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Abstract: Regardless of adding pharmacological levels of dietary ZnO and CuSO4, 

supplementing water soluble Zn amino acid complex (ZnAAC) via drinking water can 

offer excellent Zn bioavailability to support growth and immune function of nursery pigs. 

In the first experiment, effects of LPS injection on the immune response and tissue Zn 

transporter over 24-h following challenge were evaluated. Data revealed that rectal 

temperature and serum TNF-α increased (P < 0.05) within 3-h following LPS. While 

serum Zn and Cu concentrations decreased after injection until h 6 and h 12 (P < 0.01), 

respectively. Serum C-reactive protein (CRP) linearly increased over time (P = 0.10). 

Upregulations of hepatic IL-6, ZIP14, and MT-1 gene expressions were strongly 

correlated (P ≤ 0.0017) and detected within 3-h (P < 0.0001) after LPS. Duodenal ZIP4 

and MT-1 genes were upregulated (P < 0.05) at h 12 and 24, respectively. In the second 

experiment, pigs drinking titrated levels of water soluble ZnAAC (0, 20, 40, 80, and 160 

mg Zn/L water) throughout a 42-d nursery period improved ADG (P < 0.05) and G:F (P 
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doses for ADG and G:F using non-linear broken-line models were 74 and 70 mg Zn/L, 

respectively. In the third experiment, the same ZnAAC treatments were supplemented to 

pigs with an addition of a single LPS challenge and data collection at h 0, 3, and 12 

following LPS. Data reported that pigs drinking titrated levels of ZnAAC had lower 
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concentrations of all pigs (P < 0.0001). Hepatic IL-6, ZIP14, and MT-1 gene expressions 

were upregulated and correlated (P ≤ 0.0001), while only duodenal IL-6 (P ≤ 0.0001) 

was upregulated at h 3. Results of these experiments indicated that pigs drinking water 

soluble ZnAAC improved growth performance and mitigated febrile response under 
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CHAPTER I 

 

 

INTRODUCTION 

 

Zinc (Zn) is an essential trace mineral that plays an important role in promoting 

growth performance and supporting the proper immune function of pigs. Zn is needed for 

structural components and the co-factor function of a large number of proteins including 

enzymes. At the cellular level, Zn activates signal transduction, transcription, and 

replication (Akira and Takeda, 2004; Murakami and Hirano, 2008). Thus, it is the most 

widely used metal in biology (Vallee and Falchuk, 1993). Consequences of Zn deficiency 

have been reported as stunting of growth and profound effects on host defense 

mechanisms (Kloubert et al., 2018; Wastney et al., 2018). Although swine feed 

ingredients, such as cereal grains and animal proteins contain Zn, the availability for 

intestinal absorption is likely inadequate. Therefore, supplementing additional Zn to meet 

the requirement is necessary to sustain life. The Swine National Research Council (NRC, 

2012) recommends daily Zn intake ranging from 26.6 to 72.4 mg/d (100 mg Zn/kg of 

diet) for nursery pigs. However, those levels are to meet the requirement during normal 

circumstances. To keep up with the improved genetic lines and health challenge 

situations, Zn could be required in greater levels for its multifunction in the body.  
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In commercial settings, the use of pharmacological ZnO levels (2,000-3,000 

mg/kg) are used to minimize the post-weaning lag of health and growth performance 

caused by various factors, including post-weaning diarrhea. However, the 

pharmacological ZnO doses are suggested to be used for short periods after weaning for a 

specific mode of action. Supplementing high Zn doses longer-term could lead to 

pathological effects (Zhou et al., 2017), and increase fecal Zn excretion as waste (Buff et 

al., 2005). Therefore, it is necessary to manage the Zn dose and feeding protocol to 

maximize response benefits. 

It is logical to accept that the more relative bioavailability value (RBV) of Zn, the 

lower supplemental dose is needed to reach a certain amount of absorption, thus reducing 

Zn excretion. In the past years, studies have reported higher estimation in RBV from 

organic Zn sources (>100% RBV) (Buff et al., 2005; Hill et al., 2014). Therefore, using 

an organic Zn source with excellent RBV could prevent an over-formulation of low RBV 

Zn form, such as ZnO, to achieve equal growth and immune response of pigs (Carlson et 

al., 2004). 

  Given most of the studies have evaluated the effects of in-feed Zn, supplementing 

via drinking water could be a potential means to deliver Zn for nursery pigs. After 5-d 

post-weaning, pigs show a consistent parallel pattern between feed and water intake 

(McLeese et al., 1992) with a strong positive association, approximately a 1:3 ratio 

(Brooks et al., 1984). Escuredo et al. (2016) reported that supplementing organic acids 

via drinking water offered a higher level of acid intake than adding in-feed when 

administered at an equal amount. Furthermore, supplementing through the water system 
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is flexible for daily dose adjustment according to the needs of the herd, i.e., during stress 

or disease challenges.  

Nursery pig management is one of the most challenging practices across all stages 

of swine production. Arising stress in this transitional period could affect the well-being, 

growth performance, and immune function of pigs to fight off invading pathogens. In 

global swine production, Escherichia coli infection causes significant impacts on 

morbidity and mortality of nursery pigs (Sun and Kim, 2017). Evaluation of 

inflammatory response to nutritional interventions can be induced by administrating 

endotoxin of E. coli in pigs. In the research setting, lipopolysaccharide (LPS) of E.coli 

has been widely used as a reproducible model to study innate immune response, which 

could be activated at concentrations below 1 nM of LPS (Ulevitch and Tobias, 1999). 

When body Zn was deficient, proinflammatory response increased significantly (Wong et 

al., 2015). On the other hand, Zn supplementation has been shown to mitigate the 

deleterious immune response. Therefore, the interplay of Zn homeostasis and 

inflammation could demonstrate mechanistic response and changes during LPS model 

induced systemic infection.  
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CHAPTER II 

 

 

REVIEW OF LITERATURE 

 

1. Nursery pig production 

a. Factors affecting feed intake 

In modern swine production, newborn piglets are usually weaned and removed 

from the sow herd at about 3-4 wk of age. The goal of early weaning is to achieve more 

efficient sow and growing herd production and maximize economic return. Though, this 

early weaning event may impact animal welfare, especially on the piglets. Many 

stressors, i.e., handling and transportation, different littermates and environment, and 

different forms and sources of food could disrupt the growth rate and health status of 

pigs.  

A significant impact of transportation stress derived from tight space allowance, 

longer duration, and severe season of transportation is one of stress factors affecting feed 

intake after weaning. Transported weaned pigs spend more time to rest than non-

transported ones, but longer transport duration increases motivation of pigs to eat and 

drink from longer water and feed deprivation than the short duration transport 
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(Lewis and Berry, 2006; Wamnes et al., 2008). Studies found that the smaller the group 

size of weaned pigs the more motivation to form linear hierarchy was established, 

whereas larger group size presented more of a complex hierarchy with the similar 

outcome of aggressive actions among members (Puppe et al., 2008; Fels et al., 2014). 

However, providing sufficient availability to feed and water could limit the duration of 

fighting (Fels et al., 2014).  

Complexity of stress factors commonly leads to a transient drop in feed intake and 

impacts small intestinal structure and function reducing growth rate (Lallès et al., 2004). 

Digestive physiology contributing to growth performance may be limited during early 

weaning. It is also predicted that pigs would take approximately 2 wk post-weaning to be 

fully recovered from the first week of decreased metabolizable energy (ME) intake (Sève, 

2000). According to Burrin and Stoll (2003), post-weaning changes in feed intake could 

be divided into two phases: acute phase and adaptive phase. The acute phase occurs for 5 

d after weaning, while the adaptive phase occurs subsequently (Figure 2.1). In addition, 

digestive enzyme activities of weaned pigs increase with age and with an intake of solid 

diets (Lindemann et al., 1986). 

It is even more difficult to satisfy post-weaning performance if piglets were 

weaned with low weaning weights. A study from Campbell (1990) provided a prediction 

equation on the relationship of weaning weight of pigs at 28 d of age (W), and the length 

of time taken to grow to 20 kg BW (T) as follows: T = 52.1 (± 1.69) – 3.39 (± 0.224) W. 

Data supported that small piglets had a disadvantage in survival rate than the heavier 

littermates (Milligan et al., 2002). On the opposite, the impact of low weaning weight on 
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lifetime growth performance could be resolved by feeding high density, high 

digestibility, or “complex” diets (Collins et al., 2017).  

 

b. Post-weaning diarrhea 

An abrupt change from different forms of diets and a decrease in dietary intake 

affects small intestinal architecture after weaning. The effect impairs absorptive capacity 

due to shortening of villi or villous atrophy by 25 to 30% within the first 24 h, and 

elongating crypt occurred over the first-week post-weaning (Hampson, 1986; Pluske et 

al., 1997). Besides, switching diets from liquid or semi-solid to solid form could rapidly 

change intestinal microbiota and lead to species imbalance, which modifies gut 

immunity. On the other hand, pigs are at the end of lactogenic immunity towards the 

weaning period, and they are not fully immunocompetent until about 4 wks of life 

(Poonsuk and Zimmerman, 2018). Therefore, post-weaning pigs are highly susceptible to 

infection. With the aforementioned factors, pathogenic bacteria such as Escherichia coli 

Figure 2.1. Development phases in feed intake of post-weaning pigs (adapted from 

Burrin and Stoll (2003) and De Lange et al. (2010)). 
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could opportunistically proliferate along the intestinal tract, release toxin causing 

diarrhea, and worsen growth and health conditions.  

An attempt to prevent post-weaning diarrhea (PWD) caused by E. coli infection 

was to use prophylactic antibiotic treatments. However, this practice has been ruled out 

of swine production due to concerns about antibiotic resistance found in some swine 

bacterial strains that cost substantial losses to producers and affected consumer’s health. 

Relatively, the use of sub-therapeutic doses of antibiotics as antibiotic growth promoters 

(AGP) was banned from the global swine industry years ago. Feeding low-protein with 

ideal amino acids pattern for 7-10 d post-weaning could reduce PWD of pigs fed 

antibiotics-free diets (Heo et al., 2008). Manipulation of non-digestible carbohydrate 

composition could modulate PWD (Pluske et al., 2002). Supplementation of ZnO 

improved intestinal morphology by increasing villous height to crypt depth ratio 

subsequent decrease in intestinal permeability, reduce PDW occurrence, and increase 

feed intake of weaned pigs (Song et al., 2015).  

Therefore, strategies to minimize post-weaning diarrhea and alleviate low feed 

intake have been focused on implementing sophisticated nutritional management. In 

conjunction with other nursery management strategies, the goal is for early-weaned pigs 

to have a smooth transition from the immediate post-weaning lag throughout the nursery 

period.  

c. Importance of water consumption 

 Piglets gradually learn to locate and access food and water after being placed in a 

new environment. They have to adapt to the new source to satisfy their hunger and thirst 
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to maintain homeostasis and meet body requirements. After weaning, pigs consumed 

water more than eating feed according to the prediction equations of average daily water 

intake in liters (Y) and average daily feed intake in kg (X): Y = 0.149 + 3.053X ± 0.522 

(Brooks et al., 1984). The ratio of water to feed consumed is presented in Figure 2.2. 

However, there are factors affecting water intake as described in Table 2.1. 

 Since water is one of the six essential nutrients and constitutes about 70% of fat-

free wet weight, it is offered ad libitum to pigs at any production stage. Also, pigs are 

diurnal drinkers as long as they are comfortable and healthy. Implementing drinking 

water feed additives could be the means to improve nutrient intakes, subsequently 

enhancing growth performance and health conditions. A study from Kaewtapee et al. 

(2010) reported an improved growth performance and intestinal benefits in 

supplementing liquid methionine via drinking water of nursery pigs. A high water-soluble 

phosphorus supplement improved phosphorus efficiency by increasing retention and 

reducing excretion (Liu et al., 2020). Adding water-soluble globulin (spray-dried animal 

serum, globulin, and plasma) through the water source of weanling pigs improved ADG 

and G:F in a 35-d nursery period (Steidinger et al., 2002). 

 Furthermore, daily observation for an individual pig in a larger herd production 

system could be limited by the number of caretakers and the amount of time spend per 

pig. On some occasions, the judgment of caretaker could be subjective to make further 

decisions. Monitoring daily water intake could offer verifiable information and time-

effective means to observe the general herd health and well-being of pigs.  
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Table 2.1. Factors affecting water intake of post-weaning pigs (adapted from Brooks and 

Tsourgiannis (2003)). 

Factors  Outcomes 

Warm or cold environment and water Warm water encourages intake in a cold 

environment, while cold water encourages 

intake at high ambient temperatures 

Drinker design and positioning Drinkers with a different type of water 

nipple affected water intake and wastage. 

Drinkers should be placed at the correct 

height, angle, and warm area of the pen.  

Rate and velocity of water The water delivery rate at 700 ml/minute 

better-improved growth performance than 

the 350 ml/minute rate because of 

increased water and feed intakes. Pigs 

would spend more time drinking at a 

lower water rate. 

Taste of water Pigs made more visits to drink the water 

supplemented with flavor or sweetener but 

resulted in less total water intake within 

the first-week post-weaning. 

Disease or stress Decrease water intake 

 

Figure 2.2. Water to feed intake ratio (g of water per 1 g of feed) of post-weaning pigs 

weaned at 21 d of age fed two commercial diets (adapted from Brooks et al. (1984)).  
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2. Zinc properties and functions 

Zinc, the 24th abundant metal element on earth (0.004%), is a robust transitional 

mineral of the periodic table with its atomic number 30 and atomic weight of 65.38 

(Solomons, 2013). Zn does not participate in redox reactions because it is redox-inert, 

unlike other first-row transition metals that undergo the redox reaction and change their 

states, e.g., iron (Fe+, Fe2+, and Fe3+), manganese (Mn+, Mn2+, and Mn3+), and Cu (Cu+, 

Cu2+, and Cu3+) (Williams, 1987). Instead, the Zn ion (Zn2+) accepts a pair of electrons as 

a Lewis acid meaning that it forms complex ions or compounds in its +2 oxidation state, 

which makes it ideal as a metal cofactor (Butler, 1998). 

Zn ions can form Zn salts with anionic molecules (e.g. O2-, Cl-, and SO4
2-), 

complex with small molecules (e.g. acetate, and gluconate), or chelate with organic 

molecules (e.g. amino acids, polypeptide). Zn oxide is a white powder and likely 

insoluble in neutral pH water. Zn sulfate is a blue granule and highly water-soluble. 

Solomons (2013) reported that mineral chelates with amino acids are the most 

presentable form for human oral supplementation. 

Zn is found in various organs and tissues. At cellular levels, it is found in the 

cytosol (50%), nucleus (30-40%), organelles, specialized vesicles, and the remainder is 

contacted with cell membranes (Vallee and Falchuk, 1993). With its abundant presence, 

Zn is in the right proximity for cooperation with cellular enzymes, such as 

metalloenzymes, and metalloproteins (Krężel and Maret, 2016). Therefore, the roles of 

Zn are categorized into three functions: catalytic, structural element, and regulatory 

(Table 2.2).  
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Table 2.2. Three functions of Zn (adapted from Kambe et al. (2015)). 

a. Enzyme catalyst 

Zn is indispensably required as a cofactor of more than 300 enzymes and 2,500 

transcriptional factors (Vallee and Auld, 1990; Edelstein and Collins, 2005). In other 

words, Zn is involved with carbohydrate, protein, and energy metabolism (Coleman, 

1992). Zn is required at the active site of the enzyme for catalytic function. Enzymes 

become inactive when the Zn atom is removed by either a chelating agent or others. A 

unique property for the catalytic Zn site, when compared with the structural Zn site, is the 

water molecule attach to the Zn-binding polyhedron (McCall et al., 2000). This 

component is crucial for ionization and polarization for the enzyme catalytic activity. The 

first Zn-dependent enzyme was identified as carbonic anhydrase in red blood cells (Keilin 

and Mann, 1939). Carbonic anhydrase is the Zn metalloenzyme (Zn-dependent enzyme) 

Function of Zn Details Examples 

Catalytic factor Enzyme cofactor in six 

main enzyme classes 

1. Oxidoreductase: alcohol 

dehydrogenase 

2. Transferase: only 34% of this class 

are catalytic, not major  

3. Hydrolase: carboxypeptidase, 

alkaline phosphatase 

4. Lyase: carbonic anhydrase 

5. Isomerase: phosphomannose 

isomerase 

6. Ligase: only 39% of this class are 

catalytic, not major 

Structural 

component 

Zn fingers Transcription factor  

Classical Zn finger motif 

Interprotein binding mediator 

Signaling mediator Extracellular signaling Neuromodulating functions in central 

nervous system 

 Intracellular signaling Second messenger functions 

Zn flux 

Zn wave 
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and it functions in acid-base balance and gastric HCO3
-
 secretion. Its activity declines 

with Zn deficiency while adding Zn can restore the activity (King, 2011). Other examples 

are enzyme hydrolases, e.g., carboxypeptidase A, alkaline phosphatase, and 

phospholipase C, which all require Zn atoms to perform their catalytic reaction (Andreini 

and Bertini, 2012). Overall Zn has been recognized for all six enzyme classes defined in 

the Enzyme Commission (EC) system. 

b. Structural component 

For the role of maintaining structure, Zn is coordinated by tetrahedral amino acid 

side chains. A structural role of Zn was discovered as Zn fingers, in which the molecules 

consist of 4 cysteine or histidine amino acids. Cysteine is frequently found as an amino 

acid ligand to the Zn molecule in this role followed by histidine (Andreini and Bertini, 

2012). The tetrahedral Zn complexes are highly stable to enable the protein to achieve 

their functions (McCall et al., 2000). An example of a Zn role in maintaining enzyme 

structure is Cu-Zn superoxide dismutase 1 (SOD1), the anti-oxidant enzyme that breaks 

down superoxide radicals to defend against cell damage, where Zn is crucial to maintain 

the enzyme structure. Enzyme transferases and ligases such as galactose-1-phosphate 

uridylyltransferase mainly require Zn to stabilize their structure (Geeganage and Frey, 

1999). Later Zn fingers were found to involve in cellular signaling or transcription.  
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c. Regulatory or signaling 

Physiological roles of Zn have shown a significant cell communication for not 

only in the brain but in other tissues. Zn signals are described in three types: synaptic 

signal (neuromodulator), transmembrane signal (Zn translocation through plasma 

membrane), and intracellular Zn signal (Zn release within cells) (Frederickson and Bush, 

2001). General pathways to create intracellular Zn ion movements are vesicular 

exocytosis via Zn release from reactive species modifying protein, and Zn release from 

vesicular stores (King, 2011). Intracellular Zn movement initiates cellular signals as Zn 

acts as a second messenger comparable to Ca (Yamasaki et al., 2007). The movement 

includes Zn transport through the plasma membrane, Zn move in and out of cell 

organelles, or binding proteins such as metallothionein (MT) and calprotectin. 

Intracellular Zn signaling can be classified according to the time onset of occurrence 

(Figure 2.3).  

 

 

 

 

 

 

Figure 2.3. Classification of intracellular Zn signals by time scale of response 

(adapted from Maywald et al. (2017)). 
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3. Zinc absorption 

Zn salts or complexes are required to dissolve with intraluminal liquid substances 

for absorption. The implication of Zn absorption is involved with solubility in the 

gastrointestinal lumen. Different Zn sources are not equal in solubility, i.e., Zn oxide and 

Zn carbonate are poorly soluble and absorbed by the enterocytes (Allen, 1998). When Zn 

passes along to the stomach, intragastric pH enhances Zn dissociation and stomach 

absorption, but it accounts for a small portion (Sturniolo et al., 1991). Martin et al. (2013) 

reported an upregulation of Zn transporter ZIP11 expression in the gastric mucosa of 

mice responding to dietary Zn intake. However, the expression was downregulated 

during dietary Zn restriction. Furthermore, digesta retention and gastric emptying time in 

pigs are as short as 1 and 3 h, respectively (Wilfart et al., 2007; Strathe et al., 2008).   

Zn is absorbed along the small intestinal tract. Duodenum contributes to the 

largest amount of Zn absorbed from its high Zn concentration after a meal (King et al., 

2015), while the highest rate of absorption is in the jejunum of the small intestine (King 

and Cousins, 2014). Digestive Zn can be either from food components or endogenous 

secretion and regulated by two mechanisms: passive and carrier-mediated transports, 

which the latter is satiable and the main route of transport. Passive transport or 

paracellular transport process occurs when large mineral concentration gradients create a 

driving force to push through the tight junction into the intestinal space (Nellans, 1991). 

Under normal physiological conditions, the body contains only 0.1% of serum Zn, 80% 

of which is loosely bound by albumin, and 20% bound by macroglobulin (Barnett et al., 

2013) (Figure 2.4). Net Zn absorption is controlled by homeostasis depend on individual 

Zn status and dietary intake. 
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a. Factor affecting Zn absorption 

Bioavailability of Zn can be affected by extrinsic and intrinsic factors. The 

extrinsic factors include dietary component of phytate, mineral levels, and protein 

quantity and quality, whereas the intrinsic factors are the nature of chemical Zn form, 

body Zn status, and physiological status. While the presence of Zn inhibitors is the most 

common factor influence Zn uptake, efforts to eliminate or improve nutritional strategies 

related to those causative factors may enhance Zn bioavailability and absorption. 

