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ABSTRACT 

 
Early weaning is a stressful process that causes systemic inflammation, impaired gut 

function, and reduced growth in pigs. In a previous study, we found that treatment 

with a glucocorticoid receptor agonist (GRA) reduced inflammation and improved 

growth performance immediately following weaning. Therefore, a series of 

experiments were conducted to further explore the mechanisms of GRA action, effect 

on wean-to-finish growth performance, and the best method for GRA treatment. For 

experiments 1 and 2 a total of 209 piglets (BW 7.64 ± 1.33)  were weaned at 26.0 ± 

1.7 days of age and randomly assigned to 8 treatment groups based on a 2×2×2 

factorial arrangement with GRA (+ vs. -), sub-therapeutic antibiotics (ANT) (+ vs. -), 

and sex (gilt vs. barrow) as the main factors. Pigs in GRA+ groups received 0.2mg/kg 

body weight (BW) Dexamethasone (DEX) 24 hours prior to and 72 hours post-

weaning. Pigs in ANT+ groups received 110 mg/kg in-feed Tylosin for the first 7 days 

post-weaning. All pigs were fed a typical corn-SBM based diet according to a phase 

feeding program. Titanium dioxide was included in the first 3 phases of diet. Serial 

blood collections were performed during the first 7 days following weaning for 

complete blood cell count (CBC) and blood chemistry analysis. On days 1, 3, and 5 

post-weaning a total of 115 pigs were euthanized and segments of the jejunum were 

collected for morphological, enzyme, and heat-shock protein 70 (HSP-70) analysis. 

Ileal digesta was also collected from euthanized pigs to determine apparent ileal 

digestibility (AID) of dietary crude protein (CP). Fecal samples were collected weekly 

until day 28 post-weaning to determine apparent total tract digestibility (ATTD) of 

dietary gross energy (GE). Relative to weaning (day 0) body weight (BW) and feed 

intake were measured daily from day 0 to 7, weekly from day 7 to 28, and then every 

1-3 weeks from day 28 to 126 post-weaning. For CBC analysis GRA treatment 

reduced WBC (17.5 vs. 14.7 ± 0.73 K/μl; P < 0.01) and platelet (857.7 vs. 727.8 ± 

47.37 K/μl; P = 0.05). Plasma protein levels were lower in (GRA+, ANT-) pigs 

relative to control (5.0 vs. 5.9 ± 0.14 g/dL; P < 0.01). Treatment with GRA, not ANT, 

lowered blood urea nitrogen (BUN) (5.82 vs. 7.63 ± 0.61 mg/dL; P < 0.05) and 
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creatinine (1.11 vs. 1.23 ± 0.04 mg/dL; P < 0.02). Villus height was reduced by GRA 

treatment (0.24 vs. 0.27 ± 0.01 mm; P < 0.01) but villus density was increased in 

(GRA+, ANT-) relative to control (9.72 vs. 8.89 ± 0.23 villi/mm; P < 0.01). The 

abundance of HSP-70 and maltase glucoamylase was increased in (GRA+, ANT-) 

gilts and barrows relative to control gilts and barrows on day 5 post-weaning (P < 

0.01). The overall ATTD of GE was increased by GRA+ relative to GRA- (0.63 vs. 

0.57 ± 0.01; P < 0.01) but was not affected by ANT (P = 0.86). Relative to control, the 

AID of CP was higher in all other treatment groups on day 1, but only in GRA+ pigs 

remained consistently higher than the control group at days 1, 3, and 5. All  groups 

had higher ADG and BW during the first 28 days post-weaning(i.e., starter phase) 

relative to control (P < 0.01). Gain-to-feed ratio (G: F) was improved by treatments 

relative to control during the first 2 weeks post-weaning but not weeks 3 and 4. There 

was no impact of treatment on ADG and G: F during the grow-to-finish phase (day 49-

126 post-weaning). However, overall BW was increased by GRA+ relative to GRA- 

(63.7 vs. 61.4 ± 2.76 kg; P = 0.01) and ANT+ relative to ANT- (63.4 vs. 61.7 ± 2.75 

kg; P = 0.04) during the grow-to-finish phase. For experiment 3 a total of 167 piglets 

(BW 7.35 ± 1.24) were weaned at 25.0 ± 0.81 days of age and randomly assigned to 

14 treatment groups based on a 2×7 factorial arrangement with sex (gilt vs. barrows) 

and treatment as the factors. The treatments were as follows: 110 ppm in-feed tylosin 

(ANT), 0.2 mg/kg BW i.m. DEX (IM), 2.5ppm in-feed DEX (LF), 5ppm in-feed DEX 

(HF), 0.8ppm in-water DEX (LW), 1.6ppm in-water DEX (HW), and no treatment 

control (CON). Relative to weaning (day 0), BW and feed intake were measured daily 

from d 0-7 and weekly from day 7-21. All groups, with the exception of HW gilts, had 

higher ADG than control gilts and barrows. While all treatment groups had higher G: 

F than CON, the groups with the highest G: F relative to CON were ANT, IM, and LF 

(0.78, 0.66, 0.63 vs 0.37 ± 0.05 respectively, P < 0.01). These results suggest that 

GRA improves growth by improving apparent nutrient digestibility and reducing the 

loss of nutrient availability for growth caused by inflammation. Additionally, it seems 

the advantage in BW acquired from GRA treatment during the first few weeks of 

weaning is maintained through 126 days post-weaning and is comparable to sub-
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therapeutic antibiotics. Finally, in-feed GRA delivery methods are just as effective at 

improving growth performance during weaning as i.m. GRA and ANT.  These results 

indicate that GRA treatment, administered intramuscularly or in-feed, can be used as 

an alternative to in-feed sub-therapeutic antibiotics.  

 

Keywords: Pig, glucocorticoid receptor agonist, antibiotics, inflammation, 

digestibility, growth  
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CHAPTER I 

INTRODUCTION 

Weaning is the most stressful phase of production for pigs. In nature, maternal 

separation and the transition from a suckling diet occur gradually in a process that occurs 

across 12 weeks (Jensen and Recen, 1989). However, in order to improve sow 

productivity and biosecurity, producers typically wean piglets abruptly around 18 to 28 

days of age. This process, referred to as early weaning, exposes piglets to multiple 

environmental, nutritional, and immunological stressors during an important stage of gut 

and immune system development (Campbell et al., 2013; Moeser et al., 2017). Therefore, 

early weaned piglets often experience hyper-elevated inflammatory responses, intestinal 

dysfunction, and reduced growth performance (Pié et al., 2004; Wooten et al., 2019). In 

addition to the immediate post weaning effects, these piglets may also experience 

lifelong sensitivity to stress and inflammatory challenges (Nishi et al., 2013; Conrad et 

al., 2015b; Moeser et al., 2017). Furthermore, the reduced growth of pigs during this first 

week post weaning significantly affects how long it takes those pigs to reach market 

weight, which has negative economic consequences (Tokach et al., 1992; Schinckel et 

al., 2009). Until recently, in-feed sub-therapeutic antibiotics were commonly used to 

promote growth during weaning. However, this strategy may cause the production of 

antibiotic resistant bacteria, leading to growing concerns within the swine industry 

(Gresse et al., 2017; Zeineldin et al., 2019). As such, a demand for alternatives, which 

improve post weaning growth without risking antibiotic resistance, have arisen.  

 The effectiveness of sub-therapeutic antibiotics is partially due to their ability to 

reduce inflammation.   Thus, another anti-inflammatory may confer similar benefits 

(Niewold, 2013). Synthetic glucocorticoids receptor agonists (GRA), such as 

dexamethasone (DEX), have potent anti-inflammatory effects that could potentially 

subside hyperinflammation during weaning (Goodman, 2009). Indeed, previous research 

utilizing a GRA on early weaned pigs resulted in, not only a reduction in systemic 

inflammation, but also an improvement in growth performance (Wooten et al., 2019). 
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However, further information is needed to fully confirm the efficacy of GRAs as 

alternatives to sub-therapeutic antibiotics.  

 To better understand the mechanism of action behind GRA’s effects, as well as 

GRA’s viability as an alternative to sub-therapeutic antibiotics, three experiments were 

conducted.  The first experiment evaluated the impact of GRA and sub-therapeutic 

antibiotic treatment on measures of gut morphology, digestive capacity, and immune 

function of early weaned pigs during the first week post weaning. The second experiment 

determined the longevity of GRA’s positive effects on growth performance in pigs from 

wean to finish, as compared to sub-therapeutic antibiotics. Finally, the third experiment 

compared multiple methods of GRA delivery during weaning to establish the most 

effective route of administration, an important practical consideration for GRA use as an 

alternative to sub-therapeutic antibiotics.  
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CHAPTER II 

LITERATURE REVIEW 

Introduction 

In swine production, piglets are typically early weaned around 18 to 28 days of 

age. While this strategy helps producers to increase sow productivity and prevent vertical 

transmission of disease, it also exposes underdeveloped piglets to environmental, 

nutritional, and immunological stressors (Campbell et al., 2013). As a result, early 

weaned piglets experience gut barrier dysfunction, reduced digestive capacity, and an 

elevated level of local and systemic inflammation (Pié et al., 2004; Moeser et al., 2007a). 

These effects culminate in an abrupt drop in growth performance known as the post 

weaning growth lag (PWGL). Furthermore, evidence suggests that inflammation and gut 

dysfunction during early weaning results in lifelong hyper-reactivity to stress and 

immune challenges (Conrad et al., 2015b; Moeser et al., 2017). Historically, high quality 

starter diets and in-feed sub-therapeutic antibiotics have been used to help mitigate the 

effects of weaning stress. However, the extent to which starter diets can be enhanced is 

limited by cost, and sub-therapeutic antibiotics are being phased out due to the risk of 

creating antibiotic resistant bacteria. The removal of sub-therapeutic antibiotics during 

early weaning results in greater growth losses post weaning, creating a need for an 

alternative strategy that confers similar benefits. Similar to antibiotics, glucocorticoids 

and their agonists reduce inflammation, albeit through different mechanisms (Niewold, 

2018). Recent research has suggested that, by reducing systemic inflammation, synthetic 

glucocorticoid receptor agonists (GRA)s are effective in improving post weaning growth 

and health (Wooten et al., 2019). However, more research is warranted before GRAs can 

be declared a suitable alternative to sub-therapeutic antibiotics.    

Early weaning in pigs  

For pigs, natural weaning can take as long as 12 weeks (Jensen and Recen, 1989) 

and is a gradual transition in both diet and maternal separation. This natural weaning is a 

stark contrast to weaning in the production industry, where piglets are weaned early at 
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roughly18-28 days of age. Unlike natural weaning, the social and dietary changes these 

piglets experience are abrupt and absolute. As such, early weaning is recognized as the 

most stressful period of life for pigs in a production setting. Despite this stress, weaning 

at 18-28 days of age is advantageous for producers, because it allows the sow to undergo 

complete uterine involution and be rebred in the quickest amount of time (Kiracofe, 

1980). Removing piglets and re-breeding sows as soon as they are physiologically ready 

increases sow productivity in terms of litters produced per year. Additionally, this time 

window provides biosecurity benefits by minimizing the vertical transmission of disease, 

as the passive immunity piglets acquired from maternal antibodies during suckling starts 

to fade after roughly 21 days of age (Fangman and Roderick, 1999; Williams, 2003). 

However, despite advantages for sow productivity and biosecurity, piglets are still 

exposed to an array of diverse and overlapping stresses during early weaning that result 

in the PWGL (Campbell et al., 2013). For the purposes of simplicity, these stresses can 

be grouped into three categories: environmental stress, nutritional stress, and 

immunological stress.  

Environmental stress 

A typical early weaning scenario involves removing piglets from the sow, mixing 

them with non-littermates, transporting them to a new location, and moving them into 

new housing. Each facet of this process is a source of psychological and eventually 

physiological stress for the piglets. Of the more social types of environmental stress, such 

as maternal separation and piglet mixing, mixing is particularly impactful. Pigs are 

intelligent and socially complex animals who are fully capable of distinguishing between 

and remembering pigs within their social or familial group (Souza et al., 2006). As such, 

a sudden change in social dynamics elevates physiological stress markers, like salivary 

cortisol, and increases the risk for physical injury due to aggressive behaviors (Hötzel et 

al., 2011; Colson et al., 2012). Transporting pigs also causes acute stress post weaning 

(Sutherland et al., 2014). Because the vertical transmission of disease is a serious 

biosecurity concern, piglets are usually removed from the farrowing facility and 

transported to a nursery in another location post weaning. Much like piglet mixing, this 
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process often results in behavioral changes and increased levels of the stress hormone, 

cortisol (Sutherland et al., 2014). However, the severity of that stress is reliant on factors 

such as the length of trip, space allocation on the trailer, availability of feed/water, and 

weather conditions. Beyond the stress of transportation and shifts in social dynamics, 

underlying stress associated with new housing also exists. This stress stems from changes 

to major aspects of the piglet’s surroundings, such as flooring, space allocation, 

temperature and even human handlers. In comparison to social and transport stresses, the 

hormonal stress response to new housing has a slower onset, but is longer lasting (Colson 

et al., 2012).  

Nutritional stress 

The change in diet that accompanies weaning is also a significant source of stress 

for piglets. The first, most noticeable change is that the composition and consistency of 

the starter diet fed to weaned piglets is dramatically different from what they consumed 

during the suckling period. During suckling, piglets have access to a warm liquid diet 

that, in addition to being provided in close proximity to the sow and litter mates, is 

composed of easily digestible proteins and carbohydrates, such as casein and lactose 

(Klobasa et al., 1987). Conversely, starter diets are solid and contain a high level of 

nutrients sourced from plants that are less digestible.   

The lower digestibility of plant-based ingredients is attributed to a combination of 

the piglet’s inability to produce sufficient levels of the required digestive enzymes, as 

well as the presence of certain anti-nutritional factors found in plants. As mentioned, 

piglets do not naturally wean from the sow until much later than 3 weeks of age. Because 

of this, endogenous enzyme production in piglets around the time of early weaning is 

evolutionarily programmed to facilitate the digestion of the nutrients found in milk, not 

plants. For example, the enzyme pepsin is necessary for the digestion of dietary protein 

found in plants. However, the chief cells in the stomach of 3-week-old piglets do not 

produce enough HCl to lower pH such that it is capable of activating pepsin (Foltmann et 

al., 1981). Instead, the higher pH in the stomach of young piglets supports the activity of 

the enzyme chymosin (also called renin) which specifically destabilizes milk protein 
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(casein). Similarly, the activity of lactase, which digests the primary carbohydrate in 

milk, is much higher in young piglets at 3 weeks of age than the activity of enzymes such 

as sucrase, which digest carbohydrates from plant sources (Manners and Stevens, 1972; 

DeRouchey et al., 2010). Along with these enzymatic reasons, the digestibility of starter 

diets is further compromised by the presence of anti-nutritional factors. Anti-nutritional 

factors (ANF) are, as their name implies, components in certain feed stuffs that can lower 

the digestibility or availability of valuable nutrients through a variety of methods. These 

methods can include increasing diarrhea, inhibiting enzymatic activity, eliciting an 

inflammatory response, and damaging intestinal morphology. Common ANFs that can 

sometimes be present in piglet diets are listed, along with their effects, in Table 2.1.  

