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Abstract  

Total parenteral nutrition (TPN) causes deleterious changes to the gastrointestinal tract 

(GIT), in part related to the decrease in blood supply that occurs without enteral stimuli. 

Nitric oxide (NO) regulates blood flow, but in situations of oxidative stress, as with the 

delivery of oxidized nutrients in TPN, it can react with superoxide and thus limit its 

function as a vasodilator. We hypothesized that supplementing the antioxidant glutathione 

to PN would protect NO’s function as a vasodilator, leading to greater blood flow to the 

GIT.  Piglets (8-12 days old) underwent surgery and were randomized to one of three 

treatment groups for 7 days: control TPN (PN, n=10), control TPN diet with 10 µM 

glutathione disulfide (GSSG, n=9), or the control TPN diet delivered enterally (EN, 

n=10). Blood flow (p<0.0001), mucosa weight (p<0.01) and crypt cell proliferation 

(p<0.01) were higher in the EN compared to both parenterally fed groups. Interestingly, 

villus height was greater in EN versus PN (p<0.01) but not different from GSSG; liver 

weight in the GSSG was similar to EN, while PN had a higher liver weight, typical of 

TPN feeding. The parenteral groups (PN and GSSG) had greater liver antioxidant 

capacity and less liver lipid peroxidation than EN. These data suggest that glutathione 

supplementation to TPN delays the changes in intestinal morphology and the route of 

feeding has a greater effect on antioxidant status than glutathione supplementation in 

TPN.   
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Chapter 1.0 Introduction 

1.1 Total Parenteral Nutrition (TPN)  

TPN is the intravenous (IV) administration of daily nutritional requirements in their 

elemental forms. Parenteral nutrition was first used as an alternate feeding method for an 

infant in 1944, published in the report by Helfrick and Abelson. In this case, a 5-month old 

male infant was given an IV infusion of glucose, fat and amino acids for five days because 

of poor weight gain following birth (Helfrick & Abelson, 1944). The use of parenteral 

nutrition was soon applied to infants with gastrointestinal injuries and low birth weights 

(Heird & Gomez, 1996). The benefits of TPN are to maintain life and give premature 

infants’ gastrointestinal tracts (GIT) time to mature or to heal to the stage where they can 

digest and absorb adequate nutrients enterally. These benefits do not come without a 

detrimental impact on the intestinal tract and accompanying secondary organs. The 

associated complications can be divided into hepatic diseases and intestinal diseases. The 

hepatic diseases include hepatic steatosis and hepatic cholestasis (Guglielmi et al., 2006) 

(Section 1.1.3). The intestinal complications include a decline in blood flow to the intestinal 

tract, which contributes to changes in gut morphology, decreased cell proliferation, and 

impaired intestinal barrier integrity (Section 1.1.4) (Guglielmi et al., 2006; Niinikoski et 

al., 2004; Burrin et al., 2000). The composition of the parenteral diet is not only vital to the 

survival of the infant, but should optimize normal growth and development; however, the 

ideal composition remains elusive, as evidenced by the associated complications. The work 

presented in this thesis addresses how glutathione supplementation affects the GIT in 

piglets on TPN.  
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1.1.1 The nutrient composition of TPN  

The TPN diet is composed of glucose, vitamins, minerals, amino acids, and lipids. All are 

required for a complete diet; however, two very important components regarding the 

development of complications are the amino acids and lipids.  

One of the more complex components of the TPN diet are the amino acids. The 

gold standard for protein intake for newborns is human milk proteins (Walker, 2010). In 

the case of TPN, amino acids are provided as free amino acids, which is further complicated 

by the fact that TPN is provided intravenously, therefore bypassing the gut. A large 

proportion of dietary amino acids are extracted by the gut and used for synthesis of proteins, 

conversion into other amino acids, or synthesis into other metabolic products; but with 

intravenous delivery of nutrients, many of these processes cannot occur (van Goudoever et 

al., 2006). The essential amino acids that are required in TPN include histidine, threonine, 

valine, isoleucine, leucine, phenylalanine, lysine, methionine and tryptophan. Infants have 

an additional five amino acids that are essential to their development: cysteine, taurine, 

tyrosine, arginine and glycine (Rassin et al., 1994). Cysteine appears to be essential for the 

preterm neonate because of low activity of the cystathionase enzyme that is required to 

convert methionine into cysteine (Gaull et al., 1972; Vina et al., 1995).   

 Another component of TPN diets is a lipid emulsion. Two commercial lipid 

emulsions that are widely used in Canada are Intralipid® and SMOFlipid® (Fresenius 

Kabi, 2020). Intralipid® has been available for many decades and is primarily composed 

of soybean oil (Fresenius Kabi, 2020). SMOFlipid® is the most recent emulsion approved 

for use in Canada and is composed of soybean oil, medium chain triglycerides, olive oil 

and fish oil (Fresenius Kabi, 2020). Growing evidence has demonstrated that Intralipid® 



3 

 

is not ideal for the neonate. In a study of preterm neonates comparing morbidities with the 

use of Intralipid® versus SMOFlipid®, a greater incidence of late onset sepsis was 

reported with Intralipid® (Choudhary et al., 2018); however, there were no differences in 

the rate of bronchopulmonary dysplasia (BPD) or necrotizing enterocolitis (NEC) on the 

different lipid emulsions (Choudhary et al., 2018).  A recent study of infants with 

intestinal failure used an Intralipid®-treated historical cohort and compared morbidity 

outcomes to a group of infants treated with SMOFlipid®.  Infants given SMOFlipid® had 

a lower rate of TPN-associated liver disease (Belza et al., 2020; Unal et al., 2018). The 

use of SMOFlipid® should improve outcomes for TPN-treated infants; however, it will 

likely not eliminate the occurrence of co-morbidities associated with TPN use (Belza et 

al., 2020; Deshpande et al., 2014; Unal et al., 2018).  In Newfoundland, at Eastern 

Health, SMOFlipid® is the primary lipid emulsion used in the neonatal intensive care unit 

and this practice was implemented in 2015 (Eastern Health - Division of Newborn 

Medicine, personal communication, September 6, 2019).  

1.1.2 Sources of oxidants in TPN  

The elemental composition of TPN provides neonates with the required nutrients; however, 

nutrients when combined in solution at a TPN diet, can form pro-oxidants. Delivering 

parenteral solutions directly into the circulation may substantially increase the oxidant load 

that must be metabolized by the neonate. Helbock et al. (1993) and Pitkanen et al. (1991) 

first demonstrated that the use of Intralipid® as the lipid emulsion in TPN resulted in 

significant levels of hydroperoxides and free radicals. Following these studies, the 

multivitamin admixtures were determined to contribute significantly to the formation of 

peroxides within TPN (Lavoie et al., 1997a). This research group reported that both 
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ascorbylperoxide and hydrogen peroxide (H2O2) are produced in the TPN solution due to 

the oxidation of ascorbic acid and riboflavin in the presence of light (Elremaly et al., 2014; 

Lavoie et al., 1997a). Moreover, mixing the multivitamin preparation with the lipid 

emulsion, in this case Intralipid®, increased the concentration of peroxides in the TPN 

solution (Lavoie et al., 2008). A simple method proposed to reduce peroxide formation in 

TPN was to protect the TPN diet from light.  Light protection reduced the concentration of 

peroxides in TPN and therefore, resulted in a more negative redox potential of glutathione 

in the animals that received the light protected diet (Elremaly et al., 2014; Lavoie et al., 

2008). This indicates that there is more GSH available to reduce pro-oxidant molecules, 

reducing their ability to damage tissue. While light protection is beneficial, the ability to 

apply this practice in the clinical setting is impractical and therefore has not been widely 

implemented; this is surprising, because a number of studies have demonstrated that the 

oxidant load delivered with parenteral nutrition is linked to many serious diseases that arise 

during the neonatal period in preterm infants (Aceti et al., 2018; Belli et al., 2003; Chessex 

et al., 2002; Elremaly et al., 2014; Mohamed et al., 2017).   

1.1.3 Diseases associated with TPN in the preterm neonate  

The diseases commonly associated with TPN use are hepatic steatosis, hepatic cholestasis, 

NEC and increased oxidative stress in the lungs leading to BPD.  

  1.1.3.1 Hepatic steatosis 

Hepatic steatosis is defined as the accumulation of fat in the liver, which is associated with 

co-morbid states, such as obesity, type 2 diabetes, and alcohol abuse. Long-term TPN use 

has also been shown to lead to hepatic steatosis in neonatal animals (Guglielmi et al., 2006; 

Wang et al., 2006).  In a TPN-fed piglet model, treatment for only one week led to clear 
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evidence of hepatic steatosis (Wang et al., 2006). A subsequent study found that long-term 

use (16 days) of TPN in piglets resulted in hepatic steatosis with significant liver 

inflammation (Stoll et al., 2010). Photooxidation of multivitamin preparations that include 

riboflavin and are used in TPN have also been correlated to the development of hepatic 

steatosis (Chessex et al., 2002). When the multivitamin preparation is exposed to light, a 

component of the preparation becomes hepato-toxic resulting in the hepatic dysfunctions 

observed with TPN (Chessex et al., 2002). In children who have been on TPN for an 

average of 7.9 ± 0.8 years (mean ± SEM), 41% of the children in the study developed a 

form of hepatic steatosis (Peyret et al., 2011). However, hepatic steatosis is not a common 

condition found in preterm human neonates on short-term TPN (Kelly, 1998).  

  1.1.3.2 Hepatic cholestasis 

The most commonly occurring hepatic dysfunction in children on TPN is hepatic 

cholestasis. Parenteral nutrition associated cholestasis (PNAC) is defined clinically as a rise 

in serum-conjugated bilirubin equal to or greater than 0.111 mM (Guglielmi et al., 2008; 

Guglielmi et al., 2006). In addition to high bilirubin, there are also increases in activities of 

γ-glutamyl transpeptidase, alkaline phosphatase and serum transaminase, all indicators of 

hepatic dysfunction (Guglielmi et al., 2008, Guglielmi et al., 2006). In the review by 

Guglielmi et al. (2008), they reported that the incidence of hepatic cholestasis in infants on 

TPN ranged from 7.4% to 84%, depending on the study cohort (Guglielmi et al., 2008). An 

older study by Beale et al. (1979) found a 23% incidence of hepatic cholestasis in TPN-fed 

neonates born weighing less than 2000 g. Beale et al. (1979) also found that the incidence 

of hepatic cholestasis was 50% in neonates on TPN with a birth weight of less than 1000 

g. In a larger study comprising 624 infants who were treated with TPN in the first 30 days 
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of life, Bell et al. (1986) found an incidence of 7.4%, meaning 46 neonates out of 624 

neonates developed hepatic cholestasis.  More recent findings indicated that both birth 

weight and length of time on TPN were predictive risk factors for developing cholestasis 

in preterm neonates (Alkharfy et al., 2014; Veenstra et al., 2014). Another study conducted 

in rats, a TPN solution that included lipids further decreased bile flow when compared to 

TPN that contained only dextrose and amino acids, suggesting that lipid within TPN is 

another factor contributing to the development of hepatic cholestasis (Belli et al., 2003). 

Belli et al. (2003) hypothesized that the addition of homocysteine to TPN would reduce 

oxidative stress in the liver, as homocysteine is a precursor for GSH, an antioxidant. The 

addition of homocysteine to TPN did result in greater bile flow in the rats on a TPN diet 

with lipids; however, it did not improve hepatic oxidative stress as indicated through higher 

lipid and protein oxidation levels (Belli et al., 2003). This suggests that homocysteine is 

either involved in the pathway for bile secretion or is a precursor for a molecule involved 

in the bile secretion pathway.  

An earlier study investigated the possible link between NEC and hepatic cholestasis 

in infants (Moss et al., 1996). It was found that preterm neonates who had received TPN 

and developed NEC had significant hepatic injury consistent with PNAC, while those 

infants that did not receive TPN and developed NEC had mild, non-specific hepatic injury 

(Moss et al., 1996). This suggests that the development of NEC following the 

administration of TPN may increase the risk of hepatic injury, specifically PNAC (Moss et 

al., 1996). Another study found that there was no specific component of the TPN diet that 

increased the risk of developing PNAC following the onset of NEC (Veenstra et al., 2014). 
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These studies associate the development of hepatic cholestasis with a previous diagnosis of 

NEC, the most common intestinal dysfunction observed in neonates on TPN.   

  1.1.3.3 Necrotizing enterocolitis and oxidative stress  

NEC is described by many as one of the most devastating diseases that occurs in neonates 

(Neu and Walker, 2011; Aceti et al., 2018). NEC is an inflammatory condition caused by 

anaerobic bacterial invasion of the intestinal wall that leads to tissue necrosis and may 

progress to perforation (Rich and Dolgin, 2017). Approximately 1-3 in 1000 newborn 

infants develop NEC (Aceti et al., 2018; Lim et al., 2015). NEC has a mortality rate of 

approximately 15-30% (Aceti et al., 2018; Grishin et al., 2016). Many studies have 

investigated possible factors that increase an infant’s risk of developing NEC. Low birth 

weight and preterm birth/lower gestational age increase the likelihood of developing NEC 

(Neu and Walker, 2011; Fitzgibbons et al., 2009; Lim et al., 2015). Related factors such as 

an immature intestinal tract, genetic predisposition and undesirable bacterial colonization 

at birth also lead to increased risk of NEC (Neu and Walker, 2011). More recently, other 

factors involved in the pathogenesis of NEC have been identified, including oxidative stress 

and the involvement of nitric oxide (NO) (Perrone et al., 2012; Grishin et al., 2016; 

Robinson et al., 2018; Drucker et al., 2018). Perrone et al. (2012) were attempting to 

decipher whether oxidative stress markers in the cord blood of newborn infants could be 

used as an indicator of possible NEC development. Oxidative stress markers, such as 

advanced oxidation protein products (AOPP), total hydroperoxides (TH) and non-protein 

bound iron (NPBI), were useful in identifying neonates at higher risk of developing the 

disease (Perrone et al., 2012). Another study outlined a mechanism of pathogenesis in 

which NO promotes bacterial infiltration of the intestinal barrier leading to the development 
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of NEC (Grishin et al., 2016). In contrast, a study conducted in piglets found that a decrease 

in the concentration of citrulline and decreased expression of enzymes in the arginine-

citrulline-NO pathway preceded the onset of NEC (Robinson et al., 2018). Similar to the 

study by Robinson et al. (2018), Drucker and colleagues found that a decrease in 

endothelial nitric oxide synthase (eNOS), which is a part of the arginine-citrulline-NO 

pathway, resulted in greater intestinal injury and thus suggested that higher eNOS activity 

is important to prevent NEC (Drucker et al., 2018). These studies suggest that NO may be 

involved in enhancing the onset of NEC or may afford protection from the disease and 

indicates a need for more research on the pathogenesis of this disease. The study by Drucker 

et al. (2018) also found that the loss of eNOS and the development of NEC resulted in 

greater lung injury in mouse pups (Drucker et al., 2018). This association indicates a 

correlation between intestinal health and lung health in neonates.  

  1.1.3.4 Oxidative stress in the lung    

The lungs are another organ that can be affected by the use of TPN. In guinea pigs, 

ascorbylperoxide, a contaminant in TPN diets, was correlated with the development of BPD 

in a dose-dependent manner (Elremaly et al., 2014). BPD was characterized by a decrease 

in alveolar number and a decrease in vascular development in the lungs and has a 50% 

incidence rate in premature neonates (Elremaly et al., 2014; Jobe and Bancalari, 2001). 

Prior to this study, Lavoie et al. determined that light exposed TPN and the duration of 

TPN greatly increased the redox potential of glutathione (i.e., greater concentration of 

oxidized glutathione (GSSG)) and a lower number of alveoli in guinea pig pups (Lavoie et 

al., 2008). In addition, co-administration of the parenteral lipid emulsion with the 

multivitamin preparation was able to partially protect against the development of lung 
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fibrosis while not improving alveolarization in 3-day old guinea pig pups (Lavoie et al., 

2005). All these studies confirmed an increase in oxidant load within TPN; however, an 

increase in total body oxidative stress is associated with oxygen supplementation in infants. 

Chessex et al. (2010) have shown that premature neonates (mean gestational age of 26 ± 1 

weeks) on fractional inspired oxygen >25% had a more oxidized redox potential (meaning 

more GSSG compared to GSH) compared to infants on <25% fractional inspired oxygen. 

This finding suggests that an increased oxidant load to the lungs, meaning more oxygen 

supplementation, can induce systemic oxidative stress shown through less available GSH, 

the antioxidant form of glutathione (Chessex et al., 2010). In conjunction with this 

knowledge, oxygen supplementation following a period of hypoxia in guinea pig pups 

resulted in increased GSSG, the by-product of reactive oxygen species (ROS) reduction 

(Fokkelman et al., 2007). In rabbits, during the last five days of gestation, the activity of 

glutathione peroxidase increases approximately 200% and the activities of superoxide 

dismutase and catalase increase approximately 110% in the lungs (Frank and Groseclose, 

1984). Although these data are not directly transferrable to human neonates, this suggests 

that prematurity results in a possible lack of antioxidant capacity in the lungs to combat the 

increased oxidant load they receive when supplemental oxygen is required and/or when 

TPN administration is necessary. Similar to the data from rabbits reported by Frank and 

Groseclose (1984), Nassi et al. (2009) demonstrated that premature infants born at the mean 

gestation age of 34.5 weeks had significantly lower glutathione peroxidase activity in 

venous blood until 20 days of life. The high oxidant load administered to premature 

neonates in critical care likely affects the lungs, which will then have an impaired capacity 

to combat the oxidant load. A novel strategy that proved to mitigate some of the lung 
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damage that occurred with the use of TPN in 3-day old guinea pig pups was the addition of 

GSSG to TPN (Elremaly et al., 2016). These guinea pigs were not exposed to supplemental 

oxygen and were treated with TPN as the model insult, to assess damage to the liver and 

lungs (Elremaly et al., 2016). The addition of 10 µM GSSG to TPN reduced alveolar loss 

and apoptosis in the lungs compared to control TPN (Elremaly et al., 2016). The addition 

of pre-formed GSSG to TPN ameliorated some of the lung damage; however, the effect of 

the glutathione on other organ systems susceptible to oxidative damage was not 

investigated. Therefore, it is an important objective to determine whether there might be 

advantages to the GIT when TPN is required.   

