological state of the subjects.  

Overall, there was a tendency for HS and PFTN groups receiving supplement to have 

lower circulating glucose levels than those groups not receiving supplement.  One postulation for 

this occurrence is that the addition of capsaicin to the diet may have the ability to decrease blood 

glucose. In a study conducted by Karlsson et al. (1994), mice treated with capsaicin showed an 

increase in early insulin secretory response and an increase in glucose clearance, but basal 

insulin and plasma glucose were not affected. Similarly, Tolan et al. (2001) identified capsaicin 

in its ability to decrease blood glucose levels in dogs when measured at the 2.5 time interval 

during an oral glucose tolerance test (OGTT), and that there was an increase in plasma insulin 

levels at this time point as well. Gram et al. (2005) also demonstrated in rats that capsaicin 

administration lowered mean blood glucose concentrations during an OGTT, but plasma insulin 

levels during the OGTT were unchanged. This study also concluded that the addition of 
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capsaicin did not improve insulin resistance in obese Zucker rats. The pigs on a lowered plane of 

nutrition receiving capsaicin (as capsicum oleoresin in the TakTik supplement) in our study 

followed similar trends to the ones in the above reports. On the contrary, TN+ animals tended to 

have higher glucose levels than their non-supplemented TN- counterparts.   

 Coinciding with results seen in the glucose levels of HS groups, SGLT1 gene expression 

in the duodenum tended to be decreased in HS+ groups compared to HS- animals, suggesting 

decreased glucose absorption in the small intestine with the addition of artificial sweetener and 

capsicum oleoresin. Findings by Moran et al. (2010, 2014) describe that supplementation with 

artificial sweeteners increased SGLT1 expression in piglets and calves; reports by Garriga et al. 

(2006) and Cervantes et al. (2016) demonstrate increased SGLT1 expression in heat stressed 

broiler chickens and growing pigs, respectively. Furthermore, Khachab et al. (2011) showed a 

14-fold increase in SGLT1 expression in capsaicin treated rats. It is paradoxical, then, that our 

HS protocol coupled with supplementation with artificial sweeteners resulted in lower glucose 

levels and decreased SGLT1. These findings may suggest that a combination of these factors 

could affect the expression of glucose transport mechanisms in the small intestine differently 

than previous literature indicates. 

Although some differences in blood glucose levels were seen between groups, 

concentrations can vary greatly based on physiological status and plane of nutrition of the 

subjects, and are a reflection of dietary glucose absorption, hepatic output, and glucose clearance 

by tissues. In this study, animals were not specifically fasted prior to blood collection, so the use 

of blood glucose concentration as an indicator of overall glucose dynamics is limited. 

Additionally, glucose levels can be affected by physical stress, such as the use of restraint during 

blood draws, as was the case in this experiment.  
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A marked reduction in feed intake, such as that observed in bouts of hyperthermia, 

typically leads to a decrease in circulating insulin levels due to lack of dietary carbohydrates. 

However, despite the classic reduction in nutrient intake, hyperinsulinemia is a condition that has 

been documented in many heat stress studies across a multitude of species, including pigs, dairy 

and beef cattle, and rats (Hall et al., 1980; Torlinska et al., 1987; O'Brien et al., 2010; Wheelock 

et al., 2010).  In agreement with those reports, our study resulted in a 27.2% increase in 

circulating insulin concentrations in HS groups during the treatment period when compared to 

thermal neutral groups on the same plane of nutrition. Insulin resistance was also measured using 

a glucose:insulin ratio for each animal, with a smaller number indicating higher insulin 

resistance. Numerically, HS animals had increased insulin resistance compared to TN and PFTN 

groups; this is contradictory to the results seen in the HS study conducted by Sanz Fernandez et 

al. (2015), in which HS increased whole-body insulin-stimulated glucose uptake. The role of 

elevated insulin during heat stress is not well understood, but has been implicated in its ability to 

upregulate heat shock proteins (HSP; Li et al., 2006).  

Heat shock proteins are a class of molecule that are highly conserved across organisms 

and play critical roles in the folding and unfolding of proteins, protecting cells during thermal or 

oxidative stress, and preventing apoptosis (Li and Srivastava, 2004; Horowitz and Robinson, 

2007). The 24-hour HS protocol used by Pearce et al. (2013b) resulted in an increase in ileal 

mucosal HSP70 protein abundance. Additionally, porcine satellite cells isolated from growing 

pigs and incubated for 48 hours in 40.5ºC showed a 1.4-, 2.5-, and 6.5-fold increase in HSP70, 

HSP90, and HSP25/27, respectively (Kamanga-Sollo et al., 2011). Our study resulted in 

decreased HSP70 gene expression in HS and PFTN groups, and no changes seen between 

environmental treatment groups in HSP90 or HSP27, contrary to the results reported in the above 
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studies. It could be that protein expression and gene expression vary, as we did not measure 

protein abundance in these tissues.  