Suboptimal Zn status can occur due to various factors including inadequate Zn 

intake and the presence of inhibitors of Zn absorption. Zn absorption depends on Zn 

intake, however, increasing Zn consumption reduces absorptive efficiency of Zn 

Figure 2.4. Body Zn distribution and excretion (adapted from Kambe et al. (2015)). 
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(Lonnerdal, 2000). For example, when pigs are marginally Zn sufficient, they absorb 

greater Zn from the diets. In contrast, when pigs are overfeeding with dietary Zn, Zn 

absorption is reduced. This may be regulated by the presence of major Zn transporter 

ZIP4 that is responsible for Zn absorption in the small intestine. Expression of ZIP4 on 

the apical membranes of enterocytes is repressed when dietary Zn is sufficient (Dufner-

Beattie et al., 2003). 

A study from Sandström and Cederblad (1980) exhibited that meals based on 

animal protein intake enhanced the efficacy of Zn absorption. However, Zn absorption 

from soybean meal diet did not differ from an animal protein meal diet. Also, casein in 

milk has been reported to reduce Zn absorption due to casein phosphopeptides (CPP) 

(Lonnerdal, 2000). CPP contains phosphorylated threonine and serine residues that bind 

to Zn ion. However, demineralized bovine casein showed no inhibitory effect on Zn 

absorption (Hurrell et al., 1989). 

Diets for pigs are mainly composed of plant products including grains. 

Approximately 50-85% of total phosphorus (P) in these ingredients are phytates. Phytic 

acid  (myoinositol-1,2,3,4,5,6-hexakis dihydrogen phosphate) is a secondary compound, 

that is a major P storage form in cereals, legumes, oilseeds, and nuts (Vats and Banerjee, 

2004; Gupta et al., 2015). Phytic acid is negatively charged and capable of binding with 

cation minerals, i.e., Ca2+, Zn2+, Fe2+, Cu2+, and Mg2+) at intestinal pH, thus it acts as an 

anti-nutritional factor to limit the absorption of minerals including Zn (Wilcock and 

Walk, 2016). The binding results in poor solubility and reduced Zn absorption. Pigs and 

other monogastric animals have low phytase (phytate degrading enzyme) activity along 

the gastrointestinal tract, it is excreted in manure to a large extent (Lu et al., 2020). 
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Therefore, supplementation of dietary phytase has shown beneficial effects on Zn and 

other minerals absorption. A study from Adeola et al. (1995) indicated that 

supplementation of phytase significantly increased plasma Zn concentration of nursery 

pigs. Other strategies implemented in human nutrition are the inclusion of organic acids, 

such as ascorbic acid, and ethylenediaminetetraacetic acid (EDTA) complexes to reduce 

the impact of phytate on Zn absorption (Gibson et al., 2010). 

Antagonists of inorganic minerals within the digestive tract were suggested that 

the low gastric pH induce dissociation of mineral salts, resulting in complexes forming 

and impaired bioavailability and absorption (Henderson et al., 1995). Zinc absorption is 

influenced by the competition between Zn and similar chemical characteristic metal ions, 

such as Ca, Fe, Cu, and Mn for transporters or absorptive sites. For example, Zn must 

compete with Fe and Mn for binding sites of divalent metal transport 1 (DMT1) at the 

apical membrane of the enterocytes, and body Fe status can cause up- or downregulation 

of DMT1 expression (Goff, 2018). However, Zn absorption via DMT1 is considered a 

minor pathway. Zinc and Cu are antagonistic to one another. Most studies reported that 

high Zn repressed Cu absorption (Ogiso et al., 1974; Wapnir and Balkman, 1991), but 

when consuming high Cu:Zn ratio, Zn absorption was depleted (Van Campen, 1969). 

Chemical structure of Zn form can affect Zn absorption through the 

gastrointestinal tract. Low-molecular-weight organic ligands such as amino acids and 

other organic acids may enhance the solubility of Zn complexes (Sandström and 

Lönnerdal, 1989). A study in Beagle dogs reported a significant increase in plasma Zn 

concentration when supplementing with Zn amino acid chelate over Zn oxide, and the 

peak concentration was later at 4.5 h compared with 2.25 h after dosing, respectively 
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(Lowe et al., 1994). Therefore, attributes of organic Zn sources might provide better 

bioavailability to enhance the absorptive efficiency of Zn, i.e., Zn organic complex may 

be absorbed via peptide or amino acid transport systems (Nitrayova et al., 2012).  

4. Zinc transporters 

Because Zn is essential and much less dangerous than other metals, the body tries 

to conserve every bit of it for its use. Accordingly, Zn transport and binding proteins play 

important roles in the absorption and cellular localization of Zn (Table 2.3). Besides, Zn 

does not react to redox reactions to cross the cellular membrane, unlike Fe and Cu 

(Kambe et al., 2015). Thus, Zn mobilization is tightly controlled by Zn transporters and 

binding proteins. Two distinct classes of 24 Zn transport proteins interact in Zn 

translocation. The first class is the Zn transporter as a Zn exporter (ZnT), whose family 

contains 10 members from ZnT1 to ZnT10. These Zn exporters transport cytosolic Zn out 

of a cell or into cellular organelles. The second class is the Zrt-, Irt-like protein (ZIP) as a 

Zn importer, which contains 14 members from ZIP1 to ZIP14. These ZIP proteins work 

in the opposite of the ZnT proteins by transporting Zn from the extracellular space or 

cytosolic lumen into the cytosolic location (Lichten and Cousins, 2009). The opposite 

functions of ZnT and ZIP proteins that move Zn ions are termed as Zn mufflers. Genetic 

mutations of these transporters affect significantly the development, metabolism, and 

immune system of the host (Hojyo and Fukada, 2016). However, this dissertation will 

cover two focused ZIP transporters.  
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a. ZIP4 

ZIP4 is a member of the solute carrier 39 A 4 (SLC39A4) Zn transporter family. 

In a human study, ZIP4 is essential to embryonic development and growth by transferring 

dietary Zn through the intestine (Dufner-Beattie et al., 2007). A mutation of the ZIP4 

gene leads to acrodermatitis enteropathica (AE), a genetic disorder of Zn deficiency 

causing severe skin problems in humans (Küry et al., 2002). 

ZIP4 mRNA is abundantly expressed in the small intestine, particularly in the 

apical membrane, and indispensable in enteric Zn absorption (Cousins, 2010). Zn 

homeostasis occurs in the gastrointestinal tract because it is an interface of Zn exchange 

between the host and intraluminal Zn (Wang and Zhou, 2010). According to Hashimoto 

et al. (2016), ZIP4 is responsive to Zn deficiency, thus accumulates rapidly to govern Zn 

absorption. During high Zn levels, ZIP4 is endocytosed, degraded in proteasome and 

lysosome (Mao et al., 2007), and removed from the apical membranes of the enterocytes 

within several hours (Dufner-Beattie et al., 2003). Therefore, dietary and body Zn levels 

regulated ZIP4 localization and trafficking affect dietary Zn absorption and cellular 

homeostasis (Kim et al., 2004).  

b. ZIP14 

ZIP14 is mainly expressed in the liver, small intestine, heart, and pancreas and 

also is important in non-transferrin-bound Fe uptake, Mn homeostasis, hepatocyte 

proliferation, and systemic growth (Zhao et al., 2010; Aydemir et al., 2012; Scheiber et 

al., 2019). Also, data showed that ZIP14 is expressed in the pituitary gland and 

chondrocytes involved in production of growth hormone and bone development (Mayo et 
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al., 1995; Karsenty et al., 2009). In the small intestine, ZIP14 is localized in the 

basolateral membrane and is required for Zn uptake and maintenance of tight junctions 

(Guthrie et al., 2015). During inflammation and infection, hepatic ZIP14 is upregulated 

by interleukin-6 (IL-6) to increase Zn uptake in the liver and leads to hypozincemia 

(decrease in plasma/serum Zn concentration) (Liuzzi et al., 2005). Deletion of ZIP14 in 

mice altered glucose homeostasis and insulin receptor functions by enhancing insulin 

receptor at the kinase domain led to increasing insulin function and glucose uptake to the 

liver (Aydemir et al., 2012).  

c. Zinc binding protein 

The major intracellular Zn-binding protein is metallothionein (MT). 

Metallothionein is a low molecular weight metal-binding protein that contains 

predominantly Zn, Cu, and Cd. The MT protein can bind 7 Zn atoms and 60-68 amino 

acids, and it is highly conserved 18-23 cysteine residues (Maret, 2000). There are mainly 

4 isoforms of MTs: MT-1, MT-2, MT-3, and MT-4. The most widely expressed 

throughout the body is MT-1 and MT-2, while MT-3 is more specific in the brain 

(Masters et al., 1994), and MT-4 is detected in certain squamous epithelium and the 

maternal lining of the uterus (Quaife et al., 1994; Liang et al., 1996). Cellular Zn 

transients can be regulated by MT as it serves as Zn buffers. MT is a multifunctional 

stress protein that increases its presence during insult exposure, such as metal toxicity, 

oxidative stress, and inflammation involving in metal translocation (Andrews, 2000). 

Thus, functions of MT are involved with cell protection, metal (Zn) homeostasis, and 

regulation, and as inflammatory mediator. MT is highly expressed in the liver, intestine, 
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and kidney. For examples, research has shown enhanced apoptosis in MT-knockout cells 

(Kondo et al., 1997) and that nuclear MT protects DNA damage and regulates gene 

expression during cell proliferation and differentiation (Cherian and Apostolova, 2000), 

and cytoprotection of MT in LPS-induced inflammation (Inoue et al., 2006).  

Table 2.3. Cellular localization and tissue expression of Zn transport and binding proteins 

(adapted from Myers et al. (2012) and Baltaci and Yuce (2018)). 

Zn transport/binding 

proteins 

Cellular localization Tissue expression 

ZnT proteins (SLC30)   

ZnT1 (SLC30A1) Plasma membrane Ubiquitously expressed 

ZnT2 (SLC30A2) Vesicles, lysosomes Pancreas, kidney, testis, 

epithelial cells, small intestine 

ZnT3 (SLC30A3) Synaptic vesicles Brain, testis 

ZnT4 (SLC30A4) Intracellular 

compartments 

Mammary gland, brain, small 

intestine, placenta, blood, 

epithelial cells 

ZnT5 (SLC30A5) Secretory vesicles, Golgi 

apparatus 

Ubiquitously expressed 

ZnT6 (SLC30A6) Secretory vesicles, Golgi 

apparatus 

Small intestine, liver, brain, 

adipose tissue 

ZnT7 (SLC30A7) Golgi apparatus Retina, small intestine, liver, 

blood, epithelial cells, spleen 

ZnT8 (SLC30A8) Secretory vesicles Pancreatic B-cells 

ZnT9 (SLC30A9) Cytoplasm, nucleus Ubiquitously expressed 

ZnT10 (SLC30A10) Unknown Liver, brain 

ZIP proteins (SLC39)   

ZIP1 (SLC39A1) Plasma membrane Ubiquitously expressed 

ZIP2 (SLC39A2) Plasma membrane Blood, prostate, dermis 

ZIP3 (SLC39A3) Plasma membrane, 

intracellular compartment 

Mammary gland, prostate 

ZIP4 (SLC39A4) Apical membrane Small intestine, stomach, 

colon, kidney, brain 

ZIP5 (SLC39A5) Basolateral membrane Pancreas, kidney, liver, spleen, 

colon, stomach, small intestine 

ZIP6 (SLC39A6) Plasma membrane Ubiquitously expressed 

ZIP7 (SLC39A7) Golgi apparatus, 

endoplasmic reticulum 

Ubiquitously expressed 

ZIP8 (SLC39A8) Vesicles Ubiquitously expressed 

ZIP9 (SLC39A9) Trans-Golgi network Ubiquitously expressed 

ZIP10 (SLC39A10) Plasma membrane Ubiquitously expressed 
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Zn transport/binding 

proteins 

Cellular localization Tissue expression 

ZIP11 (SLC39A11) Unknown Mammary gland, testis, gastric 

gland, ileum, cecum, colon 

ZIP12 (SLC39A12) Unknown Retina, brain, testis, lung 

ZIP13 (SLC39A13) Golgi apparatus Ubiquitously expressed 

ZIP14 (SLC39A14) Plasma membrane Ubiquitously expressed 

Metallothionein   

MT-1 Cytoplasm, nucleus, 

mitochondria 

Ubiquitously expressed 

MT-2 Cytoplasm, nucleus, 

mitochondria 

Ubiquitously expressed 

MT-3 Cytoplasm, nucleus, Brain, testis 

MT-4 Cytoplasm, nucleus, Squamous epithelia 

5. Zinc homeostasis and cellular distribution 

Zn homeostasis is crucial for normal cell functions. Homeostatic control of Zn is a 

principle physiological response to maintain Zn in an optimal balance during exposures 

to various circumstances, e.g., disease challenge, ongoing loss, and increase Zn intake. 

Body Zn homeostasis during the acute phase response of inflammation changes Zn 

transiently. Serum Zn translocation to the liver causes hypozincemia or a decrease in 

serum Zn concentration. This event occurs simultaneously with increases in 

proinflammatory biomarkers, reactive oxygen species, and antimicrobial peptides that 

cause tissue damage in the lung, liver, and spleen (Knoell et al., 2009). Therefore, serum 

Zn concentration is sensitive to physiological changes and not a specific measure of Zn 

nutrition.   

Intracellular Zn distribution is controlled tightly in every part of the cell 

compartment, e.g., organelles, and vesicles. Cytosolic Zn is floating freely or loosely 

bound in very low concentrations ranging from picomolar to a low nanomolar range 

(Outten and O'Halloran, 2001) (Figure 2.5). Most of the Zn ions in the cytosol are bound 

to metalloproteins and metallothionein. Although Zn is an essential metal, excessive Zn 
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can be toxic. Zn is excreted from the body via intestinal and pancreatic excretions (Krebs, 

2000). The control mechanism is highly involved with the Zn sensing system by metal-

response element-binding transcription factor-1 (MTF-1) (Laity and Andrews, 2007). 

MTF-1 is a 72.5 kDa protein composed of six Zn fingers and transcriptional domains 

(Heuchel et al., 1994). On the proximal promoters of MT genes, there is MTF-1 as the 

DNA motifs located to accompany metal-response element (MRE)-binding transcription 

(Stuart et al., 1984). Zn ions stimulate the DNA-binding activity of MTF-1 specifically 

by interacting with the Zn-finger domain. In other words, MTF-1 acts as a Zn sensor of 

free Zn pool and responds to changes in Zn concentration and cellular stresses including 

metal toxicity, heat shock, and oxidative stress. Evidence shows that these stressors 

induce DNA binding of MTF-1, thus upregulating MT gene transcription (Heuchel et al., 

1994). 

 

 

 

 

 

 

Figure 2.5. Cellular Zn distribution. ZIP proteins are the Zn importers (transfer Zn into 

cytoplasm) while ZnT proteins are the Zn exporters (transfer Zn out of cytoplasm). 

Metallothioneins are the Zn binding proteins. Free Zn ions are kept intracellularly as 

low as pM to low nM concentration (adapted from Kambe et al. (2015)). 
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6. Zinc use in swine nutrition 

 Back in the 1950s, Zn was supplemented to cure and prevent a skin disease 

termed parakeratosis in pigs (Stevenson and Earle, 1956). Parakeratosis is a 

hyperkeratinization of the skin including scabs and encrustations and induced by the 

onset by high dietary Ca (Luecke et al., 1957). This disease raised attention to more 

research on the effect, relationship, and requirement of Zn on health, growth, and 

physiological performance in pigs. Pond et al. (1964) reported that supplementing Zn no 

greater than 34 ppm in a corn-based diet containing 1.3% Ca could prevent parakeratosis 

and promote weight gain of pigs. In 1968, Zn-deficient pigs had been reported for 

impaired growth, development, and metabolism, e.g., decrease in growth rate, feed 

efficiency, feed intake, serum Zn, size, and strength of bone, thymus weight, and alkaline 

phosphatase enzyme (Miller et al., 1968). A study on dietary Zn levels for reproductive 

sows on litter performance was reported that the progeny of sows fed 33 ppm Zn had a 

lesser growth rate than pigs from sows fed 83 ppm (Hedges et al., 1976).  

a. Zinc bioavailability  

Currently, there are many feed grade Zn forms available for use in the swine 

industry. The responses of using different Zn forms are not consistent, which may be 

explained by relative bioavailability value (RBV) to some extent. From an animal 

nutrition perspective, Ammerman et al. (1995) defined bioavailability as “The degree to 

which an ingested nutrient in a particular source is absorbed in a form that can be utilized 

in metabolism by the animal”. Whereas in the human nutrition perspective, 

bioavailability definition was provided by the subcommittee on Upper Reference Levels 
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of Nutrients as “Accessibility to normal metabolic and physiologic process. 

Bioavailability influences a nutrient’s beneficial effects at physiologic levels of intake 

and also may affect the nature and severity of toxicity due to excessive intakes” 

(Hambidge, 2010). Besides, RBV of Zn sources should be determined during normal 

physiological and nutritional states to avoid regulatory control by homeostatic 

mechanism in absorption and excretion (Paulicks et al., 2011). Bioavailability can be 

affected by various dietary and physiological factors (Figure 2.6). Therefore, the essence 

of feeding high RBV Zn is to use lower levels to improve intestinal absorption to benefit 

systemic use of Zn and lessen fecal Zn excretion. Although RBV may be used to indicate 

absorption and utilization of Zn source, over-formulated Zn doses could diverge RBV 

from homeostatic counter-regulation. Collectively, justification for RBV may be one of 

the prerequisites in selecting Zn source.  

 

 

 

 

 

 

Figure 2.6. Stages of bioavailability and factors affected at each stage (adapted from 

Fairweather-Tait (1992)). 
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b. Zinc source 

Two types of Zn sources available are inorganic and organic, which the two are 

described differently by their chemical and biological properties. Examples of feed grade 

inorganic Zn are ZnO, ZnSO4, and ZnCl2, while the organic ones are Zn that complexes 

with amino acids (specific and non-specific), proteins (polypeptides), or carbohydrates 

(polysaccharides). The difference of the Zn ligands affects stability, absorption, and 

utilization of Zn. For instance, ZnO as an inorganic source has RBV between 50-68% 

compared to other Zn sources, e.g., Zn sulfate and organic Zn (RBV ≥ 100%) (Wedekind 

et al., 1994; Hellman and Carlson, 2018). Cao et al. (2000) reported bioavailability of 

organic Zn forms relative to 100% of Zn sulfate were 113, 110, and 130% for Zn 

proteinate, Zn amino acid, and Zn methionine, respectively. A study from Lee et al. 

(2001) comparing supplementation of ZnSO4, Zn amino acid chelate (ZAC) and Zn 

methionine complex (ZM) at 170 mg/kg diet with added 170 mg/kg diet of CuSO4, Cu 

amino acid chelate, and Cu chloride, respectively in growing pigs revealed that serum Zn 

concentration of ZAC (1.55 mg/L) and ZM (1.74 mg/L) were significantly higher than 

the ZnSO4 (1.44 mg/L) pigs at d 14 of supplementation. In addition, fecal Zn excretion of 

ZAC pigs was the lowest among others (1,240 vs 1,550 mg/kg). Another study reported 

pigs supplemented with 100 mg/kg of Zn chitosan chelate (Zn-CS) significantly 

increased serum Zn concentration, and mRNA expressions of duodenal Zn transporters 

ZnT1, ZIP4, and ZIP5 than the ZnSO4 supplemented pigs (Lv et al., 2016). Thus, pigs fed 

with Zn-CS had improved average daily gain (ADG) (347.06 ± 61.33 vs 243.69 ± 47.05 

g/d). 
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c. Growth performance 

A recommendation by the Nutrient Requirements for Swine (NRC, 2012) 

suggests a 100 mg Zn/kg diet for 5 to 11 kg BW, and 80 mg Zn/kg diet for 11-25 kg BW. 

These amounts are required to support normal growth performance and prevent 

deficiency conditions during a steady state. In swine industry practice, supplemental Zn is 

usually included in greater levels than those recommended by NRC to compensate 

inefficiencies during the pre-absorptive state, to supply an increase physiological and 

special purpose requirements during challenging times, and to expect a dose-dependent 

performance and outcomes.  

Zn has been used as a growth promoter because it is crucially required for 

metabolic and physiologic functions of the body. Feeding higher levels of Zn also exerts 

a positive outcome on growth rate. Industry levels of Zn fed to weaned pigs have been 

described as pharmacological doses (2,000-3,000 mg/kg diet), and the most commonly 

used form in North America is ZnO (Baker, 2000). The pharmacological doses are to 

give pharmacological effects to post-weaning pigs against the challenge state, i.e., growth 

lag from confronting to multiple stressors, and health challenges from post-weaning 

diarrhea. Feeding ZnO at 3,200 ppm to weaned pigs infected with Escherichia coli for 14 

d revealed a decrease in post-weaning diarrhea without having toxic signs (Holm, 1990). 

A study by Li et al. (2001) indicated improved intestinal morphology, nutrient digestion, 

and absorption when weaned pigs were fed 3,000 mg/kg ZnO. A meta-analysis of 

pharmacological levels of ZnO supplementation on growth showed feasible outcomes 

when compared to the use of in-feed antibiotics to enhance growth performance (ADG, 

ADFI, and G:F) of nursery pigs (Sales, 2013). Although high levels of ZnO used are 
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effective to improve growth performance and treat diarrhea, there are studies 

recommending supplement only for short periods after weaning (Carlson and Hellman, 

2003; Shelton et al., 2009). The use of high ZnO throughout the nursery phase can cause 

damage to intestinal lining epithelium (Zhou et al., 2017), and increase environmental 

problems from fecal Zn excretion (Meyer et al., 2002). 