1.1.4 Intestinal changes associated with TPN  

  1.1.4.1 Decreased blood flow to the intestinal tract  

The first measurable change that occurs following the initiation of TPN combined 

with the cessation of enteral feeding, is a decrease in blood flow to the intestine. This 

impacts blood flow through the superior mesenteric artery (SMA), the major vessel that is 

responsible for supplying blood to the upper intestinal tract. After 8 hours of TPN, the SMA 

blood flow decreased by approximately 30% when compared to enterally fed piglets 

(Niinikoski et al., 2004). Blood flow is regulated by nitric oxide (NO), a vaso-regulatory 

compound (Guan et al., 2003).  The endogenous synthesis of NO is from L-arginine which 

is converted to citrulline and NO by the activity of NOS (reviewed by Moncada et al., 

1991). NOS is found in 3 forms: the inducible (iNOS), endothelial (eNOS) and neuronal 

(nNOS) forms. A study that investigated iNOS activity in piglets reported a significant 

decrease in activity following 48 hours of TPN treatment when compared to an enterally 

fed control group (Niinikoski et al., 2004). The reduction in iNOS activity is a possible 
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mechanism that may be responsible for the decrease in blood flow through the SMA 

observed when human neonates are placed on a TPN diet, however this has yet to be 

confirmed.  

A study conducted by our research group aimed to determine whether the 

administration of a high concentration of intravenous (IV) or enteral arginine as a precursor 

for NO would abolish the decline in blood flow through the SMA that occurs with TPN 

(Dinesh et al., 2014). High IV arginine induced less of a decline in blood flow from baseline 

compared to the concentrations of arginine administered enterally (Dinesh et al., 2014). 

The study by Dinesh et al. (2014) speculated that modified TPN diets (i.e., higher in 

arginine concentration) could reduce the deleterious effects of a TPN diet, and this may be 

a result of L-arginine availability for the synthesis of NO (Dinesh et al., 2014; Guan et al., 

2003). 

 A detrimental endogenous effect of NO is that it can be diverted from functioning 

as a vaso-regulatory compound to a damaging pro-oxidant compound (Radi, 2018). NO 

can react with superoxide anion (O2
-•) to produce peroxynitrite (ONOO-), a pro-oxidant 

compound (Radi, 2018). ONOO- causes the activation of caspases which leads to apoptosis. 

It can also cause lipid peroxidation, which induces cell damage and tissue damage (Pacher 

et al., 2007).  

  1.1.4.2 Changes in intestinal morphology  

The rapid decline in blood flow that occurs with parenteral feeding likely contributes to 

dramatic changes in intestinal morphology that have been reported with TPN. Burrin et al. 

(2000) found that after 6 days of TPN or enteral diet administration to piglets, the mean 

villus height in TPN groups was 478 µm compared to 642 µm in the enterally fed piglets. 
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In addition, the crypt depth in TPN versus enterally fed piglets was 79.8 µm and 96.4 µm, 

respectively (Burrin et al., 2000). Subsequently, another study reported similar changes in 

piglets after an even shorter period of time on TPN (Niinikoski et al., 2004). After 48 hours 

of TPN administration, villus height in TPN piglets was 488 µm compared to 583 µm in 

the enteral group (Niinikoski et al., 2004). These studies demonstrate how quickly TPN 

and the lack of enteral feeding affect the morphology of the intestinal tract in a relevant 

model for human neonates.  

  1.1.4.3 Cell proliferation  

The gross changes in intestinal morphology reported with the use of TPN and the lack of 

enteral feeding are likely mediated by a rapid decline in cell proliferation.  Several studies 

in piglets have reported a lower rate of cell proliferation in the jejunum of TPN-fed piglets 

compared to piglets on an enteral diet (Burrin et al., 2000; Niinikoski et al., 2004; 

Fitzgerald et al., 2005). One study investigated a possible mechanism involved in the 

regulation of intestinal cell proliferation using a TLR4 knockout mouse model (Freeman et 

al., 2015). As described in the study, one of the regulatory pathways for the secretion of 

TNF-α, a cytokine involved in the mediation of inflammation and apoptosis that is 

upregulated when TPN is administered, is the TLR4 pathway (Feng & Teitelbaum, 2012; 

Freeman et al., 2015).  Freeman et al. (2015) administered TPN to the TLR4 knockout mice 

to elucidate whether knocking out the pathway would reduce atrophy and apoptosis in the 

intestinal tract. The knockout of the TLR4 pathway resulted in less TNF-α secretion, greater 

cell proliferation and deeper crypts compared to the wild type mouse on TPN (Freeman et 

al., 2015). Freeman et al. (2015) demonstrated that intestinal atrophy and cell proliferation 
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in the intestinal tract is, in part, mediated by TLR4 signalling pathways (Freeman et al., 

2015).  

  1.1.4.4 Integrity of the intestinal barrier  

An important consequence of reduced cellular proliferation in the gut is an impairment of 

the intestinal barrier function. Phenotypic alterations in intestinal lymphocyte populations 

have been reported in association with TPN diet administration (Kiristioglu et al., 2002; 

Ganessunker et al., 1999). One study conducted in mice reported decreases in CD4+ and 

CD44+ lymphocytes, indicating a decrease in the number of mature lymphocytes 

(Kiristioglu et al., 2002). In contrast, a previous study found that TPN-fed piglets had an 

increase in inflammatory markers within the intestinal tract including CD4+ and CD8+ T-

lymphocytes and major histocompatibility complex II mRNA expression. This same study 

showed that as inflammatory markers increased in TPN fed piglets, the villus height and 

overall gut weight decreased (Ganessunker et al., 1999). These studies indicate that 

lymphocyte populations in the intestinal tract changed when TPN was used, and enteral 

feeding was stopped. Higher lymphocyte populations are an indicator of inflammation in 

the intestinal tract and as it progresses, inflammation will damage the intestinal mucosa and 

weaken the integrity of the intestinal barrier (Kiristioglu et al., 2002). Following the 

establishment of the inflammatory process and thus changes to the intestinal barrier, 

investigations into cytokine differences was conducted. A study of cytokine concentrations 

in TPN-fed animals reported an increase in intestinal epithelial IFN-γ which led to greater 

apoptosis (Yang et al., 2003). Subsequent to this finding, it was found that TPN induces a 

decrease in IL-10, a cytokine responsible for regulation of the integrity of the intestinal 

barrier through maintaining tight-junction proteins (Sun et al., 2008). Sun et al. (2008) 
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found that TPN administration in mice resulted in a lower expression of IL-10 compared 

to the control and resulted in a lower expression of tight-junction proteins. When IL-10 was 

provided to TPN mice exogenously, it restored the expression of tight-junction proteins 

when compared to the control mice (Sun et al., 2008). The intestine undergoes changes in 

the expression of certain toll-like receptors (TLR) when TPN is administered (Ikeda et al., 

2010). These changes in TLR alter the intestines’ ability to fight infection, as specific TLR 

signal the release of cytokines within the intestinal tract (Ikeda et al., 2010). The different 

cytokine expression when TPN is administered can result in the weakening of the intestinal 

barrier through signalling of apoptosis and reduced expression of protective proteins like 

tight-junction proteins (Ikeda et al., 2010; Sun et al., 2008).  

1.2 Oxidative Stress  

 Oxidative stress is a term that has been manipulated and misused in the popular 

press and by nutritional supplement manufacturers. It is defined as an imbalance in the 

production and degradation of reactive oxygen species (ROS), favouring the production of 

ROS (Pisoschi et al., 2015; Sies, 1991). The overproduction of ROS can result in damage 

to DNA, proteins and lipids (Kohen and Niska, 2002;). ROS is an overarching term 

describing compounds composed of oxygen that are typically highly reactive (Kohen and 

Niska, 2002;). It includes compounds such as the hydroxyl radical (OH∙), nitric oxide 

radical (NO∙), superoxide anion radical (O∙
2

-), hydrogen peroxide (H2O2), hypochlorous 

acid (HClO) and peroxynitrite (ONOO-) (Kohen and Niska, 2002). The increase in ROS 

has been linked to cancer (Meng et al., 2018; Liao et al., 2019), cardiovascular disease 

(Ochoa et al., 2018), neurodegenerative diseases (Cheignon et al., 2018), diabetes (Incalza 

et al., 2018) and inflammatory diseases such as asthma (Kohen and Niska, 2002). Oxidative 
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stress has also been implicated in the TPN-associated injury to the liver, as demonstrated 

by elevated lipid peroxidation and hepatocellular steatosis (Sokol et al., 1996).  To further 

understand oxidative stress, it is important to define the sources of ROS, both exogenously 

and endogenously.  

1.2.1 Sources of Reactive Oxygen Species  

ROS can be generated both exogenously and endogenously. The exogenous sources include 

radiation, cigarette smoking, narcotic drug use, anesthetizing gases as well as pathogenic 

bacteria and viruses (Kohen and Niska, 2002). The largest exogenous source of pro-

oxidants (i.e. ROS) is food. One study has attempted to supplement an antioxidant (i.e., 

500mg glutathione (GSH) twice daily) orally to improve oxidative stress markers in healthy 

volunteers, however, no changes were observed in the oxidative stress biomarkers, in blood 

and urine, of the participants after a 4-week study period (Allen et al., 2011). In another 

study, participants were also given a supplement of an antioxidant (i.e., either 250 mg daily 

of glutathione (GSH) or 1000 mg GSH daily) resulting in an increase in specific tissue (i.e. 

erythrocytes, plasma, lymphocytes, buccal mucosal cells) glutathione levels compared to 

the baseline values after 1-month, 3-months and 6-months (Richie et al., 2015). The values 

continued to increase each month where samples were collected and dropped after a 1 

month washout period (Richie et al., 2015). These results are contradictory and that may 

be due to the methods used and the study length of each study. More research is required 

to understand the effect of oral supplementation on antioxidant status and oxidative stress.  

The largest endogenous source of ROS is the mitochondria. The production of ATP 

through the electron transport chain results in the production of many oxygen derivatives 

and, in turn, results in the leakage of ROS into the intracellular space (Kohen and Niska, 
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2002). Within the mitochondria, uncoupling proteins have been shown to control the 

production of ROS (Cadenas, 2018). Other endogenous sources of ROS include enzymes 

that produce ROS as a by-product of their function and leukocytes that use ROS to combat 

pathogenic invaders (Kohen and Niska, 2002). Many studies have investigated how these 

responses differ when exposed to different pathogens and how they differ between adults 

and neonates (Kabanov et al., 2019; Destin et al., 2009).   

1.2.2 Oxidative stress in the neonate  

The oxidative balance is critical for neonates starting before birth, with differences in pro-

oxidant and antioxidant production being observed during birth (Thompson et al., 2012; 

Diaz-Castro, 2016). Compared to the gestational period, parturition changes the exposure 

to oxygen drastically for neonates (Frank and Groseclose, 1984). Under normal conditions, 

the fetus is in a relatively hypoxic environment (arterial PO2 ~20-25 mm Hg) and at birth 

is exposed to a hyperoxic environment (21% oxygen or PO2 160 mm Hg) (Frank and 

Groseclose, 1984). Clearly, neonates require mechanisms to prevent negative consequences 

resulting from this transition. In response, lung antioxidant enzymes undergo maturation 3 

to 5 days prior to birth to prepare for the transition to an oxygen-rich environment (Frank 

and Groseclose, 1984; Frank and Sosenko, 1987). The change to a hyperoxic environment 

results in a large increase in ROS production. The lungs must be able to combat this surge 

in production at birth and therefore the maturation of these enzymes is critical.   

 A population at high risk of inadequate adaptation to the post-natal hyperoxic 

environment is premature neonates. Prematurity introduces an additional challenge of an 

immature antioxidant defense system (Nassi et al., 2009). Glutathione peroxidase activity 

has been reported to be significantly lower in preterm compared to term-born infants up to 
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20 days after birth (Nassi et al., 2009). In the same study, the activity of superoxide 

dismutase was significantly lower even at 100 days after birth (Nassi et al., 2009). The 

lower activity of these critical enzymes in the antioxidant system places preterm infants at 

a greater danger of developing medical complications, especially when interventions are 

required. Many infants born prematurely are placed on a TPN diet that is contaminated with 

pro-oxidants (Section 1.1.2 above). In addition to TPN administration, premature neonates 

commonly require supplemental oxygen to maintain normal oxygen saturation (Mohamed 

et al., 2017; Elremaly et al., 2014). Both TPN and supplemental oxygen represent sources 

of oxidative stress for infants (Lavoie et al., 1997a; Chessex et al., 2010).  

In addition, the ability to combat oxidative challenges has been shown to have sex 

differences. In female rats, the mitochondria have a higher expression of antioxidant genes 

resulting in lower levels of oxidative damage compared to male rats (Borras et al., 2003). 

Endothelial tissue from the umbilical cords of female infants had higher glutathione 

reductase activity compared to male infants, following the administration of an organic 

peroxide, tertbutylhydroperoxide (TBH) (Lavoie et al., 1997b). Higher glutathione 

reductase activity in the female infants suggests  a higher capacity to recycle glutathione, 

allowing it to function as an antioxidant (Lavoie et al., 1997b).   

With all the challenges faced by premature neonates, understanding the endogenous 

system responsible for mitigating oxidative stress is vital.  
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1.3 Glutathione  

Glutathione (GSH) is a non-protein tripeptide composed of glutamate, cysteine and glycine 

(Figure 1.1). Glutathione disulfide (GSSG) is the oxidized form of glutathione and results 

from the reduction of reactive oxygen species (Figure 1.2).  The primary localization site 

is in the cytosol and the secondary sites are the mitochondria and endoplasmic reticulum 

(Lu, 2009). 

  



19 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 1.1: Structure of glutathione (reduced form). Structure retrieved 

from the National Center for Biotechnology Information. (2022a). 

Figure 1.1: Structure of glutathione disulfide (oxidized form). Structure 

retrieved from the National Center for Biotechnology Information. 

(2022b). 
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1.3.1 Biosynthesis  

The endogenous synthesis of GSH is a two-step reaction. The first is the rate-limiting 

reaction between glutamate and cysteine catalyzed by glutamate-cysteine ligase (GCL) 

(Figure 1.3). GCL has a requirement for Mg2+ or Mn2+. It is composed of a catalytic subunit 

and a modifier subunit. This first step is highly dependent on the concentration of cysteine 

(reviewed by Lu, 2009). This enzyme is regulated by a non-allosteric competitive feedback 

inhibition by GSH and regulated by the availability of L-cysteine (Lu, 2009; Lu, 2013). 

The second step of GSH synthesis is the reaction between the newly formed γ-

glutamylcysteine and glycine in the presence of glutathione synthase (GS) (Figure 1.3). 

Glutathione biosynthesis occurs in most cells in the body (Lu, 2009).  
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Figure 1.2: Two-step reaction mechanism to synthesize glutathione in the reduced form 

(GSH; γ-glutamylcysteinylglycine) endogenously. Glutamate-Cysteine Ligase Catalytic Unit 

(GCLC) is the catalytic unit of glutamate-cysteine ligase (GCL). Glutamate-Cysteine Ligase 

Modifier Unit (GCLM) is the modifier unit of GCL. Adapted from Lu (2009).  
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The regulation of GSH synthesis occurs through the synthesis of the enzymes, GCL and 

GSH synthase, involved in the two-step reaction mechanism to synthesize glutathione 

(shown in Figure 1.3) and based on the availability of the amino acid subunits, specifically 

cysteine (Lu, 2009). Lu (2009) describes how GSH synthesis is regulated during 

transcription of the subunits of GCL (GCLC and GCLM), during the post-transcriptional 

stage of GCLC synthesis, and regulated during transcription of GS. The regulatory 

mechanisms are detailed in the review articles by Lu in 2009 and 2013.  

 Though the regulation of GCL and GS occurs at multiple stages in their synthesis, 

one of the main regulatory pathways is through the binding of the NF-E2 related factor 2 

(Nrf2) transcription factor to the antioxidant response element (ARE) located in the 

promoter region of the human GCLC gene (Lu, 2013). Nrf2 is found in the cytosol bound 

to Keap1 under non-stressful physiological conditions (Lu, 2013). However, in situations 

of oxidative stress, Keap1 or Nrf2 are modified thus releasing Nrf2 and allowing it to enter 

the nucleus to then induce the transcription of antioxidant genes (GCLC, GCLM and GS, 

if overexpressed) (Lu, 2013). Other regulators of GCL and GS synthesis include the binding 

of AP-1 and NFκB family members to the respective binding sites in the promoter regions 

of GCLC, GCLM and GS genes (Lu, 2013). The binding of these transcription factors takes 

place under conditions of oxidative stress (Lu, 2013).  

1.3.2 Antioxidant function  

The antioxidant function of glutathione is cyclical. Hydrogen peroxide will be the peroxide 

used in the description of the cycle. However, the peroxides that can be reduced in this 

cycle include lipid peroxides and glutathionylation of proteins (Lu, 2013). The cycle begins 

once hydrogen peroxide is formed through the reaction between peroxides and superoxide 
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dismutase. Two GSH molecules reduce hydrogen peroxide in the presence of glutathione 

peroxidase (GPx) to form water. Following the reduction of hydrogen peroxide, glutathione 

is found in its oxidized form of GSSG. GSSG must react in the presence of glutathione 

reductase (GR) and NADPH to reconstitute GSH. GSH can function once again in its role 

to reduce peroxides and prevent damage caused from reactive oxygen species.  

1.3.4 Glutathione status in premature neonates  

It is well established that the GSH antioxidant pathway is impaired in premature 

neonates. In the neonatal rabbit lung, a 200% increase in glutathione peroxidase activity 

was observed in the last 5 days of gestation (Frank and Groseclose, 1984). In human 

preterm infants, erythrocyte glutathione peroxidase activity is significantly lower compared 

to term infants up to 20 days post-birth (Nassi et al., 2009). In addition, 8-hydroxy-2’-

deoxyguanosine, a marker of oxidative stress, was significantly higher in preterm infants 

compared to term infants (Nassi et al., 2009). These studies demonstrate that the activity 

of one of the critical enzymes in the cyclical pathway of GSH is reduced and therefore the 

antioxidant capacity within premature neonates is reduced.  

A method used to increase glutathione capacity in premature infants has been 

through supplementing cysteine, as poor cysteine status will impair the synthesis of 

glutathione. In human neonates, birth prior to 32 weeks gestation resulted in high plasma 

cystathionine concentrations and lower plasma cysteine concentrations compared to infants 

born at greater than 37 weeks gestation (Vina et al., 1995). Importantly, in erythrocytes, 

glutathione synthesis from methionine was significantly lower in premature infants (<32 

weeks gestation) indicating that endogenous cysteine synthesis was impaired and in turn, 

may impair glutathione synthesis (Vina et al., 1995). The study by Vina et al. (1995) was 
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conducted using venous blood collected from infants born at different gestational ages and 

within the first 24 hours of life. In addition, glutathione synthesis was measured after the 

cells had been depleted of endogenous glutathione, using diethyl maleate, because high 

glutathione concentrations inhibit glutathione synthesis (Vina et al., 1995). Vina et al. 