Producers do attempt to ease the transition to the starter diet by including a percentage of 

more expensive and higher quality animal-based ingredients in starter diets. However, in 

order to meet the nutritional requirements of the pigs without overspending, producers 

must still include a large percentage of cheaper plant-based ingredients. 
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Table 2.1 Common anti-nutritional factors in piglet starter diets and their effects  

Antinutritional 

factor  
Broad definition Commonly found in  Potential impact on pig health Source 

Protease 

inhibitors 

Compounds that inhibit the activity 

of host proteolytic enzymes 
Legumes and cereal grains Limits the digestibility of dietary protein  (Li et al., 1998) 

Gossypol 
Phenolic compound produced by 

pigment glands in cotton plants 
Cottonseed meal 

Anorexia 

(Gadelha et al., 2014) 
Fluid accumulation in lungs, liver and 

spleen 

respiratory and cardiac distress 

Non-starch 

polysaccharides 

(NSP) 

Complex carbohydrates that 

contain B glycolytic bonds in their 

structure and cannot be digested by 

host enzymes 

All plant feedstuffs (are 

often components of cell 

wall) 

Increases endogenous loss 

(Pluske et al., 2001; Wellock 

et al., 2008; Choct et al., 

2010) 

 can increase digesta viscosity and cause 

diarrhea 

Damages epithelial layer of intestine 

Mycotoxins 
Toxic secondary metabolites of 

mold and fungi 

Can occur in most 

feedstuffs but most 

prevalent in Cereal grains 

Anorexia, reduced growth 
(Andretta et al., 2012; 

Pereira et al., 2019) Liver damage, diarrhea, skin and oral 

lesions 

Phytic acid 

(Phytate) 

Storage form of phosphorus in 

plant seeds.  Cannot be digested by 

pigs 

Plant derived feedstuffs that 

contain phosphorus 

Interferes with digestibility of nutrients  

(Humer et al., 2015) 

Has negative environmental implications 

Tannins 
Phenolic compounds that bind to 

amino acids and proteins 

Sorghum, barley, fava 

beans 
Reduces protein digestion 

(Gabert et al., 2000; Stein et 

al., 2013) 

Lectins 

proteins/glycoproteins that 

reversibly bind to certain 

carbohydrates  

Various bean species 

Bind to and damage enterocytes  
(Vasconcelos and Oliveira, 

2004; Kluess et al., 2007) 
Reduce digestive capacity of gut 
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Immunological stress 

The immunological stresses that piglets face during weaning are derived, in large 

part, from the previously described environmental and dietary stressors. To better 

understand how the environment impacts immunological stress, one must consider that 

each unique location to which piglets are exposed is unique, not only in its physical 

markers, but also its microbial population. Additionally, the intestinal tract of each 

individual pig houses a unique commensal population of microbes, whose balance is 

monitored and maintained by the intestinal immune system (Silva et al., 2015). This 

commensal population is shaped in part by the environment in which the piglet spends its 

first weeks of life. When pigs are exposed to the microbial load of their new post 

weaning environment, their own gastrointestinal tract (GIT) population shifts (Gresse et 

al., 2017). This shift leads to a transition period in which the intestinal immune system 

must learn to tolerate what will be the new, normal population of microbes. As such, the 

temporary state of dysbiosis, or disturbance, in the interspecies balance of microbes, is 

often accompanied by inflammation and/or diarrhea (Silva et al., 2015; Lazar et al., 

2018). Dietary stress also contributes to dysbiosis, as all diets contain their own microbial 

load. Furthermore, the intestinal immune system must also develop tolerance to the new 

components of the diet, which also causes immunological stress. For example, soybean 

meal is commonly used as a feedstuff for pigs, because it is good source of energy and 

growth-limiting amino acids (Stein et al., 2013). Despite these potential benefits, young 

pigs initially have an allergenic response to the major storage proteins in soybeans 

(glycinin and β-conglycinin) when they are first introduced (Sun et al., 2008). Therefore, 

when soybean meal is included in starter diets (which it usually is), it further intensifies 

the level of inflammation during weaning. 

Physiological effects of early weaning  

The stress response 

Among livestock animals, pigs are particularly susceptible to stress, with higher 

levels of reactivity to novel stressors compared to other species (Mormède et al., 2007). 
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As such, piglets have a strong physiological response to weaning that starts rapidly as 

weaning begins. Maternal separation, piglet mixing, and relocation are mental stimuli 

which, through neural signaling, can trigger the sympathetic nervous system to start the 

stress response. This process involves the activation of the hypothalamic pituitary adrenal 

(HPA) axis and the release of glucocorticoids (namely cortisol) and glucocorticoid 

intermediates, like corticotropin releasing factor (CRF) (Schimmer and Funder, 2011). 

These compounds make energy readily available for a “fight or flight” response. In 

weaned pigs this response includes shifting metabolism towards catabolism in skeletal 

tissue, upregulating gluconeogenesis, suppressing the immune response, and reducing 

appetite (Mormède et al., 2007; Maniam et al., 2014). Shifting metabolism and 

upregulating gluconeogenesis increase the level of available energy, while suppressing 

the immune response conserves the energy that would have been used to mount or 

recover from an inflammatory event. Reducing appetite also conserves energy because 

the energetic cost of digesting, absorbing and utilizing consumed nutrients is high.  

GIT health and inflammation 

After discussing the anti-inflammatory effects of the stress response, it may seem 

contradictory to then claim that weaning is accompanied by inflammation. However, 

while the hormones associated with the stress response do not directly cause high levels 

of inflammation, they do impact other aspects of physiology that leave the host more 

vulnerable to inflammatory instigators. One such vulnerability is an increase in intestinal 

permeability, which is the ease with which antigens and other non-desired compounds 

can pass across the epithelial layer of the intestine. For example, increased CRF and 

glucocorticoid receptor (GR) activity in the intestine during weaning leads to increased 

permeability (Meddings and Swain, 2000; Moeser et al., 2007a), which primarily occurs 

through the downregulation of transmembrane and structural proteins in the tight junction 

complex. Tight junction complexes are the most apically located of several protein 

complexes that hold enterocytes tightly together and prevent passage of luminal materials 

through the paracellular space (Schneeberger and Lynch, 2004). Under normal 

circumstances, the increases in intestinal permeability caused by acute stress may not 
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result in excessive levels of local or systemic inflammation. After all, the gastrointestinal 

tract (GIT) serves as the largest immune organ in the body and is constantly monitoring 

luminal contents and defending against any potential threats. However, weaning is unique 

in that piglets are also coping with dietary and environmental changes that put increasing 

levels of inflammatory pressure on a weakened GIT. As mentioned previously, these 

pressures can come in the form of dietary components for which the piglets have yet to 

acquire oral tolerance, and in the form of a new microbial load from the environment and 

the diet. Furthermore, ANF in the diet further increase intestinal permeability by directly 

harming the gut epithelium, leading to diarrhea and anorexia (Table 2.1).  

Once the epithelial barrier is breached by non-desirable luminal components (i.e 

antigens, allergens, mycotoxins), it triggers a cascade of immunological events in the 

lamina propria, which underlies the epithelial layer and where various immune cells are 

either free floating or congregated into specialized lymphoid follicles (Burkey et al., 

2009). The first cells that then interact with the invader are typically phagocytic cells that 

swallow the antigen and perform one or all of the following functions: destroy the 

invader with cytotoxic granules, release messenger peptides to facilitate the recruitment 

of other immune cells, and/or present a piece of the invader to another immune cell. 

These functions, particularly the release of messenger peptides called cytokines, 

influence GIT physiology and cause the problems typically associated with disease and 

inflammation. These problems include down regulating important tight junction proteins 

and impairing the sodium channels that control intestinal water absorption. Both of these 

consequences then further exacerbate intestinal permeability and contribute to post 

weaning diarrhea (Wenzl, 2012). The effects of inflammation on intestinal health is 

further evidenced by a reduction in intestinal dysfunction when important staples of the 

inflammatory response, such as mast cell degranulation, are directly suppressed (Moeser 

et al., 2007c). Moreover, the increase in phagocytic immune cell activity causes an 

increase in oxidative stress that can further damage the animal’s own GIT cells (Birben et 

al., 2012; Mittal et al., 2014).  As local inflammation in the GIT increases, the peptide 

messengers released will enter the general circulation where they stimulate the 
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production of acute phase proteins in the liver. Therefore, these compounds are often 

used as biomarkers for systemic level of inflammation (Eckersall and Bell, 2010). Both 

pro-inflammatory cytokines in the intestine and acute phase proteins in the circulation are 

upregulated in pigs post weaning, indicating both local and systemic inflammation (Pié et 

al., 2004; Wooten et al., 2019).   

Furthermore, the elevation of local and systemic inflammation influences the 

behavior of weaned piglets and reduces their feed intake. Locally, the enteric nervous 

system recognizes an inflammatory event and alerts the brain, via the vagal nerves, to 

reduce appetite (Browning et al., 2017). Systemically, circulating cytokines bind to 

receptors at the blood-brain barrier, where they also negatively influence appetite 

(Langhans and Hrupka, 2003). Much like glucocorticoids reduce appetite to prevent 

energy loss through digestion, the immune system reduces appetite so that the GIT can 

shift focus and energy from digestion to mounting an immune response. However, the 

resulting drop in feed intake only serves to further reduce GIT health, as anorexia itself 

increases intestinal inflammation and reduces villus-crypt health (McCracken et al., 

1999).  

Digestive capacity 

As mentioned previously, plant-based starter diets are inherently less digestible 

for young piglets. Weaning stress has additive effects, as it influences several factors that 

determine the capacity of the GIT for nutrient digestion and absorption. These factors 

include villus-crypt morphology, expression of brush border and secreted enzymes, and 

the rates of water and ion exchange. In terms of gut morphology, intestinal villi are 

dramatically shortened as a result of weaning (Tang et al., 1999; Wooten et al., 2019), 

which reduces the surface area available for digestion and absorption. Enzymatically, 

weaning reduces the activity of brush border enzymes and secreted pancreatic enzymes 

that are essential for digestion of nutrients before they can be transported into the 

enterocyte (Tang et al., 1999; Torres-Pitarch et al., 2017). This reduction in brush border 

enzyme activity may be due, in part, to the shortening of the villi, which leaves less 

surface area available for these membrane-bound enzymes to be expressed. Alkaline 
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phosphatase (AP), another membrane bound enzyme, is also downregulated in early 

weaned pigs (Tang et al., 1999; Lackeyram et al., 2010)). While AP is associated with fat 

digestion, it plays a major role in the detoxification of endotoxins produced by luminal 

microbes as well (Lackeyram et al., 2010). Therefore, a reduction in intestinal AP is both 

an indicator of reduced nutrient digestion/absorption and increased GIT vulnerability to 

microbial activity (Lallès, 2014).  

Post weaning productivity and long-term health 

From a production standpoint, the immediate consequences of early weaning 

range from slight drops in growth performance to increased herd mortality, with the 

severity of the consequences increasing with younger weaning age, disease, and poor 

management practices (Jayaraman and Nyachoti, 2017). Most piglets experience a week-

long drop in growth, referred to as the post weaning growth lag or check (PWGL). This 

drop occurs because both the immune system and the stress response reduce feed intake, 

lower nutrient digestibility, and partition nutrients away from skeletal muscle and fat 

tissue. These factors combined create a shortage of nutrients available to support growth.  

However, the impact of weaning is not limited to the immediate post weaning 

period, as growth during the post weaning period directly influences growth throughout 

life (Tokach et al., 1992). Furthermore, the stress and inflammation experienced during 

this period have a lifelong negative effect on the pig’s health and ability to cope with 

challenges. This life-long effect occurs primarily because the timing of early weaning 

coincides with an important developmental period for the piglet’s intestinal barrier, 

immune system, and nervous system (Moeser et al., 2017). Indeed, early weaned pigs 

maintain poorer barrier function, as determined by transepithelial resistance, and exhibit a 

higher level of enteric neurons associated with reactivity to immune challenge at as late 

as 170 days of age (Smith et al., 2009; Medland et al., 2017). Additionally, weaning 

stress and inflammation influences neurodevelopment and susceptibility to neurological 

stimulators of inflammation and stress. In rodent models, the stress of maternal separation 

at weaning alters the number of CRF-immunoreactive neurons in certain areas of the 

brain and potentially causes hyperactivity of the HPA axis later in adult life (Nishi et al., 
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2013). Recent evidence also suggests that increased activity of microglia, a macrophage 

found in the brain, during early life inflammation may alter neurodevelopment related to 

the sensitivity of the brain to inflammation (Conrad et al., 2015b; Cowan and Petri, 

2018).  Together, these immunological and neurological changes are thought to cause 

subsequent sensitivity to future stress or immune challenges.    

Strategies to mitigate early weaning stress 

 Pre-weaning strategies and increasing weaning age 

Several researchers have had success mitigating the PWGL by acclimating pigs to 

specific stressors prior to weaning. By allowing piglets to co-mingle in special communal 

areas during the suckling phase, social stress is reduced and pigs display less aggressive 

behaviors and improved growth post weaning (Weary et al., 2002; Turpin et al., 2017).  

Additionally, subjecting piglets to short bouts of maternal separation prior to weaning 

reduces post-weaning cortisol levels (Ruyter et al., 2017). While effective, these 

strategies may require additional labor and/or the development of specialized housing 

systems to implement.  Thus, they may not be economically possible in a commercial 

setting.  Creep feeding, in which piglets are acclimatized to the post-weaning diet, is 

another method of mitigating the PWGL. By exposing piglets to the components of the 

starter diet prior to weaning, the production of endogenous enzymes needed for plant-

based nutrient digestion occurs earlier and improved post weaning performance is 

observed (Dong and Pluske, 2007; Kuller et al., 2007). However, those benefits are only 

conferred when the amount of creep feed consumed is high enough. Often times piglets 

will consume little to no creep feed and thus, do not display the same post weaning 

improvements as the “good eaters” (Kim et al., 2005; Callesen et al., 2007; Kuller et al., 

2007). Creep feed consumption can be encouraged by forcing intermittent suckling prior 

to weaning, but this strategy would likely require additional labor, increasing costs 

(Turpin et al., 2017).   

Conversely, weaning piglets later in life also has positive effects, as it allows 

piglets more time to develop before being challenged. Increasing weaning age by even a 
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few days can result in reduced sensitivity to stress and improved barrier function post 

weaning (Smith et al., 2009; Li et al., 2016; Xun et al., 2018). Additionally, increasing 

weaning age can reduce the severity of barrier injury and diarrhea in response to an 

enterotoxigenic challenge (McLamb et al., 2013). These effects carry over into growth 

performance, as post weaning average daily gain (ADG) seems to increase linearly with 

weaning age (Main et al., 2004; Callesen et al., 2007; Leliveld et al., 2013). While 

effective the advantages of early weaning (i.e. improved sow productivity and 

biosecurity) are compromised as weaning age increases. Therefore, weaning age in the 

United States does not typically surpass 28 days.  