HSP27 was significantly upregulated in groups receiving supplement, however—this 

effect was seen by (Bromberg et al., 2013) in various mammalian non-cancerous and cancerous 

cells after treatment with capsaicin. Their findings suggest that treatment with TRPV1 agonists 

(such as capsaicin) increase HSP accumulation within cells, conferring a stronger cell protection 

response in situations of cellular stress, such as cancer, inflammation and aging. An increase in 

HSP27 gene expression in response to addition of this supplement could point to promising 

results regarding abatement of heat-related inflammation in the gastrointestinal tract.  

Heat stress animals showed an approximate 12% increase in serum creatinine levels when 

compared to TN and PFTN groups, and supplement appeared to increase creatinine levels, 

regardless of environmental treatment group. Additionally, HS groups had elevated creatine 

kinase (CK) levels when compared to the other groups. These results coincide with other heat 

stress studies involving heat stressed rabbits, pigs, and humans (Kachadorian and Johnson, 1972; 

Marder et al., 1990; Abdulaziz et al., 1997; Pearce et al., 2013a). Circulating blood urea nitrogen 

(BUN), creatinine, and CK in the blood and/or urine have been used in other studies to assess the 

extent of muscle catabolism during stress (Hosten, 1990; Zhang, 2012; Keltz et al., 2013). An 

increased amount of these compounds in the circulatory system of heat stressed animals in this 

project may point to an increase in muscle catabolism, consistent with the above studies. In the 

study conducted by Pearce et al. (2013a), a distinct increase in BUN was observed on day 1 of 

HS, but animals had reduced plasma BUN by day 3 and 7 when compared to TN groups. Our 

study produced no significant changes in BUN levels when blood was sampled on day 3, but it 
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could be that BUN was increased at the onset of heat stress then had decreased by day 3. Our 

results do coincide with Pearce’s reports of sustained increased creatinine levels, however.  

Some research suggests that capsaicin has the ability to decrease levels of markers 

typically associated with muscle damage, such as BUN, creatinine, and CK (Zhou et al., 1999; 

Hsu et al., 2016). However, the HS+ group in this study showed a much greater increase in 

creatinine and CK than the HS- group. These data differ from results seen by Hsu et al. (2016), 

in which exercised-challenged mice showed a significant decrease in circulating creatinine and 

CK levels when capsaicin was orally administered prior to stress. The reason for the spike in the 

metabolites in HS+ animals is unclear, but using these metabolic markers as indicators of the 

physiological status of muscle tissue can be limited, as dehydration and inflammation can also 

lead to an increase in their concentrations (Pearce et al., 2013a; Ozkan and Ibrahim, 2016). 

The elicitation of an immune response has been observed in heat stress situations and 

negatively impacts growth and productivity of livestock (Morrow-Tesch et al., 1994; Hall et al., 

2001; Mashaly et al., 2004; Pearce et al., 2013b). A large contributor to this response is thought 

to be damage to the gastrointestinal tract (Pearce et al., 2013b). During heat stress, blood is 

redirected to peripheral blood vessels to aid in heat dissipation, resulting in decreased oxygen 

and nutrient delivery to the splanchnic tissues (Hall et al., 1999; Lambert, 2009). The impairment 

of the function of sensitive enterocytes and overall intestinal mucosa that develop from this 

reduction in blood flow decreases the protective ability of the intestinal barrier (Lambert et al., 

2002). The result is an increase in permeability to pathogenic endotoxins from lumenal contents 

through disrupted tight junctions in the intestinal wall, inducing local and systemic inflammation.   

The addition of saccharin increases GLP-2 expression in the small intestine, which has 

established intestinotrophic effects in a multitude of species and acts to increase blood flow to 
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the splanchnic organs (Moran et al., 2010; Daly et al., 2012; Moran et al., 2014). Our expectation 

was that an induction of GLP-2 release stimulated by the artificial sweetener in the TakTik 

supplement would promote gastrointestinal growth and blood flow and would lessen the 

abnormal gut permeability often associated with heat stress and reduced nutrition. This, in turn, 

would aid in prevention of endotoxin leakage into the blood stream, reducing overall immune 

response. A study conducted by Tolan et al. (2001) also showed capsaicin treated dogs showed a 

2.4 x 10-4 reduction in monocytes when compared to control groups. This study, however, 

resulted in an increase in monocyte count in HS groups when compared to PFTN animals, with 

HS animals receiving supplement having a numerically higher count than HS animals without 

supplement. Supplementation also raised basophil count in all groups regardless of 

environmental treatment. In contrast, a reduction in lymphocyte count was observed in groups 

exposed to high temperatures, which is similar to a study conducted by Mashaly et al. (2004) in 

which heat stressed commercial laying hens showed an inhibition of lymphocyte activity post-

treatment. These conflicting results make it unclear whether the supplement was successful in 

reducing systemic inflammatory response during heat stress and lowered nutrition.  