(1995) were able to determine that methionine was not being converted to cysteine through 

the analysis of plasma amino acids because cysteine was in low concentrations in infants 

born prior to 32 weeks gestation, compared to infants born after 37 weeks gestation. They 

also compared the results of glutathione synthesis when methionine was provided and when 

N-acetylcysteine (NAC) was provided, finding no differences in glutathione synthesis 

when NAC was provided as a precursor (Vina et al., 1995). Preformed cysteine as a 

precursor for glutathione was assessed in a study by Te Braake et al. (2009).  In this study, 

20 preterm infants weighing less than 1500 g were randomly assigned to either the 

standard-dose cysteine (45 mg/kg per day) parenteral nutrition diet or the high-dose 

cysteine (81 mg/kg per day) parenteral nutrition diet that was provided exclusively for 2 

days. On day 2, the infants were given a stable isotope infusion of [1-13C] glycine to 

measure its incorporation into glutathione and measure glutathione synthesis rates. Te 

Braake et al. (2009) found that increasing cysteine concentrations in a parenteral diet did 

not increase the rate of glutathione synthesis or the concentration of glutathione in 

erythrocytes and therefore, was not an effective method of increasing glutathione 

concentrations and synthesis in premature neonates.  

Premature neonates have low enzyme activity and a poorly developed capacity to 

produce endogenous glutathione. These insufficiencies introduce a need to devise strategies 
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to improve the premature neonate’s ability to manage oxidative stress and enhance 

antioxidant capacity.  

1.4 Cysteine requirements in neonates  

1.4.1 Sources of cysteine  

 Cysteine is a sulfur-containing amino acid that may be produced endogenously from 

methionine through the transsulfuration pathway; alternatively, the other sources of 

cysteine are from diet and protein breakdown (Lu, 2009). It is a precursor for the synthesis 

of taurine, sulfates, and glutathione (Bauchart-Thevret et al., 2009; Shoveller et al., 2005). 

The primary site of cysteine metabolism is in the liver; however, metabolism of sulfur-

containing amino acids in the intestinal tract is vital for gut health (Shoveller et al., 2005). 

Intestinal metabolism of these amino acids is bypassed with the use of TPN. Thus, the 

requirement for sulfur-containing amino acids is altered with TPN administration 

(Shoveller et al., 2003a). Neonatal piglets require approximately 30% less dietary 

methionine when supported by TPN (Shoveller et al., 2003a). In addition, cysteine added 

to TPN resulted in a sparing of dietary methionine in both parenterally and enterally fed 

piglets (Shoveller et al., 2003b). These studies illustrated how the route of feeding and 

amino acid supplementation can alter sulfur-containing amino acid requirements.  

 Cysteine is very unstable in aqueous solution and can precipitate at relatively low 

concentrations in a TPN diet.  Dimerization of cysteine to cystine limits the concentration 

of cysteine that can be added to a TPN diet.  However, NAC has been successfully included 

as a source of cysteine in a TPN diet fed to piglets due to its greater solubility and stability 

(Shoveller et al., 2006). Approximately 85% of infused NAC was retained (Shoveller et 

al., 2006). Because the instability of cysteine prevents it from being directly supplemented 
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in TPN, another strategy is to improve the endogenous synthesis of cysteine from its 

precursor, methionine.  

1.4.2 Cysteine availability, oxidative stress and GSH synthesis  

The first enzyme involved in the conversion of methionine to cysteine, methionine 

adenosyltransferase (MAT), is inhibited by the presence of peroxides (Elremaly et al., 

2012). Elremaly et al. (2012) studied the effects of TPN administration in a guinea pig 

model on the activity of MAT, the concentrations of GSH and GSSG, and on the hepatic 

redox potential. The results of TPN administration on the above parameters were compared 

against a control group receiving regular guinea pig food, a sham group that underwent 

surgery and received regular guinea pig food, and a group that received an infusion of H2O2 

with dextrose who also had free access to regular guinea pig food (Elremaly et al., 2012). 

The reduction in the activity of MAT and the lower GSH concentration in both the TPN 

and H2O2 compared to the control and sham groups indicate that the presence of peroxides 

inhibits the MAT enzyme and in turn, reduces the concentration of GSH produced in the 

liver (Elremaly et al., 2012). The multivitamin preparations used in TPN diets also 

contribute a major source of peroxides because of the exposure to ambient light and room 

temperature (Lavoie et al., 1997a).  A study in guinea pigs infused with solutions containing 

varying concentrations of ascorbylperoxide and H2O2 for 4 days investigated the effects of 

peroxides on GSH and GSSG concentrations and the effect on alveolarization in the lung 

(Elremaly et al., 2014). Ascorbylperoxide has been shown to be produced within TPN at a 

concentration of 36 ± 1 µM (Elremaly et al., 2014). The infusion of peroxides resulted in 

higher concentrations of GSSG compared to GSH indicating that the glutathione system 

was responding to oxidative challenge and became depleted of GSH (Elremaly et al., 2014). 
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As such, infants on TPN have to deal with peroxides directly received with the diet; in 

addition, they must also endogenously synthesize GSH to be able to combat the high 

oxidant load intracellularly. However, GSH synthesis may also be inhibited by the presence 

of those same peroxides in the TPN diet due to the inhibition of MAT (Elremaly et al., 

2012). The lower GSH concentration and the inhibition of MAT by peroxides indicates that 

the reduced activity of the enzyme may lead to lower cysteine synthesis from methionine 

and as a result, lower endogenous GSH synthesis (Elremaly et al., 2012; Elremaly et al., 

2014).  

1.4.3 Problems measuring glutathione  

As a vital compound in the endogenous antioxidant system, the ability to measure 

glutathione in its various forms is critical. However, there are multiple challenges that arise 

when measuring glutathione. A review from 2016 outlines these many challenges which 

begin with the structure of glutathione (GSH). GSH contains a sulfhydryl/thiol group that 

is readily oxidized to glutathione disulfide (GSSG). Endogenously, this readily occurs, as 

described above. However, when the goal is to measure the ratio of GSH to GSSG, 

oxidation can drastically alter the results. Giustarini et al. (2016) stated that if 1% of GSH 

is oxidized, there would be, approximately, 150% bias on the measurement of GSSG. This 

difference in measurements resulted in new methods being developed to accurately 

measure GSH and GSSG. A common method is treating biological samples with N-

ethylmaleimide (NEM). NEM protects GSH from reacting by binding to the 

sulfhydryl/thiol group required for redox reactions. NEM passes through the cell membrane 

and reacts with GSH within seconds of interacting (Giustarini et al., 2016). NEM is also 

able to inhibit glutathione reductase (GR). This ensures that no GSSG is converted back to 
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GSH and therefore the ratio remains stable for analysis. Other derivatizing agents have 

been used, such as 2-vinylpyridine (2-VP), however, they did not prove to be as effective 

as the NEM method.  

1.5 Rationale  

 TPN is the administration of all daily nutrient requirements provided intravenously 

and is used in the treatment of premature infants when normal enteral feeding is not 

possible. The administration of TPN has been shown to result in a decrease in blood flow 

through the SMA within 4 hours of initiation, due to bypassing the gut (Niinikoski et al., 

2004). Consequently, changes in intestinal morphology are visible within 48 hours of TPN 

administration and continue to be apparent after 6 days of TPN administration (Niinokoski 

et al., 2004; Burrin et al., 2000). Nitric oxide induces vasodilation and is synthesized by 

the enzymes called NOS. Niinikoski et al. (2004) found that iNOS decreased in activity 

within 24 hours of TPN administration. In addition, a decrease in the activity of eNOS has 

been shown to result in greater intestinal injury preceding the onset of NEC (Drucker et al., 

2018). These enzymes are responsible for the production of the vasodilator, NO, and 

therefore a decrease in their activity would result in a decrease in the production of NO. 

Greater NO production is important in maintaining blood flow to the gut during TPN 

administration, thus lowering inflammatory markers within the mucosa due to the 

maintained blood flow; but a problem with NO is that it can react with superoxide to 

produce a pro-oxidant compound, peroxynitrite (Ikeda et al., 2010; Kiristioglu et al., 2002; 

Pacher et al., 2007; Radi, 2018). Peroxynitrite induces lipid peroxidation which leads to 

cell damage and possible necrosis (Pacher et al., 2007). To prevent the overproduction of 

peroxynitrite and other pro-oxidant compounds, the endogenous antioxidant system 
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counteracts these compounds by reducing them. However, in neonates, it has been shown 

that the antioxidant system specifically related to the production of glutathione is likely 

impaired (Elremaly et al., 2012; Vina et al., 1995). Premature infants have a decreased 

production of glutathione from its precursor methionine, and this may be due to limited 

activity in one of the enzymes in the pathway, cystathionase (Vina et al., 1995). Due to the 

lower synthesis of glutathione in premature infants and the common requirement for TPN 

as a support strategy, research is required to elucidate whether exogenous supplementation 

of glutathione in TPN will be beneficial to manage oxidative stress in neonates.  

1.6 Hypothesis  

Premature infants lack the ability to synthesize enough glutathione to combat pro-

oxidant compounds that are present in the TPN diet as well as those produced 

endogenously. In addition, they are at risk of developing conditions like NEC due the 

decrease in blood flow to the gut. In the TPN-fed neonatal piglet, a well-established model 

for preterm infants, we hypothesized that:  

1. Supplementing glutathione in TPN would result in greater superior mesenteric 

artery blood flow.  

2. Glutathione-supplemented TPN would enhance the antioxidant status (i.e., greater 

antioxidant concentration) in the liver and small intestine.  

3. Glutathione supplementation in TPN would help prevent the loss of small intestinal 

mucosal cell mass and structure and reduce inflammation in the small intestinal 

mucosa.  

1.7 Objectives 
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1. To measure changes in blood flow to the gut (via the SMA) after the initiation of 

TPN, and compared to enteral feeding. 

2. To determine whether glutathione-supplemented TPN enhances SMA blood flow 

compared to standard TPN.  

3. To determine if glutathione-supplemented TPN diet enhances antioxidant status in 

the liver and small intestine compared to a standard diet treatment. 

4. To determine if the glutathione-supplemented TPN diet helps maintain small 

intestinal mucosal mass and structure, more similar to enterally fed piglets, and 

decreases inflammation markers in the small intestinal mucosa compared to piglets 

treated with standard TPN.  
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Chapter 2.0 Materials and Methods 

2.1 Animal Study Protocol  

2.1.1 Animal Model  

The study was conducted using Yucatan miniature piglets. The piglet model is the best 

non-primate model for studies concerning human infants due to similar organ systems and 

developmental physiology (Miller et al., 1987). Piglets between 8 to 12 days of age were 

obtained from a breeding herd at Memorial University of Newfoundland (St. John’s, 

Canada). Animal protocols were approved by the university’s Institutional Animal Care 

Committee according to the guidelines of the Canadian Council on Animal Care (ethics 

approval number 18-01 JB).  

2.1.2 Surgical Procedures 

Upon arrival, the piglets were given a dose of ketamine (0.22 mg/kg), acepromazine (0.5 

mg/kg), buprenorphine hydrochloride (0.03 mg/kg; Temgesic, Canada) and atropine (0.05 

mg/kg). Ketamine and acepromazine were administered intramuscularly in the same 

syringe. Buprenorphine was administered intramuscularly. Atropine was administered 

subcutaneously. The piglet was then intubated and placed on 1.5% isoflurane as the gas 

anesthetic carried in oxygen (1.5 L/min). The first incision was 2 cm in length made 

along the left side of the sagittal plane on the piglet’s back, perpendicular to the front left 

condyle of humerus (elbow). The trocar was used to tunnel under the skin to the neck, 

above the front leg and to the left of the midline of the piglet. Once the trocar has 

punctured the skin, jugular vein catheter was threaded through the trocar and pulled 

through to the location along the neck. The trocar was used once again to tunnel under the 

skin from the incision along the back to the top of the left lateral condyle of femur (stifle). 
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The femoral vein catheter was threaded through the trocar and pulled through to the top 

of the left lateral condyle of femur (stifle). Returning to the incision along the back, 

grommets on both catheters were secured to muscle under the skin. The incision was 

sutured around the externalized catheters and care was taken to allow for fluids to move 

through the catheters. The piglet was then turned onto its back, exposing the neck and leg 

to allow for the insertion of the catheters into the respective veins.  

To insert the jugular vein catheter, a 2 cm incision was made on the neck to the 

left of the midline of the piglet. Using the straight forceps, the muscle layers were 

separated to expose the jugular vein. Using the curved forceps, the vein was cleaned of fat 

and separated from surrounding tissue. Using the 90° forceps, two threads were inserted 

under the vein and positioned at the extremities of the visible portion of the vein and 

clamped using curved clamps. The threads, once in position, caused hemostasis. To insert 

the catheter, a 22-gauge needle was bent to a 90° angle and used to puncture the vein. A 

vein prick was then inserted under the needle to open the puncture site. The catheter tip, 

cut to a point, was inserted under the vein prick and slowly advanced to the superior vena 

cava using thin forceps and curved clamps. Once in the vein, the thread located around 

the vein and catheter was tightened to secure the catheter. The thread around the section 

of the vein located cranially, is tightened to prevent blood from filling the cavity. The 

grommet located around the jugular vein catheter was sutured to the muscle preventing 

the catheter from moving once in the vein. The incision site was sutured closed.  

The next step in the surgical procedure was the insertion of the femoral vein 

catheter. A 1-2 cm incision was made from the last nipple of the piglet to the medial side 

left lateral condyle of femur (stifle).  The femoral vein was isolated and separated from 
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surrounding tissue between the femoral nerve and the femoral artery. Using the 90° 

clamps, two threads were placed along the extremities of the visible portion of the 

femoral vein causing hemostasis. Using the 22-gauge needle with the 90° bend, a whole 

was punctured into the vein. A vein prick was inserted under the needle to open the 

puncture whole. The catheter with a pointed end was inserted under the vein prick and 

slowly advanced to the inferior vena cava using thin forceps and clamps. Once the 

catheter was in the vein, the thread around the vein and catheter was tightened while 

ensuring the maintenance of blood flow. The thread around the vein at the opposing 

extremity was tightened to maintain hemostasis. The grommet around the catheter was 

secured to the muscle. The incision site was sutured closed. The piglet was then turned to 

expose the left side.  

The next part of the surgery involved inserting the ultrasonic probe around the 

superior mesenteric artery (SMA). A 3 cm incision was made along the line of the ribcage 

caudally. The muscle layers were separated to locate the kidney. To ensure the renal 

vasculature was not damaged, the dissection started above the kidney and moving 

cranially around the top of the kidney. Once located ventral to the kidney, retractors were 

used to move the kidney out of the line of vision. Using a haemostat, dissection of tissues 

continued medially ensuring no punctures through the peritoneum into the abdominal 

cavity. Once the vena cava and aorta became visible, dissection ceased. The SMA is 

located between the vena cava and the aorta. Careful isolation of the SMA was made, 

ensuring a tool could be inserted under the vessel. Once the vessel was isolated, the 4 mm 

ultrasonic probe (Transonic) could be implanted around the SMA. Using haemostats 

clamped to the moveable section of the probe, the probe was implanted around the vessel. 
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A second pair of haemostats were used to hold the probe in place while the first 

haemostats are used to push the moveable section down around the vessel. The first pair 

of haemostats are removed from the window while the second pair of haemostats were 

holding the probe in place. A screwdriver was then used to fasten the moveable section in 

place and securing the probe in place. Using a 1 mL syringe, ultrasonic gel was injected 

around the probe and vessel to ensure the blood flow rate could be read. The flow rate 

was then tested using the accompanying flow meter (Transonic®, New York, USA). 

Once a reading was confirmed, the wire of the probe was tunnelled under the skin to an 

incision site along the back ventral to the first incision on the back. At the incision site 

along the ribcage, a loop in the probe wire was created and tied together to have excess 

length under the skin, in the case that the probe was pulled.  The muscle layers were 

sutured back together. A pocket was created under the skin to house the loop in the probe 

wire. The loop was secured to the muscle to prevent movement under the skin. The final 

step was to suture the incision site and close it.  

The piglets that were randomized to enteral feeding underwent an additional 

procedure to insert a gastric catheter into the stomach. Through the same incision along 

the back where the wire of the SMA probe exits the skin, the gastric catheter was 

tunneled under the skin to the ventral side of the piglet between the nipples. A 3 cm 

incision was made from between the second set of nipples (counting down to the caudal 

end of the piglet) to the cranial side of the umbilicus. To ensure no damage to the organs, 

forceps were placed under the skin to lift the skin and extend the incision if needed. The 

stomach was then isolated and held above the skin with wet gauze. On the cranial side of 

the stomach, a purse-string suture was placed and using an 18-gauge needle, a hole was 
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punctured into the lumen of the stomach at the center of the suture. The gastric catheter 

was clamped with haemostats and pushed through the hole into the stomach. The first 

grommet along the gastric catheter was pushed into the stomach and the second grommet 

remained outside the stomach wall. The purse-string suture was tightened to secure the 

catheter in the stomach. Once secured, the stomach is put back into the body cavity. The 

peritoneum and muscle layers were sutured to close the abdominal cavity. The final step 

was to suture the skin to close the incision site. The port for the gastric catheter could then 

be secured to the exterior end of the gastric catheter.  

All piglets were given 20 mg trimethoprim and 100 mg sulfadoxine antibiotics 

(Borgal, Intervet Canada Ltd., Canada) diluted with sterile saline in a 5 mL syringe. The 

antibiotic was given into the femoral catheter to reduce the probability of infections 

following the surgery. The jackets were then put on the piglets and the catheters were 

threaded through the jacket to prevent any occlusion in the catheters. Each suture incision 

site was treated with an antibacterial/antifungal ointment (1% Chlorhexidine acetate; 

Hibitane, Canada). The piglets were given a second dose of buprenorphine hydrochloride 

(Temgesic, Canada) at 0.03 mg/kg between 8 to 12 hours following the first dose. The 

piglets were subsequently placed in the metabolic cage wearing a cotton jacket that was 

attached to a swivel and tether system (Lomier Biomedical, Canada) that allowed for free 

movement while facilitating diet infusion. The room was lit from 0700h to 1900h, and the 

temperature was maintained between 28°C and 32°C with additional heat lamps.  