Diet composition and feed additives   

Formulating starter diets with a percentage of highly digestible ingredients is 

another common method for easing the piglet’s transition from a suckling diet. Typically, 

the highly digestible ingredients used are some form of milk or animal by-product, such 

as whey, casein, dried plasma, or fish meal. Synthetic amino acids can also be factored 

into the diet formulation to better conform to the piglet’s specific nutritional 

requirements. The more complex the diet is (meaning the diet contains high levels of 

easily digestible ingredients), the better piglets tend to perform during the post weaning 

period (Collins et al., 2017). However, these ingredients are also expensive relative to 

their less-digestible counterparts. Therefore, in order to meet the nutritional requirements 

of piglets without overspending, starter diets must include a significant percentage of 

cheaper low-quality plant-based ingredients.  

Beyond simply changing the composition of the diet, feed additives like 

supplemental enzymes, pro/pre-biotics, and supplemental minerals are also utilized to 

improve post weaning health of piglets (Kiarie et al., 2016). These additives assist in 

digesting feedstuffs (i.e. phytate & NSP in carbohydrates) that are poorly digested by the 

endogenous enzymes of young pigs (i.e. non milk-based protein, carbohydrates, and fat) 

(Torres-Pitarch et al., 2017; Duarte et al., 2019). However, deciding how much or in what 

combination to administer exogenous enzymes requires careful evaluation of the diet 

composition. It has been determined that the concentration/form of their substrate and the 
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presence of other additives/enzymes in the diet can all influence whether or not they 

confer any benefits to the animal (Torres-Pitarch et al., 2017). An appropriate 

combination of exogenous enzymes and those factors that yields consistently positive 

results has yet to be determined (Torres-Pitarch et al., 2017). Probiotics and prebiotics 

work by adding to or supporting the commensal population of microbes during weaning. 

When used appropriately, both probiotics and prebiotics have positive effects on GIT 

health and performance post weaning (Le Bon et al., 2010; van der Aar et al., 2017). 

However, determining the appropriate types/level of probiotics and prebiotics is not an 

exact science, as the optimal microbiota for healthy piglets has not been defined and 

likely varies between individuals (Gresse et al., 2017). As such, their effects are not 

entirely consistent. Supplementing key microminerals such as zinc and copper have been 

shown to reduce intestinal permeability and improve growth during weaning (Zhang and 

Guo, 2009; Shannon and Hill, 2019). However, these minerals can be harmful to the 

environment when excreted, so their use is regulated and limited (Jacela et al., 2010; 

Kiarie et al., 2016).  

Sub-therapeutic antibiotics 

In-feed sub-therapeutic antibiotics have long been used as a growth promoter 

during weaning. These low-dose antibiotics reduce the level of inflammation and GIT 

harm caused by opportunistic microbes and general dysbiosis during weaning (Dibner 

and Richards, 2005; Niewold, 2018). This preventative measure translates into better 

growth performance and lower instances of disease in early weaned pigs. Despite these 

benefits, the use of sub-therapeutic antibiotics risks generating antibiotic resistant 

bacteria in swine (Zeineldin et al., 2019). These resistant bacteria can potentially be 

transmitted to both humans and other animals. Possible vectors for transmission include 

handlers, equipment, waste (fertilizer and runoff), and wildlife (rodents, birds, 

etc..)(Gresse et al., 2017). Additionally, consumption of any antibiotic residues left in 

pork may contribute to the development of antibiotic resistant bacteria in humans 

(Yamaguchi et al., 2015; Chen et al., 2017). Therefore, recent governmental directives, 

such as the veterinary feed directive, have limited the use of antibiotics in the livestock 
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industry (U.S. Food and Drug Administration, 2017). With the removal of sub-

therapeutic antibiotics leading to reduced performance and increased mortality, a need for 

alternative methods of improving pig health post weaning now exist (Dibner and 

Richards, 2005).  

Glucocorticoid receptor agonists as a treatment alternative 

As discussed previously, piglets experience elevated levels of inflammation 

during weaning despite higher levels of the immune-suppressing stress hormone, cortisol. 

This phenomenon suggests that the level of inflammation occurring during weaning is 

beyond the capabilities of endogenously produced glucocorticoids, such as cortisol, to 

mitigate. As such, utilizing an exogenous glucocorticoid receptor agonist (GRA) may 

curb the excess uncontrolled inflammation that contributes to reduced post-weaning 

growth. Use of synthetic GRAs, such as dexamethasone (DEX), are optimal because they 

have a high affinity for GRs which means they bind and trigger the anti-inflammatory 

processes more effectively than endogenously produced cortisol (Goodman, 2009). 

Additionally, GRAs such as DEX have a negative feedback effect on the HPA axis, 

which, may dampen the stress response (Cole et al., 2000; Sterndale et al., 2019a) 

However, studies utilizing a GRA on young pigs have had inconsistent results 

(Table 2.2). This inconsistency is likely due to differences in the dose of DEX and the 

timing of administration. While excessive amounts of inflammation do harm intestinal 

health and animal productivity, a certain level of immune system activity is necessary to 

maintain homeostasis. Therefore, during weaning, anti-inflammatories are most effective 

when administered in low doses that only curb the excess inflammation. Furthermore, 

while their effects on intestinal health are largely positive during an inflammatory 

challenge, synthetic GRAs can mimic cortisol’s negative effect on intestinal permeability, 

if administered in high doses or in a non-inflammatory state (Boivin et al., 2006; 

Tenenbaum et al., 2008; Vicuña et al., 2015). Conversely, administering GRAs in doses 

that are too low will likely have little to no effect on piglet performance.  
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Table 2.2 Summary of outside research: impact of a Glucocorticoid receptor 

agonist (GRA) on weaning performance 

  
GRA treatment Effects Source 

DEX (0.15mg/kg BW) daily for 4 weeks 

following weaning  

DEX pigs had lower gain: feed; no 

treatment effect on ADG & ADFI 
(Gatnau et al., 1995) 

DEX (1mg/kg BW) 3 d pre weaning  
No effect on post weaning growth but 

enhanced amylase and sucrase activity  

(Gómez et al., 1997) 

DEX at four different dose 3 d pre 

weaning: (0.33mg/kg BW); (0.66mg/kg 

BW); (0.99mg/kg BW); (0mg)  

No treatment effect on post weaning 

growth 

DEX (2mg/kg BW) ≤ 1 h after birth 

versus DEX (2mg/kg BW) ≤ 24 h after 

birth or saline 

Both 1h and 24h DEX barrows had 

heavier BW 0, 49, and 132 d post 

weaning than control barrows; No 

treatment differences among gilts 

(Gaines et al., 2002) 

DEX (1mg/kg BW) versus saline ≤ 1 h 

after birth 

DEX pigs had higher BW at 14 & 18 d of 

age and overall ADG; no sex effect 

(Seaman-Bridges et 

al., 2003) 

DEX (2mg/kg BW) versus saline ≤ 1 h 

after birth 

No preweaning differences in BW; DEX 

pigs had higher BW at 3 weeks (weaning) 

and 7 weeks of age with a tendency to be 

heavier at the end of the grow/finish 

phase 

DEX (2mg/kg BW) versus saline or 

PREDEF (2mg/kg BW) ≤ 24 h after birth 

Predef had lower ADG and BW at 

weaning than DEX and control; No 

differences between DEX and control or 

sex effect 
(Gaines et al., 2004) 

DEX (1mg/kg BW) versus DEX (2mg/kg 

BW) and saline ≤ 24 h after birth 

No differences between treatments at 

weaning; barrows had higher preweaning 

mortality rates than gilts 

DEX (0.2mg/kg BW) administered twice 

on both day 12 & 13 post weaning and 

subjected to mixing stress on day 14 

DEX reduced the level of intestinal 

permeability caused by acute mixing 

stress 

(Sterndale et al., 

2019b) 

DEX reduced sensitivity to mixing stress: 

lower plasma cortisol and blood urea 

nitrogen  

(Sterndale et al., 

2019a) 

DEX = dexamethasone (a synthetic GRA); PREDEF = isoflupredone (a synthetic GRA). 

BW= body weight; ADG = average daily gain; ADFI = Average daily feed intake 
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Recently, research showed that using DEX as a synthetic GRA reduces systemic 

inflammation and improves post weaning performance (Table 2.3) (Wooten et al., 2019). 

In this study, the GRA was administered at a low anti-inflammatory dose (0.2mg/kg BW) 

24 hours prior to and 72 hours post weaning. While these results are promising, more 

research is needed before a GRA can used as a viable early weaning alternative to sub-

therapeutic antibiotics. Specifically, the short and long terms effects of GRA treatment on 

growth performance need to be directly compared to sub-therapeutic antibiotics to 

determine its applicability as an alternative. Additionally, the best method of delivery for 

GRA treatment must be determined before it can be practically used in commercial 

operations.    

 

Table 2.3 Effect of glucocorticoid receptor agonist (GRA) treatment on early 

weaned gilts relative to weaned control 

  GRA treatment effect 

Measures of immune function   

    Antioxidant, mM ↑ 
    Interluekin-1β, pg/ml ↓ 
    Haptoglobin, ng/ml ↓ 
    Tumor necrosis factor-α, pg/ml ↓ 

Growth Performance  
 

    Body Weight, kg ↑ 
    ADG, g/d — 

    Gain-to-feed ratio ↑ 

↑ = significantly increased; ↓ = significantly decreased; — = no difference  

Adapted from (Wooten et al., 2019) 
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CHAPTER III 

THE EFFECT OF A GLUCOCORTICOID RECEPTOR AGONIST (GRA) ON 

DIGESTIVE CAPACITY AND IMMUNE FUNCTION OF EARLY WEANED 

PIGS 

Introduction 

Early weaning is a stressful process that exposes pigs to numerous psychological 

and physiological challenges during an important phase of life in which immunological 

and  physiological development of GIT takes place (Campbell et al., 2013; Moeser et al., 

2017). The latter often lead to an exaggerated stress response which includes elevated 

inflammation, and gut dysfunction (Pié et al., 2004; Moeser et al., 2007b). When these 

physiological processes are initiated, the nutrient utilization and partitioning is altered 

and thus, the availability of nutrients for growth become limited. Therefore, growth is 

stunted for roughly a week immediately following weaning, i.e., the post-weaning growth 

lag (Williams, 2003).  Previously, sub-therapeutic antibiotics were utilized to reduce the 

activity and the number of harmful intestinal microorganisms with the goal of subsiding 

the intestinal and systemic  inflammation that causes the growth lag (Dibner and 

Richards, 2005; Khadem and Niewold, 2012; Niewold, 2018). However, there are 

growing safety concerns over potential antibiotic resistance caused by using antibiotics in 

pig production (Mcbride et al., 2008). As such, there is a need for an alternative strategy 

to mitigate the negative effect of early weaning on growth performance and health of pigs 

during weaning. Previously, a glucocorticoid receptor agonist (GRA) was shown to 

reduce inflammation and improve the growth performance of early weaned pigs (Wooten 

et al., 2019). However, the impact of GRA treatment on the ability of pigs to digest, 

absorb, and utilize nutrients for growth was unknown. Therefore, this study was 

conducted to investigate the impact of GRA on the measures of immune function and 

digestive capacity of early weaned pigs as an alternative to in-feed antibiotic.  

Methodology 

The experimental protocol for this study was reviewed and approved by the 

institutional animal care committee of Texas Tech University (IACUC approval number 
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17022-02). All experiments were conducted at the Texas Tech University Swine 

Research center (New Deal, TX, USA). Dexamethasone (Phoenix Pharm Inc., Catalogue 

number PHS5731924305) was used as the GRA. Tylosin (Tylan 40, Elanco Inc, 

Catalogue number AF0D40) was used as the in-feed antibiotic. 

Animals and Treatments  

A total of 209 piglets (BW 7.64, SD 1.33 kg; PIC USA Hendersonville, TN, 

USA) were weaned at 26.0 ± 1.7 days of age, blocked by time, and randomly assigned to 

8 treatment groups based on a 2×2×2 factorial arrangement with GRA (+ vs -), ANT (+ 

vs -), and sex (Gilt vs Barrow) as the main factors. The treatments were as follows: 110 

ppm in-feed Tylosin (GRA-, ANT+), 0.2mg/kg BW GRA (GRA+, ANT-), 110ppm in-

feed Tylosin and 0.2mg/kg GRA (GRA+, ANT+), and control (GRA-, ANT-). In-feed 

Tylosin was administered over the first 7 days post-weaning. GRA treatments were 

administered in 0.2mg/kg BW doses intramuscularly (i.m.) 24 hours prior to and 72 hours 

post weaning. At the same time points, all treatment groups that did not receive GRA 

treatment (i.e. GRA- groups) received i.m. sterile saline (0.5ml/pig) to account for the 

stress of injection (Robert et al., 1989).  

After weaning, piglets were moved into a temperature-controlled nursery and 

housed in floor pens (5 -8 pigs of the same group per pen, 4 pens per treatment group). 

On days 1, 3, and 5 post weaning a total of 115 pigs were euthanized leaving 2-3 pigs per 

pen and 4 pens per treatment for the duration of the study (N = 94). Pigs were fed a 

conventional corn-soybean meal (SBM) based diet throughout the study according to a 

phase feeding program (Table 3.1).  Phases 1, 2 and 3 were fed from days 0 – 7, 7 – 21, 

and 21 – 28 post-weaning respectively. Body weight (BW) and Feed Intake (FI) were 

measured daily from day -1 to 7 and then weekly until 28 days post-weaning. 

Sample collection 

Serial blood samples were collected intermittingly from subset of pigs in each treatment 

pen throughout the first week post weaning via the external jugular vein. Blood samples 

were collected in vacutainers (BD Company, Franklin Lakes, NJ, USA) containing 
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sodium-heparin, ethylenediaminetetraacetic acid (EDTA), or lithium-heparin. Those 

collected in sodium-heparin tubes were centrifuged at 1500 × g for 10min at 4℃ and the 

plasma fraction was collected and stored at -80℃ until further analysis. Those collected 

in EDTA vacutainers were sent on ice to the Texas A&M Veterinary Diagnostic 

Laboratory located in Amarillo, TX within and analyzed with 24hrs of collection for 

complete blood cell count (CBC) analysis.  

At 1, 3, and 5 days post-weaning 39, 38, and 38 pigs were euthanized respectively 

(1-2 pigs/pen). Pigs were sedated with a i.m. injection of a TKX (Telazol reconstituted 

with 2.5ml ketamine (100mg/ml) and 2.5ml xylazine (100mg/ml)) mixture at 0.02 – 0.04 

ml TKX/kg BW and then euthanized by lethal injection of sodium-pentobarbitol (Fatal-

Plus; 1ml/10lbs BW) to lessen stress and intestinal mucosal shedding during euthanasia 

(Gabert et al., 2000). Immediately after euthanasia, a mid-ventral laparotomy was 

performed on each pig to harvest jejunum samples. About 40cm of jejunum sample were 

taken at approximately 1m distal to the gastroduodenal junction and divided into 3 

segments. One undamaged segment (~4cm) was removed, stored in 10% formalin, and 

used for histomorphology analysis of intestinal lining.  The remainder of the jejunum 

sample was rinsed with phosphate buffered saline (PBS) and a second segment was 

removed for the collection of mucosal scrapings (Hu et al., 2013). Adherent material was 

flash frozen in liquid nitrogen and stored at -80℃. The remaining third segment of 

jejunum was flash frozen and stored at -80℃ until further analysis. These samples were 

rinsed with PBS, flash frozen in liquid nitrogen, and stored at -80℃ until further analysis.  