As mentioned above, a physiological reaction to high ambient temperatures is damage to 

the gastrointestinal tract. This most likely results from the reduction in blood flow to abdominal 

organs as the body attempts to maximize perfusion of peripheral blood vessels to decrease bodily 

heat load through the skin. Lessened blood flow to the enteric cells leads to hypoxia, ATP 

depletion, and acidosis, ultimately resulting in apoptosis of these cells (Yan et al., 2006; Pearce 

et al., 2013b). Some studies measuring intestinal health during restricted nutrition and bouts of 

heat stress show that significant changes can be seen by morphological evaluation of the 

intestinal mucosa. Santos et al. (2015) demonstrated in broiler chickens that exposure to four 
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days of heat stress resulted in villus denudation, decreased villus height and breadth, and crypt 

damage in the small intestine when compared to control birds. An experiment conducted by Yu 

et al. (2010) reported desquamation at the tips of intestinal villi and exposure of lamnia propria 

in the duodenum of pigs exposed to three days of heat stress. Coinciding with these studies, our 

HS and pair-feeding protocol resulted in decreased ileal villus height when compared to thermal 

neutral groups being fed ad libitum. However, no differences were seen between groups in 

duodenal, ileal, and colon villus height or duodenal, ileal, and colon crypt depth, which more 

closely resembles the outcomes seen in a study carried out by Quinteiro-Filho et al. (2010) in 

broiler chickens. It could be that our histology techniques did not completely encompass the 

changes to villi, as villus width was not measured, as was done in the study by Santos et al. 

(2015). More comprehensive measurements may need to be made in order to elucidate the 

effects of high ambient heat and nutrient restriction, in combination with TakTik 

supplementation, on intestinal morphology. 

 Tight junction protein upregulation, redistribution and re-localization has been 

documented in previous stress studies (Turner, 2006, 2009; Pearce et al., 2013b). While 

occludin, zona occludin 1 (ZO-1), and claudin 3 were measured in this study, our temperature 

protocol did not result in any significant changes in tight junction protein gene expression. There 

was a tendency for upregulation in ZO-1 expression in animals receiving supplement, however. 

Zona occludins are believed to regulate permeability to uncharged macromolecules in the 

intestinal tract, but the binding of claudins to zona occludins is critical for tight junction 

assembly (Raleigh et al., 2011). Evidence of the effects of artificial sweetener or capsaicin 

derivatives on tight junction protein expression and function appears to be fairly limited, but 

some research has shown that oral capsaicin induces tight junction opening (Shiobara et al., 
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2013). It could be that an upregulation in ZO-1 expression seen in animals receiving supplement 

could be a compensatory mechanism to lessen the permeability created by the addition of 

capsaicin to the diet.  

 Increased permeability of the gastrointestinal tract drastically increases the likelihood of 

translocation of bacterial endotoxins from the lumen and can increase risk of local and systemic 

inflammation. Endotoxins, or lipopolysaccharides (LPS), are constituents of the membrane in 

Gram-negative bacteria—the endotoxins interact with LPS sensitive cells, such as monocytes 

and macrophages, which mediate their pathogenicity (Galanos and Freudenberg, 1993). Binding 

of LPS to receptors on the surface of these cells triggers an intercellular cascade resulting in the 

release of pro-inflammatory cytokines and an elicitation of the innate immune response. Tsuji et 

al. (2010) demonstrated in a murine model that capsaicin inhibited tumor necrosis factor- 

(TNF-) and interleukin-1B (IL-1B) and augmented IL-10 production. Evaluation of serum IL-

1B and IL-6 levels in the animals used in this study revealed no significant differences between 

HS groups receiving supplement, and circulating levels of IL-6 were actually lower in HS groups 

on day three when compared to TN groups. Results from Webel et al. (1997) suggested that peak 

cytokine release and immune response to endotoxin exposure occurs within the first 12 hours, 

and Pearce et al. (2013b) reported a similar reduction in circulating cytokines in heat stressed 

pigs when sampling at a 24-hour time point after onset on heat. It could be that more accurate 

immune response information could have been obtained by performing more frequent blood 

sampling after initiating environmental treatment.  
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Conclusions 

 It is clear that heat stress negatively impacts pig growth performance and overall animal 

health through a variety of physiological mechanisms. The efficacy of a novel combination of 

artificial sweeteners and capsicum oleoresin was tested in its ability to partially mitigate some 

negative effects of HS. Our research shows that addition of the supplement increased pig growth 

performance by 0.12kg of gain per day across environmental treatment groups, but results 

evaluating its ability to attenuate damage to the cellular architecture of the gastrointestinal tract 

and reduce inflammatory response during HS are unclear. Further assessment of the 

effectiveness of this product in HS situations is needed to explicate its ability to maximize pig 

performance in hot climate 
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Table 2.1: Ingredients (DM basis) and composition of commercial diet. 