2.1.3 Daily Animal Care  

The piglets were housed individually in metabolic cages next to another piglet with which 

they could see and interact with during the study period. Starting on Day 2, the piglets 
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were removed from the metabolic cage to be weighed, the incision sites were treated with 

the antibacterial/antifungal ointment (1% Chlorhexidine acetate; Hibitane, Canada) and 

the jugular and femoral vein catheters were flushed to check for any blockage or 

resistance.  The piglets were given another dose of buprenorphine hydrochloride on Day 1 

and antibiotics (trimethoprim and sulfadoxine; Borgal, Intervet Canada Ltd., Canada) on 

Day 1 through Day 4. After Day 1, buprenorphine hydrochloride (Temgesic, Canada) was 

administered when piglets displayed pain behaviour.  

  2.1.3.1 Diet Flow Rate  

On Day 0, after the completion of the surgical procedure, all piglets were provided a 

complete intravenous diet at 6 mL/kg/h corresponding to 50% of the total nutrient 

requirements. On the morning of day 1 for the piglets randomized to complete parenteral 

feeding, the diet flow rate was increased to 9 mL/kg/h, corresponding to 75% of the final 

diet flow rate of 12 mL/kg/h. On the evening of Day 1, the diet flow rate was increased to 

12 mL/kg/h. For piglets randomized to enteral feeding, on the morning of Day 1 the IV 

flow rate remained at 6 mL/kg/h and the piglet was also provided with an intragastric (IG) 

diet infusion at a flow rate of 6 mL/kg/h. On the evening of Day 1, IV flow rate for the 

enteral group was lowered to 3 mL/kg/h and the IG flow rate was increased to 9 mL/kg/h. 

On the morning of Day 2, the IV diet was stopped, and the IG rate was increased to 12 

mL/kg/h which corresponded to 100% of requirements.  

  2.1.3.2 SMA Blood Flow Rate Measurement 

The first SMA blood flow measurement was taken on the morning of Day 1 and was 

recorded every minute over a 10-minute period prior to the administration of the 

analgesic and antibiotic (described in 2.1.3.3). Approximately 5 hours after the first SMA 
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blood flow reading on Day 1, a second reading was taken every minute over a 10-minute 

period. The final SMA blood flow rate measurement for Day 1 was taken 5 hours after 

the second reading. This procedure was repeated for Days 2 to 6 of the study. One final 

SMA blood flow reading was taken on Day 7.  

  2.1.3.3 Daily Blood Sampling  

A 2 mL blood sample was collected daily; 1 mL was placed into an EDTA BD 

Vacutainer (BD Biosciences, Mississauga, Canada) to measure total GSH content in 

whole blood. The other 1 mL was also placed in an EDTA tube to which 100 μL of 310 

mM NEM (Sigma-Aldrich, Canada) was added to allow the measurement of GSH and 

GSSG concentrations in whole blood.  

2.1.4 Stable Isotope Infusion 

On Day 7, a primed then constant delivery of [D5]-glycine (prime 175 µmol∙kg-1; constant 

100 μmol.kg-1.h-1) (Cambridge Isotopes Laboratories, Inc., USA) was infused 

intravenously over 5 hours to measure the incorporation of [D5]-glycine into GSH and 

GSSG pools in the RBC and tissues. Prior to the start of the infusion, three baseline blood 

samples of 1 mL each were collected within an hour. A 1 mL blood sample was collected 

on hour 1, 2, 3, 3 ½, 4, 4 ½, and 5 hours. The 1 mL sample was split in half between two 

1.7 mL Eppendorf tubes (0.5 mL of blood per tube) pre-treated with 10 μL of 0.26 mM 

EDTA. The blood samples were centrifuged at 12,100 g for 2 minutes. The plasma was 

removed and placed in a clean Eppendorf tube. One sample was placed on ice. The other 

sample was subsequently treated with 200 μL of 100 mM NEM (Sigma-Aldrich, Canada) 

and 10 μL of 10 mM γ-glutamyl-leucine. At 4.5 hours into the [D5]-glycine infusion, a 

dose of 0.15 mmol∙kg-1 L-[ring-D5]-phenylalanine (Cambridge Isotopes Laboratories, 
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Inc., USA) and of 1.35 mmol∙kg-1 of unlabelled phenylalanine (Sigma-Aldrich, Canada) 

was infused in 5 minutes to measure tissue-specific protein synthesis rates (Lamarre et al., 

2015).  

2.1.5 Necropsy  

The piglets were removed from the metabolic cage following the isotopic infusion and 

transported to the surgical suite where they were anaesthetized using 2.5% to 3% 

isoflurane in oxygen for the terminal surgery. Using a cauterizing iron, the abdominal 

wall was opened exposing the intestinal tract and liver. The small intestine was removed, 

the total length was measured, and the total weight of small intestine was recorded. To 

prepare a histology sample, 2 cm sampled from the proximal jejunum was cut and 

immersed immediately in neutral buffered 10% formalin (Fisher Scientific, Canada) to fix 

the tissue. The next 50 cm of the proximal jejunum was flushed with cold saline and used 

to harvest the mucosa. The intestinal section was cut longitudinally and positioned on a 

glass plate on ice. The mucosa was scrapped using two glass slides with even pressure. 

The mucosa was weighed and approximately 0.5 g of the mucosa was immediately placed 

in 3 mL of 100 mM NEM (Sigma-Aldrich, Canada) and 50 μL of 10 mM H-Glu (Leu-

OH)-OH (Bachem Holdings, Switzerland) to be homogenized. The remainder of the 

mucosa was flash-frozen with liquid nitrogen. The next organ sampled was the liver. The 

whole liver was weighed, and the left lateral lobe was cut and weighed. Approximately 

0.5 g of liver sample from the lateral lobe was cut and placed in 3 mL of 100 mM NEM 

(Sigma-Aldrich, Canada) and 50 μL of 10 mM H-Glu(Leu-OH)-OH (Bachem Holdings, 

Switzerland) to homogenize the liver sample. The remainder of the left lateral lobe was 

flash-frozen in liquid nitrogen. The left lung was removed next and weighed. 
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Approximately 0.5 g of the left lung was removed and immediately placed in 3 mL of 100 

mM NEM (Sigma-Aldrich, Canada) and 50 μL of 10 mM γ-glutamyl-leucine (γ-GL) to 

homogenize the sample. The remainder of the left lung was flash-frozen in liquid 

nitrogen. The right kidney was removed and cut in half along the sagittal plane. The 

kidney was subsequently flash-frozen in liquid nitrogen. The final samples taken were 

from the longissimus dorsi muscle and the gastrocnemius muscle and were immediately 

flash-frozen in liquid nitrogen.  

2.2 Treatment Groups 

The study consisted of three treatments; two were delivered as parenteral nutrition, and one 

was an enteral control group with the diet delivered into a gastric catheter. The control 

parenteral group (PN; n=10) was provided a diet that was nutritionally complete and based 

on commercially available total parenteral nutrition solutions for infants that was adapted 

for piglets (Wykes et al., 1993).   The glutathione-supplemented (GSSG) parenteral group 

(GSSG; n=9) was the same nutritionally complete diet as the PN group with GSSG 

supplemented at a concentration of 10 μM, which has been shown to support physiological 

concentrations in plasma (Elremaly et al., 2016). The control enteral group (EN; n=10) was 

provided the same nutritionally complete diet as the PN group however, the diet was 

administered enterally through the gastric catheter implanted during the surgery described 

above.  

 All diets were prepared in the laboratory and were cold sterilized by filtering 

through a AcroPakTM
 200 Supor® Membrane filter (Pall Corporation, Switzerland) using 

a peristaltic pump (EMD, Millipore, Darmstadt, Germany). Diets were pumped into 

empty sterile IV bags (Baxter Corporation, Mississauga, ON, Canada) using an 18G 1-
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inch needle (BD – Canada, Mississauga, ON, Canada) in a laminar flow hood. Each diet 

bag was weighed to ensure 750 mL (795 g) of diet was added to the bag and then stored 

at 4 °C in a dark environment until they were used.  

2.2.1 Diet Preparation  

The composition of elemental diets is summarized in Table 1 and Table 2. None of the 

diets contained dietary fibre, including the EN diet. The complete diet was delivered at 12 

mL kg-1 h-1 to provide 12.9 g of amino acids kg-1 d-1 (Ajinomoto, Canada, Evonik 

Industries AG, Germany or Sigma Aldrich, Canada) and non-protein energy delivery of 

1.1 MJ kg-1 d-1 from dextrose (Sigma Aldrich, Canada) and lipids (SMOFlipid; Baxter, 

Canada). The amino acid profile was based on a commercially available parenteral 

nutrition solution for infants (Vaminolact, Germany) that was modified for piglets 

(Wykes et al., 1993). A mixture of vitamins was prepared in the laboratory, filtered 

through a sterile AcroPakTM
 200 Supor® Membrane filter (Pall Corporation, Switzerland), 

and added to the diet bags just prior to feeding. Iron dextran (Fe, 3.0 mg/kg; Vetoquinol 

Canada Inc., Quebec, Canada) and trace minerals (Sigma Aldrich, Canada) (NRC,1998) 

were also added to each diet bag immediately before use. The diets were continuously 

infused (24 h) via pressure-sensitive peristaltic pumps. 
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Table 2.1: Amino acid profile of the elemental diets. 

 PN and EN diet  GSSG diet  

Amino Acids g/kg/day 

Alanine  1.41 1.41 

Arginine  0.87 0.87 

Aspartate 0.80 0.80 

Cysteine  0.18 0.18 

Glutamate  1.37 1.37 

Glycine  0.35 0.35 

Histidine  0.40 0.40 

Isoleucine  0.60 0.60 

Leucine  1.36 1.36 

Lysine-HCl 1.07 1.07 

Methionine  0.25 0.25 

Phenylalanine  0.72 0.72 

Proline  1.08 1.08 

Serine  0.74 0.74 

Taurine  0.06 0.06 

Tryptophan  0.27 0.27 

Tyrosine  0.11 0.11 

Valine  0.69 0.69 

Threonine  0.53 0.53 

Glutathione Disulfide  0 1.47E-03 
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Table 2.2: Non-amino acid components of the elemental diet. 

 PN, EN and GSSG diet  

g/kg/day 

Dextrose  21.62 

K2HPO4 Trihydrate 0.38 

KH2PO4 Monobasic  0.26 

Potassium Acetate  0.35 

NaCl 0.52 

MgSO4 0.19 

ZnSO4 0.02 

Calcium Gluconate  1.53 

ZnSO4•7H2O  9.74 

CuSO4•5H2O 0.75 

MnSO4•H2O 0.44 

CrCl3•6H2O 0.01 

SeO2 0.01 

NaI 0.01 
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2.3 Analysis Procedures  

2.3.1 Tissue Specific Protein Synthesis  

Frozen liver and mucosa samples were pulverized in liquid nitrogen.  Approximately 200 

mg of the pulverized liver sample, or 100 mg of pulverized mucosa sample, were 

homogenized in 4 mL of distilled water (dH2O) for one minute (1:20 dilution). 0.5 mL of 

2 M PCA (Fisher Scientific, Canada) was added to the homogenate and vortexed 

thoroughly. The solution was centrifuged for 20 minutes at 4°C at 1107 g. Following 

centrifugation, the supernatant was analyzed for phenylalanine isotope enrichment in the 

tissue free amino acid pool and the pellet was analyzed for the concentration of 

phenylalanine isotopes in tissue bound amino acid pool.  

  Tissue-Free Amino Acid Pool in Supernatant  

The supernatant was filtered through a C18 bond elut column (Table 2.3).   
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Table 2.3: Tissue free pool conditioning process that was run through a bound elut filter. 

Step  Volume  Solution Eluted Solution  

1 1 mL 100% Methanol  Discard  

2 1 mL 0.1 M PCA Discard  

3 0.5 mL liver  

1 mL mucosa  

Tissue Free 

Supernatant Sample 

Discard  

4 1 mL 0.1 M PCA Discard  

5 1 mL (tissue free); 2 

mL (protein bound) 

100% Methanol  Collect into glass 

vial with a screw 

cap.  
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After filtering, the eluent vial was frozen with liquid nitrogen and freeze dried for 

approximately 10 hours. Subsequently, 500 μL of HPLC water was added to resuspend 

the sample and it was vortexed thoroughly. The derivatization process required 50 μL of 

sample and is described below.  

 Tissue-Bound Pool in Pellet  

The protein pellet was mixed with 5 mL of 0.2 M PCA (Fisher Scientific, Canada), 

vortexed and then centrifuged for 20 minutes at 4°C at 1100 g. The supernatants were 

discarded, and the pellets were kept. The above washing with PCA (Fisher Scientific, 

Canada) was repeated for a total of 3 times. Using the screw cap tubes, 4 mL of 6 M HCl 

was added to break up the pellets. The tubes were capped and was incubated at 110°C for 

18 hours. After the incubation period, the samples were filtered through a 0.45 μm filter. 

The filtered samples were then filtered using a bond elut column as described in Table 1. 

The final sample (step 5) was collected in a screw capped glass vial. The sample was 

dried in the vacuum oven for approximately 10 hours. To resuspend the dried sample, 500 

μL of HPLC water was added. The derivatization process required 50μL of sample.  

 Derivatization of tissue free and protein bound amino acids  

In the screw-capped 2 mL GC-MS vials (screw cap liner was silicon/PTFE), 21.5 μL of 

0.5 M phosphate buffer, 50 μL of the resuspended sample, and 133 μL of 100 mM 

pentafluorobenzyl bromide (PFBBr; Sigma Aldrich, Canada) in acetone were added in 

that order. The tubes were capped and vortexed thoroughly. The vials were incubated in a 

heating block at 60 °C for 1 hour. The samples were cooled to room temperature for 

approximately 5 minutes. Once at room temperature, 333 μL of hexane (Sigma Aldrich, 

Canada) was added to the vials that were immediately recapped. The solution was then 
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vortexed for approximately 1 minute. To allow for the two clear layers to form, the glass 

tubes were left to sit for approximately 2 minutes. In a glass vial insert, 200 μL of the top 

layer formed in the glass vials was added and the insert was placed into the glass GC-MS 

vials. The tubes were immediately recapped and were ready to be analyzed on the GC-

MS.  

 GC-MS Program  

The isotopic enrichment of L-[ring-D5] phenylalanine in tissue-free and protein-

bound fractions was determined by GC-MS with a model 6890N GC system linked to a 

5973 quadrupole MSD (quadrupole) (Agilent Technologies; Mississauga, Canada) 

operating in the electron ionization mode (Lamarre et al., 2015). The GC oven was 

preheated to 50°C, and 1 µL of the sample was injected into a DB-5ms column (0.25 mm 

x 30 m x 0.25 µm) (Agilent Technologies; Mississauga, Canada). Helium was used as a 

carrier gas at a constant flow rate of 1.1 mL/min. The programme run time was 14.67 

minutes. The settings for the method are summarized in Table 4. The mass selective 

detector was operated in selected ion monitoring (SIM) with a mass-to-charge ratio (m/z) 

of 300 and 305 for Phe and D5-phe, respectively. Tissue-specific protein synthesis was 

calculated as previously described (Lamarre et al., 2015).  
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Table 2.4: The settings of the GC-MS method for the analysis of tissue specific protein 

synthesis. 

Parameter Setting 

Initial Oven Temperature  50°C 

Final Oven Temperature  280°C 

Rate of temperature increase  30°C/min for 4 min  

Flow rate through column  1.1 mL/min  

Pressure in inlet 8.79 psi  

Solvent Delay 6.50 min  

Carrier Gas Helium  

Column  DB-5ms (0.25 mm x 30 m x 0.25 µm) 

Run time 14.67 min 

Electron impact collision energy 70 eV 
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The percent molar enrichment (mol%) was determined and the fractional synthesis rate 

(%/day) of protein was calculated as follows:  

𝐹𝑆𝑅 =
𝐼𝐸𝑏𝑜𝑢𝑛𝑑
𝐼𝐸𝑓𝑟𝑒𝑒

×
1440

𝑡
× 100 

where IEbound and IEfree are the isotopic enrichments (mol%) of L-[D5]-phenylalanine of 

the tissue bound and the tissue free phenylalanine pool; t is the time of tracer 

incorporation in minutes; 1440 are the number of minutes in a day.  

2.3.2 Intestinal Parameters  

The small intestine fixed in neutral buffered 10% formalin (Fisher Scientific, Canada) 

was embedded in paraffin wax. Three tissue cassettes prepared per gut sample and were 

labelled with a letter designating the different slices of tissue (i.e A through C). Three 

slices of 2-3 mm in thickness were cut per sample. The first slice of tissue from the end of 

the sample was discarded. Each slice of small intestine was loaded into the cassettes and 

the lid was closed. The remainder of the tissue was placed back into fresh neutral buffered 

10% formalin (Fisher Scientific, Canada). The loaded cassettes were then placed into the 

basket of the tissue processor to be submerged in the neutral buffered 10% formalin 

(Fisher Scientific, Canada) bath. The tissue processor was set to program C, outlined in 

Table 2.5, and started.   
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Table 2.5: Program C from the tissue processor used to prepare small intestine samples for 

embedding in wax. 

Position  Reagent  Time (h:min) 

1 Formalin 00:01 

2 Formalin 00:01 

3 70% Ethanol  00:45 

4 80% Ethanol 00:45 

5 100% Ethanol  00:45 

6 100% Ethanol  00:45 

7 100% Ethanol  01:00 

8 100% Ethanol  01:00 

9 Xylene 01:00 

10 Xylene 01:00 

11 Hot Wax 01:30 

12 Hot Wax  01:30 
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Once the cassettes had run through program C, they were ready to be embedded in wax. 

One hot plate was heated, and the metal histology base moulds were placed on the hot 

plate. The wax was heated in a coffee dispenser to allow for easy dispensing of the wax. 

A full ice bucket was obtained to allow the wax to cool following embedding. The well of 

the histology base moulds was filled with hot wax and placed back on the hot plate. The 

basket of the tissue processor was raised out of the wax and using the forceps, one 

cassette was removed, and the remaining cassettes were lowered back into the wax. The 

lid of the cassette was discarded. Using the forceps, the tissue sample was placed in the 

center of the well of the histology base moulds. The base mould was then removed from 

the hot plate and the bottom of the cassette was placed in the mould. The cassette-mould 

was filled with hot wax and placed on ice to harden. This process was repeated until all 

the tissues were embedded in wax. The embedded tissues were sent to the Histology, 

Medical Laboratories (Faculty of Medicine, Memorial University of Newfoundland, St. 

John’s, Canada) to prepare sections for immunohistochemistry (section 2.2.3.1) and stain 

sections for hematoxylin and eosin (H & E) staining (section 2.2.3.2).  

  2.3.2.1 Immunohistochemistry for Ki-67 Cell Proliferation Marker  

Slide-mounted sections were deparaffinized using the method highlighted in Table 2.6.  
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Table 2.6: Deparaffinization of tissue sections for immunohistochemistry staining. 