Sample processing 

The Comparative Pathology Core at Iowa State University in Ames, IA, USA 

evaluated morphological measurements of the jejunum mucosa (Villus height, Crypt 

depth, and villus density). Using the hematoxylin and eosin staining method, each 

samples had 2 villus and 2 crypts from five separate fields (a total of 10 villi & 10 crypts 

per sample) evaluated to establish villus height and crypt depth. Villus density was 

measured by dividing the number of villi within each of the five fields by the length 

(mm) of each field. Complete blood cell count (CBC) analysis was conducted using a 
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ProCyte Dx (IDEXX) and microscope differential to provide a both instrument data and 

microscope evaluation of samples at the Texas A&M Veterinary Medical Diagnostic 

laboratory  (Amarillo, TX, USA). Blood chemistry was evaluated using handheld iSTAT 

(Abbott Point of Care Inc., Princeton, NJ, USA) analysis within 30 minutes of blood 

collection (McGilvray et al., 2019).  

The level of alkaline phosphatase (AP) in the jejunum tissue was measured by 

homogenizing frozen jejunum tissue in a tissue protein extraction reagent (Ref# 78510, 

Thermo scientific, Rockford, IL, USA) with a tissue homogenizer (Homogenizer 850, 

Fisher Scientific, USA) and centrifuging at 3000rpm for 16 min at 4℃. After 

centrifugation, the supernatant was collected and AP concentration was measured using a 

Porcine AP ELISA kit (Cat No. MBS267652, MyBioSource Inc., San Diego, CA, USA) 

according to manufacturer’s instructions. 

Jejunum levels of Heat-shock protein 70 (HSP-70) and aminopeptidase (APEP) 

were measured by homogenizing frozen jejunum tissue in PBS with a tissue homogenizer 

(Homogenizer p850). After homogenization, mixtures were subjected to two freeze-thaw 

cycles to break the cell membranes and centrifuged at 2000 × g for 12 min before 

collecting the supernatant. Concentration of HSP-70 was measured in the supernatant 

using a Pig Heat Shock Protein 70 (HSP-70) ELISA kit (Cat No. MBS702042, 

Mybiosource Inc., San Diego, CA, USA) according to manufacturer’s instructions. 

Concentration of aminopeptidase N was measured in the supernatant using a pig 

aminopeptidase N sandwich ELISA kit (Cat No. MBS2880174, Mybiosource Inc., San 

Diego, CA, USA) according to manufacturer’s instructions.  

Jejunum levels of Sucrase Isomaltase (SI) and Maltase Glucoamylase (MGA) 

were measured by homogenizing frozen jejunum tissue in PBS with a tissue homogenizer 

(Homogenizer 850) and centrifuging at 1000 × g for 20 minutes before collecting the 

supernatant. Sucrase isomaltase concentration was measured in the supernatant with a 

Porcine Sucrase isomaltase (SI) kit ELISA kit (Cat No. MBS052828, Mybiosource Inc., 

San Diego, CA, USA) according to the manufacturer’s instructions. Maltase 

glucoamylase concentration was measured in the supernatant with a Porcine Maltase 
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Glucoamylase, Intestinal (MGA) ELISA kit (Cat No. MBS060240, Mybiosource Inc., 

San Diego, CA, USA) according to the manufacturer’s instructions.  

Total protein concentration for homogenized tissue extracts was measured using a 

Pierce BCA protein assay (ref# 23225, Thermo Fisher, Rockford, IL, USA) following the 

manufacturer procedures. Enzymes and heat-shock proteins abundancies were expressed 

relative to the total protein concentration in the homogenized tissue extract.  

Statistical analysis 

 Statistical analyses were performed using the MIXED procedures (PROC 

MIXED) in SAS (version 9.4, SAS Institute Cary, NC). Normality and homogeneity of 

variances were confirmed using the univariate procedure (PROC UNIVARIATE). 

Outliers were determined as any value that differed from the treatment mean by ± 2 

standard deviations. Data was analyzed using a factorial randomized complete block 

design, with GRA, ANT, SEX, interaction among the main factors, block and day as 

fixed effects.  For all analysis pig was used as the experimental unit. Pig within pen was 

used as the random effect. For all parameters that were measured repeatedly over time, 

repeated measurements analysis of variance was used.  Feed intake was used as a co-

variable and when appropriate (P > 0.10) the reduced model was used. The covariance 

structure that provided the ‘best’ fit, based on Akaike information criterion and the 

Schwarz Bayesian criterion, was selected. Values were reported as least squares mean ± 

largest SE. Treatment means were separated using the Tukey test.  Significance was 

considered at P ≤ 0.05 and tendency was considered at P ≤ 0.10.   

Results 

During the first week post-weaning pigs did not contract or show any clinical 

symptoms for major swine diseases. Analyzed dietary nutrient contents were generally in 

agreement with calculated values (± 5 %) that were derived from feed ingredient 

composition and nutrient levels in feed ingredients according to the NRC Swine (NRC, 

2012). 

Complete blood cell count 
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Complete blood cell count (CBC) results are presented in Table 3.2. There were 

no significant three-way interactions between the main effects (GRA×ANT×SEX). Pigs 

treated with GRA had lower total WBC count than pigs not treated with GRA (17.5 vs. 

14.7 ± 0.73 thousands per microliter (K/μl) of blood; P = 0.005). Compared to control, 

total lymphocytes and plasma protein was reduced in pigs individually treated with GRA 

or ANT but not those treated with both (GRA+, ANT+). Whereas, total eosinophils and 

fibrinogen were lowered in all groups relative to the control group. There was no 

significant 3-way interaction effects on neutrophil-to-lymphocyte ratio (N: L), however 

there was a interaction between GRA treatment and day as GRA+ pigs had higher N: L 

ratio than GRA- (4.2 vs. 2.1 ± 0.5; P < 0.03) on day three only. Treatment with GRA 

reduced the platelet count (857.7 vs. 727.8 ± 47.37 K/ul; P = 0.05).  Except for 

fibrinogen concentrations, no interaction effects for the main effects and day of sample 

collection (GRA×ANT×SEX×day) were observed (P > 0.50).  The concentration of 

fibrinogen was effectively lowered by GRA in gilts on day 1, 2 and 7 post-weaning (P < 

0.05), but in barrows only in day 7 of post-weaning.  In contrast to GRA, ANT was only 

effective in lowering fibrinogen level in barrows in day 7 post-weaning (P < 0.05). No 

effect of treatments or day on red blood cell count, neutrophil count, hemoglobin, 

hematocrit, the packed cell volume, mean corpuscular volume, mean corpuscular 

hemoglobin, and the mean corpuscular hemoglobin concentration were observed (P > 

0.50).  

Blood chemistry 

Data are presented in Table 3.2. There were no significant three-way interaction 

effects of among GRA, ANT, and SEX (GRA×ANT×SEX) on measured parameters (P > 

0.50). Glucose was only significantly affected by sex and was higher in barrows than gilts 

(125.7 vs 117.1 mg/dL; P = 0.04). There was also a strong tendency for 

GRA×ANT×SEX effects on blood glucose level. While the blood glucose level was 

lower in control, GRA+ANT and ANT gilts than barrows, GRA treatment tended to 

increase the blood glucose concentrations in gilts compared to barrows (P = 0.06).  Pigs 

treated with GRA had lower levels of BUN (GRA- vs. GRA+; 7.63 vs. 5.82 ± 0.613 
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mg/dL; P = 0.041) and Creatinine (1.23 vs 1.11 ± 0.041 mg/dL; P = 0.019) than pigs not 

treated with GRA. Parameters not listed (i.e. electrolyte balance, anion gap, and 

hemoglobin) were not altered by main effects.  

Histomorphology of intestinal lining 

The effect of experimental treatments on villus height and density as well as crypt 

depth are presented in Table 3.3. No significant three-way interaction effects of GRA, 

ANT, and SEX (GRA×ANT×SEX) on measures of histomorphology were observed  (P > 

0.50) Relative to control (GRA-, ANT-), crypt depth was higher in pigs treated with GRA 

(GRA+, ANT-) (0.259 vs. 0.233 ± 0.009 mm; P = 0.02). Similarly, only pigs treated with 

GRA (GRA+, ANT-) had higher villus density relative to control (9.72 vs. 8.88 ± 0.23 

mm; P = 0.008). Villus height was decreased by GRA treatment (0.242 vs 0.273 ± 0.006 

mm; P < 0.001) and increased by ANT treatment (0.265 vs 0.249 ± 0.006 mm; P = 

0.028). The villus height to crypt depth ratio was decreased by GRA treatment (1.046 vs 

1.183 ± 0.036; P < 0.009) 

Intestinal enzyme and heat shock protein 

The data on impact of experimental treatments on relative concentration of 

digestive enzymes and heat shock protein are presented in Table 3.3. A three-way 

interaction effects (GRA×ANT×SEX) on relative concentration of HSP-70 were 

observed (P = 0.02). Relative to other treatment groups, GRA substantially increased the 

HSP-70 relative concentrations in the jejunum of both gilts and barrows (P < 0.02). In 

comparison, ANT treatment reduced the HSP-70 in jejunum of barrows compared to 

control group without affecting the relative concentration in gilts (P < 0.02). 

Interestingly, treatment with combination of GRA and ANT (GRA+ANT) reduced the 

jejunum HSP-70 to undetectable level in both gilts and barrows. The interaction effects 

between the main effects and day (GRA×ANT×SEX×day) on HSP-70 were also 

significant (P < 0.006). Treatment with GRA substantially increased the relative 

concentration of HSP-70 in jejunum of both gilts and barrows in day 5 post weaning 
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compared to control group. However, the relative concentrations of HSP-70 was only at 

the detectable level on day 5 post-weaning.  

No significant three-way interaction effects of GRA, ANT, and SEX on relative 

concentrations of AP in jejunum were observed (P = 0.30). Pigs in ANT+ group had a 

lower AP in their jejunum than ANT- pigs (P < 0.01). In addition, lower AP was 

observed in jejunum of gilts than in jejunum of barrows (P = 0.04).  No 

GRA×ANT×SEX×day interaction effects on AP were observed (P = 0.13). However, 

there were two-way interactions between GRA×day and ANT×day. GRA treatment 

reduced the relative concentration of AP in jejunum of gilts in day 1, and in jejunum of 

both barrows and gilts in day 5 post-weaning (P < 0.01). In comparison, ANT treatment 

reduced the relative concentration of AP in both gilts and barrows in day 1 and 5 post 

weaning (P < 0.01).  Administration of a combination of GRA and ANT had no effect on 

AP concentration in jejunum of pigs (P = 0.34).  

 

A three-way interaction effects (GRA×ANT×SEX) on relative concentration of SI 

were observed (P = 0.004). The relative concentration of SI was higher in jejunum of 

GRA+ barrows compared to GRA+ gilts and GRA- barrows (P < 0.05), but was not 

different from GRA- gilts (P = 0.34). Relative concentration of jejunum SI was lower 

than in ANT and ANT+GRA than GRA- group (P < 0.05). There was an interaction with 

GRA×day as, when treated with GRA, SI relative concentration was elevated in barrows 

on day one (67.4 vs. 43.3 ± 5.75 pg/mg; P < 0.01) but not on day three and five. 

Additionally, there was an interaction between ANT×day where, on day one, SI relative 

concentration was lowered in ANT treated gilts and barrows, relative to their non-ANT 

treated counterparts (43.7 vs. 76.07 ± 5.8 and 40.4 vs. 70.3 ± 6.16 pg/mg,  respectively; P 

< 0.01). On day three ANT treated gilts had higher jejunum SI than gilts not treated with 

ANT (151.485 vs. 129.7 ± 5.93 pg/mg; P < 0.01).  

There was no three-way interaction between the main effects (GRA×ANT×SEX; 

P < 0.13) on relative concentration of MGA, however, there was an interaction between 
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those factors and time (GRA×ANT×SEX×day; P < 0.04). On day one, the level of MGA 

was higher in GRA+ANT gilts than GRA+ANT barrows (8.64 vs. 7.83 ± 1.610 ng/mg; P 

< 0.01). There were no other significant differences between treatment groups on days 1, 

3 and 5.  

For APEP relative concentration, there was no three-way interaction between 

GRA×ANT×SEX but, there was a interaction between the three main effects and time 

(GRA×ANT×SEX×day; P < 0.01). On day one (GRA-, ANT+) gilts and (GRA+, ANT+) 

barrows have higher APEP than all other treated groups. There were no other differences 

between control gilts and treated gilts on day one. However, (GRA-, ANT+) barrows also 

had higher APEP than control barrows on day one. On day three gilts in GRA treated 

groups had higher APEP relative to control but there were no differences between treated 

and control barrows. On day five (GRA-, ANT+) gilts and barrows had higher APEP 

relative concentration than all other treated groups. Only (GRA+, ANT-) gilts had lower 

APEP than control on day five.  

Discussion  

Early weaning is accompanied by inflammation and gut dysfunction (Pié et al., 

2004; Hu et al., 2013). Historically, sub-therapeutic antibiotics have been used as a 

means of improving GIT health and reducing inflammation during weaning. However, 

there is growing need for an alternative as antibiotic usage poses human and animal 

safety risks in the form of antibiotic resistance. Previous research has indicated that 

treating early weaned pigs with a GRA can reduce systemic inflammation and 

consequently improve post weaning performance (Wooten et al., 2019). To further 

investigate a GRA’s viability as an alternative to sub-therapeutic antibiotics we directly 

compared the effects of both on physiological markers of gut and immune health during 

weaning. It should be noted that we also evaluated treatment differences based on sex as 

previous research has shown that, in addition to the inherent stress reactivity differences 

between males and females, castration may further influence barrows sensitivity to stress 

and inflammation (de Kruijf and Welling, 1988; Handa and McGivern, 2009).  
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From a morphological standpoint, GRA treatment reduced intestinal villus height 

relative to control with barrows being seemingly more effected than gilts. Alternatively, 

only pigs treated with GRA alone (GRA+, ANT-) had higher villus density relative to 

control. While increased villus height has long been associated with more surface area for 

nutrient absorption, these results suggest that villus density may be a better indicator of 

absorptive capacity as GRA pigs still experience higher G:F despite shorter villi (Wooten 

et al., 2019). However, as gut morphology is not the only contributor to digestion and 

absorption of nutrients, the importance of villus height versus villus density requires 

further investigation. The effects of GRA and ANT treatment on SI, MGA, and APEP 

relative concentration were variable. However, previous research has shown that feed 

efficiency is elevated as a result of GRA treatment (Wooten et al., 2019). Additionally, it 

was shown that GRA treatment improves apparent digestibility of dietary energy and 

protein (see CHAPTER IV). Therefore, it is likely that the relative concentration of these 

enzymes is not associated with the piglets digestive capacity during the period 

immediately following weaning. .  

Decreased by-products of muscle catabolism, BUN and creatinine, suggests that 

GRA treatment improves nitrogen retention in skeletal muscle. Both the endogenous 

stress hormones and inflammation have catabolic effects on skeletal muscle so it is 

possible that, by reducing inflammation and having a negative feedback effect on the 

HPA axis, GRA reduces skeletal muscle catabolism (Coutinho and Chapman, 2011). This 

is consistent with Sterndale et al. who also reported that GRA treatment reduced BUN 

and cortisol post weaning (Sterndale et al., 2019a). Comparatively, ANT treatment had 

no effect on creatinine and BUN indicating no preventative effect on muscle catabolism. 