On the other hand, dietary Zn amino acid complex (ZnAAC) supplementation was 

reported to improve weight gain, feed efficiency, and increase serum antioxidant enzyme 

status of weaned pigs fed 20 to 120 ppm (Zhang et al., 2018). Significant lower doses 

with optimal outcomes have drawn attention as an alternative to ZnO. Weanling pigs fed 

Zn and Cu amino acid chelates exhibited improvements in feed efficiency, serum mineral 

concentration, and decrease fecal excretion over equal doses of inorganic sources (Lee et 

al., 2001). Therefore, strategies of Zn used in nursery pigs should be implemented to 

maximize the benefits of Zn source and doses to minimize adverse effects on pigs and the 

environment.  

d. Immune attribution 

 Zn is vital for both the innate and adaptive immune systems. It was mentioned 

that Zn served as a second messenger of immune cells, and participated in intracellular 

signaling events (Prasad, 2014). Marginal Zn deficiency could impair immunity in 

various ways, such as chronic low-grade inflammation and increase oxidative stress 

(Sandström et al., 1994). Hallmarks of Zn deficiency are thymic atrophy and 

lymphopenia (decrease in CD4+ T helper cell resulting in a decrease CD4+/CD8+ ratio) 

(Rink and Haase, 2007). One of the biological activities of the thymus gland is secreting 
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thymulin (thymic hormone). This hormone contains a Zn-bound form and is important 

for T-cells maturation and differentiation (Goldstein, 2013). Also, Zn is required for the 

extrathymic T-cell pathway (Mocchegiani et al., 1997). Zn supplementation increased 

lymphocyte proliferation and macrophage function of mice when supplemented for short 

periods (Lastra et al., 2001).  

 Zn is important in reducing free radical formation through the superoxide 

dismutase (SOD) enzyme. A study indicated piglets supplemented with Zn-chelate 

increased antioxidant capacity (Cu-ZnSOD and GSH-Px) and improved immune function 

(serum IgA, complement 3 and 4 levels) (Ma et al., 2014). Zn has been found to inhibit 

NF-ĸB signaling via A20 (Figure 2.7). A20 is a principal anti-inflammatory Zn-finger 

protein, that is important for tumor necrosis factor receptor (TNFR) and TLR signaling. 

The downstream action of A20 is to sequester NF-ĸB in the cytoplasm via I kappa B 

kinases (IKK) binding NF-ĸB, thus hindering the translocation of NF-ĸB to the nucleus 

for gene transcription (Maywald et al., 2017). In addition, Zn is required for the DNA 

binding activity of peroxisome proliferator-activated receptor-alpha (PPAR-α). PPAR-α 

plays a role in negatively interfering with NF-ĸB, thus preventing inflammatory gene 

expression, such as cytokines and adhesion molecules (Reiterer et al., 2004).  

 Weaned pigs fed additional Zn increased serum IgA concentration compared with 

the control group (Pei et al., 2019). Supplementing pharmacological ZnO modulated 

immune function by decreasing mRNA expression of proinflammatory cytokine 

interferon-g (IFN-g), but increasing anti-inflammatory cytokine transforming growth 

factor-b (TGF-b) in the jejunum of piglets (Zhu et al., 2017). Pigs fed Zn amino acid 

complex (ZnAAC) improved 56% of small intestinal integrity on transepithelial electrical 
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resistance (TER) during severe heat stress (Fernandez et al., 2014). However, 

supplementing Zn in the form of ZnO nanoparticles (~37 nm diameter) increased cell 

toxicity of macrophage by over generating intracellular reactive oxygen species (ROS), 

causing plasma membrane leakage, and impairing mitochondria function (Wang et al., 

2014).  

 

 

 

 

 

 

 

 

e. Zinc and copper supplementation 

 Not only Zn has been used in swine diets, especially the nursery phase, but Cu is a 

widely used mineral. Zn and Cu play key roles in metabolic pathways and supporting 

growth. Supplementation of these two minerals in pharmacological concentrations (2000-

3000 for Zn, and 100-250 for Cu) provides improvements in growth performance, 

independently (Hill et al., 2000). In contrast, no additive responses of high levels of Zn 

(3,000 ppm) and Cu (250 ppm) supplementation were found in growth performance of 

Figure 2.7. Anti-inflammatory mechanism of Zn (adapted from Maywald et al. (2017)). 
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weaned pigs (Smith et al., 1997). The research recommended that high levels of Zn 

should be fed after weaning until pigs reached 12 kg BW, then switched to feeding high 

Cu for the remainder of the nursery phase, would be a feasible and cost-effective 

approach (Jacela et al., 2010).   

f. Zinc deficiency  

From a notable human nutrition perspective by Golden (1996), there are two types 

of nutritional deficiencies: Type I and Type II. The explanation for Type I nutrient 

deficiency is that no primary effect on growth but decreases in body store which causes a 

specific metabolic problem, for example, Fe deficiency causes anemia, Ca causes bone 

and skin lesions, thiamin deficiency causes beriberi, and niacin deficiency causes 

pellagra. Thus, the diagnosis of Type I nutrient deficiency is straightforward. In contrast, 

Type II nutrient deficiency has major effects on growth failure, including stunting and 

wasting. The signs and symptoms may occur as non-specific as generalized dysfunction 

distressing most tissues and contribute to a protein-energy deficiency. Nutrients that fall 

into this category are Zn, magnesium, phosphorus, nitrogen, and essential amino acids. 

Therefore, the diagnosis of deficiency is not normally associated with specific signs. 

Instead, the body starts to limit excretion or breakdown of its tissues to supply the 

nutrients to the body.  

Since Zn participates in many enzymatic activities for multiple systems, failure to 

absorb Zn adequately is exhibited by slow growth, skin lesions, diarrhea, alopecia, 

impaired wound healing, and compromised immune function (Henderson et al., 1995). It 

was reported that Zn deficiency was associated with decreased activity of enzyme 
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concentrations, i.e, hepatic leucine aminopeptidase, and ornithine transcarbamylase 

(Burch et al., 1975). A report from Sullivan et al. (1974) indicated that Zn-deficient pigs 

decreased pancreatic secretion, e.g., protease and amylase. Zn deficient with additional 

high Ca ration diets could induce the onset of a profound symptom called parakeratosis 

(Figure 2.8). This severe skin problem occurred simultaneously with decreased weight 

gain (Lewis Jr et al., 1956). However, the addition of Zn could eliminate or reverse the 

conditions (Lewis Jr et al., 1956; Hoefer et al., 1960).  

Zn deficiency may be influenced by factors affecting Zn absorptive efficiency. 

The factors could be pathological conditions that affect the intestinal structure and Zn 

transporters, Zn solubility, Zn antagonists presenting in the intraluminal environment, 

such as dietary phytate found in plant-based ingredients, excessive Ca and Fe, and 

unabsorbed fat (Krebs, 2000). This agreed with Ognik et al. (2016) that diets containing 

high Ca and Fe can reduce the availability of Zn before being absorbed or a high Cu diet 

reduced Ca and Zn absorption. However, Zn deficiency is rarely found in commercial 

pigs nowadays when it is common to formulate swine diets to meet or exceed Zn 

recommendations.   
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g. Zinc toxicity 

Although Zn is an essential metal, excess Zn can be toxic. Therefore, Zn 

homeostasis and detoxification are crucial for normal cell functions, i.e., Zn sensing 

system by metal-response element-binding transcription factor-1 (MTF-1) (Laity and 

Andrews, 2007). MTF-1 is a 72.5 kDa protein composed of six Zn fingers and 

transcriptional domains (Heuchel et al., 1994). On the proximal promoters of MT genes, 

there is MTF-1 as the DNA motifs located to accompany metal-response element (MRE)-

binding transcription (Stuart et al., 1984). Zn stimulates the DNA-binding activity of 

MTF-1 specifically by interacting with the Zn-finger domain. In other words, MTF-1 acts 

as a Zn sensor of free Zn pool and responds to changes in Zn concentration and cellular 

stresses including metal toxicity, heat shock, and oxidative stress. Evidence showes that 

these stressors induce DNA binding of MTF-1, thus upregulates MT gene transcription 

(Heuchel et al., 1994). 

Figure 2.8. Zinc deficiency signs of parakeratosis and decreased growth in pig (left side). 

Obtained from Nielsen (2012) by courtesy of J.H. Conrad and W.M. Beeson, Purdue 

University. 
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Clinical signs of Zn toxicity in swine are detectable as anorexia, depression, 

gastroenteritis, and declined growth performance, i.e., reduced weight gain, reduced feed 

efficiency (Puls, 1988). Feeding ZnO at 4,000 mg/kg diet decreased ADG of pigs but did 

not induce toxic signs (Poulsen, 1995). While feeding ZnO at 6,000 mg/kg diet in weaned 

pig increased hepatic, pancreas, and serum Zn concentrations leading to pancreatic cells 

apoptosis, but decreased in serum Cu, and both serum and hepatic selenium (Burrough et 

al., 2019). Excessive feeding of 8,000 mg ZnO/kg of diet for 8 weeks led to chronic 

pancreatitis and wasting syndrome (Komatsu et al., 2020). Collectively, pharmacological 

levels of ZnO are recommended to feed for approximately 2 weeks during the nursery 

phase. For organic Zn, weanling pigs can tolerate up to 800 mg of Zn amino acids 

complex supplementation/kg diet (Zhang et al., 2018). 

7. Lipopolysaccharide (LPS) 

a. LPS component 

 Lipopolysaccharide (LPS) is a major component of the outer membrane of Gram-

negative bacteria, e.g., Salmonella sp. and Escherichia coli. LPS is a potent endotoxin 

and heat-stable complex molecule that plays a key role in the innate immune response of 

the host. It is called endotoxin because once released from the bacteria it can initiate a 

cascade of a host inflammatory response. The structure of LPS consists of three defined 

regions from the innermost to the outermost location: lipid A, core-oligosaccharide 

region, and O-antigen (Alexander and Rietschel, 2001) (Figure 2.9). Some bacterial LPS 

lack O-antigen and are called “rough (R)-type LPS” or “LOS”, while those comprised of 

all three regions are called “smooth (S)-type LPS” (Silipo and Molinaro, 2010). For 
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example, commercial LPS from E. coli O55:B5 is extracted from wild-type of S-type 

LPS, which is composed of three regions. This LPS is used in research studies to activate 

inflammation via a specific toll-like receptor 4 (TLR4). Therefore, the two different LPS 

forms could induce differences in oxidative burst level, host immune response, and 

kinetics of blood clearance.  

Lipid A, a main virulent factor, is responsible for endotoxic activity of LPS 

molecule. Lipid A comprises of b (1-6) D-glucosamine disaccharide 1,4’-bisphosphate 

backbone and is embedded via hydrophobic bond in the phospholipid bilayer of the 

bacterial outer membrane (Kotani et al., 1985). However, structures of lipid A widely 

vary among different bacterial species, i.e., from a diverse phosphorylation pattern of the 

disaccharide backbone. The major contribution of structural differences is the 

immunogenic potential which defines LPS immunogenicity (Seydel et al., 2000). LPS 

which elicits strong inflammation of the host response is called “agonistic” 

lipopolysaccharide, i.e., E.coli has hexaacylated lipid A structure that stimulates the 

strongest proinflammatory response of the host cell (Zähringer et al., 1994). On contrary, 

LPS which triggers a weak inflammatory host response is named “weak agonistic” or 

“antagonistic” lipopolysaccharide, i.e., Francisella tularensis absences one or two 

phosphate groups of the lipid A structure and behaves in weak agonistic type (Phillips et 

al., 2004). Interestingly, the two types of lipid A may compete for host cell binding in a 

harsh environment (Steimle et al., 2016).  

 Linked to lipid A moiety is the core-oligosaccharide of LPS. Unlike lipid A that is 

a highly conserved region, the core oligosaccharide has some variations. The core often 

contains branched and phosphorylated heterooligosaccharide and can be divided into two 
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regions: the inner core and the outer core. At the inner core proximal to lipid A, the sugar 

chain contains residues of Kdo, which is the most conserved component, and L-glycerol-

D-manno-heptose (Hep) (Wang and Quinn, 2010). The outer core is more diverse in 

structural components. Overall, core oligosaccharide gives serological specificity, unique 

antigenic properties, viability, and structural stability of the bacteria (Silipo and 

Molinaro, 2010).  

 O-antigen is located to the outermost part of LPS and extends into the 

environment. It consists of three to five sugars forming repeated oligosaccharide 

subunits. Those sugars are assembled into chains by glycosyltransferase enzymes, and 

they are much longer than core oligosaccharides. This region is found to give rise to large 

structural diversities of LPS. A wide variety of antigenic types is from strain to strain-

specific (interstrain heterogeneity), or within strain-specific (intrastrain heterogeneity). 

Therefore, O-antigen modifications of bacterial LPS could impact host defense 

mechanisms, especially the adherence step (Lerouge and Vanderleyden, 2002). 

Because LPS is located in the outer membrane, bacteria take benefit from LPS for 

their biological interactions with the surrounding environment. In particular, LPS has two 

major purposes. First, LPS maintains the stability of the outer membrane and provides a 

defensive barrier which enhances the survivability of bacteria in a stressful environment  

(Silipo et al., 2012). For that purpose, bacteria increase their rigidity and strength of the 

outer membrane by substituting the lipid A sugar moieties with phosphate groups to form 

a negative charge of the outer membrane to attract divalent cations from the neighboring 

milieu (Alexander and Rietschel, 2001). Second, LPS is a conserved structure recognized 

by the pathogen-associated molecular pattern (PAMP) of the innate immune system 
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(Akira and Takeda, 2004; Steimle et al., 2016). This LPS-host interaction activates 

immunological response for bacterial clearance. 

 

 

 

 

 

 

 

 

b. LPS recognition  

To be recognized by the host innate immune system, LPS has to be released from 

the bacterial membrane either from bacterial cell death or cleaved off by the host LPS-

binding protein (LBP) (Miyake, 2006). LBP is considered as an acute-phase protein 

produced by the liver. LBP is a soluble glycoprotein in plasma that facilitates binding 

(opsonizing) and transporting the lipid A moiety of bacterial LPS to surface markers on 

cellular membrane including the cluster of differentiation 14 (CD14) (Knapp et al., 

2003). CD14 is a glycoprotein anchoring in the plasma membrane of myeloid lineage 

cells including monocytes and macrophages, and it serves as a pattern recognition 

receptor (PRR) and a co-receptor for toll-like receptors (TLRs). When CD14 is 

Figure 2.9. Lipopolysaccharide structural component of Gram-negative bacteria.  
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upregulated upon LPS exposure, endocytosis of specific TLR4 is promoted. The 

extracellular domain of TLR4 is also bound to a secreted protein myeloid differentiation 

factor 2 (MD-2). MD-2 functions in supporting LPS signaling and stabilizing TLR4 

(Shimazu et al., 1999). However, MD-2 could play a role in inhibiting LPS activation, 

which is useful to treat LPS toxicity (Viriyakosol et al., 2001). Stimulation of TLR4 then 

facilitates two inflammatory pathways: myeloid differentiation primary response protein 

88 (MyD88)-dependent and MyD88 independent pathways (Akira and Takeda, 2004). 

Both pathways are crucial in signal transduction to induce immunological response 

including activation of nuclear factor kappa beta (NF-ĸB), a transcriptional factor, for 

cytokine release (Zanoni et al., 2011). Molecules within NF-ĸB include RelA (p65), 

RelB, c-Rel, p50/p105 (NF-ĸB1), and p52/p100 (NF-ĸB2), which can form homo- and 

heterodimers (Kambe et al., 2015). IĸBs are the NF-ĸB inhibitors that hinder the 

translocation in the nucleus by sequestering the molecules and complexes in the 

cytoplasm (Jarosz et al., 2017). Thus, LPS once recognized by TLR4 mediates the 

inflammatory response of innate immune cells via PAMP and results in cytokine 

secretion through NF-ĸB transcription. Positive feedback of NF-ĸB can occur by the 

cytokines produced, which is specific to the cytokine receptor binding and signaling 

pathways. In contrast, NF-ĸB provides a negative feedback (feedback inhibition) to itself 

in concert with other anti-inflammatory factors in order for homeostatic regulation. 

(Figure 2.10). 
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Figure 2.10. Lipopolysaccharide recognition and signaling (adapted from Akira and 

Takeda (2004) and Steimle et al. (2016)). 
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c. LPS use in swine research 

In swine research, LPS is widely accepted as an experimental model studying an 

acute immune response. A small number of LPS can trigger an inflammatory response 

that mimics Gram-negative infection. The outcome yields reproducible results. The LPS 

model also provides a window to study the early inflammation of pigs and allows 

mechanistic and therapeutic insights to be tested. Nursery pigs challenged with a low 

dose of LPS (5 μg/kg BW) exhibited detectable salivary and plasma proinflammatory 

cytokines (Moya et al., 2006). However, the magnitude and amplitude of inflammatory 

response following LPS injection were influenced by the sex of pigs and varied among 

the proinflammatory cytokines (Williams et al., 2009).  

Apart from dose injected, differences in LPS serotypes may affect inflammatory 

response and pattern. LPS from E. coli serotype O111:B4 was reported as the most 

frequently used in porcine research (Wyns et al., 2015). In contrast, a time-course study 

of LPS injected rats with LPS doses (2, 50, and 250 μg/kg BW) and serotypes (O55:B5, 

O127:B8, O111:B4) revealed that intraperitoneal injection of LPS from E. coli serotype 

O55:B5 induced the most consistent changes in rectal temperature pattern among 

different doses within 2-3 h post-challenge (Dogan et al., 2000). Also, different LPS 

preparations can offer to vary residual protein impurities that influence the transcriptional 

profile of inflammation from the TLR4 stimulation (Rutledge et al., 2012). Therefore, a 

justification for selecting LPS serotype and dose may depend on experience of researcher 

in vivo of pigs. 
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8. Proinflammatory cytokines 

 During an acute phase response (APR) of stress, trauma, infection, or 

inflammation, cytokines are synthesized by innate immune cells as immune regulators to 

counteract the challenge and return the body to homeostasis as soon as possible. 

Cytokines that promote pathophysiological response or worsen inflammation are called 

“proinflammatory cytokines”, whereas the ones that suppress or promote healing of 

inflammation are called “anti-inflammatory cytokines” (Dinarello, 2000). Ideally, the 

body should balance the two arms of both cytokines to combat the insult and cost the 

least energy. In contrast, if there is a dysregulation of cytokine production, the outcomes 

may be detrimental to host cells. For example, proinflammatory cytokines can stimulate 

other immune modulators resulting in behavioral, neurological, and metabolic changes. 

The decision of either producing proinflammatory or anti-inflammatory cytokines is 

based on the genes coding for synthesis that is upregulated during inflammation. Factors 

that modulate gene regulations may play an important role in balancing the immune 

response. The most common proinflammatory cytokines stimulated by bacterial 

endotoxin are interleukin-1 (IL-1), tumor necrosis factor-alpha (TNF-α), and interleukin-

6 (IL-6). In particular, proinflammatory cytokines share some overlapping functions but 

each one still has its characteristic properties (Akira et al., 1990).  

Effects of proinflammatory cytokines on the liver, a key organ responsible during 

the acute phase response, were reported for three functions (Gruys et al., 2005): 

suppression of cytochrome P-450 enzyme impairing chemical and drug clearance, 

stimulation of heat shock proteins giving inhibitory feedback to inflammatory pathways, 

and synthesis of metallothionein increasing metal ion binding capacity. Importantly, 
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proinflammatory cytokines may cause growth reduction by inducing sickness behavior 

and increasing energy expenditure, i.e., induction of fever, and an increase in nitrogen 

catabolism. For this dissertation, TNF-α, and IL-6 will be discussed in more detail.  

a. Tumor necrosis factor-alpha  

 Tumor necrosis factor (TNF) was named after its capability in cytotoxicity that 

caused necrosis or lysis in many tumor cell lines. TNF is a type II transmembrane protein 

arranged in three identical polypeptides as homodimers. Family of the tumor necrosis 

factor includes TNF-alpha (TNF-α), TNF beta (TNF-β; lymphotoxin), CD40 ligand 

(CD40L), Fas ligand (FasL), TNF-related apoptosis including ligand (TRAIL), and 

LIGHT (a receptor expressed by T-lymphocytes) (Chu, 2013). TNF-α is broadly 

produced by a variety of tissues including endothelial cells, lymphoid cells, mast cells, 

and neuronal cells, but mainly produced by macrophages (Kohn et al., 1992). Thus, TNF-

α is a major pro-inflammatory cytokine released in response to LPS and other bacterial 

products. 

There are two types of TNF-α derivatives: membrane-bound TNF (memTNF-α) 

and soluble TNF (sTNF-α). Both of them bind to two members of specific receptors: 

TNF-R1 (TNF receptor type 1; p55/60) and TNF-R2 (TNF receptor type 2; p75/80) 

(Wajant et al., 2003). MemTNF activates both receptors, while sTNF mainly activates 

TNF-R1 and is limited for TNF-R2. TNF-R1 plays a key role in TNF signaling that is 

found in most tissues, whereas TNF-R2 is important for the lymphoid system and found 

in cells of the immune system. 
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Although TNF-α has a similar pro-inflammatory effect via NF-ĸB like other 

cytokines including IL-1, there are also unique pathways of TNF-α in inducing cell 

apoptosis (program cell death) and necrosis. When TNF-α binds to TNF-R1, interaction 

with TNFR1-associated death domain protein (TRADD) occurs (Pobezinskaya and Liu, 

2012). The following mechanism can either induce apoptosis via Fas-associated protein 

containing the death domain (FADD), receptor-interacting protein 1 (RIP1) kinases, and 

caspase proteins or proliferation for cytokines and chemokines production via 

TNF receptor-associated factor 2 (TRAF2) and TRAF5, leading to NF-ĸB activation 

(Chu, 2013). Interestingly, TNF-R2 does not have a death domain, but it can interact with 

TRAF2 and TRAF5 to either activate NF-ĸB for cytokine production or induce Dynamin-

related peptide 1 (Drp1) subsequent tissue necrosis. 