Step Solution Time  

1 Xylene (2x) 3 minutes each 

2 Xylene 1:1 Absolute 

Ethanol  

3 minutes  

3 Absolute (100%) Ethanol 

(2x) 

3 minutes each  

4 95% Ethanol  3 minutes  

5 70% Ethanol 3 minutes 

6 50% Ethanol  3 minutes 

7 Vessel of cold tap water Rinse  
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Following deparaffinization, the slides were incubated in a sodium citrate buffer at 95°C 

for 20 minutes and allowed to cool in tap water for 10 minutes. This process allows for 

antigen retrieval. The slides were washed with gentle agitation twice for 5 minutes in tris-

buffered saline (TBS) (Fisher Scientific, Canada) with 0.025% Triton X-100 (Sigma 

Aldrich, Canada). Using a Dako Pen (Agilent Technologies; Mississauga, Canada), a 

hydrophobic barrier was drawn around each section. The sections were then blocked with 

10% normal goat serum (Abcam, Cambridge, UK) with 1% bovine serum albumin (BSA; 

Rockland Immunochemicals, Inc., Limerick, PA, USA) in TBS (Fisher Scientific, 

Canada) for 2 hours at room temperature. The slides were drained, and excess blocking 

solution was dabbed away, making sure not to disturb the tissue section. Next, the anti-

Ki-67 (ab15580; Abcam, Cambridge, UK) primary antibody (2.45 µg/mL) diluted in TBS 

(Fisher Scientific, Canada) with 1% BSA (Rockland Immunochemicals, Inc., Limerick, 

PA, USA) was added to the tissue sections. The slides were incubated overnight at 4 °C 

and in darkness. The following day, the slides were rinsed with gentle agitation twice for 

5 minutes each in TBS (Fisher Scientific, Canada) with 0.025% Triton X-100 (Sigma 

Aldrich, Canada). The slides were incubated in 0.3% H2O2 in TBS (Fisher Scientific, 

Canada) for 15 minutes. The conjugated secondary antibody (1µg/mL), a goat anti-rabbit 

IgG (HRP) (ab205718; Abcam, Cambridge, UK), diluted with TBS (Fisher Scientific, 

Canada) with 1% BSA (Rockland Immunochemicals, Inc., Limerick, PA, USA) was 

applied to each section and incubated for 1 hour at room temperature. Each section was 

developed for 10 minutes at room temperature using the DAB Substrate Kit (ab64238; 

Abcam, Cambridge, UK). The sections were left to sit in tap water for 5 minutes. After 5 

minutes, the slides were counterstained with Mayer’s hematoxylin (Sigma Aldrich, 
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Canada) for 2 minutes. They were then rinsed again in tap water by dipping the slides 10 

times. The slides were then placed in the bluing reagent, Scott’s Tap Water (VWR™, 

Canada), for 30 seconds and rinsed again by dipping the slides 10 times. The slides were 

then dehydrated in 95 % ethanol, 100% ethanol (2x) and xylene (3x). The slides were 

cleared for at least 1 hour. Finally, the cover slips were mounted using limonene 

mounting medium (ab104141; Abcam, Cambridge, UK).  

 Each section was examined under the microscope for complete crypts. Images 

were captured using AmScope/ToupView Software (Hangzou ToupTek Photonics Co., 

Ltd., P.R. China). The dark cells in the crypts were the Ki-67 positive cells. The total 

number of positive cells were counted per crypt and at least 10 measurements were taken 

for each animal. Villous height and crypt depth were measured if complete villi were 

visible and added to the measurements for the H&E stained slides. 

  2.3.2.2 Hematoxylin and Eosin Staining  

The staining of sections began with deparaffinizing in xylene for 5 minutes. The sections 

were then rehydrated by placing them in decreasing concentrations of ethanol (Absolute, 

95%, 80%, 70%) for 2 min each. After rinsing the sections for 1 minute, they were placed 

in Mayer’s hematoxylin for 30 minutes. The sections were rinsed in water and then 

placed in the bluing reagent, Scott’s Tap Water substitute (VWR™, Canada), for 3 

minutes until the sections were blue. The sections were rinsed for 5 minutes and placed in 

eosin for 3 minutes. The sections were then quickly dehydrated in 95% ethanol and then 

absolute alcohol. Finally, the sections were cleared in xylene and cover slips were 

immediately mounted. Once the cover slips were dry, the slides were viewed under the 
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microscope and using the AmScope/ToupView software (Hangzou ToupTek Photonics 

Co., Ltd., P.R. China), the villus height and crypt depths were measured.  

2.3.3 Antioxidant Capacity and Lipid Peroxidation in the Liver   

  2.3.3.1 Ferric Reducing Antioxidant Power (FRAP) Assay  

The extraction method outlined in Katalinic et al. (2005) was used to treat and prepare the 

liver samples. 100 mg of frozen liver was homogenized in 1.0 mL of 1.15% KCl (10% 

w/v) using a mechanical homogenizer. The homogenate was centrifuged at 277 g for 10 

minutes at 4°C. The supernatant was then diluted at a ratio of 1:5 with deionized water. 

The diluted supernatant was measured for antioxidant capacity using the Ferric Reducing 

Antioxidant Power (FRAP) assay kit (ab234626; Abcam, Cambridge, UK).  

  2.3.3.2 Thiobarbituric Acid Reactive Substances Assay  

To measure lipid peroxidation in the liver, the thiobarbituric acid reactive substances 

were measured. The standards were prepared by diluting 200 µM of TMP with varying 

volumes of absolute ethanol. 100 mg of liver sample was homogenized in 1 mL of 

phosphate buffered saline (PBS, pH 7.4) using a mechanical homogenizer. After the liver 

sample was homogenized and standards prepared, 100 µL of homogenate or standard was 

transferred into their respective lockable 1.7 mL Eppendorf tube. In the following order, 

these solutions were added to the Eppendorf tube; 100 µL of 0.9% NaCl, 200 µL of 8% 

TCA, 100 µL of 2.5 mM BHT (dissolved in 1 part water and 1.27 parts 95% ethanol), 150 

µL of 29 mM TBA and 60 µL pf 8.1% SDS. The tubes were then vortexed for 15 minutes 

and then heated at 95°C ± 1°C in a water bath for 60 minutes. After 60 minutes, the tubes 

were left to cool on ice for 10 minutes. 750 µL of n-butanol was added to each tube and 

vortexed. The tubes were then centrifuged at 2400 g at 4°C for 20 minutes. The 
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supernatant was subsequently filtered through a 0.45 µm syringe filter. 200 µL of filtered 

supernatant was transferred to a 96-well plate and immediately read at a wavelength of 

532 nm. A set of standards in duplicate were prepared for each plate. All samples were 

prepared in duplicate.   

2.4 Statistical Analyses  

Data were analyzed by one-way ANOVA with Bonferroni post-hoc tests or two-way 

repeated measures ANOVA with Bonferroni post-hoc tests with treatment as the 

dependent variable. Two-way repeated measures ANOVA with Bonferroni post-hoc test 

was used to analyze the blood flow through the superior mesenteric artery. Statistical 

analyses were performed using GraphPad Prism 5 (GraphPad Software, San Diego, 

USA). Data are presented as mean ± standard deviation (SD). p<0.05 was considered to 

be significant.   
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Chapter 3: Results 

In total, there were 33 piglets that underwent surgery to be placed in the study. Only 29 

piglets survived for the duration of the study period (7 days). The 4 piglets that died 

within 24 h after surgery were randomly placed into the GSSG treatment group. Of the 4 

piglets, 3 were replaced in the study; the 4th piglet was not replaced because animals were 

not available. As a result, the GSSG group had a sample size of 9 piglets with 10 piglets 

for the EN and PN groups. Throughout the study period, there were some challenges that 

arose, including instances of vomiting for reasons unknown and in the EN group, bouts of 

diarrhea. As previously mentioned, the EN diet did not contain any dietary fibre. Despite 

these adverse events, the piglets remained very interested in their environment and readily 

interacted with toys found in their cage and with people.  

3.1 Animal Weights 

Upon arrival to the facilities, the piglets were weighed and randomly assigned to one of the 

three treatment groups that were organized in a predetermined order. Towards the end of 

the study, piglets were placed into groups to replace piglets who died prematurely in the 

study. There were no significant differences in the initial body weight of the piglets between 

treatment groups (Figure 3.1(a)). The final body weight of the piglets measured on day 7, 

was different among treatments; the PN group had a significantly lower final body weight 

compared to the EN group (Figure 3.1 (b)). No significant differences were apparent in the 

final body weight of the piglets in the EN group compared to the GSSG group. Although 

the final body weights differed between the PN and EN groups, all groups had similar 

weight gain patterns over time (Figure 3.2).  
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Figure 3.1: (a) Initial body weight, (b) final body weight of piglets on day 7 (n= 10 (PN, EN), 9 (GSSG)). Data 

are means ± SD. Treatment effect by ANOVA for final body weight, p=0.036; means compared by Bonferroni’s 

post-hoc test, *p<0.05. 

a b 
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Figure 3.2: Weight change over the 7-day study (n= 10 (PN, EN), 9 

(GSSG)). 
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When total body weight gain over the 7-day study period was compared, there was 

significantly lower body weight gain in the PN group compared to the EN group (Figure 

3.3). No significant differences were observed between EN and GSSG supplemented 

parenteral feeding (Figure 3.3). 
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Figure 3.3: Total weight gain over study period of 7 days (n= 10 (PN, EN), 

9 (GSSG)). Treatment effect by ANOVA, p=0.02; means compared by 

Bonferroni’s post-hoc test, *p<0.05. 
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3.2 Organ Morphology 

There was significantly lower small intestinal weight in the PN group compared to the EN 

group and this same effect was apparent between the EN and GSSG groups (Figure 3.4 

(a)). Mucosa weight was significantly lower in the PN group compared to the EN group; 

similarly, the GSSG piglets had lower mucosa weight compared to the EN animals (Figure 

3.4 (b)).  
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Figure 3.4: (a)Total small intestine (SI) weight normalized to body weight (g/kg body weight) (n= 10 (PN, 

EN), 9 (GSSG)). Treatment effect by ANOVA, p<0.0001. (b) Mucosa weight normalized to body weight 

(g/cm) (n= 8 (PN), 10 (EN), 9 (GSSG)). Treatment effect by ANOVA, p=0.003; means compared by 

Bonferroni’s post-hoc test, ***p<0.001, **p<0.01. 

a b 
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Figure 3.5: (a) Liver (b) lung and (c) kidney 

weight, normalized to body weight (g/kg body 

weight) (n= 9 (PN), 10 (EN), 9 (GSSG)). Treatment 

effect on the liver by ANOVA, p=0.009; means 

compared by Bonferroni’s post-hoc test, **p<0.01. 

  

 

a b 
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The liver weight was significantly greater in the PN group compared to the EN group; 

however, there was no significant difference in liver weight between the EN and GSSG 

supplemented parenteral group (Figure 3.5 (a)). Overall, the effect of the diet on the weight 

of the lungs did not reach significance and therefore, no statistically significant differences 

were observed in lung weight between the groups (Figure 3.5 (b)). There were no 

significant differences in kidney weight among any of the diet treatments (Figure 3.5 (c)).  
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3.3 Blood Flow through the Superior Mesenteric Artery  

Once 100% of diet delivery was achieved by the EN group at 32 hours, blood flow 

rose to a mean flow rate of 45.6 ± 5.0 mL/min/kg for the remainder of the study period 

(Figure 3.6). Parenteral nutrition induced a significant decrease in blood flow compared to 

the EN group (Figure 3.6). In the first 58 hours, blood flow through the SMA in the GSSG 

group resulted in maintained blood flow with a mean of 39.9 ± 1.6 mL/min/kg compared 

to a mean of 43.7 ± 8.4 mL/min/kg in the EN group. At approximately 39 hours, blood flow 

between the PN group and the EN group became significantly different with a 39% greater 

blood flow in the EN group (at 39 hours, PN mean: 32.3 ± 5.1 mL/min/kg; EN mean: 53.5± 

13.3 mL/min/kg). After 58 hours, the blood flow dropped in the GSSG group to a mean of 

23.3 ± 4.0 mL/min/kg and became very similar to the blood flow in the PN group with a 

mean of 24.3 ± 2.6 mL/min/kg.  

The lower sample number for blood flow is due to only having one chance of 

inserting the blood flow probe around the SMA resulting in a higher failure rate. If the 

probe failed, no measurements were taken from that animal and thus a lower sample 

number for blood flow.   
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Figure 3.5: Superior mesenteric artery blood flow (n= 7 (PN), 8 (EN), 

7 (GSSG)). Treatment effect by two-way repeated measures ANOVA, 

p=0.004. Means compared by Bonferroni’s post-hoc test. At 39 hours, 

a significant difference in blood flow between the EN and PN group 

was found through the analysis described above.  
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3.4 Tissue Specific Protein Synthesis  

The fractional protein synthesis rate in the liver, reported as percent per day, was not 

significantly different between treatment groups (Figure 3.7 (a)). The fractional protein 

synthesis rate in the mucosa was greater in the EN group (121.2 ± 18.20 %/day) compared 

to both the PN (34.3 ± 6.34 %/day) and GSSG (53.6 ± 8.27 %/day) groups (Figure 3.7 (b)). 

In addition to these differences, the fractional protein synthesis rate in the mucosa was 

greater in the GSSG group (53.6 ± 8.27 %/day) compared to the PN group (34.3 ± 6.34 

%/day) (Figure 3.7 (b)).  
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Figure 3.6: Fractional synthesis rate of (a) the liver and (b) the mucosa as percent per day (n= 10 (PN, 

EN), 9 (GSSG)). Treatment effect by ANOVA for the mucosa, p<0.0001. Means compared by 

Bonferroni’s post-hoc test, **p<0.01, ***p<0.001. 

a 
b 
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3.5 Cell Proliferation in the jejunum  

The control PN treatment resulted in less ki-67 positive cells in crypts compared to 

the EN group (Figure 3.8). This same difference was apparent between the EN and GSSG 

group (Figure 3.8). This indicated that there was less cell proliferation occurring in the 

crypts of the piglets that were provided with parenteral nutrition, when compared to the 

enterally fed animals.  

The lower sample number was due to a lack of visibility of the mucosal structures 

on the prepared slides (e.g., sample being in the wrong orientation to view the structures) 

resulting in data not being collectable. In addition, repeating the slides was not possible due 

to the integrity of the samples degrading over time as it was stored in neutral buffered 10% 

formalin (Fisher Scientific, Canada).  
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Figure 3.7: Total number of proliferating cells in the 

crypts measured through the Ki-67 cell proliferation 

marker using immunohistochemistry (n= 8 (PN, EN), 7 

(GSSG)). Treatment effect by ANOVA, p=0.002. Means 

compared by Bonferroni’s post-hoc test, **p<0.01. 
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3.6 Intestinal Morphology  

3.6.1 Villus Height and Crypt Depth  

There were significantly shorter villi in the PN group compared to the EN group 

(Figure 3.9 (a)); however, no significant difference in villus height was observed between 

the EN and GSSG groups.  

The diet also had a significant effect by ANOVA on crypt depth; however, no 

significant differences in the group mean crypt depths were apparent by post-hoc test 

(Figure 3.9 (b)).  

The lower sample number was due to a lack of visibility of the mucosal structures 

on the prepared slides (e.g., sample being in the wrong orientation to view the structures) 

resulting in data not being collected. In addition, repeating the slides was not possible due 

to the integrity of the samples degrading over time as it was stored in neutral buffered 10% 

formalin (Fisher Scientific, Canada).  
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Figure 3.8: (a) Villus height and (b) crypt depth in the jejunum (n= 8 (PN, EN), 7 (GSSG)). Treatment effect 

by ANOVA for villus height, p=0.0062 and for crypt depth, p=0.04. Comparisons of means by Bonferroni’s 

post-hoc test, **p<0.01.  

a b 
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3.7 Antioxidant Assays in Liver and Lung Tissues 

3.7.1 Ferric Reducing Antioxidant Power (FRAP) Assay 

Surprisingly, the antioxidant reducing power of the liver of the animals that were 

fed enterally was significantly lower compared to both of the parenterally fed groups (PN 

and the GSSG) (Figure 3.10 (a)). In the lung, there was no difference in antioxidant 

reducing power between the PN, EN and GSSG groups (Figure 3.10 (b)) (data acquired by 

honours student: Druken et al. (2021)) 

The lower sample number in the lungs was due to values not being within a 

physiological norm. Samples could not be repeated due to time restrictions and a delay in 

accessing more reagents.   
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Figure 3.9: Ferric reducing antioxidant power of the (a) liver and (b) lung (liver n= 10 (PN, EN), 9 (GSSG); 

lung n= 7 (PN), 10 (EN), 8 (GSSG)). Treatment effect in the liver by ANOVA, p<0.0001. Comparison of 

means by Bonferroni’s post-hoc test, ***p<0.001. Lung tissue analyzed by A. Druken (Druken, 2021).  

a b 
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4.3.2 Thiobarbituric Acid Reactive Substances (TBARS) Assay 

The TBARS assay was conducted to measure the amount of lipid peroxidation in the liver. 

Interestingly, greater lipid peroxidation occurred in the livers of the EN piglets compared 

to both the PN and GSSG groups (Figure 3.11 (a)). When analyzing the lung tissue, lipid 

peroxidation was greater in both the PN and GSSG groups compared to the EN group 

(Figure 3.11 (b)) (Analyzed by honours student: Druken et al. (2021)) 
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Figure 3.10: Lipid peroxidation in (a) the liver and (b) the lung measured through the thiobarbituric acid 

reactive substances (TBARS) assay (liver n= 10 (PN, EN), 9 (GSSG); lung n= 9 (PN, EN, GSSG)). 