Blood glucose was elevated in barrows rather than gilts which may be associated with 

slight insulin resistant due to a higher inflammatory response in barrows (de Kruijf and 

Welling, 1988; Rehman and Akash, 2016). Overall decreases in WBC and plasma protein 

suggest that weaning induced immune system activity is decreased in GRA treated pigs 

(Sugiharto et al., 2014). Additionally, the increased platelet count in GRA pigs may 

indicate decreased or faster recovery from platelet destruction by immune system activity 
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(Praituan and Rojnuckarin, 2009). These anti-inflammatory effects are in agreement with 

previous reports of lower acute phase proteins and pro-inflammatory cytokines in GRA 

treated pigs during weaning (Wooten et al., 2019). It should also be noted that 

eosinophils and fibrinogen, markers of increased inflammation and/or reduced barrier 

function, were reduced in both GRA and ANT treated pigs after weaning (Furuta et al., 

2005; Davalos and Akassoglou, 2012). Interestingly, GRA treatment did elevate N: L on 

day 3 post weaning and N: L is often associated with higher levels of inflammation 

(CITE). However, this may be due to the effect of GRA on specific cells rather than an 

indication of elevated inflammation. Glucocorticoids such as our GRA have 

downregulating effects on most leukocytes but recent research has suggested that their 

effects on neutrophils specifically are more pleotropic in nature (Coutinho and Chapman, 

2011; Ronchetti et al., 2018). Thus, the increase in N: L may be due to a lack of GRA 

influence on neutrophils while decreasing lymphocytes rather than an increase in 

neutrophils relative to lymphocytes because of the inflammatory response. This may also 

explain why, in this study and other studies, weaning itself, which is accompanied by an 

increase in endogenously produced glucocorticoids (cortisol), does not influence N: L 

ratio (Sugiharto et al., 2014).  

Also, impacted by both GRA and ANT treatment was HSP-70. Heat shock 70 proteins 

are molecular chaperones that have immunomodulatory effects that reduce inflammation 

and help maintain intestinal integrity (Borges et al., 2012; Wang et al., 2018). As such, 

the increase of HSP-70 in both GRA on day five may be an indication of the mediation of 

the immune system and intestinal recovery. This theory is supported by the 

accompanying increase in platelet count seen in GRA+ treated pigs. Another membrane 

bound marker of intestinal health, AP, increased in relative concentration when treated 

with GRA on day three. Glucocorticoids have previously been shown to upregulate 

intestinal AP activity and mRNA in monogastrics (Wiedmeyer et al., 2002). This may 

indicate an increased intestinal resistance against microbial endotoxins in the lumen of 

GRA treated pigs on day 3 (Lackeyram et al., 2010). However, it is important to note that 

AP relative concentration either was the same or lower in control pigs relative to GRA+ 
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pigs on days 1 and 5 post-weaning. On day 1 this is likely attributed to low feed intake as 

AP is downregulated during periods of anorexia (Estaki et al., 2014). For day 5 previous 

results have suggested that GRA+ pigs are experiencing accelerated healing and lower 

levels of inflammation than their GRA- counterparts. The lower levels of AP in GRA+ 

pigs relative to control might indicate that there is less of a physiological need for 

elevated AP by day 5 post weaning in these pigs.  

Conclusion 

 These results corroborate previous findings that repeated i.m. administration of 

GRA, at the does that was used in the current study, subsides intestinal and systemic 

inflammation in the first week of post-weaning. Furthermore, it appears that the positive 

effect of GRA on growth performance may be associated with a reduction in muscle 

protein degradation and/or improvement in digestive capacity and overall intestinal 

health. When comparing the two mitigating strategies, GRA administration seemed to 

have more of an impact on parameters associated with whole-body inflammation, and 

hence nutrient utilization than ANT. 
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Table 3.1 Ingredient composition and nutrient content of the nursery diets 

 Diets2 

 Phase 1 Phase 2 Phase 3 
    

Ingredient, % (as fed)    

   Corn 33.75 42.91 60.65 

   SBM 22 29.15 34 

   Whey powder 27.5 17.59 — 

   Plasma powder 4 3.02 — 

   Fish meal  4.5 — — 

   Fat 2 1.51 1 

   Dicalcium phosphate 0.4 1.51 1.4 

   Calcium carbonate 0.7 0.7 0.7 

   Salt 0.45 0.35 0.25 

   Swine premix1 4 3 2 

   Zinc oxide 0.3 0.25 — 

   TiO2 0.4 0.3 0.25 

Calculated nutrient content, g/kg    

   ME, MJ/kg 14 14.1 13.7 

   CP (N×6.25) 206 193 181 

   SID Lys3 13.6 12 10.1 

   Ca 8.2 8.6 7.4 

   STTD P  5 5.2 3.8 

   Ca:STTD P 1.64 1.65 0.195     

1Providing the following amounts of vitamins and trace minerals (per kg of diet): vitamin A, 
10075 IU; vitamin D3,1100 IU; vitamin E, 83 IU; vitamin K (as menadione), 3.7 mg; D-
pantothenic acid, 58.5 mg; riboflavin, 18.3 mg; choline, 2209.4 mg; folic acid, 2.2 mg; niacin, 
73.1 mg; thiamin, 7.3 mg; pyridoxine, 7.3 mg; vitamin B12,  0.1 mg; D-biotin, 0.4; Cu, 12.6 
mg; Fe, 100 mg; Mn, 66.8 mg; Zn, 138.4 mg; Se, 0.3 mg; I, 1.0 mg; S, 0.8 mg; Mg, 
0.0622%; Na, 0.0004%; Cl, 0.0336%; Ca, 0.0634%, P, 0.003%; K, 0.0036%. ME = 
metabolizable energy. STTD = standardized total tract digestibility 
2Phase 1, 2, and 3 were fed 0-7, 7-21, and 21-28 days post weaning 
3Lysine formulated on a standardized ileal digestible (SID) basis 
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Table 3.2 Overall impact of glucocorticoid receptor agonist (GRA), in-feed antibiotic (ANT) and sex on complete blood cell count and blood chemistry of early-weaned pigs.  

 GRA-   GRA+    P ≤ 

 ANT- ANT+  ANT- ANT+  

SE  GRA ANT SEX 
GRA×

ANT 
GRA×

SEX 
ANT×

SEX 
GRA×ANT

×SEX 
 Gilt Barrow Gilt Barrow  Gilt Barrow Gilt Barrow  

Complete Blood cell count                    

   Red blood cell (M/μl) 6.8 6.8 7.1 7.0  7.2 7.0 6.8 6.9  0.24  0.69 0.91 0.73 0.07 0.93 0.62 0.46 

   Total WBC (K/μl) 18.5 16.6 15.1 19.9  13.5 14.1 14.2 16.8  1.63  0.01 0.41 0.13 0.38 0.92 0.03 0.25 

   Neutrophils (K/μl) 9.4 8.7 9.5 12.6  7.7 8.7 12.1 9.3  4.20  0.70 0.16 0.91 0.86 0.51 0.99 0.23 

   Lymphocytes (K/μl) 6.4 6.4 4.8 5.8  5.5 4.8 5.8 5.9  0.80  0.45 0.59 0.75 0.03 0.35 0.30 0.91 

   Neutrophil: lymphocyte ratio 1.6 1.5 2.1 2.1  1.9 2.0 2.5 2.0  0.82  0.50 0.22 0.70 0.70 0.80 0.73 0.62 

   Monocytes (K/μl) 0.7 0.4 0.9 0.9  0.6 0.5 0.7 0.9  0.21  0.63 0.01 0.68 0.51 0.27 0.18 0.80 

   Eosinophils (K/μl) 1.0 0.7 0.5 0.4  0.3 0.5 0.5 0.5  0.12  0.01 0.01 0.77 0.01 0.06 0.68 0.13 

   HGB g/dL 10.9 10.3 10.7 10.8  10.8 10.6 9.4 10.2  0.77  0.42 0.50 0.96 0.28 0.57 0.38 0.91 

   HCT% 38.7 37.4 38.8 39.1  38.7 39.0 34.7 37.4  3.04  0.56 0.59 0.78 0.31 0.60 0.58 0.92 

   PLT (K/μl) 705.5 679.6 767.6 758.4  931.6 885.5 726.3 887.5  151.22  0.05 0.81 0.76 0.19 0.57 0.39 0.47 

   Plasma protein (g/dL) 6.1 5.9 5.4 5.8  5.4 4.8 6.1 5.6  0.24  0.03 0.12 0.13 0.01 0.03 0.25 0.35 

   Fibrinogen (mg/dL) 700.3 647.2 578.3 572.1  550.3 578.9 577.0 574.7  40.83  0.03 0.08 0.73 0.03 0.38 0.87 0.42 

Blood Chemistry 
                   

   Electrolyte Balance mEq/L 37.9 38.5 39.0 38.2  39.2 38.5 38.1 38.0  1.25  0.95 0.66 0.69 0.26 0.86 0.66 0.32 

   Glu mg/dL 114.9 128.8 117.7 124.9  124.6 119.0 111.1 130.1  9.14  0.93 0.83 0.04 0.94 0.64 0.28 0.06 

   BUN mg/dL 7.4 8.3 8.1 6.7  5.7 5.6 6.9 5.0  1.39  0.04 0.95 0.48 0.67 0.69 0.26 0.92 

   Creat mg/dL 1.3 1.2 1.2 1.2  1.1 1.1 1.1 1.1  0.10  0.02 0.68 0.80 0.81 0.31 0.90 0.93 

   Hb g/dL 8.7 8.9 9.8 9.3  9.1 10.0 9.1 9.7  0.55  0.39 0.38 0.40 0.16 0.19 0.45 0.90 

   AnGap mmol/L 16.8 17.6 17.0 17.3  17.3 16.8 17.1 17.7  0.74  0.92 0.78 0.46 0.59 0.54 0.70 0.32 
                                        

Values reported are least squares mean (± largest SE) and represent the best estimate of mean from repeated measures ANOVA. Blood samples for CBC were taken from 1-2 pigs 
per pen at day 1, 2, 4, and 7 post-weaning. Blood samples for blood chemistry were taken from 1-2 pigs per pen at days -1, 1, 3, and 5 post weaning 

GRA+ pigs received 0.2mg/kg BW dexamethasone -1 and 3 days post weaning; ANT+ pigs received 110ppm tylosin in the diet for the first week post weaning 

WBC = white blood cell; HGB = ; HCT = ; PLT = platelets; Glu = glucose; BUN = blood urea nitrogen; Hb = hemoglobin; Creat = creatinine; AnGap = anion gap 
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Table 3.3 Overall impact of glucocorticoid receptor agonist (GRA), in-feed antibiotic (ANT) and sex on membrane bound intestinal enzymes, heat shock protein 70, and intestinal 
morphology of early-weaned pigs 

 GRA-   GRA+    P = 

 ANT- ANT+  ANT- ANT+  SE  GRA 
ANT SEX 

GRA×

ANT 
GRA×

SEX 
ANT×

SEX 
GRA*ANT

*SEX  Gilt Barrow Gilt Barrow  Gilt Barrow Gilt Barrow     
                    

Enzymes & HSP-70                    

   SI pg/mg 117.2a 106.9bc 104.2bc 104.4bc  105.1c 112.5ab 107.3
abc

 103.1bc  5.09  0.77 0.17 0.37 0.61 0.09 0.88 0.01 
   MGA ng/mg 6.5 6.5 7.0 7.0  8.1 8.1 7.5 7.0  1.26  0.31 0.86 0.17 0.43 0.23 0.15 0.13 
   APEP pg/mg 104.9 99.7 173.9 149.5  106.3 116.9 136.5 131.2  14.54  0.29 0.01 0.30 0.04 0.14 0.14 0.89 
   AP ng/mg 17.0 21.1 13.5 12.1  17.3 20.0 12.3 12.1  1.84  0.69 0.01 0.04 0.94 0.96 0.01 0.30 

   HSP-70  52.3bc 52.8c 55.0bc ND  92.3ab 94.3a ND ND  20.19  0.81 0.01 0.94 0.01 0.02 0.93 0.02 
Morphology                    

   Villus height mm 0.26 0.26 0.28 0.29  0.25 0.23 0.26 0.23  0.013  0.01 0.03 0.23 0.30 0.04 0.99 0.84 
   Crypt Depth mm 0.23 0.24 0.25 0.25  0.27 0.25 0.25 0.23  0.012  0.31 0.86 0.81 0.03 0.23 0.90 0.84 
   Villus Density (villi/mm) 9.08 8.69 9.48 9.12  9.83 9.60 9.13 9.40  0.338  0.07 0.93 0.42 0.05 0.37 0.53 0.59 
    VH:CD 1.18 1.14 1.19 1.22  1.01 0.97 1.13 1.07  0.078  0.01 0.12 0.53 0.50 0.71 0.80 0.66 
                                        

Values reported are least squares mean (+- largest SE) and represent the best estimate of mean from repeated measures ANOVA; ND = not detectable 
GRA+ pigs received 0.2mg/kg BW dexamethasone -1 and 3 days post weaning; ANT+ pigs received 110ppm tylosin in the diet for the first week post weaning 
SI = sucrase isomaltase; MGA = maltase glucoamylase; APEP = aminopeptidase n; AP = alkaline phosphatase; HSP-70 = heat shock protein 70; VH:CD = villus height to crypt depth 
ratio  
 



Texas Tech University, Hailey Wooten, May 2020 

34 

 

CHAPTER IV 

THE EFFECT OF A GLUCOCORTICOID RECEPTOR AGONIST 

(GRA) ON POST WEANING NUTRIENT DIGESITIBILTY AND 

GROWTH PERFORMANCE: A WEAN TO FINSH STUDY 

 

Introduction 

Early weaning in pigs is accompanied by an elevated level of local and systemic 

inflammation that negatively impacts gut integrity, digestive capacity, and the overall 

health of the animal (Moeser et al., 2007b; Campbell et al., 2013; Wooten et al., 2019). 

The culmination of these effects is a 5 – 10 day drop in growth commonly known as the 

post-weaning growth lag or check (PWGL) (Williams, 2003).  This period of growth is of 

particular importance because it can affect lifelong productivity of pigs (Tokach et al., 

1992; Schinckel et al., 2009; Cherie L Collins et al., 2017).  In recent history, 

subtherapeutic antibiotics have been fed during early weaning to promote gut health and 

reduce inflammation (Dibner and Richards, 2005; Niewold, 2013). While they do 

positively influence productivity of pigs, there has been recent safety concerns over the 

possible creation of antibiotic resistant bacteria in the livestock industry (Mcbride et al., 

2008; Sneeringer et al., 2015). Therefore, alternative strategies of improving post 

weaning productivity are needed. One such alternative, glucocorticoid receptor agonists 

(GRA), have been shown to improve growth during the period of time immediately 

following weaning (Wooten et al., 2019). These GRAs seem to work by reducing 

inflammation and potentially improving digestive capacity and overall health of pigs. 