Items Content 

Ingredient Percent 

Corn 78.09 

SBM1 19 

Soy Oil 1 

L-Lysine-HCL 0.1 

MCP2 0.23 

Limestone 1.18 

Vitamin Mix 0.08 

Mineral Mix 0.05 

Salt 0.25 

Phytase 0.02 

Total 100 
1Soybean Meal 
2Monocalcium Phosphate 
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Table 2.2:  List of Primers used in RT-PCR for duodenal and ileal samples.
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Figure 2.1: Effects of heat stress and TakTik supplementation on daily rectal temperature in 

growing pigs. Pigs were exposed to thermal neutral conditions with and without supplementation 

(TN+/TN-; 22°C), heat stress conditions with and without supplementation (HS+/HS-; 35°C), 

and pair-feeding in thermal neutral conditions with and without supplementation (PFTN+/PFTN-

). Differences considered significant when P<0.05, n=8 per group. 

 

 
Figure 2.2: Effects of heat stress and TakTik supplementation on daily respiration rate in 

growing pigs. Pigs were exposed to thermal neutral conditions with and without supplementation 

(TN+/TN-; 22°C), heat stress conditions with and without supplementation (HS+/HS-; 35°C), 

and pair-feeding in thermal neutral conditions with and without supplementation (PFTN+/PFTN-

). Differences considered significant when P<0.05, n=8 per group.
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Figure 2.3: Effects of heat stress and TakTik supplementation on daily feed intake in growing 

pigs. Pigs were exposed to thermal neutral conditions with and without supplementation 

(TN+/TN-; 22°C), heat stress conditions with and without supplementation (HS+/HS-; 35°C), 

and pair-feeding in thermal neutral conditions with and without supplementation (PFTN+/PFTN-

). Differences considered significant when P<0.05, n=8 per group. 

 

 

 
 

Figure 2.4: Effects of heat stress and TakTik supplementation on average feed intake in 

growing pigs. Pigs were exposed to during thermal neutral conditions with and without 

supplementation (TN+/TN-; 22°C), heat stress conditions with and without supplementation 

(HS+/HS-; 35°C), and pair-feeding in thermal neutral conditions with and without 

supplementation (PFTN+/PFTN-). Differences considered significant when P<0.05, n=8 per 

group. 
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Table 2.3: Effects of heat stress and TakTik Sweet Heat supplementation on average feed intake, average daily gain, feed 

efficiency, and change in body weight in pigs. 

 
1Pigs were exposed to thermal neutral conditions with and without supplementation (TN+/TN-; 22°C), heat stress conditions with and 

without supplementation (HS+/HS-; 35°C), and pair-feeding in thermal neutral conditions with and without supplementation 

(PFTN+/PFTN). Differences considered significant when P<0.05, n=8 per group. 
2Thermal neutral 
3Heat stress 
4Pair-fed thermal neutral 
5Average Feed Intake 
6Avergae Daily Gain 
7Change in Body Weight 
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Table 2.4: Effects of heat stress and TakTik Sweet Heat supplementation on serum chemistry parameters in pigs. 

 
1All pigs were well fed in thermal neutral conditions with or without TakTik supplementation 2 days prior to onset of treatments. Baseline blood 

samples were obtained one day prior to onset of treatments. Pigs were then exposed to treatments consisting of thermal neutral conditions with ad 

libitum feed access with and without supplement (TN+/-, 22°C); heat stress conditions with ad libitum feed access with and without supplement 

(HS+/-, 35°C); or thermal neutral conditions pair-fed to HS groups with and without supplement (PFTN+/-, 22°C) for 3 days, after which Treatment 

blood samples were obtained. Significant difference at P<0.05, n=8 per group. 
2Thermal neutral 
3Heat stress 
4Pair fed thermal neutral 
5Creatine Kinase 
6Blood Urea Nitrogen 
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Table 2.5: Effects of heat stress and TakTik Sweet Heat supplementation on complete blood count in pigs. 

 
1All pigs were well fed in thermal neutral conditions with or without TakTik supplementation 2 days prior to onset of treatments. Baseline blood 

samples were obtained one day prior to onset of treatments. Pigs were then exposed to treatments consisting of thermal neutral conditions with ad 

libitum feed access with and without supplement (TN+/-, 22°C); heat stress conditions with ad libitum feed access with and without supplement 

(HS+/-, 35°C); or thermal neutral conditions pair-fed to HS groups with and without supplement (PFTN+/-, 22°C) for 3 days, after which Treatment 

blood samples were obtained. Significant difference at P<0.05, n=8 per group. 
2Thermal neutral 
3Heat stress 
4Pair fed thermal neutral 
5White Blood Cell 
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Figure 2.5: Effects of heat stress and TakTik supplementation on villus height in the ileum of 

growing pigs. Pigs were exposed to treatments consisting of thermal neutral conditions with and 

without supplementation (TN+/TN-; 22°C); heat stress conditions with and without 

supplementation (HS+/HS-; 35°C), or pair-fed in thermal neutral conditions with and without 

supplementation (PFTN+/PFTN-) for 3 days. Data represent LSmeans ± S.E.M. Differences 

considered significant when P<0.05, n=8 per group.