Treatment effect by ANOVA for the liver, p<0.0001 and for the lung, p=0.008. Means compared by 

Bonferroni’s post-hoc test, *p<0.05, ***p<0.001. Lung tissue analyzed by A. Druken (Druken, 2021). 

b a 
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Chapter 4: Discussion 

Human milk is unequivocally the gold standard for feeding preterm neonates. It contains 

the required nutrition for the human neonate and provides protective effects through 

immunological factors (Castellote et al., 2011; Walker, 2010). For the preterm neonate 

that cannot consume human milk due to immaturity and/or complications related to 

medical management, many are treated with TPN to provide adequate nutrition to sustain 

growth and ideally to continue on the trajectory of normal development. However, with 

the use of TPN, the intestinal tract is bypassed, which results in a change in how nutrients 

are taken up and metabolized. This lack of intestinal stimulation by TPN feeding is also 

accompanied by a drop in blood flow through the SMA, effectively reducing blood 

supply to the gut. This may predispose infants to TPN-associated diseases like NEC and 

hepatic cholestasis. Studies have investigated how the administration of enteral feeding 

with TPN can affect the onset of conditions such as NEC. Fang et al. (2001) and Elgendy 

et al. (2021) demonstrated that early enteral feeding stimulated an increase in SMA blood 

flow which led to a greater tolerance of full enteral feeds, compared to infants introduced 

to enteral feeding at a later age (8-30 days of age). TPN also introduces substantial 

oxidative stress to the neonate, and this could exacerbate the impaired blood flow by 

interacting with NO activity. The primary intracellular antioxidant is GSH and 

prematurity in human neonates has been associated with lower GSH synthesis from 

methionine, and therefore, a possible impairment in the endogenous antioxidant system 

within the premature neonate. In this study, we found that the administration of GSSG in 

a TPN diet, resulted in an almost 40% higher daily fractional intestinal protein synthesis 

rate compared to PN group. However, the higher protein synthesis rate did not translate to 



78 

 

a difference in villus height or a difference crypt cell proliferation in the GSSG group 

compared to the PN group. GSSG supplementation in TPN did however result in a similar 

liver weight to that of the EN-treated piglet group indicating possible protection by GSSG 

in the liver. When investigating total antioxidant capacity in the liver and lungs, the route 

of feeding may have impacted the organs’ response to oxidative stress.  

4.1 The effect of GSSG supplementation on SMA blood flow  

 Blood flow through the SMA has been shown to drop following the initiation of 

parenteral nutrition (Niinikoski et al., 2004). In our study, blood flow through the SMA 

declined by 26% from the first measurement after the initiation of parenteral feeding to the 

final measurement on the morning of day 7. These results align with results published by 

Niinikoski et al., indicating a drop in blood flow after parenteral nutrition administration. 

Within our study, we suspect that we missed measuring the largest drop in blood flow post-

surgery because we did not record blood flow in the intra-operative period when piglets 

were technically in an enterally fed situation; therefore, we are missing an enteral baseline 

measurement prior to the initiation of the respective TPN diets.  Comparing the blood flow 

in the parenteral group to that of the enteral group, the enteral group had a different blood 

flow pattern in that blood flow increased following the initiation of 100% enteral diet 

administration and the blood flow rate was sustained over time. The PN and EN groups 

were provided with identical diets but via different routes, so these data confirm that the 

route of feeding did affect blood supply to the gut.  

 We hypothesized that supplementation of PN with GSSG would preserve the blood 

flow through the SMA. Over the long term, there was no sustained benefit in terms of blood 

flow; however, GSSG supplementation appeared to have an early acute effect on blood 
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flow through the SMA. During the first 58 hours of parenteral feeding, the blood flow in 

the GSSG piglets was only 9% lower than that of the EN piglets and 15% greater than that 

of the PN piglets; however, these differences were not significant. At 39 hours, blood flow 

was 39% greater in the EN group compared to the PN group and this difference was 

significant. The blood flow in the GSSG piglets compared to the EN piglets began to show 

a difference at 58 hours of diet administration with a 38% lower blood flow in the GSSG 

piglets. Over the length of the study period (7-days), GSSG was not able to maintain blood 

flow through the SMA when compared to the EN group. The supplementation of GSSG 

only appeared to be effective early following the initiation of the TPN diet in maintaining 

blood flow. Evidence to support a functional benefit of this early preservation of blood flow 

was the similar outcome of villus height between the GSSG and EN piglets. It may be that 

short term GSSG-sustained blood flow had an impact on preventing villus atrophy, even 

when measured days later. Our hypothesis was that supplementing glutathione would 

maintain SMA blood flow by protecting NO, allowing it to function as a vaso-regulatory 

compound. With the current analysis and results, this mechanism of action could not be 

elucidated. To further investigate whether this mechanism was involved, future studies 

could employ a stable isotope of L-arginine to quantify the rate of synthesis of NO via the 

conversion of arginine to NO and citrulline. The quantification of peroxynitrite could also 

provide more information on the reaction between NO and superoxide. Finally, enzyme 

assays could be used to understand how enzyme activities may have impacted the results. 

Quantifying superoxide dismutase (SOD), glutathione peroxidase (GPx) and glutathione 

reductase (GR) activities would provide some insight into whether the antioxidant capacity 

in the gut was influenced by either higher or lower enzyme activity thus possibly masking 



80 

 

the impact of the treatment groups. Measuring nitric oxide synthase (NOS) activity in the 

arterial endothelial tissue could provide information on localized activity. The use of stable 

isotopes will provide information on whole body NOS activity. Calorimetric or 

fluorometric assays could be performed on the arterial endothelial tissue to investigate local 

NOS activity within the blood vessel that supplies blood to the intestines. Analyzing results 

from whole body NO synthesis and the results from the local arterial endothelial NOS 

activity assay would help elucidate NO production capacity within the artery that supplies 

blood to the gut and how this production is affecting whole-body NO synthesis.  

4.2 The effect of GSSG on liver parameters  

 Parenteral nutrition is known to be hepatotoxic and one of the gross markers of liver 

damage is an enlarged liver.  This adverse outcome of TPN feeding was demonstrated in a 

study that compared TPN-fed to sow-reared piglets (Turner et al., 2016). Piglets on a 

parenteral diet that included SMOFlipid fed for 14 days had liver weights (per kg body 

weight) that were almost twice that of sow-reared piglets (Turner et al., 2016). Higher liver 

weights were also measured in our PN groups when compared to the EN piglets. In line 

with what has been reported in the literature, we found that the liver weight in the PN group 

was greater than that of the EN group. However, when GSSG was supplemented in the 

parenteral diet, the liver weight was similar to that of the EN-treated piglets, indicating that 

glutathione supplementation in parenteral nutrition may have protected the liver to some 

extent. Dinesh et al. (2018) used the TPN-fed miniature piglet model and provided IV 

feeding for 14 days. Interestingly, the liver weight in that study was over 50 g/kg body 

weight, which is 20% higher than in our PN group that were fed for 7 days. Thus, PN 
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feeding results in rapid, progressive enlargement of the liver in this neonatal model. The 

relationship between time on TPN and liver weight has not been published in the literature.  

 The rate of protein synthesis in the liver did not differ significantly among treatment 

groups and ranged from 46 to 56%/day. These values were similar to that reported in the 

study by Dinesh et al., (2018) which was just below 60%/day. As the rates of protein 

synthesis were not different by treatment, it seems unlikely that protein synthesis would 

contribute to the difference in liver weights among our treatment groups. A well described 

outcome of prolonged parenteral nutrition that contributes to an increased liver weight is 

parenteral nutrition-associated liver disease (PNALD), which encompasses parenteral 

nutrition-associated cholestasis (PNAC) (Guthrie & Burrin, 2021). A histological marker 

of PNALD within infants on TPN is hepatic steatosis, the accumulation of lipids within the 

liver (Guthrie & Burrin, 2021). The use of different lipid emulsions within TPN have been 

shown to increase total hepatic fatty acid content outside the normal range in piglets on 

TPN for 14 days (Isaac et al., 2019). As such, more analysis will be required to investigate 

fat deposition and lipid composition in the liver of the piglets within this study. We 

conducted further analyses to understand what may be occurring in the liver of the piglets 

by investigating antioxidant capacity and lipid peroxidation. 

 The measurement of reducing power or antioxidant capacity in the liver was 

conducted using the ferric reducing antioxidant power (FRAP) assay. There was no 

difference in the antioxidant capacity in the liver between the PN piglets and the GSSG 

piglets. The supplementation of GSSG in parenteral nutrition did not measurably increase 

the ability of the liver to combat pro-oxidant compounds when compared to the control PN 

diet. This result was surprising because the purpose of supplementing GSSG, a more stable 
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form of the antioxidant GSH, was to increase antioxidant concentrations and in turn, 

increase the antioxidant capacity of the piglets. However, based on the results, 

supplementing GSSG did not raise the antioxidant capacity within the liver.  A surprising 

result was the finding that the lowest liver antioxidant capacity was found in the EN group. 

A reason for this difference must be related to the route of feeding, because the diet 

compositions were identical. The EN piglets received the standard elemental TPN diet 

which is considered a highly reactive formulation, containing abundant free pro-oxidant 

compounds. After the gut absorbs nutrients and diet components, the next organ to 

encounter the high oxidant load from the diet is the liver. Due to the high oxidant load 

going from the gut to the liver, it may be that the antioxidant systems become depleted, 

resulting in the lower antioxidant capacity measured through the FRAP assay. The 

parenteral diet was administered into the superior vena cava so the first organ to be exposed 

to the high oxidant load was the heart. In this study we did not collect the heart however, 

we did collect the lungs, the second organ to encounter the high oxidant load. Later analyses 

of the lungs (as part of an honours thesis) showed no differences in antioxidant capacity in 

the lungs (Druken et al., 2021). The lungs are organs that encounter high oxidant loads as 

part of their role in respiration and therefore have the innate ability to combat high oxidant 

loads. It is important to note that our piglet model is not under the same level of oxidative 

stress in the lungs as is common in preterm infants who are placed on supplemental oxygen 

because of developmentally immature lungs at birth. The lungs’ ability to handle oxidation 

may be a reason for not seeing a difference in total antioxidant capacity and may explain 

why the liver in the parenterally fed animals had a higher antioxidant capacity than enterally 

fed pigs. Once the diet had entered the arterial system, it became diluted and by the time it 
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reached the liver, the demands on the liver to combat the pro-oxidant compounds that were 

delivered in the diet may have been reduced. Future studies could investigate whether 

effects on the liver are present with long-term TPN feeding.  

 To understand the extent of pro-oxidant delivery and status in the liver, we 

investigated lipid peroxidation within the liver through the thiobarbituric acid reactive 

substances (TBARS) assay. The TBARS assay measures the level of lipid peroxidation 

within a tissue and is an indication of oxidative damage (Niki, 2008). In line with the FRAP 

data, the EN piglets also had a greater level of liver lipid peroxidation than both the PN and 

GSSG piglets. The parenterally fed animals (PN and GSSG) appeared to be able to combat 

pro-oxidant compounds, indicated by the lower lipid peroxidation levels, perhaps due to 

the greater liver antioxidant capacity. However, the lower level of lipid peroxidation in the 

liver of the parenterally fed animals could also be another indication that the lungs (and 

maybe the heart) were dealing the pro-oxidant load delivered in the diet, as the first organs 

exposed. Indeed, the lungs of the parenterally fed piglets did have greater lipid peroxidation 

compared to the EN piglets (Druken et al., 2021). These results indicate that the route of 

feeding has a significant impact on organ susceptibility to oxidative stress, and that the 

addition of glutathione to parenteral nutrition did not ameliorate lipid peroxidation in the 

lungs or liver.      

4.3 The effect of GSSG on mucosal mass and structure  

One of the most interesting findings from this study was the enhanced rate of 

intestinal protein synthesis in the TPN-fed animals that were supplemented with GSSG.  

The daily fractional rate was almost 40% higher with the addition of the antioxidant to the 

parenteral diet. It should follow that enhanced protein synthesis would lead to measurable 
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differences in intestinal morphology.  This was apparent in villus height, as the EN group 

had significantly longer villi than the control PN group, corresponding to the 3-fold higher 

intestinal protein synthesis. But the villus height in the GSSG and PN groups were not 

different despite the difference in rate of protein synthesis. It may be that the study period 

of 7 days was not long enough to discern a positive effect of enhanced protein synthesis in 

mucosal morphology. If the study had carried on for longer, advantages of GSSG on 

intestinal morphology may have become more apparent. Since protein synthesis is 

expressed as percent/day, small differences early in the study can result in overall large 

differences in gross morphology at the end of the study as such, a longer study period could 

have lessened these large morphological changes. Enteral feeding sustained a rate of protein 

synthesis that was over double that measured in the GSSG animals, and more than triple 

the rate in the control group. Alternatively, GSSG may have maintained villus height at the 

start of the study however, at 7-days, the mucosal morphology began to look similar to that 

of the PN group. As such, a shorter study period may also elucidate the advantages of GSSG 

supplementation on mucosal morphology since all the piglets are assumed to have a healthy 

gut and thus high protein synthesis at the start of the study. 

Another factor that likely affected outcomes related to intestinal morphology was 

intestinal blood flow. In section 3.3, SMA blood flow was summarized, and it showed that 

in the GSSG group, blood flow through the SMA was not different than in the EN group 

during the first 58 hours of study. From this study, it is not possible to know what sort of 

protection this early effect might afford the neonate, but others have clearly demonstrated 

rapid changes in gut morphology following the initiation of parenteral feeding. Niinikoski 

et al. (2004) found that after only 24 hours of TPN, the villus height in the jejunum 
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shortened significantly. Sustaining blood flow during this early transition to parenteral 

nutrition would most certainly delay or ameliorate gross changes to gut structure and may 

also provide benefits such as enhanced immune function.  Such advantages could be of 

critical importance to fragile infants at high risk for developing NEC. It would be 

interesting to try to quantify potential benefits, by shortening the period on TPN and 

analyzing immune markers in the intestinal tract and evaluating the integrity of tight 

junction proteins. This would allow us to understand if short-term glutathione 

supplementation in TPN is protecting the gut and perhaps the infant from developing NEC.  

Over the longer term, Kansagra et al. (2003) found that villus height was 43% 

greater in enterally compared to parenterally fed piglets after a 7-day study period; 

however, there was no difference in crypt depth between groups. Deeper crypts provide 

greater opportunity for cell proliferation, the driver of cell movement along the villus 

(Parker et al., 2017). However, an indicator of a greater absorptive capacity in the intestinal 

tract is a crypt depth accompanied by a greater villus height (Seyyedin & Nazem, 2017). 

Crypt depths may be similar between groups, however, if greater cell proliferation in the 

crypts and a greater villus height is associated to crypt depth, this indicates greater capacity 

for nutrient absorption (Seyyedin & Nazem, 2017).  In our study, the better villus height 

outcome in the EN piglets was supported by the cell proliferation data.  EN piglets had 

greater crypt cell proliferation than both the PN and GSSG piglets, indicated by more Ki-

67 positive cells. One might expect that greater crypt cell proliferation would be 

accompanied by deeper crypt measurements.  We found an overall effect of diet on the 

crypt depths, with a trend towards deeper crypts in EN pigs, but no significant differences 

in the group means were detected with the Bonferroni’s post-hoc test. When comparing 
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cell proliferation and mucosal protein synthesis rates, a similar result is observed as was 

seen with the villus height and the protein synthesis rate. Although the GSSG group had a 

higher rate of mucosal protein synthesis compared to the PN group, this did not translate to 

higher cell proliferation in the crypts. This could be attributed to the 7-day study period, as 

previously explained when discussing the villus height in the PN and GSSG groups. Future 

studies could investigate different study periods to determine the advantageous effect of 

GSSG on mucosal morphology.  

Putting together the information from the intestinal tract and intestinal mucosa, 

GSSG supplementation in parenteral nutrition was able to reduce the villus atrophy which 

was likely supported by greater protein synthesis. The effect of lower protein synthesis in 

the GSSG group compared to the EN group may have been observed in the intestinal 

morphology if the study period had been extended past 7 days. The short time period, 

approximately 58 hours, where blood flow was not different between the GSSG and EN 

groups, may have provided the intestinal tract with required nutrients that allowed for 

protein synthesis to be higher and to reduce villus atrophy. However, it was not able to 

maintain the gut weight, mucosa weight and crypt cell proliferation for the study period. A 

longer study period may have resulted in all intestinal parameters being different between 

the enterally fed group and the parenterally fed groups, irrespective of GSSG 

supplementation.  

4.4 Rationale for Treatment Groups  

Our standard, well established parenteral nutrition diet was used as an appropriate 

control group, to gain information on how GSSG supplementation might alter outcomes 

measured in the gut and liver.  
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The GSSG treatment was based on work published by Elremaly et al. (2015). 

Elremaly and colleagues used a neonatal guinea pig model and demonstrated that 10 µM 

GSSG in TPN was able to protect lungs from damage induced by ascorbylperoxide that 

was produced within parenteral nutrition solution. GSSG was used, as opposed to GSH, 

because of its low reactivity with other components of the parenteral nutrition solution 

(Elremaly et al., 2015; Elremaly et al., 2016). If GSH had been used as opposed to GSSG, 

it would have likely reacted with components in the parenteral nutrition solution and in 

turn, reduced the concentration of GSH available to function endogenously. In addition, the 

concentration of 10 µM GSSG was selected because in the guinea pig model, it supported 

normal plasma concentrations of glutathione (Elremaly et al., 2015). We chose the same 

concentration and form of glutathione based on the results from the studies in guinea pigs, 

because to our knowledge, glutathione supplementation had not been studied in any other 

neonatal animal model (Elremaly et al., 2015; Elremaly et al., 2016; Morin et al., 2019). 

Based on our study and the challenges encountered, we now surmise that a pilot study to 

determine baseline concentrations of glutathione in piglets could have been beneficial in 

determining whether this concentration was supporting glutathione levels at a normal or 

high normal range. It would have also allowed us to determine the most accurate method 

of measuring glutathione. If the ideal concentration of glutathione supplementation was 

greater in the piglet model than what we used, effects within the intestinal tract may have 

differed.  

 Our third treatment group was established to isolate the effects of route of feeding 

on our study parameters. These piglets were given the standard parenteral nutrition diet; 

however, the diet was provided enterally. In previous studies, parenterally fed piglet data 
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were compared to a standard sow-fed piglet group, rather than a group on a parenteral diet 

administered enterally (Dinesh et al., 2018; Brunton et al., 2012; Myrie et al., 2012). By 

providing the parenteral diet enterally, we were able to make direct comparisons about the 

route of feeding. It also allowed us to compare how the same diet with the same 

concentration of oxidized nutrients would be handled by the gut. In a review article by Aw 

from 1999, the effect of lipid peroxides from the diet were described, including the 

influence on the activity of NF-κB that resulted in either cell proliferation, apoptosis or 

necrosis. The effect of dietary lipid peroxides is concentration dependent and higher 

concentrations can lead to apoptosis and necrosis of the intestinal tract (Aw, 1999). Since 

the gut is the first tissue to encounter pro-oxidants from the diet, the gut would have the 

role of dealing with the pro-oxidants and thus diminish the systemic impact. Providing the 

parenteral diet to piglets enterally allowed us to identify the gut and liver as the first to 

encounter and thus combat pro-oxidants within the diet. Further analysis is required to 

understand the antioxidant status in the mucosa and the effect of an oxidant-rich diet, like 

the parenteral diet, on the gut.  