TNF-α is similar in a sequential manner to other cytokines including IL-6 and 

contributes to inflammatory cells infiltrating into the damaged site. Much research has 

investigated various outcomes of TNF-α production during infection and inflammation. 

For instance, TNF-α impairs gut barrier integrity by promoting intestinal mucosal 

disruption (Liu et al., 2008), TNF-α suppresses lipid deposition in adipose cells and alters 

adipose tissue metabolism (Ramsay et al., 2013), TNF-α decreases collagen deposition by 

decreasing cross-links of mature collagen fibers (Pischon et al., 2004), and TNF-α and 

glucocorticoids mediate muscle catabolism and peripheral amino acids transfer to the 

liver (Fischer and Hasselgren, 1991). Although the production of TNF-α during an 

immune response is essential to fight invading pathogens, it may cause detrimental 

effects on other systems. Hence, it is important to have a modest immune response to 

maintain the well-being of the whole body.  
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b. Interleukin-6  

 Interleukin-6 (IL-6) is a multifunctional cytokine involved in immune response, 

hematopoiesis, inflammation, oncogenesis, and nervous system (Akira et al., 1990; 

Kimura and Kishimoto, 2010). During the acute phase response, IL-6 upregulating by IL-

1 is the principal cytokine that regulates hepatocytes to produce and release acute phase 

proteins (Choy and Rose-John, 2017). IL-6 is composed of four helical proteins of 184 

amino acids (Bazan, 1990). There are two types of IL-6 receptors (IL-6R): membrane-

bound IL-6R (mIL-6R) and soluble IL-6R (sIL-6R). An mIL-6R is only presented on 

some leukocytes, epithelial cells, and hepatic cells, thus cells without this receptor cannot 

respond to IL-6 (Rose-John, 2012). When IL-6R is produced in a soluble form it is called 

sIL-6R, which can be found in all cells including body fluids (urine and blood) (Novick 

et al., 1989). Thus, cells lacking mIL-6R can respond to IL-6 by binding to sIL-6R 

(Tisdale, 2009). The activation of IL-6 and mIL-6R is called classical signaling. On the 

other hand, activation of IL-6 and sIL-6R is called trans-signaling. 

Complexes of IL-6 and its receptor (mIL-6R or sIL-6R) together with 

glycoprotein 130 (gp130), a signal-transducing and intrinsic protein, can initiate 

intracellular signaling (Hibi et al., 1990). The complexes of IL-6, IL-6R, and gp130 then 

requires members of the Janus Kinase (Jak) family, such as Jak1, Jak2, and tyrosine 

kinase 2 (Tyk2) (Stahl et al., 1994) to activate downstream pathways: the signal 

transducers and activators of transcription 1 and 3 (STAT1 and STAT3) and the mitogen-

activated protein kinase (MAPK/ERK) cascade (Kushner, 1993; Ihle and Kerr, 1995). 

STAT1 was discovered to be 52% homologous with the interferon-stimulated gene factor 

(ISGF) 3 complex of subunit p91 (Akira et al., 1994). While fundamental STAT3 
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activation mediates hepatic APPs synthesis according to its former name as acute-phase 

response factor (APRF) (Wegenka et al., 1993). In addition, STAT3 and NF-ĸB 

interaction play a role in whether stimulation or inhibition of IL-6-mediated APP gene 

expression would occur, i.e., inhibitory activity in g-fibrinogen and α2-macroglobulin 

during an acute phase response (Zhang and Fuller, 2000; Bode and Heinrich, 2001), and 

stimulatory activity in CRP and SAA (Betts et al., 1993; Agrawal et al., 2003). 

According to Rose-John (2012), the activation of IL-6 via mIL-6R leads to more 

regenerative and anti-inflammatory functions, i.e., intestinal epithelial cell proliferation, 

epithelial cell apoptosis inhibition, and hepatic acute phase response initiation. Whereas 

the activation of IL-6 via sIL-6R contributes to proinflammatory effects, i.e., 

mononuclear cell recruitment, T-cell apoptosis inhibition, and T-reg differentiation 

inhibition. Also, the affinity of the two IL-6Rs is comparable (Rose-John and Heinrich, 

1994).     

In LPS-challenged mice, intestinal IL-6 increased significantly in marginal Zn 

mice (fed with 4 ppm Zn) compared with adequate Zn mice (fed with 40 ppm Zn), 

indicating that Zn status impacts intestinal cytokine response to LPS (Peterson et al., 

2008). In pigs infected with respiratory disease, IL-6 gene expression was upregulated 

from white blood cells (~7.5-fold), liver (~12-fold), lymph nodes (~160-fold), and tonsil 

samples (~4-fold) (Skovgaard et al., 2007). Instillation of autologous feces via midline 

laparotomy to pigs induced inflammation by significantly increased serum IL-6 and TNF-

α at 2 h after induction (Hoeger et al., 2015). 
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9. Acute phase proteins 

The major site of acute phase proteins (APPs) production is mainly in the liver 

(intrahepatic), but extrahepatic locations, such as the gastrointestinal tract, respiratory tract, 

and lymphatic tissue are also reported among species (Vreugdenhil et al., 1999; Marques 

et al., 2017). Inflammatory mediators that regulate synthesis and release of APPs are 

categorized into four groups: IL-1 type cytokines (such as IL-1 and TNF-α), IL-6-type 

cytokines (such as IL-6 and IL-11), glucocorticoids, and growth factors (Ceciliani et al., 

2002), but the main mediators are proinflammatory cytokines. During the acute phase 

response, IL-1 type cytokines circulate through the vascular system to the liver to activate 

more products of themselves and IL-6 of hepatic Kuffer cells (Jain et al., 2011). 

Interestingly, IL-6 can give negative feedback to inhibit the secretion of TNF-α and IL-1, 

while it auto-stimulates itself. Therefore, IL-6 is considered as a major stimulator of APPs 

production. Pathways of activating APPs synthesis of TNF-α, IL-1, and IL-6 are different 

resulting in a broad spectrum of APP products. For example, TNF-α binds to its receptor 

activates the NF-ĸB pathway for APP gene amplification, IL-6 activates transcription via 

NF-IL-6, whereas IL-1 activates APP transcription via both NF-ĸB and NF-IL-6 pathways 

(Joyce et al., 2001). However, all three cytokines are inhibited by glucocorticoids, 

hormones derived from the hypothalamic-pituitary-adrenal axis (Ceciliani et al., 2002). 

Within a few hours following infection, liver metabolism is partly shifted to 

mediate APP synthesis according to proinflammatory cytokines stimuli. There are 

approximately 40 APPs discovered (Gabay and Kushner, 1999), but they can be divided 

into two classes based on circulating protein concentration: negative APPs and positive 

APPs. The negative APPs are the type that their serum concentrations drop, such as cortisol 
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binding globulin (CBG or transcortin), transthyretin (TTR or prealbumin), and retinol-

binding protein (RBP), resulting in temporarily increased unbound proteins or hormones 

(Ingenbleek and Young, 1994). Whereas the positive APPs are the proteins that increase in 

serum concentrations during APR, such as C-reactive protein (CRP), haptoglobin (Hp), 

serum amyloid A (SAA), a major acute-phase protein, and fibrinogen. The magnitude of 

their decrease or increase concentration is species-specific and dependent on how strong 

and type of insult.  

For the use of diagnostic tools, APPs could be markers to reflect the general health 

status of the animal as an individual or herd. There are several APP indexes generated to 

compare healthy vs unhealthy animals, i.e., acute phase index (API) by Toussaint et al. 

(1995), and nutritional and acute phase indicator (NAPI) by Gruys (2002). In addition, 

some APPs are useful to monitor disease progress or give prognosis because they can 

increase up to 1,000-fold (Uhlar and Whitehead, 1999). In particular, bacterial infections 

stimulate stronger APPs response than viral infections (Alsemgeest, 1994). Overall, APPs 

are better markers than cytokines because their levels remain detectable for 48 h or longer, 

while cytokines are rapidly cleared within a few hours (Gruys et al., 2005).  

a. C-reactive protein 

 C-reactive protein (CRP) was discovered in the blood circulation of pneumonia 

patients during acute inflammation (Tillett and Francis Jr, 1930). The name was derived 

from its binding to the C-polysaccharide of pneumococci. CRP is primarily induced by 

IL-1 type cytokine and is considered as the first line APP with the presence in circulation 

within a few hours after infection (Ng et al., 2004; Petersen et al., 2004). In nature, there 
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are two distinct isoforms of CRP: pentameric CRP (pCRP) and monomeric CRP (mCRP) 

(Schwedler et al., 2006). pCRP exists primarily in plasma as a cyclic pentamer of 125-

kDa contained five Ca-stabilized subunits (Volanakis, 2001). Thus, it makes CRP Ca-

dependent and specific to bind phosphocholine in the bacterial cell membrane to initiate 

host defense functions (Thompson et al., 1999). pCRP can be dissociated to monomeric 

CRPs (mCRP) by bioactive lipids via the phospholipase A2 enzyme. mCRP is found to 

be a more potent activator of neutrophils (Khreiss et al., 2005), endothelial cells (Khreiss 

et al., 2004), and monocytes (Eisenhardt et al., 2009) resulting in worsening the 

inflammatory response. 

 Generally, CRP can activate the cascade of the classical complement pathway 

resulting in the deposition of C3b (trapping or opsonizing) on the surface of the microbe 

(Deban et al., 2011). This event enhances adherence of phagocytic cells to eliminate the 

trapped target cells. Thus, the function of CRP is commonly described as a host defense 

response towards the insults. However, a review article by Tilg et al. (1997) mentioned 

that CRP could downregulate proinflammatory cytokine production and decrease its 

production as well. As a result, the overproduction of CRP may provide an anti-

inflammatory effect (Xia and Samols, 1997). In pigs, serum CRP was increased eight-

fold with a peak at 48 h after 8 ml of subcutaneous turpentine injection and was 

considered as the best inflammatory biomarker among the acid-soluble glycoprotein, α1-

acid glycoprotein, ceruloplasmin, and haptoglobin (Eckersall et al., 1996). Yin et al. 

(2017) identified inflammatory biomarkers from pigs challenged with 15 μg/kg BW of 

intramuscular LPS injection that CRP significantly increases, but no difference in pig-

major acute phase protein (Pig-MAP) and transthyretin (TTR) concentrations. In 
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summary, CRP is a prototypic first-line response APP that can be used as a non-specific 

marker of inflammation. 

10. Conclusion 

 Weaned pigs are crucially required Zn to support growth and immune response 

during stressful change. Zn functions in enzyme catalyst and structure that is important 

for nutrient metabolism and muscle development. In addition, Zn plays as a signaling 

molecule and is involved profoundly during the acute phase response of inflammation. 

Mitigation of inflammatory response can enhance homeostasis restoration, thus, alleviate 

negative outcomes. The typical method of supplementation is applied through feed 

intake, however, supplementing via drinking water can be additional means for Zn 

delivery.  

  Therefore, a series of experiments were conducted to evaluate the effects of 

titrated levels of water soluble Zn amino acid complex (ZnACC) via drinking water on 

growth performance and immune response of nursery pigs challenged with 

lipopolysaccharide. Pigs were fed with pharmacological levels of Zn as ZnO and Cu as 

CuSO4 for early and late phases of nursery pigs, respectively, as similar to a commercial 

setting. Zn dose estimation for an ideal response was generated using non-linear models. 

Expression of Zn transporter and intracellular metal-binding genes of liver and duodenum 

were assessed to observe change and relationship under inflammatory response. A time-

course evaluation was included to evaluate inflammatory markers and Zn transporters 

kinetic and response pattern of pigs challenged with LPS.  
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CHAPTER III 

 

 

TIME COURSE AND PEAK RESPONSE OF INFLAMMATION AND TISSUE ZINC 

TRANSPORTERS DURING LPS-INDUCED INFLAMMATION IN NURSERY PIGS 

FED PHARMACOLOGICAL LEVELS OF DIETARY ZINC AND COPPER 

 

INTRODUCTION 

 

Inflammation and the release of proinflammatory cytokines have been reported to 

cause profound effects on nutrient metabolism. They not only cause illness contributing 

to decreased appetite and intake (Johnson and Von Borell, 1994), but also alter the 

homeostasis of nutrients, including zinc. Commercial weaned pigs are fed either with 

pharmacological levels (2,000-3,000 mg Zn/kg diet) of Zn or adequate Zn levels to meet 

or exceed their requirements. In addition, research has contributed to our understanding 

of the role of Zn during inflammation that Zn is crucially needed for high metabolic and 

immunological tissues, such as the liver (Aydemir et al., 2012; Robinson et al., 2016). 

Limited knowledge of Zn homeostasis during inflammation has hindered advances in this 

matter of young pigs. 
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Numerous studies have evaluated the immune response of pigs challenged with 

lipopolysaccharide (LPS) in a time-course manner on changes and peak response of 

cytokines, and several other metabolites during the acute phase response (Webel et al., 

1997; Choi et al., 2002; Terenina et al., 2017). Lipopolysaccharide is an endotoxin of 

Gram-negative bacteria that stimulates innate immune response and metabolic changes of 

the host. It provokes the production of the proinflammatory cytokines, tumor necrosis 

factor-alpha (TNF-α), interleukin-1 (IL-1), and interleukin-6 (IL-6) from stimulated 

macrophages (Johnson, 1997). These cytokines mediate acute phase proteins, such as C-

reactive protein (CRP) synthesis in hepatocytes. Pigs challenged with low dose LPS (5 

μg/kg BW) exhibited sickness behavior and significantly increased proinflammatory 

cytokines and acute phase proteins (Moya et al., 2006).  

In this study, we aimed to evaluate the inflammatory response and relationship of 

hepatic and duodenal IL-6, Zn transporters, and metallothionein expression following a 

single LPS injection to nursery pigs. 

MATERIALS AND METHODS 

This study was conducted at the Swine Research and Education Center at 

Oklahoma State University. All procedures were approved by the Institutional Animal 

Care and Use Committee (IACUC).  

Experimental design, animal and treatment 

This study evaluated the effects of LPS injection on the innate immune response 

and tissue Zn transporters of nursery pigs as illustrated in Figure 3.1. Thirty crossbred 
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weaned pigs (PIC USA; 19 d; 4.7 ± 0.8 kg BW) were allotted to 2 pens equally. They 

were fed and acclimated to the environmental-controlled room. All pigs were fed the 

same diets that included Zn from ZnO at 2,000 mg/kg from d 0-7, Zn from ZnO at 1,750 

mg/kg from d 7-14, and switched to Cu from CuSO4 at 200 mg/kg from d 14-23. 

On d 23, pigs were randomly blocked by BW and sex into one of the five 

sampling times (n = 6 pigs/time; h 0, 3, 6, 12, and 24 after injection). Pigs were deprived 

of feed for 5 h before LPS challenge. Before injection, lyophilized powder of LPS 

purified by phenol extraction was diluted with 0.9% normal saline and vortexed to create 

500 μg/mL LPS solution. At h 0, all pigs were injected with a single i.m. dose of LPS at 

12 μg/kg BW (Escherichia coli serotype O55:B5; Sigma-Aldrich, St. Louis, MO) in the 

neck area. Barn temperature was set at 28.8 ºC. 

 At each time point, BW, rectal temperature (RT), and blood samples were 

collected before one group (n = 6 pigs) was euthanized for liver and duodenum 

collection. Sample size of BW, RT and blood samples at h 0 started at 30 pigs, and 

decreased by 6 pigs at the following time points.  

Body weight, rectal temperature, and blood collection 

Pigs were restrained in a cart scale for individual BW and rectal temperature (RT) 

recording. Blood sample was drawn from the jugular vein and placed into a trace element 

testing tube for 5 mL and into a non-additive tube (BD Vacutainer™, Franklin Lakes, NJ) 

for 10 mL. Blood samples were centrifuged at 2500 × g, 4 °C for 10 min to separate 

serum and aliquoted into 1.5-mL tubes, and stored at -20°C until further analysis.  
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Tissue sampling, RNA isolation, and cDNA synthesis 

At each time point, six pigs were euthanized and liver tissue and duodenal mucosa 

scrapings were collected into separate tubes filled with RNAlater (Thermo Fisher 

Scientific, Waltham, MA), and stored at -20°C. Samples were homogenized in TriZol 

reagent (Invitrogen, Carlsbad, CA) before RNA isolation using Direct-Zol RNA 

Miniprep Plus (Zymo Research, Irvine, CA) with DNase I treatment to eliminate 

contaminated DNA. NanoDrop 1000 spectrophotometer (Thermo Scientific, Waltham, 

MA) was used to determine RNA purity. The integrity of RNA samples was evaluated 

using agarose gel electrophoresis. Complementary DNA (cDNA) was created by reverse 

transcription of RNA using ProtoScript II Reverse Transcriptase kit (New England 

Biolabs, Ipswich, MA), and stored at -80°C until subsequent quantitative RT-PCR (RT-

qPCR) analysis as previously described by Ojo et al. (2019). 

Serum TNF-α and serum CRP concentrations analysis 

Serum TNF-α concentrations were analyzed in duplicate using a commercial 

porcine ELISA kit (R&D Systems Inc., Minneapolis, MN). The intra- and inter-assay 

coefficient of variations (COVs) were less than 5%, respectively. Serum CRP 

concentrations were analyzed in duplicate using a commercial porcine ELISA kit 

(Lifediagnostics Co., Ltd., West Chester, PA). The intra- and inter-assay COVs of CRP 

samples were less than 3%. 

Serum Zn and Cu concentrations analysis 

Serum samples were diluted 1:50 in 0.1% high-purity nitric acid (GFS Chemicals, 

Inc., Powell, OH) before Zn and Cu concentrations analysis using Inductively Coupled 
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Plasma Mass Spectrometry (ICP-MS) (Elan 9000; Perkin Elmer Life and Analytical 

Sciences, Norwalk, CT). Gallium was used as an internal standard. The UTAK normal 

range control serum (UTAK Laboratories Inc, Valencia, CA) was analyzed to verify 

consistency after every 10th sample as described by Joray et al. (2015). 

Quantitative real-time polymerase chain reaction (RT-qPCR) 

Hepatic and duodenal tissues were quantified for mRNA expression of 

interleukin-6 (IL-6), Zn transporters (ZIP4 for duodenum and ZIP14 for liver), and 

metallothionein-1 (MT-1) using SYBR Green Master Mix (Power Sybr, Applied 

Biosystems, Foster City, CA) for RT-qPCR on an ABI 7900HT sequence-detection 

instrument and 2.4 SDS software (Applied Biosystems, Foster City, CA) as described by 

Ojo et al. (2019). An internal reference gene was succinate dehydrogenase complex 

flavoprotein subunit A (SDHA). Intron-spanning primers were designed using Primer3 

(Rozen and Skaletsky, 2000) and NCBI BLAST web interfaces (Johnson et al., 2008). 

Sequences of the primers and NCBI accession numbers are shown in Table 3.1. 

Statistical analyses 

This study was designed as a randomized complete block with a one-way 

treatment structure. Data of BW, RT, and serum markers were analyzed using a linear 

mixed model using PROC GLIMMIX of SAS (Version 9.4, SAS Institute Inc., Cary, 

NC). Pig was the experimental unit. Time was a fixed effect (0, 3, 6, 12, or 24 h after 

injection) and block (5 blocks) was a random effect. Orthogonal polynomial contrasts 

were used to evaluate linear or quadratic trends. The contrast coefficiency values were 
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generated using PROC IML. Means from all time points were separated using PDIFF 

option with the Tukey-Kramer adjustment for multiple comparisons. 

For gene expression results, fold change of gene expression (2-ΔΔCT) was 

calculated based on h 0 as described by Livak and Schmittgen (2001) and was tested for 

the mean difference using PROC GLIMMIX. Time was a fixed effect and block was a 

random effect. Correlation of gene expression based on h 0 (ΔΔCT) was tested using 

PROC CORR, while linear regression equation was generated by using PROC REG.  

All data were reported as least square means and standard error of the mean 

(lsmeans ± SEM). Tests were considered significant when P ≤ 0.05 and a tendency of 

significance was reported when 0.05 < P ≤ 0.10. 

RESULTS 

 Intramuscular injection of LPS increased rectal temperature (cubic, P < 0.0001), 

and serum TNF-α (cubic, P < 0.0001) over 12 h after injection (Figure 3.2). Rectal 

temperature peaked at h 3 from baseline (40.36 ºC vs 39.65 ºC) and carried to h 6 (40.19 

ºC) after injection (P < 0.05). Rectal temperature returned to the basal as afebrile 

condition (38.91 ºC) at h 24. Serum TNF-α concentration peaked at h 3 after injection 

from baseline (P < 0.05; 5,406 pg/mL vs 150 pg/mL) and dropped significantly from h 6 

(1487 pg/mL) to h 24 (551 pg/mL). Serum CRP concentration tended to increase over 

time from 12 μg/mL at h 0 to 20 μg/mL at h 24 (linear, P = 0.10).  

In contrast, LPS injection significantly decreased serum Zn (cubic, P = 0.007) and 

Cu (cubic, P = 0.0006) concentrations (Figure 3.2). During sepsis, serum Zn 

concentration decreased significantly from baseline within 3 h (P < 0.05; 0.266 mg/L vs 
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0.807 mg/L) and continued to drop from h 0 to the lowest concentration at h 6 (P < 0.05; 

0.221 mg/L; -72.5%) post injection. Serum Zn remained low until h 24. Serum Cu 

concentration decreased within 3-h after LPS injection (P < 0.05; 1.630 mg/L vs 2.220 

mg/L), dropped to the lowest at h 12 (P < 0.05; 1.572 mg/L; -29.2%), and remained low 

until h 24 (1.869 mg/L) post injection. LPS injection did not significantly (P > 0.05) 

cause bodyweight loss in pigs.  