 62 

 
Figure 2.6: Effects of heat stress and TakTik supplementation on HSP27 gene expression in 

the duodenum of growing pigs. Pigs were exposed to treatments consisting of thermal neutral 

conditions with and without supplementation (TN+/TN-; 22°C); heat stress conditions with and 

without supplementation (HS+/HS-; 35°C), or pair-fed in thermal neutral conditions with and 

without supplement (PFTN+/PFTN-) for 3 days. HSP27 mRNA concentrations were measured at 

the end of the experiment by qRT-PCR. Data represent LSmeans ± S.E.M. Differences 

considered significant when P<0.05, n=8 per group. 

 

 
Figure 2.7: Effects of heat stress and TakTik supplementation on HSP70 gene expression in 

the duodenum of growing pigs. Pigs were exposed to treatments consisting of thermal neutral 

conditions with and without supplementation (TN+/TN-; 22°C); heat stress conditions with and 

without supplementation (HS+/HS-; 35°C), or pair-fed in thermal neutral conditions with and 

without supplement (PFTN+/PFTN-) for 3 days. HSP27 mRNA concentrations were measured at 

the end of the experiment by qRT-PCR. Data represent LSmeans ± S.E.M. Differences 

considered significant when P<0.05, n=8 per group.
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Figure 2.8: Effects of heat stress and TakTik supplementation on SGLT1 gene expression in 

the duodenum of growing pigs. Pigs were exposed to treatments consisting of thermal neutral 

conditions with and without supplementation (TN+/TN-; 22°C); heat stress conditions with and 

without supplementation (HS+/HS-; 35°C), or pair-fed in thermal neutral conditions with and 

without supplement (PFTN+/PFTN-) for 3 days. HSP27 mRNA concentrations were measured at 

the end of the experiment by qRT-PCR. Data represent LSmeans ± S.E.M. Differences 

considered significant when P<0.05, n=8 per group. 

 
Figure 2.9: Effects of heat stress and TakTik supplementation on ZO-1 gene expression in the 

duodenum of growing pigs. Pigs were exposed to treatments consisting of thermal neutral 

conditions with and without supplementation (TN+/TN-; 22°C); heat stress conditions with and 

without supplementation (HS+/HS-; 35°C), or pair-fed in thermal neutral conditions with and 

without supplement (PFTN+/PFTN-) for 3 days. HSP27 mRNA concentrations were measured at 

the end of the experiment by qRT-PCR. Data represent LSmeans ± S.E.M. Differences 

considered significant when P<0.05, n=8 per group.
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Figure 2.10: Effects of heat stress and TakTik supplementation on SGLT1 gene expression in 

the ileum of growing pigs. Pigs were exposed to treatments consisting of thermal neutral 

conditions with and without supplementation (TN+/TN-; 22°C); heat stress conditions with and 

without supplementation (HS+/HS-; 35°C), or pair-fed in thermal neutral conditions with and 

without supplement (PFTN+/PFTN-) for 3 days. HSP27 mRNA concentrations were measured at 

the end of the experiment by qRT-PCR. Data represent LSmeans ± S.E.M. Differences 

considered significant when P<0.05, n=8 per group.
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Figure 2.11: Effects of heat stress and TakTik supplementation on Claudin 3 gene expression 

in the ileum of growing pigs. Pigs were exposed to treatments consisting of thermal neutral 

conditions with and without supplementation (TN+/TN-; 22°C); heat stress conditions with and 

without supplementation (HS+/HS-; 35°C), or pair-fed in thermal neutral conditions with and 

without supplement (PFTN+/PFTN-) for 3 days. HSP27 mRNA concentrations were measured at 

the end of the experiment by qRT-PCR. Data represent LSmeans ± S.E.M. Differences 

considered significant when P<0.05, n=8 per group.
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Figure 2.12: Effects of heat stress and TakTik supplementation on serum insulin 

concentrations before and after treatment in growing pigs. Pigs were exposed to treatments 

consisting of thermal neutral conditions with and without supplementation (TN+/TN-; 22°C); 

heat stress conditions with and without supplementation (HS+/HS-; 35°C), or pair-fed in thermal 

neutral conditions with and without supplementation (PFTN+/PFTN-) for 3 days. Data represent 

LSmeans ± S.E.M. Differences considered significant when P<0.05, n=8 per group. 