However, it is unknown whether the improved growth of GRA treated pigs during the 

early post weaning period will be maintained throughout the productive life of the pig. As 

such, the purpose of this study was to evaluate the impact of GRA treatment on long term 

growth to and compare it to that of sub-therapeutic antibiotics. Additionally, apparent 

ileal and total tract digestibility of dietary protein and energy during the early post-

weaning period was evaluated as it was previously shown that GRA treatment alters feed 

efficiency and certain aspects of gut morphology (Wooten et al., 2019; see Chapter III).  
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Methodology  

The experimental protocol for this study was reviewed and approved by the 

institutional animal care committee of Texas Tech University (AIACUC approval 

number 17022-02).  All experiments were conducted at the Texas Tech University Swine 

Research Center (New Deal, TX, USA). Dexamethasone (Phoenix Pharm Inc., Catalogue 

number PHS5731924305) was used as the GRA. Tylosin (Tylan 40, Elanco Inc, 

Catalogue number AF0D40) was used as the in-feed antibiotic. 

Animals and Treatments  

A total of 209 piglets (BW 7.64, SD 1.33 kg; PIC USA Hendersonville, TN, 

USA))  were weaned at 26 ± 1.65 days of age, blocked by time (96 pigs in block 1 and 

113 pigs in block 2) and randomly assigned to 8 groups based on a 2×2×2 factorial 

arrangement with GRA (+ vs. -), ANT (+ vs. -), and sex (Gilt vs. Barrow) as the main 

effects. The GRA and ANT treatments were as follows: 110 ppm in-feed Tylosin (GRA-, 

ANT+), 0.2mg/kg BW GRA (GRA+, ANT-), 110ppm in-feed Tylosin and 0.2mg/kg 

GRA (GRA+, ANT+), and control (GRA-, ANT-).  GRA treatments were administered 

in 0.2mg/kg BW doses intramuscularly (i.m.) 24 hours prior to and 72 hours post 

weaning. At the same time points, all treatment groups that did not receive GRA 

treatment (i.e. GRA- groups) received i.m. sterile saline (0.5ml/pig) to account for the 

stress of injection.  

After weaning, piglets were moved into a temperature-controlled nursery and 

housed in floor pens (5 -8 pigs of the same group per pen, 4 pens per treatment group). 

On days 1, 3, and 5 post weaning a total of 115 pigs were euthanized leaving 2-3 pigs per 

pen and 4 pens per treatment for the duration of the study (N = 94). Pigs were fed a 

conventional corn-soybean meal (SBM) based diets throughout the study according to a 

phase feeding program (Table 4.1). Titanium dioxide (TiO2) was added to the diets as an 

indigestible marker during the starter phase. The inclusion rates were 0.4, 0.3, and 0.25 % 

in phase 1 (d 0-7), 2 (d 7-21), and 3 (d 21-28) starter diets, respectively. Body weight 

(BW) and Feed Intake (FI) were measured daily from day 1 to 7 and weekly until day 28 
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post-weaning. After 28 days post weaning pigs were moved from the nursery to a 

temperature-controlled grow-finish facility and BW and FI were measured every 1-3 

weeks until 126 days post weaning. 

Sample collection and chemical analysis 

For measuring apparent ileal digestibility (AID) of crude protein (CP) digesta 

samples were collected using the slaughter method on days 1, 3, and 5 post-weaning 

using a method previously described by McGilvray et al. (2019). Pigs were sedated with 

a i.m. injection of TKX (telazol, ketamine and xylazine mixture) and then euthanized by 

lethal injection of sodium-pentobarbital (Fatal-Plus) to lessen stress and intestinal 

mucosal shedding during euthanasia (Gabert et al., 2000).  Immediately after euthanasia, 

a mid-ventral laparotomy was performed on each pig to harvest ileal digesta samples. 

Digesta was collected from the distal portion of the ileum. Immediately after collection, 

digesta samples were flash-frozen in liquid nitrogen and stored at -20℃.  For measuring 

apparent total tract digestibility (ATTD) of gross energy (GE), fresh fecal samples were 

collected from each treatment pen at weekly intervals until the end of the starter phase 

(i.g. day 7, 14, 21 and 28 post weaning). Samples were stored at -20℃ until further 

analysis. Fecal samples were pooled and homogenized for each pen. Both fecal 

homogenates and digesta samples used for digestibility analysis were freeze dried 

(Freezone 4.5, labconco, Kansas City, MO, USA). The level of CP in the digesta were 

evaluated using the LECO method according to McGilvray et al. (2019). Gross energy of 

fecal samples were determined using bomb calorimetry at Washington State University 

Wildlife Habitat and Nutrition Laboratory in Pullman, WA, USA. Both GE and CP 

values were measured relative to the indigestible marker TiO2. The levels of CP and GE 

in the diet were determined by proximate analysis. Levels of TiO2 in fecal, digesta, and 

diet samples were evaluated using a calorimetric method (AOAC, 1997) 

Statistical analysis 

Statistical analyses were performed using the MIXED procedure (PROC MIXED) 

in SAS (version 9.4, SAS Institute Cary, NC). Normality and homogeneity of variances 
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were confirmed using the univariate procedure (PROC UNIVARIATE). Outliers were 

determined as any value that differed from the treatment mean by ± 2 standard 

deviations. Data was analyzed using a factorial randomized complete block design, with 

GRA, ANT, SEX, interaction among the main factors, block and day as fixed effects. For 

performance parameters and ATTD of GE pen was used as the experimental unit. For 

AID of CP pig was the experimental unit and pen within block was the experimental unit. 

For digestibility data analysis, feed intake was used as co-variable. For growth 

performance analysis, final BW of each phase, i.e., BW at day 0 and 28 post-weaning 

was used as co-variable. In the latter analysis, when appropriate (P > 0.10) the reduced 

model was used. For all parameters that were measured repeatedly over time, repeated 

measurements analysis of variance was used. The covariance structure that provided the 

‘best’ fit, based on Akaike information criterion and the Schwarz Bayesian criterion, was 

selected. Values were reported as least squares mean ± SE. Tukey-Kramer was used to 

adjust means. Significance was considered at P ≤ 0.05 and tendency was considered at P 

≤ 0.10.  

Results 

During the first three weeks post-weaning pigs did not contract or show any clinical 

symptoms for major swine diseases. However, our heard was diagnosed with 

Actinobacillus suis near the end of the starter phase. One pig in block 1 died 

approximately 40 days post weaning and another in block 2 died approximately 25 days 

post-weaning. Pigs that did not die did not show clinical symptoms of disease. Two 

additional pigs were removed from the study during the grow-to-finish phase due to 

physical injury and/or hernia, which was unrelated to the clinical diagnosis for bacterial 

infection.  

Growth performance: Nursery period (0-28 days post weaning) 

Growth performance results for the nursery are presented in Table 4.2. During the 

nursery period there were no 3-way interactions (GRA×ANT×SEX) between the main 

effects on the measured parameters (P > 0.30). There was a two-way GRA×ANT 
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interaction on ADG as, relative to control, all GRA and ANT treated groups had higher 

ADG during the nursery period (P = 0.002). There was a main effect of SEX on ADG 

with gilts outperforming barrows (0.34 vs 0.31 ± 0.013 kg/d; P = 0.05). Similarly, there 

was a GRA×ANT interaction on BW as all groups had higher BW relative to the control 

group (P = 0.002). For G: F the interaction between the main effects of GRA×ANT and 

day (GRA×ANT×day) and day resulted in higher G: F for only the first two weeks of 

starter phase relative to control (P = 0.004).There was no treatment effects on ADFI 

throughout the nursery period.   

Digestibility 

Digestibility results are presented in Table 4.4. There were no 3-way interactions 

between GRA×ANT×SEX on the apparent total tract digestibility (ATTD) of gross 

energy (GE). However, there was a main effect of GRA as GRA treated pigs had higher 

ATTD of GE than those not treated with GRA (0.633 vs 0.571; P = 0.006).  The impact 

of treatment on AID of CP was influenced by GRA, ANT and time (P = 0.008) with 

GRA and ANT treatments having a more significant positive impact on AID of CP on 

day 1 than on day 3 (Figure 4.1). However, unlike other treated groups, pigs treated with 

only GRA (GRA+, ANT-) had consistently higher AID of CP relative to control on days 

1, 3, and 5.  

Growth performance: Grow-to-Finish phase (49-126 days post weaning) 

Growth performance results for the grow-to-finish period are presented in Table 

4.3. There were no 3-way interactions between the main effects (GRA×ANT×SEX) on 

the measured parameters (P > 0.20). While GRA and ANT treatment did not affect the 

estimate of ADG in grow-to-finish phase, there was an effect of SEX with barrows 

outperforming gilts (0.91 vs. 0.86 kg/d; P = 0.04). The overall BW was higher in GRA 

(63.7 ± 2.76 kg) and ANT (63.43 ± 2.76 kg) treated pigs than control (60.0 ± 2.73 kg) 

pigs P < 0.045).  Treatments had no significant effect on G: F (P > 0.20).  There was a 

sex effect on ADFI with barrows having higher ADFI than gilts (2.50 vs 2.36 kg/d; P = 

0.001).  
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Discussion  

During early weaning, pigs experience elevated levels of stress and inflammation 

that cause gut dysfunction and a severe reduction in growth post-weaning (Pié et al., 

2004; Stokes et al., 2004; Campbell et al., 2013). While detrimental during the weaning 

period, there is evidence that the physiological effects of weaning will lead to lifelong 

impairments in gut health and sensitivity to stress and immune challenges (Smith et al., 

2009; Conrad et al., 2015b; Medland et al., 2017; Moeser et al., 2017). Indeed, it is also 

evident that the period of growth immediately following weaning directly impacts how 

fast pigs reach market weight (Tokach et al., 1992; Schinckel et al., 2009). We have 

previously shown that GRA treatment, if applied in the right dose, decreases the 

measures of inflammation locally and systemically, and improves growth performance 

during the immediate post-weaning period and throughout the starter phase (Wooten et 

al., 2019). However, it is unclear if these post-weaning benefits conferred by GRA 

treatment will lead to improvements in growth performance during the growing and 

finishing phase. As such, we evaluated the impact of GRA treatment on growth until 

roughly 21 weeks of age and directly compared that to the long-term effects of in-feed 

application of sub-therapeutic ANT. Additionally, we evaluated nutrient digestibility 

during the nursery period (0-28 days post weaning) to better understand GRA treatment’s 

positive impact on G:F and compare it to that of ANT.  

In the present study, there was an overall trend for ADG to be higher in gilts than 

barrows during the nursery period, while this trend was reversed during the grow-to-

finish period. These observations are in agreement with findings of other workers who 

reported that gilts perform better in response to weaning, while barrows often experience 

compensatory growth during later stages of life (Bruininx et al., 2001; Hyun and Ellis, 

2001). In the current study, the observed superior ADG of barrows in the grow-to-finish 

phase did not lead to improved feed efficiency in these animals, since the ADFI of 

barrows was significantly higher during the grow-to-finish phase. 
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Relative to the untreated control group, treatment with GRA improved ADG, feed 

efficiency and overall BW during the nursery period. The effects of GRA on these 

parameters were comparable to that of ANT. This finding is in agreement with previous 

research where GRA treatment improved growth during the post weaning period 

(Wooten et al., 2019). However, the day interaction on G: F suggested that GRA and 

ANT treatment are most effective at improving active growth during the first two weeks 

post-weaning. This idea is supported by the lack of GRA and/or ANT effect on ADG and 

G: F during the grow finish period. However, despite the lack of GRA and ANT effects 

on growth performance parameters during the grow-to finish phase, BW remained higher 

in the GRA and ANT pigs throughout the study. The latter provides evidence for the 

impact of superior growth performance during the starter phase, particularly in the first 

two weeks post-weaning, on the overall productivity of pigs (Tokach et al., 1992; 

Schinckel et al., 2009).   Using data from the present study in a curvilinear regression 

analysis, one can predict that GRA treatment and ANT treatment may potentially reduce 

the time needed to reach 120kg BW by roughly 3.5 and 0.9 days, respectively. The latter 

is in agreement with other researchers who reported that higher ADG during the 

immediate post weaning period results in fewer days to reach market weight (Tokach et 

al., 1992; Schinckel et al., 2009).  

Digestibility is a measure of nutrient bioavailability (NRC, 2012). In the current 

study, repeated i.m. injection of GRA resulted in a higher ATTD of GE and AID of CP 

compared to the untreated group. Treatment with GRA likely improved digestibility by 

reducing inflammation induced intestinal damage and mucus secretion (Wooten et al., 

2019; Kim and Ho, 2010; Leppkes et al., 2014). The mucin fraction of mucus is the main 

component of intestinal endogenous protein losses and directly affects ileal digestibility 

of dietary protein (National Research Council et al., 2012). In comparison to GRA 

treatment, ANT treatment did not influence ATTD of GE and only influenced AID of CP 

on day five. Collectively, these results suggest that treatment with GRA can improve the 

AID of dietary CP and the ATTD of dietary GE most likely by subsiding intestinal 
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inflammation. Thus, the higher G: F in GRA treated pigs during the nursery period may, 

in part, be associated with their higher ATTD of GE and AID of CP. 