4.5 Detection of GSSG: Challenges and Future Directions  

 An important objective of this study was to use isotope kinetics to measure whole 

body glutathione synthesis as an indicator of the neonate’s capacity to metabolize the pro-

oxidant compounds that are delivered with TPN. The antioxidant status was going to be 

determined through the analysis of GSH, GSSG and its derivatives in order to determine 

how GSSG supplementation affected the antioxidant capacity of the piglets. Measurements 

of glutathione and its derivatives in the PN and EN groups will provide clarification on the 

endogenous antioxidant capacity and the effect of diet and route of feeding on antioxidant 
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status. Comparing the antioxidant capacity and status within the different treatment groups 

would provide greater understanding of how neonates handle pro-oxidants and whether 

supplementation of glutathione would be beneficial in their treatment process. Analysis of 

isotope enrichments related to glutathione synthesis required the use of liquid 

chromatography-tandem mass spectrometry (LC-MS/MS) which was available to us, 

however the method had not been established in our facility.  The protocol was based on a 

method by Vassilyadi et al. (2016), with modifications. Our study utilized a different 

precursor isotope, [D5]-GLY, rather than the [15N, 13C2]-GLY isotope used by Vassilyadi 

et al. (2016). Development of the protocol began on the new LC-MS/MS that had been 

recently acquired by Dr. R. Brown in the Department of Biochemistry. The first challenge 

encountered was that the communication between the liquid chromatography portion of the 

equipment and the mass spectrometry portion had not been established and therefore, the 

LC-MS/MS was not fully operational. Standards for GSH, GSSG and its derivatives were 

run through the mass spectrometer to identify peaks. The next step was to determine 

whether our samples could be run through the mass spectrometer (excluding the separation 

of ions through chromatography); however, this was halted because of the COVID-19 

pandemic. As such, we turned to the CREAIT Network and used their mass spectrometry 

laboratory. We began to use the UHPLC-UV-MS/MS qTOF available in the CREAIT 

Network; however, the pandemic restrictions only allowed for the supervisor of the mass 

spectrometry laboratory to work on the development of the method for the study.  

 Standards for GSH and its derivatives were run on the UHPLC-UV-MS/MS, and 

elution times were determined. An observation of the total ion chromatogram was that the 

peaks for each ion of interest were not distinct and it was through searching for the peaks 
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that they were found. However, we moved forward with running an individual sample. 

When a blood sample was run, no peak was visible for the GSH-NEM (m +5) ion, 

indicating that our isotope was not incorporated into glutathione or that the protocol was 

not optimized enough to detect the peak. With this information, and the restrictions in place 

to problem solve the protocol ourselves, it was decided to set this outcome aside and to 

focus on the remaining outcomes that were close to completion. In addition to not being 

able to detect an important peak, the development of the protocol for the derivatization of 

glycine in the second half of the blood samples was required. Limited time because of the 

pandemic and availability of equipment prevented protocol development for glycine 

derivatization. 

 The other samples that required more protocol development were the daily whole 

blood samples for the detection of GSH and GSSG. The method chosen was the 

spectrophotometric detection of GSSG and total GSH published in the article by Giustarini 

et al. (2013). This method allows for quick detection of GSH and GSSG to determine the 

antioxidant status of the piglets throughout the 7-day study period. The limitation with this 

method is that once the samples have been processed, there would only be a limited number 

of attempts to run the samples due to the small blood volume collected from the piglets. 

More time was required to make this protocol functional and effective before risking our 

blood samples.  

Moving forward, these protocols will require the time and dedication to make them 

reliable and reproducible. Currently, we have a different protocol that has been developed 

on our HPLC system and could be used as an alternative to the LC-MS/MS method and 

spectrophotometric methods. The challenge is that the samples were not prepared with the 
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HPLC method in mind and therefore would require careful oversight and troubleshooting 

to ensure that the method on the HPLC functions properly for both sample sets. 

4.6 Summary and Future Directions  

 Previous evidence has shown that glutathione supplementation in parenteral 

nutrition protected lung tissue from damage incurred from components of the parenteral 

nutrition diet (Elremaly et al., 2015). Based on this previous research, we hypothesized that 

supplementing glutathione in parenteral nutrition would result in greater superior 

mesenteric artery blood flow by sparing NO, allowing it to function as a vaso-regulatory 

compound, and improving the antioxidant status in the small intestine, liver, and lungs. We 

concluded that glutathione supplementation in parenteral nutrition did not maintain blood 

flow over an extended period of time, however, it may be beneficial in the short-term. 

Glutathione did not improve mucosal mass and cell proliferation; however, it was able to 

prevent villus atrophy as shown by the finding that the villus height was not significantly 

different from the enterally fed group; greater protein synthesis within the mucosa was also 

found with GSSG supplementation in PN-fed animals.  

 We also demonstrated that glutathione in TPN benefited the liver as the weight was 

not different from that measured in the enterally-fed group. As well, glutathione did not 

alter the antioxidant capacity within the liver or the level of lipid peroxidation, an indicator 

of oxidative damage, and did not affect the rate of hepatic protein synthesis.  

 Research to further elucidate the effects of glutathione supplementation in 

parenteral nutrition will aid in understanding whether the piglets are better able to deal with 

pro-oxidant compounds or if they are experiencing oxidative stress. This can be achieved 

by studying the GSH to GSSG ratio in blood and tissues (Jones, 2002). In addition, enzyme 
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assays investigating the activity of catalase, glutathione reductase and glutathione 

peroxidase would provide more information on the endogenous antioxidant capacities 

within the tissues of piglets exposed to the different treatments. 

 

 

 

 

 

 

  



93 

 

Chapter 5 References  

Aceti, A., Beghetti, I., Martini, S., Faldella, G., & Corvaglia, L. (2018). Oxidative stress and 

necrotizing enterocolitis: pathogenetic mechanisms, opportunities for intervention, and 

role of human milk. Oxidative Medicine and Cellular Longevity, 2018, 1-7.  

Alkharfy, T. M., Ba-Abbad, R., Hadi, A., Sobaih, B. H., & AlFaleh, K. M. (2014). Total 

parenteral nutrition-associated cholestasis and risk factors in preterm infants. The Saudi 

Journal of Gastroenterology, 20(5), 293-296.  

Allen, J., & Bradley, R. D. (2011). Effects of oral glutathione supplementation on systemic 

oxidative stress biomarkers in human volunteers. The Journal of Alternative and 

Complementary Medicine, 17(9), 827-833.  

Aw, T. Y. (1999). Molecular and cellular responses to oxidative stress and changes in oxidation-

reduction imbalance in the intestine. The American Journal of Clinical Nutrition, 70, 557-

565.  

Bauchart-Thevert, C., Stoll, B., & Burrin, D. G. (2009). Intestinal metabolism of sulfur amino 

acids. Nutrition Research Reviews, 22, 175-187.  

Beale, E. F., Nelson, R. M., Bucciarelli, R. L., Donelly, W. H., & Eitzman, D. V. (1979). 

Intrahepatic cholestasis associated with parenteral nutrition in premature infants. 

Pediatrics, 64, 342-347.  

Bell, R. L., Ferry, G. D., Smith, E. O., Shulman, R. J., Christensen, B. L., Labarthe, D. R., & 

Wills, C. A. (1986). Total parenteral nutrition-related cholestasis in infants. Journal of 

Parenteral and Enteral Nutrition, 10(4), 356-359.  

Belli, D. C., Albrecht, R., La Scala, G. C., Desjeux, J. F., & Pelissier, M. A. (2003). 

Homocysteine prevents total parenteral nutrition (TPN)-induced cholestasis without 



94 

 

changes in hepatic oxidative stress in the rat. Journal of Pediatric Gastroenterology and 

Nutrition, 36, 200-205.   

Belza, C., Wales, J. C., Courtney-Martin, G., de Silva, N., Avitzur, Y., & Wales, P. W. (2020). 

An observational study of smoflipid vs intralipid on the evolution of intestinal failure-

associated liver disease in infants with intestinal failure. Journal of Parenteral and 

Enteral Nutrition, 44(4), 688-696.  

Borras, C., Sastre, J., Garcia-Sala, D., Lloret, A., Pallardo, F. V., & Vina, J. (2003). Mitochondria 

from females exhibit higher antioxidant gene expression and lower oxidative damage than 

males. Free Radical Biology & Medicine, 34(5), 546-552.  

Brunton, J. A., Baldwin, M. P., Hanna, R. A., & Bertolo, R. F. (2012). Proline supplementation 

to parenteral nutrition results in greater rates of protein synthesis in the muscle, skin, and 

small intestine in neonatal Yucatan miniature piglets. The Journal of Nutrition, 142, 

1004-1008.  

Burrin, D. G., Stoll, B., Jiang, R., Petersen, Y., Elnif, J., Buddington, R. K., Schmidt, M., Holst, 

J. J., Hartmann, B., & Sanglid, P. T. (2000). GLP-2 stimulates intestinal growth in 

premature TPN-fed pigs by suppressing proteolysis and apoptosis. American Journal of 

Physiology-Gastrointestinal and Liver Physiology, 279, G1249-G1256.  

Cadenas, S. (2018). Mitochondrial uncoupling, ROS generation and cardioprotection. BBA – 

Bioenergetics, 1859, 940-950.  

Castellote, C., Casillas, R., Ramirez-Santana, C., Perez-Cano, F. J., Castell, M., Moretones, M. 

G., Lopez-Sabater, M. C., & Franch, A. (2011). Premature delivery influences the 

immunological composition of colostrum and transitional and mature human milk. The 

Journal of Nutrition, 141, 1181-1187.  



95 

 

Cheignon, C., Tomas, M., Bonnefont-Rousselot, D., Faller, P., Hureau, C., & Collin, F. (2018). 

Oxidative stress and the amyloid beta peptide in Alzheimer’s disease. Redox Biology, 14, 

450-464.  

Chessex, P., Lavoie, J.C., Rouleau, T., Brochu, P., St-Louis, P., Levy, E., & Alvarez, F. (2002). 

Photooxidation of parenteral multivitamins induces steatosis in a neonatal guinea pig 

model of intravenous nutrition. Pediatric Research, 52(6), 958-963.  

Chessex, P., Watson, C., Kaczala, G. W., Rouleau, T., Lavoie, M. E., Friel, J., & Lavoie, J. C. 

(2010). Determinants of oxidant stress in extremely low birth weight premature infants. 

Free Radical Biology & Medicine, 49, 1380-1386.  

Choudhary, N., Tan, K., & Malhotra, A. (2018). Inpatient outcomes of preterm infants receiving 

ω-3 enriched lipid emulsion (SMOFlipid): an observational study. European Journal of 

Pediatrics, 177, 723-731.  

Deshpande, G., Simmer, K., Deshmukh, M., Mori, T. A., Croft, K. D., & Kristensen, J. (2014). 

Fish oil (smoflipid) and olive oil lipid (clinoleic) in very preterm neonates. Journal of 

Pediatric Gastroenterology and Nutrition, 58, 177-182.  

Destin, K. G., Linden, J. R., Laforce-Nesbitt, S. S., & Bliss, J. M. (2009). Oxidative burst and 

phagocytosis of neonatal neutrophils. Early Human Development, 85(8), 531-535.  

Diaz-Castro, J., Pulido-Moran, M., Moreno-Fernandez, J., Kajarabille, N., de Paco, C., Garrido-

Sanchez, M., Prados, S., & Ochoa, J. J. (2016). Gender specific differences in oxidative 

stress and inflammatory signalling in healthy term neonates and their mothers. Pediatric 

Research, 80(4), 595-601.  

Dinesh, O. C., Dodge, M. E., Baldwin, M. P., Bertolo, R. F., & Brunton, J. A. (2014). Enteral 

arginine partially ameliorates parenteral nutrition-induced small intestinal atrophy and 



96 

 

stimulates hepatic protein synthesis in neonatal piglets. Journal of Parenteral and Enteral 

Nutrition, 38(8), 973-981.  

Dinesh, O.C., Bertolo, R. F., & Brunton, J. A. (2018). Creatine supplementation to total 

parenteral nutrition improves creatine status and supports greater liver and kidney protein 

synthesis in neonatal piglets. Pediatric Research, 83(1), 135-141.  

Drucker, N. A., Jensen, A. R., te Winkel, J. P., Ferkowicz, M. J., & Markel, T. A. (2018). Loss of 

endothelial nitric oxide synthase exacerbates intestinal and lung injury in experimental 

necrotizing enterocolitis. Journal of Pediatric Surgery, 53, 1208-1214.  

Druken, A. C., Kirupananthan, D., White, J. M. B., Harding, S. V., Bertolo, R. F., & Brunton, J. 

A. (2021). Glutathione supplementation to parenteral nutrition lowered markers of 

inflammation in the lungs of neonatal piglets. Applied Physiology, Nutrition, and 

Metabolism, 46(4 (Suppl. 1)), S9-S10.  

Elgendy, M. M., El Sharkawy, H. M., Elrazek, H. A., Zayton, H. A., & Aly, H. (2021). Superior 

mesenteric artery blood flow in parenterally-fed versus enterally-fed preterm infants. 

Journal of Pediatric Gastroenterology and Nutrition, publish ahead of print, 1-13 

Elremaly, W., Rouleau, T., & Lavoie, J. C. (2012). Inhibition of hepatic methionine 

adenosyltransferase by peroxides contaminating parenteral nutrition leads to a lower level 

of glutathione in newborn guinea pigs. Free Radical Biology and Medicine, 53, 2250-

2255. 

Elremaly, W., Mohamed, I., Mialet-Marty, T., Rouleau, T., & Lavoie, J. C. (2014). 

Ascorbylperoxide from parenteral nutrition induces an increase of redox potential of 

glutathione and loss of alveoli in newborn guinea pig lungs. Redox Biology, 2, 725-731.  



97 

 

Elremaly, W., Mohamed, I., Rouleau, T., & Lavoie, J. C. (2015). Adding glutathione to 

parenteral nutrition prevents alveolar loss in newborn guinea pig. Free Radical Biology 

and Medicine, 87, 274-281.  

Elremaly, W., Mohamed, I., Rouleau, T., & Lavoie, J. C. (2016). Impact of glutathione 

supplementation of parenteral nutrition on hepatic methionine adenosyltransferase 

activity. Redox Biology, 8, 18-23.  

Fang, S., Kempley, S. T., & Gamsu, H. R. (2001). Prediction of early tolerance to enteral feeding 

in preterm infants by measurement of superior mesenteric artery blood flow velocity. 

Archives of Disease in Childhood. Fetal and Neonatal Edition, 85, F42-F45.  

Feng, Y., & Teitelbaum, D. H. (2012). Epidermal growth factor/TNF-α transactivation modulates 

epithelial cell proliferation and apoptosis in a mouse model of parenteral nutrition. 

American Journal of Physiology Gastrointestinal and Liver Physiology, 302, G236-G249.  

Fitzgerald, A. J., Mandir, N., & Goodlad, R. A. (2005). Leptin, cell proliferation and crypt fission 

in the gastrointestinal tract of intravenously fed rats. Cell Proliferation, 38, 25-33.  

Fitzgibbons, S. C., Ching, Y., Yu, D., Carpenter, J., Kenny, M., Weldon, C., Lillehei, C., Valim, 

C., Horbar, J. D, & Jaksic, T. (2009). Mortality of necrotizing enterocolitis expressed by 

birth weight categories. Journal of Pediatric Surgery, 44, 1072-1076.  

Fokkelman, K., Haase, E., Stevens, J., Idikio, H., Korbutt, G., Bigam, D., & Cheung, P. Y. 

(2007). Tissue-specific changes in glutathione content of hypoxic newborn pigs 

reoxygenated with 21% or 100% oxygen. European Journal of Pharmacology, 562, 132-

137.  

Frank, L., & Groseclose, E. E. (1984). Preparation for birth into an O2-rich environment: the 

antioxidant enzymes in the developing rabbit lung. Pediatric Research, 18, 240-244.  



98 

 

Frank, L., & Sosenko, I. R. S. (1987). Development of lung antioxidant enzyme system in late 

gestation: possible implications for the prematurely born infants. The Journal of 

Pediatrics, 110(1), 9-14.  

Freeman, J. J., Feng, Y., Demehri, F. R., Dempsey, P. J., & Teitelbaum, D. H. (2015). TPN-

associated intestinal epithelial cell atrophy is modulated by TLR4/EGF signaling 

pathways. The FASEB Journal, 29, 2943-2958.  

Fresenius Kabi Canada Ltd. (2020, September). Lipid Emulsions. Fresenius Kabi. 

https://www.fresenius-kabi.com/en-ca/products/lipid-emulsions  

Ganessunker, D., Gaskins, H. R., Zuckermann, F. A., & Donovan, S. M. (1999). Total parenteral 

nutrition alters molecular and cellular indices of intestinal inflammation in neonatal 

piglets. Journal of Parenteral and Enteral Nutrition, 23(6), 337-344.  

Gaull, G., Sturman, J. A., & Raiha, N. C. R. (1972). Development of mammalian sulfur 

metabolism: absence of cystathionase in human fetal tissues. Pediatric Research, 6, 538-

547.  

Giustarini, D., Dalle-Donne, I., Milzani, A., Fanti, P., & Rossi, R. (2013). Analysis of GSH and 

GSSG after derivatization with N-ethylmaleimide. Nature Protocols, 8(9), 1660-1669.  

Giustarini, D., Tsikas, D., Colombo, G., Milzani, A., Dalle-Donne, I., Fanti, P., & Rossi, R. 

(2016). Pitfalls in the analysis of the physiological antioxidant glutathione (GSH) and its 

disulfide (GSSG) in biological samples: an elephant in the room. Journal of 

Chromatography B: Analytical Technologies in the Biomedical and Life Sciences, 1019, 

21-28.  

https://www.fresenius-kabi.com/en-ca/products/lipid-emulsions


99 

 

Grishin, A., Bowling, J., Bell, B., Wang, J., Ford, H. R. (2016). Roles of nitric oxide and 

intestinal microbiota in the pathogenesis of necrotizing enterocolitis. Journal of Pediatric 

Surgery, 51, 13-17.  

Guan, X., Stoll, B., Lu, X., Tappenden, K. A., Holst, J. J., Hartmann, B., & Burrin, D. G. (2003). 

GLP-2-mediated up-regulation of intestinal blood flow and glucose uptake is nitric oxide-

dependent in TPN-fed piglets. Gastroenterology, 125(1), 136-147.  

Guglielmi, F. W., Boggio-Bertinet, D., Frederico, A., Forte, G. B., Guglielmi, A., Loguercio, C., 

Mazzuoli, S., Merli, M., Palmo, A., Panella, C., Pironi, L., & Francavilla, A. (2006). 

Total parenteral nutrition-related gastroenterological complications. Digestive and Liver 

Disease, 38, 623-642.  