 Hepatic IL-6, ZIP14, and MT-1 expressions were increased after LPS injection 

(cubic, P < 0.0001) (Figure 3.3). Hepatic IL-6 peaked at h 3 from baseline (P < 0.05; 5-

fold increased) and remained high until h 12 (P < 0.05) following LPS. Hepatic ZIP14 

peaked at h 3 from baseline (P < 0.05; 3-fold increased) and remained high until h 6 (P < 

0.05) after injection. The expression of hepatic ZIP14 returned to the basal at h 12 and 

lower than the basal at h 24 (P < 0.05). Hepatic MT-1 expression significantly increased 

at h 3 (P < 0.05), peaked at h 6 (P < 0.05; 5-fold increased), and remained high until h 12 

(P < 0.05) after injection. Hepatic MT-1 expression returned to the basal at h 24. 

Correlation of relative expression of the hepatic genes revealed a positive relationship 

between IL-6, ZIP14, and MT-1 in pairwise comparisons (P ≤ 0.0017) (Figure 3.4). 

 Duodenal IL-6 mRNA expression did not change after challenge (P > 0.05) 

(Figure 3.5). Duodenal ZIP4 and MT-1 increased after LPS injection (Quadratic, P = 

0.01). Duodenal ZIP4 peaked at h 12 (P < 0.05; 2-fold increased), while duodenal MT-1 

peaked at h 24 (P < 0.05; 4-fold increased). Correlation expression of the duodenal genes 

revealed no significant relationship between IL-6, ZIP4, and MT-1 in pairwise 

comparisons (P > 0.05) (Figure 3.6). 
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DISCUSSION 

 Our data indicated that LPS induced an acute febrile response by increasing rectal 

temperature within 3 h after injection and lasted until h 6. This is in agreement with 

Roberts et al. (2002) that i.m. LPS injection (serotype O55:B5) at 10 μg/kg BW induced 

short-term monophasic fever response of pigs within 6 h and returned to a normal level 

within 24 h. Pigs injected with an i.m. LPS (serotype O55:B5) at 15 μg/kg BW 

significantly increased tympanic temperature (ear temperature) at h 4 and returned to the 

basal temperature within 24 h post-challenge (Terenina et al., 2017). A short-term fever is 

associated with a mild form of systemic inflammation (Garami et al., 2018). On the other 

hand, pigs challenged with an i.m. LPS (serotype O55:B5) at 200 μg/kg BW had a higher 

body temperature for 24 h after injection (Van Heugten et al., 1994). Pattern of core body 

temperature depends on the dose of LPS and the ambient temperature, i.e., high LPS 

doses and low ambient temperature can induce hypothermic phase before a febrile 

increase of body temperature above the basal value (Töllner et al., 2000). A small dose of 

LPS can induce an initial phase of fever or Phase 1 fever, which is the synthesis of 

prostaglandin E2 (PGE2) in the periphery and uniquely occurs with early sickness 

symptoms (Ivanov and Romanovsky, 2004). Since PGE2 is a short-lived mediator and is 

rapidly acting, pigs challenged with LPS exhibited monophasic short-term fever as a 

febrile response. 

 TNF-α is a proinflammatory cytokine that can play roles as pyrogen or cryogen 

(Leon, 2004). In our study, serum TNF-α concentration peaked at h 3 (5,400 pg/mL) after 

injection, thus it acted as a pyrogenic cytokine according to the rectal temperature data. In 
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another study, plasma TNF-α concentration peaked at 2 h (11 pg/mL) after an i.p. LPS 

injection (serotype K-235) at 5 μg/kg BW from 2 h interval sampling for 24 h (Moya et 

al., 2006). A low dose of i.v. LPS injection (serotype O111:B4) at 1.5 μg/kg BW of pigs 

revealed the peak of serum TNF-α concentration at 1 h (4,000 pg/mL) from one-hour 

interval sampling for 4 hours post-challenge (Nordgreen et al., 2018). Although most 

LPS studies showed rapid onset of increased serum TNF-α concentration, a study on pigs 

challenged with an oral Salmonella typhimurium, a Gram-negative and endotoxin-

producing bacteria, did not show an increase in plasma TNF-α concentration regardless 

of the peak increase of rectal temperature at 42 h after infection (Balaji et al., 2000).  

C-reactive protein (CRP) is a major and positive acute phase protein (APP) 

synthesized by the hepatocytes in response to cytokines. CRP moderately responds to 

inflammation to promote pathogen clearance by activating the classical complement 

cascade and enhancing opsonization for phagocytosis (Mortensen and Zhong, 2000). 

During acute infection, inflammation, and stress of pigs, CRP can increase from 2 to 10-

fold in blood circulation (Murata et al., 2004; Eckersall and Bell, 2010). In our study, 

serum CRP concentration increased from 12 μg/mL to 20 μg/mL (66.7% increased) over 

a 24-h period following LPS. This was similar to Nordgreen et al. (2018) who found 

serum CRP of endotoxemic pigs peaked at 12-h (34.1 μg/mL, 40.9% increased) and 

remained elevated until 48-h (27.1 μg/mL) after LPS injection. In contrast, pigs did not 

have a significant increase in serum CRP concentration after an i.m. LPS challenge at 25 

or 50 µg/kg BW (Frank et al., 2005).  
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Serum Zn concentration dropped significantly after LPS injection. This 

phenomenon is called hypozincemia, a decrease in serum Zn concentration due to Zn 

translocation from blood to the liver. In our study, serum Zn concentration dropped 

drastically and remained low to h 24 following LPS challenge. Our data indicated strong 

positive relationships of upregulated hepatic IL-6, ZIP14, and MT-1 mRNA expression 

during inflammation. Also, we found that hepatic IL-6 highly correlated with hepatic 

ZIP14 at h 3 following LPS injection, while hepatic IL-6 vs hepatic MT-1 and hepatic 

ZIP14 vs hepatic MT-1 were highly correlated at h 6. Injection of LPS induced hepatic 

inflammation by increasing hepatic IL-6 gene expression. The presence of hepatic IL-6 

regulated the Zn transporter ZIP14 in liver and contributed to hypozincemia during 

inflammation (Liuzzi et al., 2005). In a murine model, upregulation of ZIP14 expression 

leading to Zn influx is a key hepatic Zn mediator during the inflammatory state (Aydemir 

et al., 2012). Mice challenged with LPS exhibited hypozincemia and increased hepatic 

MT expression concomitantly with a 36% increase in hepatic Zn concentration (Rofe et 

al., 1996; Aydemir et al., 2012). In contrast, the MT-1 gene deleted mice had no changes 

in serum and liver Zn concentrations after LPS injection (Rofe et al., 1996; Philcox et al., 

2000). Therefore, hepatic ZIP14 and MT-1 are significant mediators involved in 

hypozincemia and Zn influx to the liver following LPS-induced inflammation. 

Furthermore, hepatic Zn accumulation suggests that Zn plays a role as a signaling 

molecule to inhibit proinflammatory cytokines and intermediates at transcriptional levels 

(Haase and Rink, 2011).  

Interestingly, our study showed that LPS did not upregulate duodenal IL-6 gene 

expression. In contrast, a study from Liu et al. (2008) reported nursery pigs injected with 
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i.p. LPS (E. coli serotype O55:B55) at 100 μg/kg BW significantly increased mRNA 

expression of duodenal IL-6 at 6 h after injection. We suggest two major differences 

contributing inconsistent results were the dose (15 vs 100 μg/kg BW) and route 

(intramuscular vs intraperitoneal) of LPS injection. Dose of LPS affects the amplitude of 

response in a dose-dependent manner, while the route of administration affects latency to 

fever onset and time to peak, i.e., intraperitoneal LPS injection had 10 to 20 mins shorter 

time to reach the fever onset compared to intramuscular injection (Cartmell et al., 2002). 

In addition, LPS escapes from the peritoneal cavity to systemic circulation via the portal 

vein and lymphatic system when administered intraperitoneally (Romanovsky et al., 

2000). Increasing LPS dose may result in a greater increase in duodenal IL-6 expression.  

Our data showed increased duodenal ZIP4 and MT-1 expressions at h 12 and 24 

after LPS, respectively, displaying a delayed response of duodenal Zn homeostasis during 

acute inflammation. Under Zn-deficient conditions, the presence of ZIP4 on the apical 

membrane of the enterocytes is increased (Ohashi et al., 2019). On the opposite, the 

degradation of ZIP4 occurs during high Zn intake to protect against Zn cytotoxicity (Mao 

et al., 2007). Therefore, the effects of LPS reducing feed intake and long hours of fasting 

may temporarily increase the duodenal ZIP4 expression of pigs. A study in mice reported 

that intestinal metallothionein expression inversely correlated with serum Zn 

concentration (Davis et al., 1998). However, studies in pigs reported that mucosal MT-1 

expression was directly associated with serum Zn concentration (Martínez et al., 2004; 

Carlson et al., 2007). Aside from Zn, metallothionein also functions as an intracellular 

Cu-binding protein. In this study, we observed that pigs recovered and started to eat and 

drink within 12-h following LPS injection. Therefore, upregulation of duodenal MT-1 
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expression at h 24 may be from increased feed intake (high dietary Cu concentration) 

and/or LPS-mediated intestinal MT-1 upregulation as described by Paradkar et al. (2004). 

Our study found decreased serum Cu concentrations of approximately 29% at 3-h 

after LPS injection. This result is consistent with one of the experiments in Chapter V but 

opposed to some human studies (Malavolta et al., 2015; Giacconi et al., 2017). These 

studies concluded that an increased serum Cu concentration and a decreased serum Zn 

concentration resulting in a higher Cu/Zn ratio was an indicator of aging, nutritional and 

hormone imbalance, oxidative stress, and inflammation of the body. However, we 

suggest that decreased levels in serum Cu occurred for similar purposes of Zn 

homeostasis, but in a lesser magnitude. Further study may investigate the mechanistic 

explanation of decreased serum Cu during the LPS challenge of pigs. 

CONCLUSION 

Our data indicated the peak of inflammatory response in rectal temperature, serum 

TNF-α, and serum Zn and Cu concentrations were rapid within 3 h after LPS injection. 

Serum CRP was a more delayed response. Rapid upregulation of hepatic ZIP14 mediated 

by IL-6 leads to Zn accumulation in the liver, bound by MT-1, during the acute phase 

response. Therefore, liver is a central immunological and metabolic organ that regulates 

Zn homeostasis. Duodenal IL-6, ZIP4, and MT-1 genes are less responsive to a low dose 

i.m. LPS challenge. Furthermore, the data may provide the first evidence of tissue Zn 

transport and binding protein expressions of endotoxemic pigs in a time-course manner.  
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Table 3.1. Primer sequences used for RT-qPCR of hepatic and duodenal IL-6, Zn 

transporters, and MT-1 genes. 

Genes1 
Accession 

number 
Primer sequences 

Product 

size (bp) 

SDHA DQ_178128.1 

5’-CTCAAGTTCGGGAAGGGCGG-3’ 

5’-TCGTACCGCAGAGACCTTCCG-3’ 104 

IL-6 NM_214399.1 

5’-CACCTCTCCGGACAAAACTGA-3’ 

5’-TGCCAGTACCTCCTTGCTGTT-3’ 118 

ZIP4 

XM_00192536

0.5 

5’-CTGCTCCAGCAACAGCTGAGT-3’ 

5’-GCAGAGGCAGATGAGCAGTGT-3’ 123 

ZIP14 

XM_02107299

9.1 

5’-TCTGTCTTCCAAGGCATCAGC-3’ 

5’-CAGCAGGCAGAGAGGAAGTTG-3’ 121 

MT-1 

NM_00100126

6 

5’-TTGCTCTCTGCTTGGTCTCACCT-3’ 

5’-

GGGATGTAGCATGAAGTCAGTGCATGTG

-3’ 378 

1SDHA, succinate dehydrogenase complex flavoprotein subunit A; IL-6, interleukin 6; 

ZIP4, solute carrier family 39 member 4 (SLC39A4); ZIP14, solute carrier family 39 

member 14 (SLC39A14); and MT-1, metallothionein. 
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Figure 3.1. Timeline of measurements, sample collections and sample size over the five-

time course following LPS (O55:B55 serotype) injection of nursery pigs. Serum samples 

were analyzed for TNF-α, CRP, Zn and Cu concentrations. Tissues collection was 

quantified for IL-6, ZIP4 (duodenum), ZIP14 (liver) and MT-1 mRNA expression. 
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Figure 3.2. Five time-course of BW, rectal temperature, and serum biomarkers during 

LPS-induced inflammation of nursery pigs (n = 30, 24, 18, 12, and 6 for h 0, 3, 6, 12, and 

24 following LPS, respectively. Data are least square means ± SEM. Superscripts denote 

differences between time points (P < 0.05). 
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Figure 3.3. Five time-course of hepatic IL-6, ZIP14, and MT-1 mRNA expressions 

during LPS-induced inflammation of nursery pigs (n = 6/time). Data are least square 

means ± SEM of fold change based on h 0. Superscripts denote differences between time 

points (P < 0.05). 
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Figure 3.4. Pairwise correlation and linear regression equation of hepatic IL-6, ZIP14 and 

MT-1 mRNA expressions during LPS-induced inflammation of nursery pigs (n = 6/time). 

Data are means of relative expression (ΔΔCT) based on h 0 of the five-time course. Each 

plot overlays with the fitted solid line and a 95% confidence dotted line. 
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Figure 3.5. Five time-course of duodenal IL-6, ZIP4 and MT-1 mRNA expressions 

during LPS-induced inflammation of nursery pigs (n = 6/time). Data are least square 

means ± SEM of fold change based on h 0. Superscripts denote differences between time 

points (P < 0.05). 
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Figure 3.6. Pairwise correlation of duodenal IL-6, ZIP4 and MT-1 mRNA expressions 

during LPS-induced inflammation of nursery pigs (n = 6/time). Data are means of 

relative expression (ΔΔCT) based on h 0 of the five-time course. Each plot overlays with 

the fitted solid line and a 95% confidence dotted line. 



 

69 

 

CHAPTER IV 

 

 

GROWTH RESPONSE AND DOSE ESTIMATION OF WEANED PIGS DRINKING 

TITRATED LEVELS OF WATER SOLUBLE ZINC AMINO ACID COMPLEX 

THROUGHOUT NURSERY PERIOD 

 

INTRODUCTION 

 

It is common practice to feed pharmacological levels (2,000-3,000 mg/kg diet) of 

dietary Zn during the early nursery period to enhance growth performance (Zhang et al., 

2018) and decrease the incidence of post-weaning diarrhea (Pérez et al., 2011). However, 

Zn sources, especially ZnO used for the pharmacological effect, have low relative 

bioavailability (RBV), suggesting the primary mode of action is in the intestinal lumen 

and excreted via manure (Meyer et al., 2002; Jondreville et al., 2003). Estimated relative 

bioavailability of ZnO varies from 20% (Poulsen and Larsen, 1995), 50% (Hellman and 

Carlson, 2018), 68% (Wedekind et al., 1994), to 93% (Edwards III and Baker, 1999). 

Organic Zn sources offer greater bioavailability (> 100% RBV) over inorganic sources 

(Lee et al., 2001; Carlson and Hellman, 2003). Weaned pigs fed with pharmacological 

doses (2,000 – 3,000 mg Zn/kg diet) of organic Zn sources for 2 wks had significantly
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higher Zn concentration in serum, liver, and kidney than pigs fed with equal levels of 

ZnO (Schell and Kornegay, 1996). Adding organic Zn at 40 mg/kg diet to corn-soybean 

meal diet in pigs increased Zn absorption (46.58 vs 35.91 mg/d), retention (42.95 vs 

31.52 mg/d), and apparent total tract digestibility (ATTD) (53.78 vs 45.11%) compared 

to adding the same dose of inorganic Zn form (Liu et al., 2014). Therefore, 

supplementing organic sources may contribute to more available Zn for systemic 

purposes.  

 A conventional method of supplementing nutritional additives, including Zn, is 

administered via dietary intake. However, adding water soluble nutrients to drinking 

water has successfully improved growth performance of weanling pigs (Kaewtapee et al., 

2010; Escuredo et al., 2016). Therefore, a possible means to increase systemic Zn in the 

presence of pharmacological levels of dietary inorganic Zn sources would be to offer 

water soluble organic Zn via drinking water to increase growth performance in nursery 

pigs. 

In this study, weanling pigs were supplemented with water soluble Zn amino acid 

complex (ZnAAC) (TruCare®, Zinpro Corporation, Eden Prairie, MN) via drinking water 

in the presence of pharmacological levels of dietary Zn or Cu during a 42-d nursery 

period. We hypothesized improvement in growth performance in a dose-dependent 

pattern. A series of two experiments administering titrated levels of water soluble 

ZnAAC on growth performance and optimal Zn dose estimation using nonlinear models 

were reported.  
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MATERIALS AND METHODS 

A series of two experiments were conducted at the Oklahoma State University 

Swine Research and Education Center. All procedures were approved by the Institutional 

Animal Care and Use Committee (IACUC). 

Experimental design, animals and treatment 

 The objective of this study was to evaluate the growth performance of nursery 

pigs drinking titrated levels of water soluble ZnAAC (TruCare®, Zinpro Corporation, 

Eden Prairie, MN). In Exp 1, water ZnAAC treatments were 0, 20, 40, and 80 mg Zn/L of 

water (Trt 0, Trt 20, Trt 40, and Trt 80). In Exp 2, the treatments were 0, 40, 80, and 

160 mg Zn/L of water (Trt 0, Trt 40, Trt 80, and Trt 160). In each experiment, 280 

crossbred pigs (19 ± 2 d of age; 5.6 ± 0.3 kg BW) were randomly assigned to one of four 

water ZnAAC treatments (10 pigs/pen; 7 pens/treatment).   

Housing, feeding, watering, and vaccinating methods 

Pigs were housed in an environmentally controlled room and offered feed and 

water ad libitum. Each pen was equipped with one 4-hole dry feeder and one water meter 

above the waterer cup. Pigs were fed corn-soybean meal-based diets formulated to meet 

or exceed swine NRC (2012) recommendations. There were four dietary phases fed to all 

pigs with added Zn from ZnO or Cu from CuSO4: Phase 1 (2,500 mg added Zn/kg) from 

d 0-7, Phase 2 (1,750 mg added Zn/kg) from d 7-14, Phase 3 (200 mg added Cu/kg) from 

d 14-23, and Phase 4 (200 mg added Cu/kg) from d 23-41 (Table 4.1). On day 4 and 25, 

pigs were vaccinated with i.m. Circumvent® PCV-M G2 (Merck Animal Health, USA). 
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All pens were supplied drinking water via the same water system. The stock 

solutions of each water Zn treatment, including Trt 0 were prepared for 48 h use. Water 

regulators (Dosatron D128R, Clearwater, FL) were used to blend Zn stock solutions with 

incoming water (1:100) and delivered through a waterline to each pen. Daily water 

disappearance was recorded as average daily water intake (ADWI) and calculated for 

water Zn intake. Water and dietary Zn concentrations were analyzed at a commercial 

laboratory (ServiTech, Dodge City, KS) and reported in Table 4.2. 

Growth performance data 

 Pigs and feeders were weighed weekly for calculations of average daily gain 

(ADG), average daily feed intake (ADFI), and gain to feed ratio (G:F). Additionally, 

average daily water intake (ADWI) was calculated from water disappearance obtained 

from the water meter to report water to feed ratio (W:F). Average dietary Zn intake, 

water Zn intake, and total Zn intake were calculated based on analyzed dietary and water 

Zn concentrations. Data were reported for d 0-14 (high dietary Zn phases), d 14-41 (high 

dietary Cu phases), and d 0-41 period. 

Statistical analyses 

 Data from this one-way treatment structure with a randomized complete block 

design were analyzed using PROC GLIMMIX of SAS 9.4 software (SAS Institute, Cary, 

NC) for linear mixed model methods. In each experiment, water ZnAAC treatment was a 

fixed effect and block was a random effect. In combined data of the two experiments, 

fixed effects were treatment and experiment, and a random effect was block. Orthogonal 
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polynomial contrasts were conducted to determine linear and quadratic effects for 

increasing levels of water ZnAAC treatment. Because of unequal spacing among 

treatments, PROC IML was used to calculate the coefficients for the orthogonal 

polynomial contrasts. Pen was considered the experimental unit.  

Data from both experiments were combined and analyzed for Zn dose estimation. 

Data for ADG and G:F ratio from two experiments were modeled for the optimal dose-

response. PROC NLIN was used to generate initial parameters of non-linear quadratic 

broken line models (Fadel, 2004) before estimating the breaking points of the models, 

including experiment as a random component using PROC NLMIXED (Robbins et al., 

2006). 

Data were presented as least squares means ± standard error of the means 

(lsmeans ± SEM). All tests were conducted at the nominal 0.05 level of significance, 

while the level between 0.05 to 0.10 was considered as a trend toward significance. 

Graphs were illustrated using GraphPad Prism (GraphPad Software, San Diego, CA). 

RESULTS 

Experiment 1 

We observed positive effects of increasing water ZnAAC treatment in increasing 

BW at d 14 (linear, P = 0.05), ADFI (linear, P = 0.07) during d 0-14, ADG (linear, P = 

0.04) during d 0-14, and G:F during d 0-14 (linear, P = 0.10) and d 0-41 (linear, P = 0.02) 

(Table 4.3). In addition, there was no reduction in water intake (P > 0.05) among all 



 

74 

 

ZnAAC treatments. Water intake tended to increase (linear, P = 0.09) during d 0-14 with 

increasing water ZnAAC treatment. 