 

 
Figure 2.13: Effects of heat stress and TakTik supplementation on insulin sensitivity before 

and after treatment in growing pigs. Pigs were started on supplement 2 days prior to onset of 

heat; pigs were then exposed to treatments consisting of thermal neutral conditions with and 

without supplementation (TN+/TN-; 22°C); heat stress conditions with and without 

supplementation (HS+/HS-; 35°C), or pair-fed in thermal neutral conditions with and without 

supplement (PFTN+/PFTN-) for 3 days. Data represent LSmeans ± S.E.M. Differences 

considered significant when P<0.05, n=8 per group.
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Appendix 
 

 
Figure A-2.1: Effects of heat stress and TakTik supplementation on average daily gain in 

growing pigs. Pigs were exposed thermal neutral conditions with and without supplementation 

(TN+/TN-; 22°C), heat stress conditions with and without supplementation (HS+/HS-; 35°C), 

and pair-feeding in thermal neutral conditions with and without supplementation (PFTN+/PFTN-

). TN+ n=8, TN- n=8, PFTN+ n=8, PFTN- n=8, HS+ n=8, HS- n=8. Differences considered 

significant when P<0.05. 

 

 
Figure A-2.2: Effects of heat stress and TakTik supplementation on gain to feed ratio in 

growing pigs. Pigs were exposed during thermal neutral conditions with and without 

supplementation (TN+/TN-; 22°C), heat stress conditions with and without supplementation 

(HS+/HS-; 35°C), and pair-feeding in thermal neutral conditions with and without 

supplementation (PFTN+/PFTN-). TN+ n=8, TN- n=8, PFTN+ n=8, PFTN- n=8, HS+ n=8, HS- 

n=8. Differences considered significant when P<0.05. 
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Figure A-2.3: Effects of heat stress and TakTik supplementation on average rectal in growing 

pigs. Pigs were exposed thermal neutral conditions with and without supplementation (TN+/TN-; 

22°C), heat stress conditions with and without supplementation (HS+/HS-; 35°C), and pair-

feeding in thermal neutral conditions with and without supplementation (PFTN+/PFTN-). TN+ 

n=8, TN- n=8, PFTN+ n=8, PFTN- n=8, HS+ n=8, HS- n=8. Differences considered significant 

when P<0.05. 

 
 

Figure A-2.4: Effects of heat stress and TakTik supplementation on average respiration rate in 

growing pigs. Pigs were exposed thermal neutral conditions with and without supplementation 

(TN+/TN-; 22°C), heat stress conditions with and without supplementation (HS+/HS-; 35°C), 

and pair-feeding in thermal neutral conditions with and without supplementation (PFTN+/PFTN-

). TN+ n=8, TN- n=8, PFTN+ n=8, PFTN- n=8, HS+ n=8, HS- n=8. Differences considered 

significant when P<0.05. 
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Figure A-2.5: Effects of heat stress and TakTik supplementation on change in body weight in 

growing pigs. Pigs were exposed thermal neutral conditions with and without supplementation 

(TN+/TN-; 22°C), heat stress conditions with and without supplementation (HS+/HS-; 35°C), 

and pair-feeding in thermal neutral conditions with and without supplementation (PFTN+/PFTN-

). TN+ n=8, TN- n=8, PFTN+ n=8, PFTN- n=8, HS+ n=8, HS- n=8. Differences considered 

significant when P<0.05. 
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Table A-2.1: Effects of heat stress and TakTik Sweet Heat supplementation on serum chemistry parameters in pigs. 
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1All pigs were well fed in thermal neutral conditions with or without TakTik supplementation 2 days prior to onset of treatments. Baseline blood 

samples were obtained one day prior to onset of treatments. Pigs were then exposed to treatments consisting of thermal neutral conditions with ad 

libitum feed access with and without supplement (TN+/-, 22°C); heat stress conditions with ad libitum feed access with and without supplement 

(HS+/-, 35°C); or thermal neutral conditions pair-fed to HS groups with and without supplement (PFTN+/-, 22°C) for 3 days, after which Treatment 

blood samples were obtained. Significant difference at P<0.05. TN+ n=8, TN- n=8, PFTN+ n=8, PFTN- n=8, HS+ n=8, HS- n=8. 
2Thermal neutral 
3Heat stress 
4Pair fed thermal neutral 
5Blood Urea Nitrogen 
6Aspartate Aminotransferase 
7Gamma-Glutamyl Transferase 
8Creatine Kinase 
9Carbon Dioxide
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Table A2.2: Effects of heat stress and TakTik Sweet Heat supplementation on complete blood count in pigs. 

 
1All pigs were well fed in thermal neutral conditions with or without TakTik supplementation 2 days prior to onset of treatments. Baseline blood 

samples were obtained one day prior to onset of treatments. Pigs were then exposed to treatments consisting of thermal neutral conditions with ad 

libitum feed access with and without supplement (TN+/-, 22°C); heat stress conditions with ad libitum feed access with and without supplement 

(HS+/-, 35°C); or thermal neutral conditions pair-fed to HS groups with and without supplement (PFTN+/-, 22°C) for 3 days, after which Treatment 

blood samples were obtained. Significant difference at P<0.05. TN+ n=8, TN- n=8, PFTN+ n=8, PFTN- n=8, HS+ n=8, HS- n=8. 
2Thermal neutral 
3Heat stress 
4Pair fed thermal neutral 
5Red Blood Cell Count 
6White Blood Cell
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Figure A-2.6: Effects of heat stress and TakTik supplementation on villus height in the (A) 

duodenum and (B) colon. Pigs were exposed to treatments consisting of thermal neutral 

conditions with and without supplementation (TN+/TN-; 22°C); heat stress conditions with and 

without supplementation (HS+/HS-; 35°C), or pair-fed in thermal neutral conditions with and 

without supplementation (PFTN+/PFTN-) for 3 days. Data represent LSmeans ± S.E.M. TN+ 

n=8, TN- n=8, PFTN+ n=8, PFTN- n=8, HS+ n=8, HS- n=8. Differences considered significant 

when P<0.05. 