Conclusion 

In conclusion, the positive impact of GRA treatment on growth performance 

during the nursery phase was consistent with previous research. It was also shown that 

the mechanism behind GRA’s effectiveness may potentially be attributed to an increase 

in nutrient digestibility. And, while ADG wasn’t actively improved by GRA treatment 

during the grow/finish period, GRA pigs maintained the BW superiority gained during 

the nursery phase until 126 days post weaning which suggests that GRA treatment may 

convey economic advantages by reducing time to reach market weight. Together, these 

results indicate that GRA treatment can be used as an alternative to in-feed sub-

therapeutic antibiotics.  
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Table 4.1 Ingredient composition and nutrient content of the nursery diets 

 Diets2 

 Phase 1 Phase 2 Phase 3 
    

Ingredient, % (as fed)    

   Corn 33.75 42.91 60.65 

   SBM 22 29.15 34.0 

   Whey powder 27.5 17.59 — 

   Blood plasma powder 4 3.02 — 

   Fish meal  4.5 — — 

   Fat 2 1.51 1 

   Dicalcium phosphate 0.4 1.51 1.4 

   Calcium carbonate 0.7 0.7 0.7 

   Salt 0.45 0.35 0.25 

   Swine premix1 4 3 2 

   Zinc oxide 0.3 0.25 — 

   TiO2 0.4 0.3 0.25 

Calculated nutrient content, g/kg    

   ME, MJ/kg 14 14.1 13.7 

   Cp (N×6.25) 206 193 181 

   SID Lys3 13.6 12 10.1 

   Ca 8.2 8.6 7.4 

   STTD P  5 5.2 3.8 

   Ca:STTD P 1.64 1.65 0.195     

1Providing the following amounts of vitamins and trace minerals (per kg of diet): vitamin A, 
10075 IU; vitamin D3,1100 IU; vitamin E, 83 IU; vitamin K (as menadione), 3.7 mg; D-
pantothenic acid, 58.5 mg; riboflavin, 18.3 mg; choline, 2209.4 mg; folic acid, 2.2 mg; niacin, 
73.1 mg; thiamin, 7.3 mg; pyridoxine, 7.3 mg; vitamin B12,  0.1 mg; D-biotin, 0.4; Cu, 12.6 
mg; Fe, 100 mg; Mn, 66.8 mg; Zn, 138.4 mg; Se, 0.3 mg; I, 1.0 mg; S, 0.8 mg; Mg, 
0.0622%; Na, 0.0004%; Cl, 0.0336%; Ca, 0.0634%, P, 0.003%; K, 0.0036%. ME = 
metabolizable energy. STTD = standardized total tract digestibility 
2Phase 1, 2, and 3 were fed 0-7, 7-21, and 21-28 days post weaning 
3Lysine formulated on a standardized ileal digestible (SID) basis 
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Table 4.2 Impact of glucocorticoid receptor agonist (GRA), in-feed antibiotic (ANT), and sex on measures of growth performance during the starter phase 
(weaning to 28 days post-weaning) 

 GRA- GRA+   P = 

 
ANT- ANT+ ANT- ANT+  SE GRA ANT SEX 

GRA×

ANT 
GRA×

SEX 
ANT×

SEX 
GRA×ANT×

SEX 

  Gilt Barrow Gilt Barrow Gilt Barrow Gilt Barrow          

ADG, kg/d                  

Overall 0.28 0.25 0.35 0.34 0.41 0.31 0.33 0.33  0.033 0.023 0.171 0.050 0.002 0.319 0.081 0.382 

   Day 7 -0.02 0.04 0.12 0.12 0.21 0.11 0.13 0.06  0.065 - - - - - - - 

   Day 14 0.24 0.16 0.30 0.29 0.33 0.33 0.25 0.37  0.065 - - - - - - - 

   Day 21 0.51 0.36 0.45 0.45 0.49 0.41 0.56 0.43  0.065 - - - - - - - 

   Day 28 0.40 0.43 0.50 0.52 0.62 0.39 0.39 0.45  0.065 - - - - - - - 

BW, kg         
         

Overall 8.92 8.87 9.86 9.75 10.30 9.65 9.79 9.60  0.225 0.007 0.044 0.114 0.002 0.271 0.514 0.400 

   Day 7 7.46 7.95 8.51 8.49 9.13 8.45 8.55 8.05  0.435 - - - - - - - 

   Day 14 9.20 9.02 10.61 10.54 11.44 10.76 10.26 10.61  0.435 - - - - - - - 

   Day 21 12.82 11.52 13.80 13.65 14.84 13.63 14.14 13.62  0.435 - - - - - - - 

   Day 28 15.71 14.49 17.33 17.26 19.15 16.34 16.88 16.75  0.435 - - - - - - - 

ADFI, kg/d   
    

           

Overall 0.58 0.49 0.61 0.59 0.63 0.52 0.53 0.57  0.047 0.891 0.532 0.182 0.205 0.7110 0.158 0.595 

   Day 7 0.16 0.18 0.20 0.22 0.23 0.18 0.16 0.23  0.064 - - - - - - - 

   Day 14 0.46 0.40 0.44 0.44 0.47 0.43 0.33 0.45  0.064 - - - - - - - 

   Day 21 0.75 0.55 0.73 0.72 0.77 0.66 0.75 0.70  0.064 - - - - - - - 

   Day 28 0.96 0.84 1.06 0.97 1.03 0.83 0.89 0.91  0.064 - - - - - - - 

G: F   
    

           

    Overall 0.35 0.38 0.56 0.60 0.63 0.61 0.64 0.51  0.078 0.005 0.054 0.684 0.004 0.203 0.554 0.522 

   Day 7 -0.10 0.19 0.59 0.71 0.75 0.63 0.73 0.22  0.153 - - - - - - - 

   Day 14 0.51 0.40 0.65 0.68 0.72 0.79 0.72 0.84  0.153 - - - - - - - 

   Day 21 0.68 0.64 0.67 0.65 0.64 0.64 0.74 0.62  0.153 - - - - - - - 

   Day 28 0.28 0.29 0.33 0.37 0.40 0.38 0.37 0.36   0.153 - - - - - - - 

Overall values reported are least squares mean (± largest SE) and represent the best estimate of mean for the GRA×ANT×SEX interaction from repeated 
measures ANOVA. Day values are least squares mean (± largest SE) and represent the best estimate of mean for the GRA×ANT×SEX×day interaction from 
repeated measures ANOVA.  a,bMeans within a row lacking a common superscript letter are different (P < 0.05).  x–zMeans within a column lacking a common 
superscript letter are different (P < 0.05). 

GRA+ pigs received 0.2mg/kg BW dexamethasone -1 and 3 days post weaning; ANT+ pigs received 110ppm tylosin in the diet for the first week post weaning 

ADG = Average daily gain; BW = body weight; ADFI = average daily feed intake; G: F = gain-to-feed ratio 
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Table 4.3 Impact of glucocorticoid receptor agonist (GRA), in-feed antibiotic (ANT), and sex on measures of growth performance during the grow-to-finish phase 
(49-126 days post weaning)   

 GRA- GRA+   P ≤ 

 ANT- ANT+ ANT- ANT+  
SE GRA ANT SEX 

GRA×

ANT 
GRA×

SEX 
ANT×

SEX 
GRA×ANT×

SEX   Gilt Barrow Gilt Barrow Gilt Barrow Gilt Barrow  

ADG, kg/d 
                 

Overall 0.84 0.89 0.84 0.90 0.85 0.90 0.90 0.95  0.051 0.20 0.27 0.04 0.31 0.84 0.97 0.95 

   Day 49 0.58 0.60 0.62 0.66 0.60 0.60 0.65 0.60 
 0.112 - - - - - - - 

   Day 63 0.91 0.74 0.99 0.80 0.83 0.76 0.83 0.96 
 0.112 - - - - - - - 

   Day 84 0.72 0.82 0.59 0.76 0.78 0.80 0.69 0.75 
 0.112 - - - - - - - 

   Day 105 0.93 1.05 0.88 1.04 1.04 1.05 0.98 1.15 
 0.112 - - - - - - - 

   Day 126 1.07 1.26 1.14 1.22 1.03 1.27 1.35 1.27 
 0.112 - - - - - - - 

BW, kg         
         

Overall 59.53 60.56 61.61 64.11 64.39 62.18 62.95 65.07  3.327 0.01 0.04 0.33 0.23 0.30 0.10 0.41 

   Day 49 27.18 28.08 30.89 31.79 32.29 29.59 31.21 29.99  4.515 - - - - - - - 

   Day 63 40.18 38.38 44.76 42.97 43.95 40.22 42.74 43.45  4.182 - - - - - - - 

   Day 84 55.80 55.47 57.12 58.93 60.24 56.85 57.21 59.08  4.466 - - - - - - - 

   Day 105 75.76 77.32 75.69 80.67 81.97 78.79 77.62 83.10  4.182 - - - - - - - 

   Day 126 98.74 103.55 99.60 106.19 103.50 105.43 105.96 109.71  4.466 - - - - - - - 

ADFI, kg/d 
  

    
           

Overall 2.33 2.46 2.30 2.55 2.45 2.44 2.35 2.56  0.059 0.30 0.56 0.00 0.81 0.21 0.02 0.45 

   Day 49 1.24 1.28 1.36 1.36 1.41 1.29 1.35 1.38  0.218 - - - - - - - 

   Day 63 1.78 1.99 1.89 2.01 2.09 1.81 1.95 1.99 
 0.218 - - - - - - - 

   Day 84 2.32 2.46 2.31 2.57 2.62 2.42 2.48 2.52 
 0.218 - - - - - - - 

   Day 105 2.96 3.08 2.71 3.15 2.98 3.08 2.89 3.33 
 0.218 - - - - - - - 

   Day 126 3.37 3.50 3.24 3.67 3.16 3.58 3.09 3.60 
 0.218 - - - - - - - 

G:F 
  

    
           

Overall 0.38 0.38 0.38 0.37 0.36 0.38 0.40 0.38  0.032 0.676 0.391 0.669 0.244 0.635 0.237 0.447 

   Day 49 0.46 0.47 0.46 0.49 0.43 0.47 0.49 0.43 
 0.071 - - - - - - - 

   Day 63 0.50 0.38 0.52 0.40 0.40 0.42 0.43 0.49 
 0.071 - - - - - - - 

   Day 84 0.31 0.33 0.26 0.29 0.30 0.33 0.28 0.30 
 0.071 - - - - - - - 

   Day 105 0.31 0.34 0.33 0.33 0.35 0.34 0.34 0.34 
 0.071 - - - - - - - 

   Day 126 0.32 0.36 0.35 0.33 0.32 0.36 0.49 0.35   0.071 - - - - - - - 

Overall values reported are least squares mean (± largest SE) and represent the best estimate of mean for the GRA×ANT×SEX interaction from repeated measures 
ANOVA. Day values are least squares mean (± largest SE) and represent the best estimate of mean for the GRA×ANT×SEX×day interaction from repeated 
measures ANOVA. a,bMeans within a row lacking a common superscript letter are different (P < 0.05).  x–zMeans within a column lacking a common superscript 
letter are different (P < 0.05). 

GRA+ pigs received 0.2mg/kg BW dexamethasone -1 and 3 days post weaning; ANT+ pigs received 110ppm tylosin in the diet for the first week post weaning 

ADG = Average daily gain; BW = body weight; ADFI = average daily feed intake; G: F = gain-to-feed ratio 
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Table 4.4 Impact of glucocorticoid receptor agonist (GRA), in-feed antibiotic (ANT), and sex on measures of dietary nutrient digestibility 

 GRA-   GRA+    P ≤ 

 ANT- ANT+  ANT- ANT+  

SE 

 

GRA ANT SEX GRA*ANT 
GRA×

SEX 
ANT×

SEX 
GRA×ANT

×SEX 
 Gilt Barrow Gilt Barrow  Gilt Barrow Gilt Barrow    
                    

ATTD of GE 0.57 0.56 0.57 0.59  0.64 0.63 0.63 0.63  0.047  0.01 0.86 0.96 0.45 0.79 0.60 0.86 

AID of CP 0.74 0.77 0.84 0.89  0.93 0.89 0.77 0.60  0.059  0.70 0.11 0.49 0.01 0.11 0.34 0.22 

Values reported are least squares mean (± largest SE) and represent the best estimate of mean from repeated measures ANOVA 

GRA+ pigs received 0.2mg/kg BW dexamethasone -1 and 3 days post weaning; ANT+ pigs received 110ppm tylosin in the diet for the first week post weaning 

ATTD = apparent total tract digestibility; GE = gross energy; AID = apparent ileal digestibility; CP = crude protein 
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Figure 4.1 Impact of glucocorticoid receptor agonist (GRA), in-feed antibiotic (ANT), and time on apparent ileal digestibility (AID) of crude protein 
(CP). Data are least squares mean ± SE. Superscripts a-c denote significant differences across all time points (P < 0.05). Day = day post weaning. 
GRA+ pigs received 0.2mg/kg BW dexamethasone -1 and 3 days post weaning; ANT+ pigs received 110ppm tylosin in the diet for the first week 
post weaning.  
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CHAPTER V 

GLUCOCORTICOID RECEPTOR AGOINST (GRA): WHAT IS THE 

BEST METHOD OF DELIVERY TO NEWLY WEANED PIGS? 

 

Introduction 

Early weaning exposes pigs to numerous stressors which increase systemic 

inflammation and impaired gut function post-weaning (Moeser et al., 2007b; Wooten et 

al., 2019). Ultimately, pigs undergoing early weaning experience a significant drop in 

growth and a predisposition to stress and inflammation later in life (Williams, 2003; 

Moeser et al., 2017). Common methods of improving post weaning performance (i.e. 

improving the quality of starter diets and using in-feed subtherapeutic antibiotics) are 

limited because they are expensive and/or present food safety issues. Therefore, 

alternative methods of mitigating the negative effects of weaning stress are needed. 

Previous research in our lab has shown that administering a glucocorticoid receptor 

agonist (GRA) during early weaning can help reduce systemic inflammation and 

consequently improve post weaning growth performance in pigs (Wooten et al., 2019). 

However, the GRA treatment in these studies was delivered via repeated (i.m.) 

intramuscular injections at two separate time points. While this delivery method bypasses 

the first pass intestinal metabolism, is effective, and is highly controllable, it can be 

stressful for piglets and labor intensive for producers (Robert et al., 1989; Rosen et al., 

1992; Merlot et al., 2011). In comparison, treatments delivered orally would not include 

the stress of injection and/or require more labor than is already utilized by treating with 

in-feed antibiotics. As such, the objective of this study is to test and compare various 

methods of delivering GRA treatment to pigs during early weaning.  

Methodology 

The experimental protocol for this study was reviewed and approved by the 

institutional animal care committee of Texas Tech University (AIACUC approval 

number 17022-02). This study was conducted at the Texas Tech University Swine 
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Research Center (New Deal, TX, USA). Dexamethasone was used as the intramuscularly 

administered (Phoenix Pharm Inc., Catalogue number PHS5731924305), in-feed 

(Patterson veterinary, Item number 07-893-6985), and in-water (Rising Pharmaceuticals 

Inc., NDC 6498050924) GRA. Tylosin (Tylan 40, Elanco Inc, Catalogue number 

AF0D40) was used as the in-feed antibiotic.  

Animals and Treatment  

A total of 167 piglets (BW 7.35 SD 1.24 kg; PIC USA Hendersonville, TN, USA) 

from 25 litters were weaned at 25 ± 0.81 days of age and randomly assigned to 8 

treatment groups based on a 2 by 7 factorial arrangement with sex (Gilt vs Barrows) and 

methods of delivery as the main factors. Male pigs were castrated during processing at 3 

± 1 day of age. The treatments were as follows: in-feed sub-therapeutic antibiotics 

(ANT), repeated i.m. GRA injections (see chapter 3 for details), in-feed lower dose GRA 

(LF), in-feed higher dose GRA (HF), in-water lower dose GRA (LW), in-water higher 

dose GRA (HW), and control (CON). Pigs in i.m. treatment groups received 0.2 mg/kg 

BW GRA intramuscularly 24 hours prior to and 72 hours post weaning. Pigs in ANT, LF, 

and HF groups were provided ad libitum access to a phase 1 diet containing 110ppm 

ANT, 2.5ppm GRA, or 5ppm GRA respectively during the first week post weaning. Pigs 

in LW and HW groups were provided ad libitum access to water containing 0.8ppm or 

1.6ppm GRA respectively for the first week post weaning. Once separated form sow, pigs 

were moved into a temperature-controlled nursery facility consist of two rooms and 

housed in floor pens (3-4 pigs per pen, 3 pens per treatment, total of 42 pens).  

Measurements  

Measures of growth performance, average daily gain (ADG), feed intake (FI), and 

gain-to-feed ratio (G: F) were measured daily from day -1 to 7 days post-weaning and 

then weekly until 28 days post-weaning. Water usage for the in-water treatment groups 

was monitored throughout day 0-7 post weaning by monitoring the weight of water 

dispensers whose empty weight was known. Ice packs were routinely changed in the 

water dispensers to attempt to keep water temperature comparable to water from the on-
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site water drinking system. Drug consumption was approximated in in-feed and in-water 

treatment groups by evaluating the feed intake or water usage respectfully.  