Pigs drinking titrated levels of water soluble ZnAAC during feeding high dietary 

levels of ZnO tended to increase (linear, P = 0.08) dietary Zn intake during d 0-14 and d 

0-41 (Figure 4.1A). Water Zn intake increased (quadratic, P < 0.05) among the four 

treatments throughout the experiment (Figure 4.1B). Overall, total Zn intake increased 

(linear, P < 0.001) with increasing water ZnAAC treatment throughout the study (Figure 

4.1C). 

A regression equation of average water intake (abbreviated as ADWI; L/pig) by 

day in experiment exhibited a strong positive association (r = 0.95; R2 = 0.91; P < 

0.0001; ADWI = (0.08407 × Day) + 0.29755) (Figure 4.3A).  

Experiment 2 

Pigs drinking titrated levels of water soluble ZnAAC in Exp 2 had improved 

ADG (quadratic, P = 0.04) and G:F (quadratic, P = 0.01) during d 14-41, which were the 

phases pigs were fed high dietary Cu (200 mg/kg) from CuSO4 (Table 4.4). These 

positive outcomes influenced overall improvements during d 0-41 in increasing ADG 

(quadratic, P = 0.07), G:F (quadratic, P = 0.05), and final BW (quadratic, P = 0.07) at d 

41. 

There were no differences (P > 0.05) in dietary Zn intake observed during d 0-14, 

14-41, and 0-41 among the four water ZnAAC treatments (Figure 4.2A). Calculated 

water Zn intake increased significantly (linear, P < 0.0001) with increasing ZnAAC 
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treatment (Figure 4.2B). Total Zn intake increased (linear, P < 0.001) throughout the 

study (Figure 4.2C).  

In Exp 2, a regression equation indicated that ADWI increased linearly by day in 

experiment (r = 0.92; R2 = 0.84; P < 0.0001; ADWI = (0.11922 × Day) + 0.14279) 

(Figure 4.3B). 

Combined results of Exp 1 and Exp 2 

Data of Trt 0, Trt 40, and Trt 80 of Exp 1 and 2 were combined and analyzed for 

water ZnAAC effects on growth performance. As illustrated in Table 4.5, supplementing 

ZnAAC via drinking water tended to increase ADFI (quadratic, P = 0.08) during the early 

weaning period (d 0-14). Average daily gain (ADG) increased (linear, P = 0.03) during d 

0-41. Feed efficiency (G:F) improved (linear, P < 0.05) during d 14-41 and d 0-41. A 

linear regression exhibited ADWI increased linearly by day in the combined experiment 

(r = 0.95; R2 = 0.91; P < 0.0001; ADWI = (0.10164 × Day) + 0.11850) (Figure 4.3C). 

Zn dose estimation 

 The optimal Zn doses were estimated using non-linear regression for the ideal 

ADG and G:F responses for the entire period from the five treatments of both 

experiments: Trt 0, Trt 20, Trt 40, Trt 80, and Trt 160. The model estimated that 

supplementing water soluble ZnAAC at 73.7 and 69.9 mg Zn/L of water were the best to 

increase ADG and G:F, respectively, in nursery pigs (Figure 4.4). 
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DISCUSSION 

The main difference among treatments leading to our results was the levels of 

water soluble ZnAAC provided through drinking water. Regardless of the high levels of 

dietary Zn and Cu used, pigs improved ADG and G:F ratio in a linear fashion from 

drinking titrated levels of water soluble ZnAAC when supplemented up to 80 mg Zn/L 

(Exp 1). In addition, pigs improved ADG and G:F ratio in a quadratic fashion when 

treated up to 160 mg Zn/L in Exp 2. The best response was detected in pigs supplemented 

with 80 mg Zn/L compared with those non-supplemented with ZnAAC during high 

dietary CuSO4 phases (33 g of ADG and 37 g of G:F greater). The plateau of Zn response 

at 160 mg Zn/L may be from the reduced absorption of a higher dose via saturation of 

transport mechanisms and body Zn status (Lonnerdal, 2000). 

Our combined results indicated that the five water soluble ZnAAC doses 

enhanced growth response in a non-linear fashion and fitted a quadratic curve as 

previously described (Robbins et al., 2006). The model included a random component for 

parameter L, which accounted for the blocking of pigs. Our model estimated ZnAAC 

doses at 70 to 74 mg Zn/L for the optimized growth response. A study from Hill et al. 

(2014) reported that supplementing 75 mg/kg of organic Zn maximized growth and 

health response of early-weaned pigs when compared to 0, 25, 50, and 100 mg Zn/kg of 

an organic, inorganic, and equal combination of both. Supplementing nursery pigs with 

20-80 mg Zn/kg from ZnAAC increased ADG compared to a non-supplemental group, 

while pigs fed 800 mg Zn/kg exhibited comparable performance to 80 mg/kg without 

showing significant health effects (Zhang et al., 2018). In addition, nursery pigs fed 
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dietary Zn amino acid chelate at 100 mg/kg or ZnO at 3,000 mg/kg achieved similar 

growth performance and serum Cu/Zn superoxide dismutase and alkaline phosphatase 

activities with less fecal Zn excretion in the Zn-chelated group (Wang et al., 2010). 

Therefore, lower doses of organic Zn and pharmacological doses of ZnO may provide 

comparable systemic Zn utilization in pigs. From an absorption standpoint, Lee et al. 

(2001) reported nursery pigs fed with 170 mg/kg diet of Zn amino acid chelate had higher 

serum Zn concentration than pigs fed with 170 mg/kg diet of ZnSO4 (1.55 mg/L vs 1.44 

mg/L of serum Zn). Additionally, feeding nursery pigs 3,000 mg/kg of ZnO resulted in a 

significantly lower plasma Zn concentration than feeding the same level of Zn 

methionine (1.29 mg/L vs 4.82 mg/L) (Hahn and Baker, 1993), suggesting ZnO had 

lower digestibility, intestinal absorption, and availability for systemic utilization. 

Supplementing water soluble ZnAAC via drinking water may enhance Zn 

absorptive efficiency due to its high solubility. Organic Zn, including ZnAAC, is a 

complex of Zn atoms bound to low-molecular-weight ligands or chelators, such as amino 

acids. The organic ligands have been used in efforts to increase the solubility of Zn 

complex and enhance Zn bioavailability (Lonnerdal, 2000). On the other hand, inorganic 

Zn can be bound with other dietary molecules forming insoluble complexes and excreted 

out, thus, reducing bioavailability and absorption across the small intestine. From a 

solubility and absorptive standpoint, supplementing water soluble ZnAAC might leverage 

interfering effects with other dietary substances that prevent Zn absorption. A human 

study reported greater Zn absorption from drinking water Zn solution than a single meal 

consumption (peak concentration at 80-100 μmol vs 18-20 μmol) (Sandström and 

Sandberg, 1992; Lonnerdal, 1997).  
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In this study, water disappearance (referring to water intake) of pigs increased 

linearly by day in the experiment. More emphasis should be made on drinking water as 

pigs exhibited a strong association in eating and drinking behaviors (Dybkjær et al., 

2006). Furthermore, daily water intake could reflect the well-being of pigs in the pen. As 

an example, on d 4 and d 25, we observed a marked decrease in water intake from 

vaccination. In addition, all pigs received an LPS injection on d 23, which consequently 

decreased water intake on d 24. Throughout the nursery period, our results exhibited 

ranges of 3.7 to 4.1 in water to feed intake ratio among all water ZnAAC treatments. 

These numbers were consistent with the study of adding liquid methionine to drinking 

water for nursery pigs, which ranged from 3.1 to 4 in water to feed intake ratio 

(Kaewtapee et al., 2010). Therefore, drinking water could be a potential oral route of 

delivering nutrients to the pig. Monitoring water intake can be used to address general 

herd health status.  

CONCLUSION 

Our results suggested that supplementing water soluble ZnAAC via drinking 

water linearly improved weight gain and feed efficiency when supplemented at 70-74 mg 

Zn/L in the presence of pharmacological levels of dietary ZnO during early phases or 

CuSO4 during late phases of nursery pigs. We did not observe an additive response on 

growth with adding ZnAAC up to 160 mg Zn/L. Our study provided insights on the 

average daily water intake as a reasonable parameter to predict the daily status of herd 

health. Lastly, our data indicated no reduction in water and feed intake when pigs were 

supplemented ZnAAC via drinking water for the entire 42-d of the nursery period. 
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Table 4.1. Ingredients and nutritional composition of nursery diets fed to pigs. 

Dietary phase 1 (d 0-7) 2 (d 14-23) 3 (d 23-35) 4 (d 35-41) 

Ingredients, %     

 Corn, yellow dent  32.21 38.30 54.00 59.15 

 Soybean meal, 47.5% CP 15.00 20.00 26.32 34.30 

 Dried whey 25.00 25.00 10.00 0.00 

 Lactose 7.00 0.00 0.00 0.00 

 Spray-dried animal plasma 6.00 2.50 0.00 0.00 

 Spray-dried blood cells 0.00 1.25 1.25 0.00 

 Fish meal, menhaden 6.00 4.00 2.00 0.00 

 Soy protein concentrate 2.21 2.12 0.00 0.00 

 Soybean oil 4.00 4.00 3.00 3.00 

 Dicalcium phosphate, 18.5% P 0.67 0.93 1.40 1.58 

 Limestone 0.45 0.44 0.72 0.74 

 Salt 0.50 0.50 0.50 0.50 

 L-Lysine HCl 0.17 0.21 0.27 0.25 

 DL-Methionine 0.18 0.21 0.17 0.11 

 L-Threonine 0.07 0.09 0.12 0.09 

 Vitamin premix1 0.05 0.05 0.05 0.05 

 Mineral premix2 0.06 0.06 0.06 0.06 

 Selenium premix3 0.05 0.05 0.05 0.05 

 Choline chloride 0.03 0.03 0.03 0.03 

 Zn oxide, 72% Zn 0.347 0.243 0.00 0.00 

 Cu sulfate, 25.2% Cu 0.00 0.00 0.08 0.08 

 Total 100.00 100.00 100.00 100.00 

Chemical composition     

 ME, kcal/kg 1,600 1,593 1,569 1,571 

 CP, % 23.00 23.05 21.03 21.57 

 Crude fat, % 6.68 6.83 6.19 6.34 

 Calcium, % 0.89 0.85 0.85 0.75 

 Phosphorus, % (available) 0.59 0.55 0.45 0.37 

 Sodium, % 0.63 0.54 0.33 0.22 

 Cu, mg/kg diet 19.00 20.00 217.00 218.00 

  Zn, mg/kg diet 2,500.00 1,750.00 100.00 100.00 
1 Contributed per kilogram of diet: vitamin A, 4,995 IU; vitamin D3, 749 IU; vitamin E, 

325 IU; biotin, 100 μg; folic acid, 0.55 mg; niacin, 22.5 mg; pantothenic acid, 20.5 mg; 

riboflavin, 4.50 mg; thiamine, 1.00 mg; vitamin B6, 0.62 mg; and vitamin B12, 20.4 μg.  
2 Mineral premix provided per kilogram of diet: Zn, 99 mg; iron, 90.65 mg; manganese, 

31.8 mg; Cu, 9.96 mg; and iodine, 0.36 mg.  
3 Selenium premix provided per kilogram of diet: selenium as selenium yeast, 0.3 mg. 
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Table 4.2. Analyses of water and dietary Zn concentrations supplemented to nursery pigs 

of Exp 1 and Exp 2. 

Item Water Zn concentration (mg/L)1  Dietary Zn concentration 

(mg/kg)2 

 0 20 40 80 160  Phase 

1 

Phase 

2 

Phase 

3 

Phase 

4 

Experiment 1 0.34 20.0 33.5 84.0 -  2,625 1,877 129 130 

Experiment 2 0.18 - 42.9 79.7 158.0  2,310 1,710 124 112 
1Pooled samples from pens of each treatment (n = 7/Trt). 
2Phase 1, 2, 3, and 4 diets were fed to pigs from d 0-7, d 7-14, d 14-23, and d 23-41, 

respectively. 
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Table 4.3. Growth performance of nursery pigs supplemented with titrated levels of water 

soluble ZnAAC via drinking water during d 0-14, d 14-41, and d 0-41 of Exp 1.1   

Item 
Treatment2 

SEM 
P-value 

0 20 40 80 Linear Quadratic 

Body Weight, kg        

 d 0 5.68 5.69 5.69 5.70 0.13 0.76 0.97 

 d 14 8.18 8.10 8.21 8.53 0.21 0.05 0.31 

 d 41 22.49 22.56 23.49 23.11 0.59 0.37 0.49 

ADFI, kg        

 d 0-14 0.202 0.202 0.206 0.226 0.01 0.07 0.44 

 d 14-41 0.713 0.705 0.737 0.715 0.03 0.83 0.64 

 d 0-41 0.512 0.504 0.511 0.508 0.01 0.96 0.89 

ADG, kg        

 d 0-14 0.170 0.172 0.180 0.203 0.01 0.04 0.61 

 d 14-41 0.511 0.521 0.528 0.516 0.02 0.89 0.50 

 d 0-41 0.393 0.401 0.424 0.421 0.01 0.13 0.39 

G:F Ratio        

 d 0-14 0.838 0.850 0.872 0.900 0.03 0.10 0.99 

 d 14-41 0.717 0.738 0.719 0.721 0.01 0.83 0.46 

 d 0-41 0.767 0.796 0.831 0.830 0.02 0.02 0.18 

ADWI, L        

 d 0-14 0.837 0.778 0.834 0.976 0.06 0.09 0.27 

 d 14-41 2.573 2.570 2.663 2.799 0.20 0.41 0.88 

 d 0-41 1.884 1.851 1.924 2.066 0.14 0.33 0.70 

Water to Feed Intake 

Ratio        

 d 0-14 4.12 3.84 4.04 4.40 0.24 0.30 0.34 

 d 14-41 3.63 3.64 3.61 3.92 0.28 0.45 0.65 

 d 0-41 3.71 3.67 3.68 4.00 0.24 0.39 0.58 
1Data represent least square means ± SEM adjusted using the Tukey-Kramer method    

(n = 7/Trt/time). Pigs were on high dietary ZnO (1,750-2,500 mg Zn/kg diet) on d 0-14, 

then switched to high dietary CuSO4 (200 mg Cu/kg diet) on d 14-41. 
2Treatment was applied via drinking water (mg Zn/L water). 
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Table 4.4. Growth performance of nursery pigs supplemented with titrated levels of water 

soluble ZnAAC via drinking water during d 0-14, d 14-41, and d 0-41 of Exp 2.1   

Item 
Treatment2 

SEM 
P-value 

0 40 80 160 Linear Quadratic 

Body Weight, kg        

 d 0 5.48 5.49 5.49 5.49 0.10 0.87 0.87 

 d 14 8.48 8.26 8.37 8.28 0.20 0.27 0.52 

 d 41 23.73 23.97 24.55 23.70 0.45 0.96 0.07 

ADFI, kg        

 d 0-14 0.218 0.202 0.211 0.203 0.01 0.22 0.57 

 d 14-41 0.795 0.796 0.800 0.777 0.02 0.49 0.58 

 d 0-41 0.597 0.594 0.596 0.581 0.02 0.42 0.75 

ADG, kg        

 d 0-14 0.214 0.198 0.206 0.200 0.01 0.28 0.49 

 d 14-41 0.545 0.561 0.578 0.546 0.01 0.99 0.04 

 d 0-41 0.434 0.440 0.454 0.434 0.01 0.97 0.07 

G:F Ratio        

 d 0-14 0.984 0.981 0.971 0.983 0.02 0.96 0.70 

 d 14-41 0.686 0.706 0.723 0.702 0.01 0.21 0.01 

 d 0-41 0.727 0.740 0.763 0.749 0.01 0.08 0.05 

ADWI, L        

 d 0-14 0.870 0.821 0.813 0.791 0.05 0.31 0.68 

 d 14-41 3.107 3.380 3.456 3.193 0.25 0.93 0.32 

 d 0-41 2.342 2.514 2.540 2.365 0.17 0.96 0.36 

Water to Feed Intake 

Ratio        

 d 0-14 3.99 4.07 3.84 3.87 0.16 0.46 0.91 

 d 14-41 3.93 4.27 4.37 4.10 0.33 0.82 0.36 

 d 0-41 3.93 4.24 4.30 4.07 0.31 0.85 0.40 
1Data represent least square means ± SEM adjusted using the Tukey-Kramer method  

(n = 7/Trt/time). Pigs were on high dietary ZnO (1,750-2,500 mg Zn/kg diet) on d 0-14, 

then switched to high dietary CuSO4 (200 mg Cu/kg diet) on d 14-41. 
2Treatment was applied via drinking water (mg Zn/L water). 
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Table 4.5. Combined data on growth performance of nursery pigs supplemented with 

titrated levels of water soluble ZnAAC via drinking water during d 0-14, d 14-41, and d 

0-41 of Exp 1 and Exp 2.1   

Item 
Treatment2 

SEM 
P-value 

0 40 80 Trt × Exp Linear Quadratic 

Body Weight, kg        

 d 0 5.58 5.59 5.59 0.11 1.00 0.69 0.94 

 d 14 8.33 8.24 8.45 0.16 0.41 0.29 0.13 

 d 41 23.11 23.73 23.83 0.68 0.60 0.13 0.52 

ADFI, kg        

 d 0-14 0.210 0.204 0.219 0.01 0.14 0.22 0.08 

 d 14-41 0.754 0.766 0.757 0.04 0.81 0.87 0.57 

 d 0-41 0.555 0.556 0.548 0.05 0.74 0.57 0.70 

ADG, kg        

 d 0-14 0.192 0.189 0.204 0.01 0.11 0.20 0.28 

 d 14-41 0.528 0.545 0.547 0.02 0.53 0.20 0.57 

 d 0-41 0.413 0.432 0.438 0.02 0.45 0.03 0.45 

G:F Ratio        

 d 0-14 0.911 0.926 0.936 0.06 0.47 0.34 0.90 

 d 14-41 0.702 0.713 0.722 0.01 0.19 0.03 0.93 

 d 0-41 0.747 0.781 0.803 0.03 0.18 0.0001 0.56 

ADWI, L        

 d 0-14 0.854 0.827 0.894 0.04 0.15 0.44 0.31 

 d 14-41 2.840 3.022 3.127 0.35 0.93 0.23 0.85 

 d 0-41 2.153 2.248 2.325 0.24 0.89 0.28 0.94 

Water to Feed Intake 

Ratio        

 d 0-14 4.06 4.05 4.12 0.16 0.36 0.75 0.83 

 d 14-41 3.78 3.94 4.14 0.30 0.86 0.26 0.94 

 d 0-41 3.90 4.05 4.25 0.21 0.86 0.23 0.92 
1Data represent least square means ± SEM adjusted using the Tukey-Kramer method  

(n = 14/Trt/time). Pigs were on high dietary ZnO (1,750-2,500 mg Zn/kg diet) on d 0-14, 

then switched to high dietary CuSO4 (200 mg Cu/kg diet) on d 14-41. 
2Treatment was applied via drinking water (mg Zn/L water). 
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Figure 4.1. Zn intake of nursery pigs from d 0-14, d 14-41, and d 0-41 of Exp 1. (A) 

Dietary Zn intake tends to increase (linear, P = 0.08) with increasing water ZnAAC 

treatment from d 0-14 (added 1,750 to 2,500 mg/kg of ZnO) and d 0-41. (B) Water Zn 

intake significantly increases (quadratic, P < 0.05) with increasing water ZnAAC 

treatment. (C) Total Zn intake significantly increases (linear, P < 0.001) with increasing 

water ZnAAC treatment. Calculation of dietary and water Zn intakes are based on the 

total intake of analyzed Zn concentrations as received by pig days.    
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Figure 4.2. Zn intake of nursery pigs from d 0-14, d 14-41, and d 0-41 of Exp 2. (A) No 

differences (P > 0.05) in dietary Zn intake among the four water ZnAAC treaments.        

(B) Water Zn intake significantly increases (linear, P < 0.0001) with increasing water 

ZnAAC treatment. (C) Total Zn intake significantly increases (linear, P < 0.001) with 

increasing water ZnAAC treatment. Calculation of dietary and water Zn intakes are based 

on the total intake of analyzed Zn concentrations as received by pig days.       