A 

B 



 87 

 

 

 
 

Figure A-2.7: Effects of heat stress and TakTik supplementation on crypt cell depth in the (A) 

duodenum, (B) ileum, and (C) colon. Pigs were exposed to treatments consisting of thermal 

neutral conditions with and without supplementation (TN+/TN-; 22°C); heat stress conditions 

with and without supplementation (HS+/HS-; 35°C), or pair-fed in thermal neutral conditions 

with and without supplementation (PFTN+/PFTN-) for 3 days. Data represent LSmeans ± S.E.M. 

TN+ n=8, TN- n=8, PFTN+ n=8, PFTN- n=8, HS+ n=8, HS- n=8. Differences considered 

significant when P<0.05. 

A 

B 

C 
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Figure A-2.8: Effects of heat stress and TakTik supplementation on HSP27 gene expression in 

the ileum. Pigs were exposed to treatments consisting of thermal neutral conditions with and 

without supplementation (TN+/TN-; 22°C); heat stress conditions with and without 

supplementation (HS+/HS-; 35°C), or pair-fed in thermal neutral conditions with and without 

supplementation (PFTN+/PFTN-) for 3 days. HSP27 mRNA abundance was measured at the end 

of the experiment by qRT-PCR. Data represent LSmeans ± S.E.M. TN+ n=8, TN- n=8, PFTN+ 

n=8, PFTN- n=8, HS+ n=8, HS- n=8. Differences considered significant when P<0.05. 

 

 
 

Figure A-2.9: Effects of heat stress and TakTik supplementation on HSP70 gene expression in 

the ileum. Pigs were exposed to treatments consisting of thermal neutral conditions with and 

without supplementation (TN+/TN-; 22°C); heat stress conditions with and without 

supplementation (HS+/HS-; 35°C), or pair-fed in thermal neutral conditions with and without 

supplementation (PFTN+/PFTN-) for 3 days. HSP70 mRNA abundance was measured at the end 

of the experiment by qRT-PCR. Data represent LSmeans ± S.E.M. TN+ n=8, TN- n=8, PFTN+ 

n=8, PFTN- n=8, HS+ n=8, HS- n=8. Differences considered significant when P<0.05. 
 

A 
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Figure A-2.10: Effects of heat stress and TakTik supplementation on HSP90 gene expression 

in the duodenum. Pigs were exposed to treatments consisting of thermal neutral conditions with 

and without supplementation (TN+/TN-; 22°C); heat stress conditions with and without 

supplementation (HS+/HS-; 35°C), or pair-fed in thermal neutral conditions with and without 

supplementation (PFTN+/PFTN-) for 3 days. HSP90 mRNA abundance was measured at the end 

of the experiment by qRT-PCR. Data represent LSmeans ± S.E.M. TN+ n=8, TN- n=8, PFTN+ 

n=8, PFTN- n=8, HS+ n=8, HS- n=8. Differences considered significant when P<0.05.  

 

 
Figure A-2.11: Effects of heat stress and TakTik supplementation on HSP90 gene expression 

in the ileum. Pigs were exposed to treatments consisting of thermal neutral conditions with and 

without supplementation (TN+/TN-; 22°C); heat stress conditions with and without 

supplementation (HS+/HS-; 35°C), or pair-fed in thermal neutral conditions with and without 

supplementation (PFTN+/PFTN-) for 3 days. HSP90 mRNA abundance was measured at the end 

of the experiment by qRT-PCR. Data represent LSmeans ± S.E.M. TN+ n=8, TN- n=8, PFTN+ 

n=8, PFTN- n=8, HS+ n=8, HS- n=8. Differences considered significant when P<0.05. 
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Figure A-2.12: Effects of heat stress and TakTik supplementation on GLUT2 gene expression 

in the duodenum. Pigs were exposed to treatments consisting of thermal neutral conditions with 

and without supplementation (TN+/TN-; 22°C); heat stress conditions with and without 

supplementation (HS+/HS-; 35°C), or pair-fed in thermal neutral conditions with and without 

supplementation (PFTN+/PFTN-) for 3 days. GLUT2 mRNA abundance was measured at the 

end of the experiment by qRT-PCR. Data represent LSmeans ± S.E.M. TN+ n=8, TN- n=8, 

PFTN+ n=8, PFTN- n=8, HS+ n=8, HS- n=8. Differences considered significant when P<0.05. 
 