Statistical analysis  

Data were analyzed using mixed procedures (PROC MIXED) in SAS (version 

9.4, SAS Institute Cary, NC). A repeated measurement randomized factorial design was 

used for data analysis. Normality and homogeneity of variances were confirmed using the 

univariate procedure (PROC UNIVARIATE). Outliers were determined as any value that 

differed from the treatment mean by ± 2 standard deviations. The fixed effects were 

treatment, sex, and day. Pen was the experimental unit and pen within room was used as 

the random effect. Body weight at weaning was used as co-variate and when appropriate 

(P > 0.10) the reduced model was used.  Covariance structure was selected based on best 

fit according to Akaike information criterion (AIC) and schwarz Bayesian criterion 

(BIC). Regression procedure in SAS (PROC REG) was used to examine the relationship 

between the actual GRA intake and measures of growth performance. Values were 

reported as least squares mean ± SE. Treatment means were separated using the Tukey 

test. Significance was considered at P ≤ 0.05 and tendency was considered at P ≤ 0.10.  

Results 

There were no three-way interactions between the main factors on measured 

parameters. All treatment groups, with the exception of HW gilts and HF barrows, had 

higher ADG than CON gilts and barrows (Figure 5.1). Relative to CON gilts, ANT, I.M., 

and LF gilts (0.327, 0.314, 0.305 vs. 0.192 ± 0.017 kg/d, respectively) had the highest 

overall ADG (P < 0.01). Overall ADG (kg/d) was highest in LF, I.M., and LW barrows 

compared to CON barrows (0.282, 0.278, 0.274 vs. 0.170 ± 0.023 kg/d, respectively (P < 

0.01). Both I.M. and ANT treated gilts had significantly a higher overall ADG than their 

barrow counterparts (P < ). Only gilts receiving high dose in-water GRA treatments 

significantly underperformed their barrow counterparts in ADG (P < 0.04). There was 

also an interaction between day and treatment on ADG. While all treated groups had 
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higher ADG than CON on days 21 and 28, only LF, ANT and IM groups had 

significantly elevated ADG compared to CON on day 14.  

The impact of treatment on G: F is presented in Figure 5.2. Treatments 

significantly affected G: F (P < 0.01), but there was no interaction between sex and 

treatment. While all treatment groups exhibited higher G: F than CON, the groups with 

the highest G: F, relative to control, were ANT, I.M., LF, and LW (0.78, 0.66, 0.63, 0.56 

vs. 0.37 ± 0.111, respectively, P < 0.01).  ADFI was influenced by both treatment and sex 

as CON barrows had th significantly higher ADFI than LW gilts and barrows, LF 

barrows, HF barrows, ANT barrows, and IM barrows (P < 0.03). All groups had similar 

ADFI to CON gilts except ANT barrows who had significantly lower ADFI. Also, 

important to note is that only ANT treatment resulted in significantly different ADFI 

between gilts and barrows of the same treatment (0.49 vs. 0.37 ± 0.03 kg/d respectively, 

P < 0.03). No significant relationship, based on regression analysis, between GRA intake 

and measures of growth performance was observed (R2 < 0.45, P > 0.50) 

Discussion 

Treating early weaned pigs with intramuscular injections of a GRA has been 

shown to reduce systemic inflammation, reduce intestinal permeability and improve 

growth performance (Sterndale et al., 2019b; Wooten et al., 2019). Intramuscular 

injection was chosen as the preferred method of delivery because it allows the dose and 

timing of treatment to be highly controlled. Additionally, i.m. treatment does not go 

through first pass metabolism like orally administered treatment. However, utilizing this 

method is laborious and subjects’ pigs to the stress and pain of injection (Robert et al., 

1989; Rosen et al., 1992; Merlot et al., 2011). As such, we investigated alternative, less 

invasive and labor-intensive, in-feed and in-water methods of delivering GRA treatment 

to pigs during weaning. In this study, dexamethasone was chosen as the GRA because it’s 

anti-inflammatory properties are well studied, it’s frequently utilized in the livestock 

industry, and its short half-life eliminates the possibility of any residues at slaughter 

(Wooten et al., 2019; Wyns et al., 2013). Levels of GRA inclusion in feed and water were 
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selected based on the known anti-inflammatory dose used previously (Wooten et al., 

2019)and adjusted for average feed/water intake for pigs at this age (National Research 

Council, 2012). Within the in-feed and in-water delivery methods, two levels of GRA 

inclusion were tested to account for any potential variances in feed/water intake that may 

alter the dose received by pigs.  

The positive impact of GRA and ANT treatment on growth performance 

parameters was consistent with findings in previous studies (Wooten et al., 2019; Also, 

see Chapter IV). In all treatments except for in-water treatments, gilt outperformed 

barrows of the same treatment. It has been suggested that barrows in fact have a 

predisposition to inflammation and stress brought on by physical castration at a young 

age (de Kruijf and Welling, 1988). Indeed, barrows experience greater growth loss during 

weaning and have a higher cortisol response to stressors later in life when compared to 

gilts (Ruis et al., 1997; Bruininx et al., 2001). As such, the optimal dose of GRA for 

barrows who are more sensitive to inflammation and stress during weaning may not be 

the same for gilts. This may explain why, the gilt vs. barrows phenomenon was reversed 

in in-water treatment groups with barrows instead preforming better than gilts. It is 

important to note that form of dexamethasone used for in-water treatments had a slightly 

sweet odor which may have enticed pigs to drink more frequently. As a result, pigs in 

water groups may have received a much higher dose of GRA that was more optimal for 

barrows than gilts. This would also may explain why the disparity between HW gilts and 

barrows was much more significant than that between LW gilts and barrows.  

While all treatments, not including HW gilts, had positive effects on both growth 

and feed efficiency relative to control, the treatment whose performance was the most 

comparable to ANT and IM was LF. Gilts in the LF group had high ADG consistent with 

IM and ANT gilts and, unlike ANT and IM groups, its effects were statistically similar 

for both sexes. In monogastrics, orally ingested GRA has been shown to have similar 

bioavailability to i.m. injected GRA (Egerman et al., 1997; Donaldson et al., 2003). As 

such, the slight differences in the impact of in-feed and intramuscular GRA delivery 

methods on the ADG of gilts and barrows are likely related to inherent dose differences 
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associated with the delivery methods themselves (i.e., in-feed dose is dependent on feed 

intake and less controlled than IM). Based on the observation in the current study, in-feed 

delivery appeared to be economically more beneficial as it does not require the additional 

labor that intramuscular injection requires (especially in large scale operations). Also, the 

cost of adding GRA to feed is much less than the cost of adding it to water as water usage 

is often higher and more variable than feed intake.  

   

Conclusion 

These results suggest that the lower dose in-feed method is the most effective and 

economical method of delivering GRA. Growth performance and feed efficiency in LF 

pigs rivaled that of IM and ANT treatments. From an economic standpoint, it is the most 

reasonable not requiring additional labor of injections. Finally, LF treatment does not 

pose the same animal and human safety risks associated with giving injections and 

utilizing antibiotics.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Texas Tech University, Hailey Wooten, May 2020 

53 

 

Table 5.1 Ingredient composition and nutrient content of the nursery diets 

 Diets2 

 Phase 1 Phase 2 Phase 3 
    

Ingredient, % (as fed)    

   Corn 34.45 42.91 60.65 

   SBM 22 29.15 34.0 

   Whey powder 27.5 17.59 — 

   Plasma powder 4 3.02 — 

   Fish meal  4.5 — — 

   Fat 2 1.51 1 

   Dicalcium phosphate 0.4 1.51 1.4 

   Calcium carbonate 0.7 0.7 0.7 

   Salt 0.45 0.35 0.25 

   Swine premix1 4 3 2 

   Zinc oxide — 0.25 — 

Calculated nutrient content, g/kg    

   ME, MJ/kg 14 14.1 13.7 

   Cp (N×6.25) 206 193 181 

   SID Lys3 13.6 12 10.1 

   Ca 8.2 8.6 7.4 

   STTD P  5 5.2 3.8 

   Ca:STTD P 1.64 1.65 0.195     

1Providing the following amounts of vitamins and trace minerals (per kg of diet): vitamin A, 
10075 IU; vitamin D3,1100 IU; vitamin E, 83 IU; vitamin K (as menadione), 3.7 mg; D-
pantothenic acid, 58.5 mg; riboflavin, 18.3 mg; choline, 2209.4 mg; folic acid, 2.2 mg; niacin, 
73.1 mg; thiamin, 7.3 mg; pyridoxine, 7.3 mg; vitamin B12,  0.1 mg; D-biotin, 0.4; Cu, 12.6 
mg; Fe, 100 mg; Mn, 66.8 mg; Zn, 138.4 mg; Se, 0.3 mg; I, 1.0 mg; S, 0.8 mg; Mg, 
0.0622%; Na, 0.0004%; Cl, 0.0336%; Ca, 0.0634%, P, 0.003%; K, 0.0036%. ME = 
metabolizable energy. STTD = standardized total tract digestibility 
2Phase 1, 2, and 3 were fed 0-7, 7-21, and 21-28 days post weaning 
3Lysine formulated on a standardized ileal digestible (SID) basis 
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Figure 5.1 The impact of treatment and sex on average daily gain (ADG). Values are least squares mean ± SE. a-g differing superscripts 
indicate significant differences P < 0.05. LW = 0.8ppm GRA inclusion in water for 7 days post weaning; HW = 1.6ppm GRA inclusion in 
water for 7 days post weaning; LF = 2.5ppm GRA inclusion in feed for 7 days post weaning; HF = 5ppm GRA inclusion in feed for 7 days 
post weaning; ANT = 110ppm ANT inclusion in feed for 7 days post weaning; CON = no treatment; IM = received a 0.2mg/kg dose of GRA 
24 hours prior to and 72 hours after weaning. G = gilt; B = Barrow. Dexamethasone was used as the GRA and tylosin was used as the 
ANT.   
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Figure 5.2 The impact of treatment on Gain to Feed ratio (G: F). Values are least squares mean ± SE. a-g differing superscripts indicate 
significant differences P < 0.05. LW = 0.8ppm GRA inclusion in water for 7 days post weaning; HW = 1.6ppm GRA inclusion in water for 7 
days post weaning; LF = 2.5ppm GRA inclusion in feed for 7 days post weaning; HF = 5ppm GRA inclusion in feed for 7 days post 
weaning; ANT = 110ppm ANT inclusion in feed for 7 days post weaning; CON = no treatment; IM = received a 0.2mg/kg dose of GRA 24 
hours prior to and 72 hours after weaning. Dexamethasone was used as the GRA and tylosin was used as the ANT.   
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CHAPTER VI 

GENERAL CONCLUSIONS 

Early weaning is the most stressful stage in the productive life of swine.  Weaning 

exposes the young piglets to numerous environmental, nutritional, and immunological 

stressors in a period that is important for the development of the gastrointestinal tract 

(GIT) and immune system.(Campbell et al., 2013; Moeser et al., 2017). This exposure to 

a mixture of stressors often leads to inflammation and gut dysfunction following 

weaning, which reduces growth and potentially makes pigs more susceptible to 

challenges later in life (Williams, 2003; Nishi et al., 2013; Conrad et al., 2015a). 

Additionally, growth loss during the immediate post weaning period negatively affects 

the growth of pigs throughout their life (Tokach et al., 1992; Schinckel et al., 2009). 

Historically, producers have used sub-therapeutic antibiotics to mitigate the effects of 

weaning-induced inflammation  on the GIT (Dibner and Richards, 2005; Niewold, 2013). 

While this strategy does effectively improve the productivity of early weaned pigs, it has 

recently come under scrutiny for posing a human/animal safety risk by causing  antibiotic 

resistant bacteria (Sneeringer et al., 2015; Gresse et al., 2017). As such, alternative means 

of improving growth during weaning are needed. Previously, a  glucocorticoid receptor 

agonist (GRA) used at a specific dose was found to both reduce inflammation and 

improve growth performance during the first week post-weaning, as well as during the 

starter phase (Wooten et al., 2019). However, the effects of GRA treatment, as compared 

to sub-therapeutic antibiotic use, were unknown. Therefore, a series of experiments were 

conducted to further explore the mechanisms of GRA action and evaluate its effect on 

wean-to-finish productivity of pigs, in comparison to in-feed antibiotics.  Additionally, 

we evaluated the best of several methods for delivering GRA to pigs in a commercial pig 

production setting.   

The results of our studies confirmed the anti-inflammatory and growth promoting 

properties of GRA, as found previously (Wooten et al., 2019). Mechanistically, GRA 

treatment seemed to have more potent whole-body effects than ANT by more effectively 
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suppressing the markers of systemic inflammation and muscle protein breakdown. The 

results of the current studies are in agreement with the findings of other workers who 

reported that GRA treatment improved nitrogen retention in pigs during weaning, likely 

due to reduced muscle protein breakdown in pigs (Sterndale et al., 2019a).  However, 

along with its whole-body effects, GRA treatment also had an impact on intestinal 

digestive capacity and measures of health. An increase in maltase glucoamylase 

abundance in the jejunum on day five, accompanied by increased ATTD of GE, suggests 

that GRA treatment improved the digestibility of starch, and thus the availability of 

dietary energy. Furthermore, the increase in AID of CP suggests that GRA either reduced 

endogenous loss (primarily by downregulating the synthesis of mucins) caused by 

inflammation, or that the expression of endogenous enzymes for dietary protein was 

increased (National Research Council, 2012). However, we did not observe a consistent 

increase in the abundance of jejunal aminopeptidase. Varying effects of GRA treatment 

were observed on jejunum morphology.  Specifically, villus height was decreased at the 

same time that villus density was increased. Considering the positive effects of GRA on 

nutrient digestibility and G: F, this result may suggest that villus density provides a more 

reliable measure for absorptive area than the height of the villus. A higher abundance in 

heat shock protein 70 (HSP-70) in the jejunum and higher platelet counts in the blood 

also suggested that GRA-treated pigs may experience a faster recovery from local (i.e., 

intestinal) and systemic inflammation caused by the stress of weaning (Praituan and 

Rojnuckarin, 2009; Wang et al., 2018).  

In addition, the results of the current study suggested that the higher BW of GRA-

treated pigs, achieved via higher ADG in the first weeks of weaning, is maintained 

throughout the grow-to-finish phase. The latter is consistent with previous studies that 

determined that the growth of pigs during the first weeks post-weaning influences 

lifelong growth and the time needed to reach market weight (Tokach et al., 1992; 

Schinckel et al., 2009). Therefore, GRA treatment may possible present an economic 

advantage to producers by reducing the time it takes for pigs to reach a marketable 

weight. Finally, in-feed GRA resulted in growth-promoting effects that were comparable 
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to those of sub-therapeutic antibiotics or repeated i.m. injection with GRA. This result 

offers a practical alternative to producers who would like to avoid the additional labor 

and animal stress associated with giving injections (Robert et al., 1989). Collectively, 

these results suggest that, while the mechanisms of action are different, the impact of 

GRA on growth performance is just as beneficial as in-feed sub-therapeutic antibiotics. 

Therefore, GRA can be used as an alternative to in-feed antibiotics to mitigate the 

negative effects of stress of weaning, as well as on the productivity and well-being of 

early weaned pigs.   
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