Guglielmi, F. W., Regano, N., Mazzuoli, S., Fregnan, S., Leogrande, G., Guglielmi, A., Merli, 

M., Pironi, L., Moran Penco, J. M., & Francavilla, A. (2008). Cholestasis induced by total 

parenteral nutrition. Clinical Liver Disease, 12, 97-110.  

Guthrie, G., & Burrin, D. (2021). Impact of parenteral lipide mulsion components on cholestatic 

liver disease in neonates. Nutrients, 13(2), 1-19.  

Heird, W. C., & Gomez, M. R. (1996). Parenteral nutrition in low-birth weight infants. Annual 

Review of Nutrition, 16, 471-499.  

Helbock, H. J., Motchnik, P. A., & Ames, B. N. (1993). Toxic hydroperoxides in intravenous 

lipid emulsions used in preterm infants. Pediatrics, 91, 83-87.  

Helfrick, F. W., & Abelson, N. M. (1944). Intravenous feeding of a complete diet in a child. The 

Journal of Pediatrics, 25(5), 400-403.  



100 

 

Ikeda, T., Hiromatsu, K., Hotokezaka, M., & Chijiiwa, K. (2010). Up-regulation of intestinal toll-

like receptors and cytokines expressions change after TPN administration and a lack of 

enteral feeding. Journal of Surgical Research, 160, 244-252.  

Incalza, M. A., D’Oria, R., Natalicchio, A., Perrini, S., Laviola, L., & Giorgino, F. (2018). 

Oxidative stress and reactive oxygen species in endothelial dysfunction associated with 

cardiovascular and metabolic diseases. Vascular Pharmacology, 100, 1-19.  

Isaac, D. M., Alzaben, A. S., Mazurak, V. C., Yap, J., Wizzard, P. R., Nation, P. N., Zhao, Y., 

Curtis, J. M., Sergi, C., Wales, P. W., Mager, D. R., & Turner, J. M. (2019). Mixed lipid, 

fish oil, and soybean oil parenteral lipids impact cholestasis, hepatic phytosterol, and lipid 

composition. Journal of Pediatric Gastroenterology and Nutrition, 68(6), 861-867.  

Jobe, A. H., & Bancalari, E. (2001). Bronchopulmonary dysplasia. American Journal of 

Respiratory and Critical Care Medicine, 163, 1723-1729.  

Jones, D. P. (2002). Redox potential of GSH/GSSG couple: assay and biological significance. 

Methods in Enzymology, 348, 93-112.  

Kabanov, D. S., Vwedenskaya, O. Y., Fokina, M. A., Morozova, E. M., Grachev, S. V., & 

Prokhorenko, I. R. (2019). Impact of CD14 on reactive oxygen species production from 

human leukocytes primed by Escherichia coli lipopolysaccharides. Oxidative Medicine 

and Cellular Longevity, 2019, 1-9.  

Kansagra, K., Stoll, B., Rognerud, C., Niinikoski, H., Ou, C. N., Harvey, R., & Burrin, D. (2003). 

Total parenteral nutrition adversely affects gut barrier function in neonatal piglets. 

American Journal of Physiology Gastrointestinal and Liver Physiology, 285, G1162-

G1170.  



101 

 

Katalinic, V., Modun, D., Music, I., & Boban, M. (2005). Gender differences in antioxidant 

capacity of rat tissues determined by 2,2’-azinobis (3-ethylbenzothiazoline 6-sulfonate; 

ABTS) and ferric reducing antioxidant power (FRAP) assays. Comparative Biochemistry 

and Physiology, Part C, 140, 47-52.  

Kelly, D. A. (1998). Liver complications of pediatric parenteral nutrition – epidemiology. 

Nutrition, 14, 153-157.  

Kiristioglu, I., Antony, P., Fan, Y., Forbush, B., Mosley, R. L., Yang, H., & Teitelbaum, D. H. 

(2002). Total parenteral nutrition-associated changes in mouse intestinal intraepithelial 

lymphocytes. Digestive Diseases and Sciences, 47(5), 1147-1157.  

Kohen, R., & Nyska, A. (2002). Oxidation of biological systems: oxidative stress phenomena, 

antioxidants, redox reactions, and methods for their quantification. Toxicologic 

Pathology, 30(6), 620-650.  

Lamarre, S. G., Saulnier, R. J., & Driedzic, W. R. (2015). A rapid and convenient method for 

measuring the fractional rate of protein synthesis in ectothermic animal tissues using a 

stable isotope tracer. Comparative Biochemistry and Physiology, Part B, 182, 1-5.  

Lavoie, J. C., Belanger, S., Spallinger, M., & Chessex, P. (1997a). Admixture of a multivitamin 

preparation to parenteral nutrition: the major contributor to in vitro generation of 

peroxides. Pediatrics, 99(3), 1-5.  

Lavoie, J. C., & Chessex, P. (1997b). Gender and maturation affect glutathione status in human 

neonatal tissues. Free Radical Biology & Medicine, 23(4), 648-657.  

Lavoie, J. C., Rouleau, T., & Chessex, P. (2005). Effect of coadministration of parenteral 

multivitamins with lipid emulsions on lung remodeling in an animal model of total 

parenteral nutrition. Pediactric Pulmonology, 40, 53-56.  



102 

 

Lavoie, J. C., Rouleau, T., Tsopmo, A., Friel, J., & Chessex, P. (2008). Influence of lung oxidant 

and antioxidant status on alveolarization: role of light-exposed total parenteral nutrition. 

Free Radical Biology & Medicine, 45, 572-577.  

Lim, J. C., Golden, J. M., & Ford, H. R. (2015). Pathogenesis of neonatal necrotizing 

enterocolitis. Pediatric Surgery International, 31, 509-518.  

Liao, Z., Chua, D., & Tan, N. S. (2019). Reactive oxygen species: a volatile driver of field 

cancerization and metastasis. Molecular Cancer, 18(65), 1-10.  

Lu, S. C. (2009). Regulation of glutathione synthesis. Molecular Aspects of Medicine, 30, 42-59.  

Lu, S.C. (2013). Glutathione synthesis. Biochimica et Biophysica Acta, 1830, 3143-3153.  

Meng, Q., Liang, C., Liang, D., Hua, J., Zhang, B., Xu, J., & Yu, X. (2018). Abrogation of 

glutathione peroxidase-1 drives EMT and chemoresistance in pancreatic cancer by 

activating ROS-mediated Akt/GSK3β/Snail signaling. Oncogene, 37, 5843-5857.  

Miller, E. R., & Ullrey, D. E. (1987). The pig as a model for human nutrition. Annual Review of 

Nutrition, 7, 361-382.  

Mohamed, I., Elremaly, W., Rouleau, T., & Lavoie, J. C. (2017). Ascorbylperoxide 

contaminating parenteral nutrition is associated with bronchopulmonary dysplasia or 

death in extremely preterm infants. Journal of Parenteral and Enteral Nutrition, 41(6), 

1023-1029.  

Moncada, S., Higgs, E. A., Hodson, H. F., Knowles, R. G., Lopez-Jaramillo, P., McCall, T., 

Palmer, R. M. J., Radomski, M. W., Rees, D. D., & Schulz, R. (1991). The L-arginine: 

nitric oxide pathway. Journal of Cardiovascular Pharmacology, 17(suppl. 3), S1-S9.  



103 

 

Morin, G., Guiraut, C., Marcogliese, M. P., Mohamed, I., & Lavoie, J. C. (2019). Glutathione 

supplementation of parenteral nutrition prevents oxidative stress and sustains protein 

synthesis in guinea pig model. Nutrients, 11(9), 1-14.  

Moss, R. L., Das, J. B., & Raffensperger, J.G. (1996). Necrotizing enterocolitis and total 

parenteral nutrition-associated cholestasis. Nutrition, 12(5), 340-343. 

Myrie, S. B., MacKay, D. S., Van Vliet, B. N., & Bertolo, R. F. (2012). Early programming of 

adult blood pressure in the low birth weight Yucatan miniature pig is exacerbated by a 

post-weaning high-salt-fat-sugar diet. British Journal of Nutrition, 108, 1218-1225.   

Nassi, N., Ponziani, V., Becatti, M., Galvan, P., & Donzelli, G. (2009). Anti-oxidant enzymes 

and related elements in term and preterm newborns. Pediatrics International, 51, 183-

187.  

National Center for Biotechnology Information. (2022a). PubChem Compound Summary for 

CID 124886, Glutathione. Retrieved August 9, 2022 from 

https://pubchem.ncbi.nlm.nih.gov/compound/Glutathione. 

National Center for Biotechnology Information. (2022b). PubChem Compound Summary for 

CID 65359, Oxiglutatione. Retrieved August 9, 2022 from 

https://pubchem.ncbi.nlm.nih.gov/compound/65359.  

Neu, J., & Walker, W. A. (2011). Necrotizing enterocolitis. The New England Journal of 

Medicine, 364, 255-264.  

Niinikoski, H., Stoll, B., Guan, X., Kansagra, K., Lambert, B. D., Stephens, J., Hartmann, B., 

Holst, J. J., & Burrin, D. G. (2004). Onset of small intestinal atrophy is associated with 

reduced intestinal blood flow in TPN-fed neonatal piglets. The Journal of Nutrition, 

134(6), 1467-1474.  

https://pubchem.ncbi.nlm.nih.gov/compound/Glutathione
https://pubchem.ncbi.nlm.nih.gov/compound/65359


104 

 

Niki, E. (2008). Lipid peroxidation products as oxidative stress biomarkers. BioFactors, 34, 171-

180.  

Ochoa, C. D., Wu, R. F., & Terada, L. S. (2018). ROS signalling and ER stress in cardiovascular 

disease. Molecular Aspects of Medicine, 63, 18-29.  

Pacher, P., Beckman, J. S., & Liaudet, L. (2007). Nitric oxide and peroxynitrite in health and 

disease. Physiology Reviews, 87(1), 315-424.   

Parker, A., Maclaren, O. J., Fletcher, A. G., Murano, D., Kreuzaler, P. A., Byrne, H. M., Maini, 

P. K., Watson, A. J. M., & Pin, C. (2017). Cell proliferation within small intestinal crypts 

is the principal driving force for cell migration on villi. The FASEB Journal, 31, 636-649.  

Perrone, S., Tataranno, M. L., Negro, S., Cornacchione, S., Longini, M., Proietti, F., Soubasi, V., 

Benders, M. J., Bel, F. V., & Buonocore, G. (2012). May oxidative stress biomarkers in 

cord blood predict the occurrence of necrotizing enterocolitis in preterm infants? The 

Journal of Maternal-Fetal & Neonatal Medicine, 25, 128-131.  

Personal Communication. (2019). Eastern Health - Division of Newborn Medicine, St. John’s, 

NL. SMOF Lipid Use in the NICU.  

Peyret, B., Collardeau, S., Touzet, S., Loras-Duclaux, I., Yantren, H., Michalski, M. C., Chaix, J., 

Restier-Miron, L., Bouvier, R., Lachaux, A., & Peretti, N. (2011). Prevalence of liver 

complications in children receiving long-term parenteral nutrition. European Journal of 

Clinical Nutrition, 65, 743-749.  

Pitkänen, O., Hallman, M., & Andersson, S. (1991). Generation of free radicals in lipid emulsion 

used in parenteral nutrition. Pediatric Research, 29(1), 56-59.  

Pisoschi, A. M., & Pop, A. (2015). The role of antioxidants in the chemistry of oxidative stress: a 

review. European Journal of Medicinal Chemistry, 97, 55-74.  



105 

 

Radi, R. (2018). Oxygen radicals, nitric oxide, and peroxynitrite: redox pathways in molecular 

medicine. PNAS, 115(23), 5839-5848.  

Rassin, D. K. (1994). Essential and non-essential amino acids in neonatal nutrition. Protein 

Metabolism During Infancy, 33, 183-195.  

Rich, B. S., & Dolgin, S. E. (2017). Necrotizing enterocolitis. Pediatrics in Review, 38(12), 552-

559.  

Richie, J. P., Nichenametla, S., Neidig, W., Calcagnotto, A., Haley, J. S., Schell, T. D., & 

Muscat, J. E. (2015). Randomized controlled trial of oral glutathione supplementation on 

body stores of glutathione. European Journal of Nutrition, 54, 251-263.  

Robinson, J. L., Smith, V. A., Stoll, B., Agarwal, U., Premkumar, M. H., Lau, P., Cruz, S. M., 

Manjarin, R., Olutoye, O., Burrin, D. G., & Marini, J. C. (2018). Prematurity reduces 

citrilline-arginine-nitric oxide production and precedes the onset of necrotizing 

enterocolitis in piglets. American Journal of Physiology Gastrointestinal and Liver 

Physiology, 315, G638-G649.  

Seyyedin, S., & Nazem, M. N. (2017). Histomorphometric study of the effect of methionine on 

small intestine parameters in rat: an applied histologic study. Folia Morphologica, 76(4), 

620-629.  

Shoveller, A. K., Brunton, J. A., Pencharz, P. B., & Ball, R. O. (2003a). The methionine 

requirement is lower in neonatal piglets fed parenterally than in those fed enterally. The 

Journal of Nutrition, 133, 1390-1397.  

Shoveller, A. K., Brunton, J. A., House, J. D., Pencharz, P. B., & Ball, R. O. (2003b). Dietary 

cysteine reduces the methionine requirement by an equal proportion in both parenterally 

and enterally fed piglets. The Journal of Nutrition, 133, 4215-4224.  



106 

 

Shoveller, A. K., Stoll, B., Ball, R. O., & Burrin, D. G. (2005). Nutritional and functional 

importance of intestinal sulfur amino acid metabolism. The Journal of Nutrition, 135, 

1609-1612.  

Shoveller, A. K., Brunton, J. A., Brand, O., Pencharz, P. B., & Ball, R. O. (2006). N-

Acetylcysteine is a highly available precursor for cysteine in the neonatal piglet receiving 

parenteral nutrition. Journal of Parenteral and Enteral Nutrition, 30(2), 133-142.  

Sies, H. (1991). Oxidative stress: from basic research to clinical application. The American 

Journal of Medicine, 91, 31S-38S.  

Sokol, R. J., Taylor, S. F., Devereaux, M. W., Khandwala, R., Sondheimer, N. J., Shikes, R. H., 

& Mierau, G. (1996). Hepatic oxidant injury and glutathione depletion during total 

parenteral nutrition in weanling rats. American Journal of Physiology Gastrointestinal 

and Liver Physiology, 270(33), G691-G700.  

Stoll, B., Horst, D. A., Cui, L., Chang, X., Ellis, K.J., Hadsell, D. L., Suryawan, A., Kurundkat, 

A., Maheshwari, A., Davis, T. A., & Burrin, D. G. (2010). Chronic parenteral nutrition 

induces hepatic inflammation, steatosis, and insulin resistance in neonatal pigs. The 

Journal of Nutrition, 140, 2193-2200.  

Sun, X., Yang, H., Nose, K., Nose, S., Haxhija, E. Q., Koga, H., Feng, Y., & Teitelbaum, D. H. 

(2008). Decline in intestinal mucosal IL-10 expression and decreased intestinal barrier 

function in a mouse model of total parenteral nutrition. American Journal of Physiology 

Gastrointestinal and Liver Physiology, 294, G139-G147.  

te Braake, F. W. J., Schierbeek, H., Vermes, A., Huijmans, J. G. M., & van Goudoever, J. B. 

(2009). High-dose cysteine administration does not increase synthesis of the antioxidant 

glutathione preterm infants. Pediatrics, 124, e978-e984.  



107 

 

Thompson, L. P., & Al-Hasan, Y. (2012). Impact of oxidative stress in fetal programming. 

Journal of Pregnancy, 2012, 1-8.  

Turner, J. M., Josephson, J., Field, C. J., Wizzard P. R., Ball, R. O., Pencharz, P. B., & Wales, P. 

W. (2016). Liver disease, systemic inflammation, and growth using a mixed parenteral 

lipid emulsion, containing soybean oil, fish oil, and medium chain triglycerides, 

compared with soybean oil in parenteral nutrition-fed neonatal piglets. Journal of 

Parenteral and Enteral Nutrition, 40(7), 973-981.   

Unal, S., Demirel, N., Erol, S., Isik, D. U., Kulali, F., Iyigun, F., & Bas, A. Y. (2017). Effects of 

two different lipid emulsions on morbidities and oxidant stress statuses in preterm infants: 

an observational study. The Journal of Maternal-Fetal & Neonatal Medicine, 31(7), 850-

856.  

van Goudoever, J. B., van der Schoor, S. R. D., Stoll, B., Burrin, D. G., Wattimena, D., 

Schierbeek, H., Schaart, M. W., Riedijk, M. A., & van der Lugt, J. (2006). Intestinal 

amino acid metabolism in neonates. Nestlé Nutrition Institute Workshop Series: Pediatric 

Program, 58, 95-108.  

Vassilyadi, P., Harding, S. V., Nitschmann, E., & Wykes, L. J. (2016). Experimental colitis and 

malnutrition differentially affect the metabolism of glutathione and related sulfhydryl 

metabolites in different tissues. European Journal of Nutrition, 55, 1769-1776.  

Veenstra, M., Danielson, L., Brownie, E., Saba, M., Natarajan, G., & Klein, M. (2014). Enteral 

nutrition and total parenteral nutrition components in the course of total parenteral 

nutrition-associated cholestasis in neonatal necrotizing enterocolitis. Surgery, 156, 578-

583.  



108 

 

Vina, J., Vento, M., Garcia-Sala, F., Puertes, I. R., Gasco, E., Sastre, J., Asensi, M., & Pallardo, 

F. V. (1995). L-cysteine and glutathione metabolism are impaired in premature infants 

due to cystathionase deficiency. American Journal of Clinical Nutrition, 61, 1067-1069.  

Walker, A. (2010). Breast milk is the gold standard for protective nutrients. Journal of 

Pediatrics, 156, S3-S7.  

Wang, H., Khaoustov, V., Krishnan, B., Cai, W., Stroll, B., Burrin, D. G., & Yoffe, B. (2006). 

Total parenteral nutrition induces liver steatosis and apoptosis in neonatal piglets. The 

Journal of Nutrition, 136, 2547-2552.   

Wykes, L. J., Ball, R. O., & Pencharz, P. B. (1993). Development and validation of a total 

parenteral nutrition model in the neonatal piglet. The Journal of Nutrition, 123, 1248-

1259.  

Yang, H., Fan, Y., & Teitelbaum, D. H. (2003). Intraepithelial lymphocyte-derived interferon-γ 

evokes enterocyte apoptosis with parenteral nutrition in mice. American Journal of 

Physiology Gastrointestinal and Liver Physiology, 284, G629-G637.  

 

 