 
 

Figure A-2.13: Effects of heat stress and TakTik supplementation on GLUT2 gene expression 

in the ileum. Pigs were exposed to treatments consisting of thermal neutral conditions with and 

without supplementation (TN+/TN-; 22°C); heat stress conditions with and without 

supplementation (HS+/HS-; 35°C), or pair-fed in thermal neutral conditions with and without 

supplementation (PFTN+/PFTN-) for 3 days. GLUT2 mRNA abundance was measured at the 

end of the experiment by qRT-PCR. Data represent LSmeans ± S.E.M. TN+ n=8, TN- n=8, 

PFTN+ n=8, PFTN- n=8, HS+ n=8, HS- n=8. Differences considered significant when P<0.05. 
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Figure A-2.14: Effects of heat stress and TakTik supplementation on Occludin gene 

expression in the duodenum. Pigs were exposed to treatments consisting of thermal neutral 

conditions with and without supplementation (TN+/TN-; 22°C); heat stress conditions with and 

without supplementation (HS+/HS-; 35°C), or pair-fed in thermal neutral conditions with and 

without supplementation (PFTN+/PFTN-) for 3 days. Occludin mRNA abundance was measured 

at the end of the experiment by qRT-PCR. Data represent LSmeans ± S.E.M. TN+ n=8, TN- 

n=8, PFTN+ n=8, PFTN- n=8, HS+ n=8, HS- n=8. Differences considered significant when 

P<0.05. 

 
 

Figure A-2.15: Effects of heat stress and TakTik supplementation on Occludin gene 

expression in the ileum. Pigs were exposed to treatments consisting of thermal neutral conditions 

with and without supplementation (TN+/TN-; 22°C); heat stress conditions with and without 

supplementation (HS+/HS-; 35°C), or pair-fed in thermal neutral conditions with and without 

supplementation (PFTN+/PFTN-) for 3 days. Occludin mRNA abundance was measured at the 

end of the experiment by qRT-PCR. Data represent LSmeans ± S.E.M. TN+ n=8, TN- n=8, 

PFTN+ n=8, PFTN- n=8, HS+ n=8, HS- n=8. Differences considered significant when P<0.05. 
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Figure A-2.16: Effects of heat stress and TakTik supplementation on Claudin 3 gene 

expression in the duodenum. Pigs were exposed to treatments consisting of thermal neutral 

conditions with and without supplementation (TN+/TN-; 22°C); heat stress conditions with and 

without supplementation (HS+/HS-; 35°C), or pair-fed in thermal neutral conditions with and 

without supplementation (PFTN+/PFTN-) for 3 days. Claudin 3 mRNA abundance was 

measured at the end of the experiment by qRT-PCR. Data represent LSmeans ± S.E.M. TN+ 

n=8, TN- n=8, PFTN+ n=8, PFTN- n=8, HS+ n=8, HS- n=8. Differences considered significant 

when P<0.05. 

 
Figure A-2.17: Effects of heat stress and TakTik supplementation on ZO-1 gene expression in 

the ileum. Pigs were exposed to treatments consisting of thermal neutral conditions with and 

without supplementation (TN+/TN-; 22°C); heat stress conditions with and without 

supplementation (HS+/HS-; 35°C), or pair-fed in thermal neutral conditions with and without 

supplementation (PFTN+/PFTN-) for 3 days. ZO1 mRNA abundance was measured at the end of 

the experiment by qRT-PCR. Data represent LSmeans ± S.E.M. TN+ n=8, TN- n=8, PFTN+ 

n=8, PFTN- n=8, HS+ n=8, HS- n=8. Differences considered significant when P<0.05. 
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Figure A-2.18: Effects of heat stress and TakTik supplementation on serum IL-1B 

concentrations before and after treatment. Pigs were exposed to treatments consisting of thermal 

neutral conditions with and without supplementation (TN+/TN-; 22°C); heat stress conditions 

with and without supplementation (HS+/HS-; 35°C), or pair-fed in thermal neutral conditions 

with and without supplementation (PFTN+/PFTN-) for 3 days. Data represent LSmeans ± S.E.M. 

TN+ n=8, TN- n=8, PFTN+ n=8, PFTN- n=8, HS+ n=8, HS- n=8. Differences considered 

significant when P<0.05. 

 

 
 

Figure A-2.19: Effects of heat stress and TakTik supplementation on serum IL-6 

concentrations before and after treatment. Pigs were exposed to treatments consisting of thermal 

neutral conditions with and without supplementation (TN+/TN-; 22°C); heat stress conditions 

with and without supplementation (HS+/HS-; 35°C), or pair-fed in thermal neutral conditions 

with and without supplementation (PFTN+/PFTN-) for 3 days. Data represent LSmeans ± S.E.M. 

TN+ n=8, TN- n=8, PFTN+ n=8, PFTN- n=8, HS+ n=8, HS- n=8. Differences considered 

significant when P<0.05. 
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