 

86 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. Scatterplots and linear regression equations of ADWI by day in experiment of 

Exp 1, Exp 2, and combined data of both experiments. (A) A positive relation of Exp 1  

(r = 0.95; R2 = 0.91; P < 0.0001). (B) A positive relation of Exp 2 (r = 0.92; R2 = 0.84; P 

< 0.0001). (C) A positive relation of the combined data from both experiments (r = 0.95; 

R2 = 0.91; P < 0.0001).   
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Figure 4.4. Estimation of water soluble ZnAAC dose generated by using quadratic 

broken-line models on growth performance of nursery pigs (Liu et al., 2016). (A) 

Estimated ideal dose for ADG is 73.7 mg Zn/L of water (model parameters L = 0.42395, 

U = -0.00001, R = 67; R2 = 0.8286; SE = 14.5). (B) Estimated ideal dose for G:F ratio is 

69.9 mg Zn/L of water (model parameters L = 0.83251, U = -0.00002, R = 61; R2 = 

0.9273; SE = 11.1). L = values at breaking point, U = slope ratio of the line at X < R, and 

R = value of X at the breaking points from Exp 1 and Exp 2, respectively. Asterisk (*) 

and dot (•) represent treatment means from Exp 1 and Exp 2, respectively. Thick line and 

thin line are the prediction lines of data.  
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CHAPTER V 

 

 

EFFECTS OF SUPPLEMENTING TITRATED LEVELS OF WATER SOLUBLE ZINC 

AMINO ACID COMPLEX ON IMMUNE RESPONSE AND TISSUE ZINC 

TRANSPORTERS IN LPS-INDUCED INFLAMMATION OF NURSERY PIGS 

 

INTRODUCTION   

Zinc plays an important role in immune function, including the innate and 

adaptive immune systems (Kloubert et al., 2018). The control of Zn homeostasis occurs 

in the small intestine, liver, and pancreas through the regulation of Zn transporters 

(Krebs, 2000). During inflammation, proinflammatory cytokines mediating Zn 

transporters induce Zn dyshomeostasis (Liuzzi et al., 2005). On the opposite, Zn 

supplementation reduces the severity of the host immune response during polymicrobial 

sepsis (Wessels and Cousins, 2015). Studies reported anti-inflammatory effects of Zn 

supplementation in mitigating proinflammatory cytokines and acute-phase protein 

secretion at various tissues (Bao et al., 2010; Hu et al., 2013; Paulk et al., 2015). Besides, 

Zn has been proposed as one of the alternatives to in-feed antibiotics in pigs (Roselli et 

al., 2005). 
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Although pharmacological concentrations of dietary Zn supplementation (2,000-

3,000 ppm) are commonly used to prevent and treat post-weaning diarrhea, it is 

suggested to use for short periods for gut health purposes and to avoid negative 

environmental impacts (Shannon and Hill, 2019). To date, supplementing Zn with greater 

relative bioavailability value (RBV) in lower levels, such as Zn amino acid complex, has 

been reported to mitigate inflammation during infection or stress conditions of pigs 

(Roselli et al., 2005; Leite et al., 2018). However, Zn supplementation is applied mainly 

in-feed. Few studies have evaluated supplementing Zn via drinking water, an 

indispensable nutrient, that is offered ad libitum for pigs.  

In this study, we evaluated the effects of supplementing titrated levels of Zn 

amino acid complex via drinking water on immune response, and tissue Zn transporter 

and metallothionein during the acute phase response of lipopolysaccharide-challenged 

pigs. Also, we emphasized that the altered Zn homeostasis during inflammation was 

involved with cytokine-mediated hepatic Zn influx via Zn transporter and caused 

hypozincemia. 

MATERIALS AND METHODS 

Two experiments were conducted at the Swine Research and Education Center at 

Oklahoma State University. All procedures were approved by the Institutional Animal 

Care and Use Committee (IACUC).  
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Experimental design, animals, and treatment 

 The two studies aimed to evaluate the effects of supplementing Zn amino acid 

complex via drinking water on the innate immune response and tissue Zn transporters of 

nursery pigs fed pharmacological Zn and Cu doses and challenged with LPS. A total of 

five hundred and sixty crossbred weaned pigs (PIC USA; 19 ± 2 d; 5.6 ± 0.3 kg BW) 

were utilized. The experimental treatments were the titrated concentrations of Zn amino 

acid complex (ZnAAC) powder (TruCare®, Zinpro Corporation, Eden Prairie, MN) 

supplemented via drinking water.  

In each experiment (Exp), two hundred and eighty weaned pigs were randomly 

allotted (10 pigs/pen) and assigned to one of four water Zn treatments (Trt; 7 pens/Trt) 

upon arrival. Water Zn treatments for Exp 1 were Trt 0, Trt 20, Trt 40, and Trt 80 (mg 

Zn/L of water), while for Exp 2 were Trt 0, Trt 40, Trt 80, and Trt 160. Each pen had 

one water meter installed to the waterline above the pen. The stock solution of water Zn 

treatments was prepared according to the product instruction. Trt 0 was prepared without 

the addition of Zn and supplied similarly via water regulators set at the rate of 1:100.  

On d 23, pigs were fasted for 5 h before injected with a single i.m. LPS 

(Escherichia coli serotype O55:B5; Sigma-Aldrich, St. Louis, MO) dose at 12 μg/kg BW. 

Three-time courses of measurement were h 0 as a baseline, h 3, and h 12 following LPS 

challenge.  

Housing and feeding methods 

Pigs were housed in an environmentally-controlled nursery facility with slatted 

plastic flooring and a mechanical ventilation system. The environmental temperature was 
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maintained at 30˚C for the first week of the experiment and was reduced by 1˚C in the 

following weeks. Each pen was equipped with one 4-hole dry feeder, and one nipple 

waterer with a cup.  

The dietary phase feeding program was employed in both experiments, with diets 

formulated to meet or exceed swine NRC 2012 (Table 5.1). Pigs were fed the same corn-

soybean meal-based diets with added Zn from ZnO or Cu from CuSO4: Phase 1 (2,500 

mg Zn/kg) from d 0-7, Phase 2 (1,750 mg Zn/kg) from d 7-14, and Phase 3 (200 mg 

Cu/kg) from d 14-23. 

Body weight, rectal temperature, and blood collection 

Two pigs/pen (14 pigs/Trt) of each experiment were obtained BW, rectal 

temperature (RT), and collected blood samples at h 0 before LPS injection, and repeated 

the sample collection post-challenge as described in Figure 5.1. Blood samples were 

drawn from the jugular vein when pigs laid in dorsal recumbency position using a single-

use blood collection needle (Monoject™, Dublin, OH). Five and ten mL of blood were 

collected into a trace element testing tube, and a non-additive tube for serum (BD 

Vacutainer™, Franklin Lakes, NJ), respectively. Blood samples were centrifuged for 

serum at 2500 × g, 4 °C for 10 min, aliquoted into 1.5-mL tubes, and stored at -20°C until 

further analysis.  

Saliva collection  

In Exp 2, saliva was collected using three-strand cotton ropes (2.5-cm diameter) 

on the challenge day at h 0 and h 12. One rope was tied to the gate and left the three end 
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knots hanging in front of the feeder at the level of the pig’s shoulder without possible 

contact from pigs in other pens. Pigs were allowed to chew ropes for 20 min before saliva 

collection. Ropes were cut above the wet parts into a zip-lock plastic bag for each pen. 

Collected wet ropes were squeezed and collected saliva fluid into 15 ml tubes. Saliva 

samples were processed by centrifugation at 2500 × g, 4°C for 15 min to separate dirt and 

feed particles. The clear liquid portion was transferred into 1.5-mL tubes and stored at -

20°C until salivary C-reactive protein (CRP) analysis.  

Tissue sampling, RNA isolation, and cDNA synthesis 

         In Exp 1, one pig/pen (7 pig/Trt) was euthanized subsequently hepatic tissue 

sample and duodenal mucosa scrapings were collected in separate tubes filled with 

RNAlater (Thermo Fisher Scientific, Waltham, MA). The tissue samples were stored at -

20°C until homogenization. Samples were homogenized in TriZol reagent (Invitrogen, 

Carlsbad, CA) before RNA isolation by using Direct-Zol RNA Miniprep Plus (Zymo 

Research, Irvine, CA) with DNase I treatment to eliminate contaminated DNA. RNA 

quantity was measured by the A260/A280 ratio using a NanoDrop 1000 

spectrophotometer (Thermo Scientific, Waltham, MA). RNA quality was evaluated for 

18s/28s ribosomal RNA integrity by agarose gel electrophoresis. Total RNA was reverse-

transcribed similarly to methods described by Ojo et al. (2019) to create complementary 

DNA (cDNA) using ProtoScript II Reverse Transcriptase kit (New England Biolabs, 

Ipswich, MA), and stored at -80°C until subsequent quantitative RT-PCR (RT-qPCR) 

analysis. 
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Serum TNF-α, serum CRP, and salivary CRP concentrations 

Serum TNF-α concentration was analyzed in duplicate using a commercial porcine 

ELISA kit (R&D Systems Inc., Minneapolis, MN). From both experiments, the intra- and 

inter-assay coefficient of variations were equal or less than 6.9% and 9.2%, respectively 

for both experiments. Serum samples were not analyzed for TNF-α concentration at h 12 

in Exp 1. Serum and salivary CRP concentrations were analyzed in duplicate using a 

commercial porcine ELISA kit (Lifediagnostics Co., Ltd, West Chester, PA). From both 

experiments, the intra- and inter-assay coefficient of variations of serum and saliva samples 

were equal or less than 10.8% and 15.5%, respectively. 

Serum Zn and Cu concentrations 

Before analysis, serum samples were diluted 1:50 in 0.1% high-purity nitric acid 

(GFS Chemicals, Inc., Powell, OH). Serum Zn and Cu concentrations were analyzed 

using Inductively Coupled Plasma Mass Spectrometry (ICP-MS) (Elan 9000; Perkin 

Elmer Life and Analytical Sciences, Norwalk, CT) with gallium as an internal standard. 

After every 10th sample, UTAK normal range control serum (UTAK Laboratories Inc., 

Valencia, CA) was analyzed to verify consistency as described by Joray et al. (2015). 

Quantitative real-time polymerase chain reaction (RT-qPCR) 

         The relative abundance of genes encoding for interleukin-6 (IL-6), Zn transporters 

(ZIP4 for duodenum and ZIP14 for liver), and metallothionein-1 (MT-1) were evaluated 

by RT-qPCR as previously described (Ojo et al., 2019). Succinate dehydrogenase 

complex flavoprotein subunit A (SDHA) was an internal reference gene used for data 
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normalization of the target genes. Intron-spanning primers were designed using Primer3 

(Rozen and Skaletsky, 2000) and NCBI BLAST web interfaces (Johnson et al., 2008). 

Primers sequences and NCBI accession numbers are shown in Table 5.2. 

Before analysis, cDNA was diluted 1:4 with DNase/RNase-free water. Samples 

were run in duplicate and analyzed by RT-qPCR using SYBR Green Master Mix (Power 

Sybr, Applied Biosystems, Foster City, CA) on an ABI 7900HT sequence-detection 

instrument and 2.4 SDS software (Applied Biosystems, Foster City, CA). 

Statistical analyses 

 In both experiments, BW, RT, serum, and salivary chemicals data were analyzed 

using PROC GLIMMIX of SAS (Version 9.4, SAS Institute, Cary, NC, USA). The linear 

mixed model method for randomized complete block design was used to evaluate Zn and 

LPS effects at the three-time course and their changes. Water ZnAAC treatment and time 

were fixed effects, while block was a random effect. Pig was the experimental unit. 

Orthogonal polynomial contrasts were included to assess the trend of titrated water Zn 

levels effect. The contrast efficiencies were generated using PROC IML.  

For gene expression results, threshold cycles (CTs) of target genes generated by 

the qPCR system were normalized to the CT value of the reference gene (ΔCT = CTtarget- 

CTreference) and calculated for fold change expression (2-ΔΔCT) as described by Livak and 

Schmittgen (2001). Data were analyzed using PROC GLIMMIX with randomized 

complete block design and presented for different fold change expression during h 0 and 

h 3. Gene correlations were tested using PROC CORR, while regression equations were 

generated by using PROC REG.  
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Least square means were calculated and the difference among treatments was 

tested using the Tukey-Kramer method for all datasets. Tests were considered significant 

when P ≤ 0.05 and a trend toward significance when 0.05 < P ≤ 0.10. 

RESULTS 

Experiment 1 

Pigs injected with a single i.m. LPS dose at 12 μg/kg BW, regardless of water 

ZnAAC treatment, exhibited significant signs of sickness behavior, i.e., vomiting, 

hyperventilating, losing appetite, and lethargy. LPS led to decreases in BW, serum Zn, 

and copper concentrations, while increases in rectal temperature, serum TNF-α, and CRP 

concentrations were seen (Figure 5.2). 

As shown in Table 5.3, rectal temperature tended to increase (quadratic, P = 0.06) 

with increasing water ZnAAC treatment at h 12 following LPS. The rectal temperature 

changes from h 3 to 12 dropped (quadratic, P = 0.03) among the four water ZnAAC 

treatments. Serum CRP concentration decreased at the baseline (h 0) (quadratic, P = 0.04) 

and tended (quadratic, P = 0.06) to maintain this pattern at h 3 following LPS. The serum 

CRP concentration changes tended to drop (quadratic, P = 0.09) with increasing water 

ZnAAC treatment during h 3 to 12. Serum Zn concentration over 12-h following LPS 

tended to decrease (quadratic, P = 0.06). Serum copper concentration during h 3 to 12 

and overall from h 0 to 12 depicted a significant decrease in a quadratic pattern (P < 

0.001), which Trt 0 remained the highest in serum copper concentration at h 12 among 

the four water ZnAAC treatments. 
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LPS upregulated (P < 0.0001) all three hepatic genes (IL-6, ZIP14, and MT-1) 

and duodenal IL-6 gene expression within 3 h post-challenge for approximately 20 to 30-

fold and 2 to 3-fold, respectively (Figure 5.3). Hepatic ZIP14 expression was upregulated 

(P < 0.0001) following LPS challenge, while duodenal ZIP4 did not change (P > 0.05). 

Upregulation of hepatic MT-1 gene expression was increased (P < 0.0001) after LPS 

injection (approximately 2 to 5-fold), while there was no difference detected (P > 0.05) 

for duodenal MT-1 gene expression. For gene expression correlation (Figure 5.4), the 

three hepatic gene expressions were positively correlated (P ≤ 0.0001) in pairwise 

comparisons, while only ZIP4 and MT-1 genes of the duodenum were found positively 

correlated (P = 0.02).   

Experiment 2   

As shown in Table 5.4, pigs supplemented with increasing water ZnAAC 

treatment significantly reduced BW loss (linear, P = 0.05) over 12-hour following the 

LPS challenge. Rectal temperature significantly decreased at the baseline (h 0) (P = 0.02) 

and at h 3 (P = 0.005) after challenge in a linear fashion. Baseline (h 0) serum TNF-α 

concentration decreased (linear, P = 0.04) in pigs drinking higher doses of water ZnAAC 

amino acid complex. Following the LPS challenge, serum TNF-α concentration and 

serum TNF-α concentration changes decreased (quadratic, P ≤ 0.05) with increasing 

water ZnAAC treatment. Serum Zn concentration increased at h 3 (linear, P = 0.08) and 

12 (linear, P = 0.001) post-LPS challenge, whereas serum Cu concentration tended to 

increase (linear, P = 0.07) with increasing water ZnAAC dose. 
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Similar to Exp1, LPS had significant effects (P < 0.0001) on BW loss, increased 

rectal temperature, increased serum TNF-α concentration and decreased serum Zn and 

copper concentrations of pigs (Figure 5.2). No significant difference (P > 0.05) was 

found for serum CRP concentration within a 12 h period following the LPS challenge. 

Combined results of Exp 1 and Exp 2 

Data of Trt 0, Trt 40, and Trt 80 of Exp 1 and 2 were combined and analyzed for 

water ZnAAC effects on the immune response. As illustrated in Table 5.5, supplementing 

ZnAAC via drinking water increased rectal temperature at h 12 post-LPS injection 

(quadratic, P = 0.02) due to rectal temperature decreased during h 3-12 is significant 

(quadratic, P = 0.003). There was a significant Trt × Exp effect (P = 0.01) in mitigating 

rectal temperature increase during h 0-3 with increasing water ZnAAC dose. Effect of Trt 

× Exp in decreasing serum TNF-α concentration was detected (P = 0.09) at h 3 following 

challenge, while pigs significantly mitigated the increase of serum TNF-α during h 0-3 

(linear, P = 0.04). Pigs drinking water ZnAAC tended to increase serum Zn concentration 

at baseline and h 3 post-LPS (linear, P = 0.07), while significantly increased serum Zn at 

h 12 (linear, P = 0.03). There was a significant Trt × Exp effect in decreasing serum Cu 

concentration with increasing ZnAAC dose at h 12 (P = 0.003). 
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DISCUSSION 

Our study showed that LPS challenged pigs exhibited several signs of sickness 

behavior, including a decrease in BW. Significantly increases in serum TNF-α 

concentration and rectal temperature of all water ZnAAC treatments within 3 h following 

LPS challenge were observed. Pigs drinking increasing water soluble ZnAAC had a 

lower rectal temperature and reduced the increase in serum TNF-α in a quadratic manner 

following the LPS challenge in Exp 2. However, we did not find Zn effects on the febrile 

response of attenuating the rise of rectal temperature as reported by Roberts et al. (2002). 

The increasing temperature was induced by proinflammatory cytokines, e.g., TNF-α, IL-

1b, and IL-6 that were released from activated macrophages during the acute phase 

response. These cytokines are pleiotropic and they have similar biological functions, i.e. 

thermogenesis, anorexia, and lethargy (Johnson, 1997). Kim and Jeong (2015) reported 

that Zn treated-macrophage and exposed to LPS could downregulate TNF-α expression 

via the Zn finger protein A20. The A20 protein is a negative regulator of the nuclear 

transcription factor NF-κB that stimulates proinflammatory cytokines. Pigs supplemented 

with ZnAAC decreased TNF-α production during the heat stress recovery period 

(Mayorga et al., 2018). In contrast, Krones et al. (2004) found a significant increase in 

TNF-α and IL-6 productions following the LPS challenge of pigs infused with Zn over 

the control pigs. Due to a severe decrease in Zn binding capacity correlated with albumin 

levels, administration of Zn during sepsis may increase free Zn concentrations that could 

be more toxic caused by direct interaction of Zn with monocytes (Wellinghausen et al., 

1997; Hoeger et al., 2015).  
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Although the effects of Zn supplementation on inflammatory responses are 

debatable, this study only reported a Zn role for anti-inflammatory effects. In Exp 1, pigs 

drinking increasing water soluble ZnAAC had lower serum CRP concentrations 

following the LPS challenge. However, a spike increased from Trt 40 during h 3 to 12, 

and the trend of increasing serum CRP was not consistent between the two experiments. 

Likewise, Moya et al. (2006) reported that plasma CRP concentration significantly 

increased at 12 h following low-dose LPS challenge (5 μg/kg BW) of nursery pigs. 

However, Sassu et al. (2016) found increased serum CRP concentration at 68 h after 

Actinobacillus pleuropneumoniae infection. Production of CRP is mediated by hepatic 

proinflammatory cytokines IL-6, IL-1, and IL-17, however, extrahepatic production 

could contribute to systemic concentrations (Eklund, 2009). Although CRP is reported as 

the first line and fast response acute phase protein in pigs, its production is affected by 

multiple factors, e.g., age, sex, health status, and stress (Sorensen et al., 2006; Hennig-

Pauka et al., 2019). To reduce blood collection stress, we also measured salivary CRP as 

a non-invasive sampling approach. We reported the two-time points of salivary CRP 

measurements (h 0 as baseline and h 12 post-challenge) because pigs rejected to chew on 

ropes during the peak febrile onset at h 3. There was no difference in salivary CRP 

concentration among the four water ZnAAC treatments, but LPS increased salivary CRP 

concentration. Our findings agreed with Escribano et al. (2014) who reported a 

significant elevation in salivary CRP concentration of endotoxemic pigs. They also 

addressed that the amplitude decreased over time from repeated LPS injections. 

Basal serum Zn concentration in this study numerically increased with increasing 

water Zn doses, i.e., 1.059, 1.273, 1.355, and 1.349 for Trt 0, Trt 40, Trt 80, and Trt 
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160, respectively. These results corresponded with Roberts et al. (2002) who reported 

that pigs fed 10, 50, and 150 mg/kg of dietary ZnSO4 resulted in 0.97, 1.04, and 1.35 

mg/L in serum Zn concentrations, respectively. Regardless of water ZnAAC treatment, 

all pigs significantly decreased in serum Zn concentration (hypozincemia) within 3-h 

post-challenge. We also observed the magnitude between the two experiments was 

different, i.e., decreases in serum Zn concentration at an average of 15% and 38% of Exp 

1 and 2, respectively. Hypozincemia is a Zn redistribution from blood circulation to 

hepatocyte induced by IL-6 upregulated hepatic ZIP14 to increase Zn influx (Liuzzi et 

al., 2005). Of significance was serum Cu concentration decreased following the LPS 

challenge, which was opposed to other findings that inflammation stimulated 

ceruloplasmin (Cp; copper-containing protein) production from hepatocytes resulting in 

increased serum copper concentration (Cousins, 1985; Humann-Ziehank et al., 2014; 

Malavolta et al., 2015). In addition, our data exhibited an opposite pattern of serum 

copper concentration with increasing water ZnAAC treatment at h 12 of both 

experiments. However, the basal serum copper concentrations (h 0) of both experiments 

were not suppressed by increasing water ZnAAC dose.  

Our study reported strong positive correlations in LPS upregulating hepatic IL-6, 

ZIP14, and MT-1 expression, which may support hepatic Zn sequestration. Increasing IL-

6 stimulated the release of MT-1 and contributed to Zn sequestering in the liver 

(Schroeder and Cousins, 1990), as mentioned by a 20-fold increase in hepatic Zn 

concentration of wild-type mice compared to the MT-1 knockout mice by Philcox et al. 

(1995). Liver is an important organ for homeostatic control of inflammation. Not only is 

it responsible for inflammatory protein production, but it acts as a buffer between the gut 
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environment and systemic circulation via the portal vein (Robinson et al., 2016). On the 

other hand, we only found a positive relation between duodenal ZIP4 and MT-1. No 

changes in duodenal ZIP4 and MT-1 at 3 h following LPS might not be the accurate 

timing to see changes in duodenal Zn homeostasis as reported in Chapter III. 

Upregulation of duodenal ZIP4 expression occurred when dietary Zn was restricted or 

reflected in an attempt to restore Zn homeostasis (Cousins et al., 2006). However, LPS 

upregulated duodenal IL-6 expression was similar to previously mentioned by Liu et al. 

(2008). Our evidence indicated that LPS independently stimulated duodenal IL-6 from 

duodenal ZIP4 or duodenal MT-1 expression.  

CONCLUSION 

Our study confirms that the liver plays an important role in Zn homeostasis, while 

the duodenum is less responsive during the acute phase response. Upregulation of hepatic 

IL-6 positively mediates ZIP14 and MT-1 expressions, which contributes to 

hypozincemia. Therefore, serum Zn concentration is not an ideal marker to indicate 

normal Zn status but can be an early indication of non-specific inflammation.  

Taken together, supplementing titrated levels of water soluble Zn amino acid 

complex to nursery pigs under an acute immune challenge leads to the mitigation of 

systemic febrile response. The immune response is not further mitigated when 

supplementing the highest water ZnAAC dose, indicating no dose-dependent effects. We 

suggest that Zn might not function in additive response when Zn intake is adequate and 

satisfied with the body’s need.  
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Table 5.1. Ingredients and nutritional composition of nursery diets fed to pigs. 

Dietary phase 1 (d 0-7) 2 (d 14-23) 3 (d 23-35) 

Ingredients, %    

 Corn, yellow  32.21 38.30 54.00 

 Soybean meal, 47.5% CP 15.00 20.00 26.32 

 Whey 25.00 25.00 10.00 

 Lactose 7.00 0.00 0.00 

 Spray-dried animal plasma 6.00 2.50 0.00 

 Spray-dried blood cells 0.00 1.25 1.25 

 Fish meal 6.00 4.00 2.00 

 Soy protein concentrate 2.21 2.12 0.00 

 Soybean oil 4.00 4.00 3.00 

 Dicalcium phosphate, 18.5% P 0.67 0.93 1.40 

 Limestone 0.45 0.44 0.72 

 Salt 0.50 0.50 0.50 

 L-Lysine HCl 0.17 0.21 0.27 

 DL-Methionine 0.18 0.21 0.17 

 L-Threonine 0.07 0.09 0.12 

 Vitamin premix1 0.05 0.05 0.05 

 Mineral premix2 0.06 0.06 0.06 

 Selenium premix 3 0.05 0.05 0.05 

 Choline chloride 0.03 0.03 0.03 

 Zn oxide, 72% Zn 0.347 0.243 0.00 

 Cu sulfate, 25.2% Cu 0.00 0.00 0.08 

 Total 100.00 100.00 100.00 

Chemical composition    

 ME, kcal/kg 1,600 1,593 1,569 

 CP, % 23.00 23.05 21.03 

 CF, % 6.68 6.83 6.19 

 Calcium, % 0.89 0.85 0.85 

 Phosphorus, % (available) 0.59 0.55 0.45 

 Sodium, % 0.63 0.54 0.33 

 Cu, mg/kg diet 19.00 20.00 217.00 

  Zn, mg/kg diet 2,500.00 1,750.00 100.00 
1 Contributed per kilogram of diet: vitamin A, 4,995 IU; vitamin D3, 749 IU; vitamin E, 

325 IU; biotin, 100 μg; folic acid, 0.55 mg; niacin, 22.5 mg; pantothenic acid, 20.5 mg; 

riboflavin, 4.50 mg; thiamine, 1.00 mg; vitamin B6, 0.62 mg; and vitamin B12, 20.4 μg.  
2 Mineral premix provided per kilogram of diet: Zn, 99 mg; iron, 90.65 mg; manganese, 

31.8 mg; Cu, 9.96 mg; and iodine, 0.36 mg.  
3 Selenium premix provided per kilogram of diet: selenium as selenium yeast, 0.3 mg. 
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Table 5.2. Primer sequences used for RT-qPCR of hepatic and duodenal IL-6, Zn 

transporters, and MT-1 genes of Exp 1. 

Genes1 
Accession 

number 
Primer sequences 

Product 

size (bp) 

SDHA DQ_178128.1 

5’-CTCAAGTTCGGGAAGGGCGG-3’ 

5’-TCGTACCGCAGAGACCTTCCG-3’ 104 

IL-6 NM_214399.1 

5’-CACCTCTCCGGACAAAACTGA-3’ 

5’-TGCCAGTACCTCCTTGCTGTT-3’ 118 

ZIP4 

XM_00192536

0.5 

5’-CTGCTCCAGCAACAGCTGAGT-3’ 

5’-GCAGAGGCAGATGAGCAGTGT-3’ 123 

ZIP14 

XM_02107299

9.1 

5’-TCTGTCTTCCAAGGCATCAGC-3’ 

5’-CAGCAGGCAGAGAGGAAGTTG-3’ 121 

MT-1 

NM_00100126

6 

5’-TTGCTCTCTGCTTGGTCTCACCT-3’ 

5’-

GGGATGTAGCATGAAGTCAGTGCATGTG

-3’ 378 

1SDHA, succinate dehydrogenase complex flavoprotein subunit A; IL-6, interleukin 6; 

ZIP4, solute carrier family 39 member 4 (SLC39A4); ZIP14, solute carrier family 39 

member 14 (SLC39A14); and MT-1, metallothionein.  
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Table 5.3. Effects of titrated levels of water soluble ZnAAC on immune response indices 

following LPS-challenged of pigs at d 23 of Exp 1.1  

 Water ZnAAC treatment, mg/L  P-value2 

Item 
0 20 40 80 SEM L Q 

Trt 0 vs 

others 
Body Weight, kg 

  h 0  11.10 9.93 10.87 10.68 0.42 0.92 0.42 0.24 

  h 3  10.72 9.52 10.46 10.31 0.41 0.94 0.35 0.21 

  h 12 10.52 9.34 10.25 10.13 0.34 0.96 0.26 0.15 

  Δ h 0-3 -0.37 -0.41 -0.41 -0.37 0.05 0.84 0.45 0.67 

  Δ h 3-12 -0.20 -0.18 -0.21 -0.17 0.10 0.88 0.93 0.89 

  Δ h 0-12 -0.57 -0.59 -0.62 -0.54 0.09 0.79 0.57 0.89 

Rectal Temperature, °C 

  h 0 38.99 39.19 39.20 39.09 0.16 0.75 0.25 0.27 

  h 3 40.74 40.54 40.59 40.63 0.17 0.76 0.44 0.39 

  h 12 39.24 39.57 39.76 39.44 0.18 0.54 0.06 0.11 

  Δ h 0-3 1.76 1.40 1.40 1.57 0.19 0.63 0.12 0.12 

  Δ h 3-12 -1.51 -0.97 -0.84 -1.21 0.20 0.48 0.03 0.04 

  Δ h 0-12 0.24 0.41 0.56 0.34 0.25 0.79 0.33 0.42 

Serum TNF-α concentration, pg/mL 

 h 0 161 161 149 169 14 0.69 0.42 0.96 

 h 3 1731 1699 1630 1605 152 0.52 0.87 0.61 

 Δ h 0-3 1700 1538 1482 1436 143 0.23 0.55 0.20 

Serum CRP concentration, μg/mL 

 h 0 82.71 61.14 49.43 61.14 9.05 0.13 0.04 0.02 

 h 3 105.16 79.86 63.14 83.43 12.93 0.31 0.06 0.07 

 h 12 109.52 85.14 96.29 85.43 8.61 0.16 0.46 0.07 

 Δ h 0-3 24.43 18.60 13.91 22.00 7.95 0.84 0.23 0.38 

 Δ h 3-12 1.16 5.37 33.00 2.26 11.39 0.84 0.09 0.44 

 Δ h 0-12 24.18 23.94 46.91 24.27 10.03 0.85 0.19 0.58 

Serum Zn Concentration, mg/L 

  h 0 0.978 1.038 1.101 1.023 0.06 0.63 0.20 0.28 

  h 3 0.854 0.883 0.923 0.869 0.04 0.82 0.28 0.44 

  h 12 0.932 0.857 0.958 0.986 0.06 0.28 0.61 0.98 

  Δ h 0-3 -0.124 -0.155 -0.178 -0.155 0.05 0.67 0.50 0.45 

  Δ h 3-12 0.078 -0.026 0.035 0.117 0.06 0.36 0.18 0.59 

  Δ h 0-12 -0.046 -0.182 -0.143 -0.038 0.05 0.56 0.06 0.26 

Serum Cu Concentration, mg/L 

  h 0 2.940 2.952 2.863 2.860 0.10 0.48 0.90 0.67 

  h 3 2.517 2.411 2.250 2.325 0.11 0.21 0.25 0.14 

  h 12 2.888a 2.243b 2.131b 2.403b 0.10 0.007 <0.0001 <0.0001 

  Δ h 0-3 -0.423 -0.541 -0.612 -0.535 0.09 0.43 0.21 0.17 

  Δ h 3-12 0.371a -0.169b -0.120b 0.077ab 0.09 0.13 0.0002 0.0003 

  Δ h 0-12 -0.052a -0.710b -0.732b -0.457b 0.10 0.02 <0.0001 <0.0001 
1 Data were analyzed using the linear mixed models with block as a random effect  

(n = 14 pigs/Trt/Time).  
2 P-value is reported for L as a linear response and Q as a quadratic response. 
a-b Means within the same row without a common letter differ significantly (P ≤ 0.05). 
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Table 5.4. Effects of titrated levels of water soluble ZnAAC on immune response indices 

following LPS-challenged of pigs at d 23 of Exp 2.1  

 Water ZnAAC treatment, mg/L  P-value2 

Item 
0 40 80 160 SEM L Q 

Trt 0 vs 

others 
Body Weight, kg 

  h 0  13.09 12.99 12.92 12.89 0.40 0.67 0.85 0.66 

  h 3  12.72 12.76 12.63 12.62 0.40 0.76 0.99 0.88 

  h 12 12.52 12.49 12.47 12.50 0.39 0.97 0.92 0.93 

  Δ h 0-3 -0.37 -0.23 -0.29 -0.27 0.07 0.52 0.47 0.21 

  Δ h 3-12 -0.20 -0.19 -0.15 -0.12 0.06 0.29 0.96 0.47 

  Δ h 0-12 -0.57 -0.49 -0.45 -0.39 0.06 0.05 0.57 0.07 

Rectal Temperature, °C 

  h 0 39.78 39.68 39.64 39.49 0.09 0.02 0.92 0.07 

  h 3 41.06a 40.92ab 40.93ab 40.65b 0.13 0.005 0.72 0.06 

  h 12 40.53 40.69 40.31 40.50 0.10 0.43 0.46 0.82 

  Δ h 0-3 1.27 1.24 1.29 1.16 0.11 0.39 0.63 0.66 

  Δ h 3-12 -0.53 -0.23 -0.62 -0.15 0.16 0.14 0.42 0.26 

  Δ h 0-12 0.74 1.01 0.67 1.01 0.13 0.28 0.56 0.30 

Serum TNF-α concentration, pg/mL 

 h 0 94 83 73 69 8.21 0.04 0.46 0.06 

 h 3 4145 1787 1877 2166 659 0.09 0.05 0.005 

 h 12 368a 179b 160b 191ab 50 0.04 0.02 0.001 

 Δ h 0-3 4052 1704 1807 2098 657 0.10 0.05 0.005 

 Δ h 3-12 3778 1608 1742 1975 613 0.10 0.06 0.006 

 Δ h 0-12 274a 95b 86b 122ab 49 0.07 0.02 0.002 

Serum CRP concentration, μg/mL 

 h 0 127.37 128.47 129.94 131.32 17.79 0.86 0.98 0.89 

 h 3 152.15 133.75 132.53 140.10 16.23 0.71 0.40 0.36 

 h 12 143.83 130.16 138.32 138.45 12.03 0.93 0.64 0.55 

 Δ h 0-3 24.78 5.28 2.59 8.78 10.59 0.40 0.19 0.11 

 Δ h 3-12 -8.32 -3.59 5.79 -1.65 10.38 0.56 0.36 0.38 

 Δ h 0-12 16.36 1.69 8.38 7.13 12.27 0.67 0.52 0.31 

Salivary CRP concentration, ng/mL 

 h 0 3.59 2.29 2.79 2.93 1.01 0.80 0.48 0.38 

 h 12 14.14 8.84 9.46 11.64 3.39 0.78 0.28 0.28 

 Δ h 0-12 10.56 6.57 6.67 8.76 3.58 0.85 0.40 0.43 

Serum Zn Concentration, mg/L 

  h 0 1.059 1.273 1.355 1.349 0.13 0.16 0.29 0.08 

  h 3 0.596 0.687 0.924 0.919 0.15 0.08 0.43 0.13 

  h 12 0.747b 0.812ab 0.987ab 1.088a 0.07 0.001 0.60 0.03 

  Δ h 0-3 -0.463 -0.586 -0.431 -0.431 0.11 0.61 0.78 0.88 

  Δ h 3-12 0.150 0.125 0.063 0.170 0.18 0.94 0.67 0.87 

  Δ h 0-12 -0.313 -0.461 -0.367 -0.261 0.16 0.64 0.50 0.77 
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 Water ZnAAC treatment, mg/L  P-value2 

Item 
0 40 80 160 SEM L Q 

Trt 0 vs 

others 
Serum Cu Concentration, mg/L 

  h 0 2.840 2.970 3.052 3.019 0.22 0.58 0.63 0.48 

  h 3 1.953 1.787 2.333 2.218 0.26 0.30 0.75 0.61 

  h 12 2.371 2.443 2.567 2.773 0.17 0.07 0.94 0.23 

  Δ h 0-3 -0.887 -1.184 -0.719 -0.801 0.27 0.57 0.93 0.96 

  Δ h 3-12 0.418 0.656 0.235 0.555 0.33 0.93 0.75 0.85 

  Δ h 0-12 -0.468 -0.528 -0.484 -0.246 0.29 0.53 0.69 0.88 
1 Data were analyzed using the linear mixed models with block as a random effect  

(n = 14 pigs/Trt/Time).  
2 P-value is reported for L as a linear response and Q as a quadratic response. 
a-b Means within the same row without a common letter differ significantly (P ≤ 0.05). 
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Table 5.5. Effects of titrated levels of water soluble ZnAAC on immune response indices 

following LPS-challenged of pigs at d 23 of combined results of Exp 1 and Exp 2.1 

Item 

Water ZnAAC treatment, mg/L 

SEM 

P-value2 

0 40 80 
Trt × 

Exp 
L Q 

Body Weight, kg 

 h 0 12.09 11.93 11.80 0.33 0.50 0.71 0.79 

 h 3 11.72 11.61 11.47 0.34 0.47 0.62 0.70 

 h 12 11.52 11.37 11.30 0.33 0.42 0.77 0.72 

 Δ h 0-3 -0.37 -0.32 -0.33 0.07 1.00 0.43 0.59 

 Δ h 3-12 -0.20 -0.24 -0.17 0.07 0.74 0.25 0.93 

 Δ h 0-12 -0.57 -0.56 -0.49 0.05 0.61 0.45 0.59 

Rectal Temperature, °C 

 h 0 39.39 39.44 39.36 0.12 0.25 0.44 0.41 

 h 3 40.90 40.76 40.78 0.12 0.13 0.99 0.34 

 h 12 39.88 40.23 39.87 0.10 0.95 0.79 0.02 

 Δ h 0-3 1.51 1.31 1.43 0.10 0.01 0.41 0.07 

 Δ h 3-12 -1.02 -0.53 -0.91 0.11 0.38 0.50 0.003 

 Δ h 0-12 0.49 0.79 0.51 0.12 0.85 0.90 0.07 

Serum TNF-α concentration, pg/mL 

 h 0 127 116 122 8.65 0.37 0.65 0.44 

 h 3 2934 1709 1799 384.26 0.09 0.05 0.17 

 Δ h 0-3 2874 1593 1680 0.12 0.12 0.04 0.15 

Serum CRP concentration, μg/mL 

 h 0 105 89 96 9.98 0.40 0.47 0.32 

 h 3 130 99 108 10.57 0.67 0.17 0.12 

 h 12 130 113 112 7.97 0.59 0.18 0.51 

 Δ h 0-3 23 10 12 6.54 0.43 0.27 0.32 

 Δ h 3-12 -4 15 4 8.19 0.17 0.50 0.13 

 Δ h 0-12 20 24 16 8.72 0.25 0.74 0.55 

Serum Zn Concentration, mg/L 

 h 0 1.018 1.186 1.189 0.07 0.39 0.07 0.30 

 h 3 0.725 0.805 0.896 0.07 0.18 0.07 0.94 

 h 12 0.839 0.885 0.986 0.05 0.31 0.03 0.61 

 Δ h 0-3 -0.294 -0.382 -0.293 0.06 0.72 0.96 0.21 

 Δ h 3-12 0.114 0.080 0.090 0.08 0.77 0.83 0.81 

 Δ h 0-12 -0.179 -0.302 -0.202 0.07 0.93 0.80 0.17 
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Item 

Water ZnAAC treatment, mg/L 

SEM 

P-value2 

0 40 80 
Trt × 

Exp 
L Q 

Serum Cu Concentration, mg/L 

 h 0 2.889 2.916 2.955 0.11 0.49 0.60 0.96 

 h 3 2.235 2.018 2.329 0.11 0.10 0.50 0.03 

 h 12 2.629 2.287 2.485 0.12 0.003 0.23 0.01 

 Δ h 0-3 -0.655 -0.898 -0.627 0.15 0.58 0.88 0.13 

 Δ h 3-12 0.395 0.268 0.156 0.17 0.12 0.21 0.97 

 Δ h 0-12 -0.26 -0.63 -0.471 0.15 0.21 0.24 0.09 
1 Data were analyzed using the linear mixed models with block as a random effect  

(n = 28 pigs/Trt/Time).  
2 P-value is reported for L as a linear response and Q as a quadratic response. 
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Figure 5.1. Timeline of phase feeding, LPS injection, and sample collection of Exp 1 and 

Exp 2. 
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Figure 5.2. Effects of LPS injection on BW, rectal temperature, and serum biomarkers of 

nursery pigs on d 23 of Exp 1 and Exp 2. Different letters indicate significantly 

differences among the three time-course of each experiment (P ≤ 0.05). 
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Figure 5.3. Mean fold change of hepatic and duodenal IL-6, Zn transporters, and MT-1 

mRNA expressions during h 0-3 of LPS-challenged pigs from Exp 1 (n = 6-7/ treatment). 

(A) Upregulation of hepatic IL-6, ZIP14, and MT-1 genes following LPS. (B) 

Upregulation of duodenal IL-6 gene following LPS.  
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Figure 5.4. Pearson correlations of hepatic and duodenal IL-6, Zn transporters, and MT-1 

mRNA expressions of LPS-challenged pigs from Exp 1.  

(A) Positive relation of hepatic ZIP14 by IL-6; ZIP14 = (0.43846 × IL-6) + 0.31935.  

(B) Positive relation of hepatic MT-1 by IL-6; MT-1 = (0.31449 × IL-6) + 9.24486.  

(C) Positive relation of hepatic MT-1 by ZIP14; MT-1 = (0.44606 × ZIP14) + 8.88355.  

(D) Duodenal ZIP4 by IL-6.  

(E) Duodenal MT-1 by IL-6.  

(F) Positive relation of duodenal MT-1 by ZIP4; MT-1 = (0.60174 × ZIP4) + 4.56622. 

Each plot overlays with the fitted solid line and a 95% confidence dotted line. Data are 

displayed as the CT value normalized to SDHA mRNA expression (ΔCT, n = 12-14/ 

treatment). Each treatment is formatted as Trt 0 (□), Trt 20 (◊), Trt 40 (Δ), and Trt 80 

(○). 
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CHAPTER VI 

 

 

SUMMARY  

 

A low dose of lipopolysaccharide (LPS) injection at 12 μg/kg BW in nursery pigs 

induced rapid inflammatory response including increased rectal temperature and serum 

proinflammatory cytokine (TNF-α) but led to decreased serum Zn and Cu concentrations. 

Pigs reached the peak of inflammatory response within 3-h and recovered to normal after 

12-h following injection, except for a slight increase in serum C-reactive protein as an 

acute phase protein synthesized by the liver. Thus, measuring peaks of the inflammatory 

response can be done at h 3 following LPS injection. In addition, decreased serum Zn 

concentration or hypozincemia condition of pigs resulted from increased liver 

inflammation indicated by upregulation of hepatic IL-6 increased Zn transporter ZIP14 in 

the liver. Then, intracellular free Zn can upregulate metallothionein expression. Hepatic 

IL-6, ZIP14, and MT-1 genes were suggested to work in concert from the evidence of 

strong positive correlation data. Whereas duodenal IL-6, ZIP4, and MT-1 mRNA 

expressions were less responsive after an intramuscular LPS injection indicated by 

delayed increases in duodenal ZIP4 and MT-1 gene expressions.  
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Pigs drinking titrated levels of water soluble Zn amino acid complex (ZnAAC) 

mitigated the increase of inflammatory response following a low dose LPS-injection at h 

3 by decreasing rectal temperature, serum TNF-α, serum CRP, and increasing serum Zn 

and Cu concentrations. Also, pigs drinking ZnAAC had lower basal serum TNF-α and 

CRP concentrations. Hepatic and duodenal IL-6, Zn transporter (duodenal ZIP4 and 

hepatic ZIP14), and MT-1 gene expression changes were not different among the four 

water ZnAAC treatments following LPS injection. However, LPS injection upregulated 

hepatic IL-6, ZIP14, and MT-1 gene expressions, while only the duodenal IL-6 gene was 

upregulated within 3-h.  

Supplementing ZnAAC via drinking water to nursery pigs improved average daily 

feed intake (ADFI), average daily gain (ADG), gain to feed ratio (G:F), and body weight 

(BW) at d 14 in a linear manner when supplemented up to 80 mg Zn/L of water. Whereas 

supplementing up 160 mg Zn/L, pigs improved ADG, G:F, and final BW in a quadratic 

manner, which 80 mg Zn/L was the best dose. The quadratic broken-line model 

estimating ideal water ZnAAC doses for ADG and G:F were 74 and 70 mg Zn/L, 

respectively.  
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