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ABSTRACT 

 Rationale: Infants on parenteral nutrition (PN) risk developing parenteral nutrition 

associated liver disease (PNALD). The pathophysiology is not fully understood, but it is a 

multi-factorial disease that likely stems from sepsis, hepatic immaturity, pro-inflammatory 

(omega-6) lipids, and PN contaminants such as aluminum (Al).  Dysfunction of bile acid 

transporters may be an important mechanism for the development of cholestasis and PNALD. 

The objective of this project is to examine the effects of Al on bile acid transporter proteins, 

both with and without pro-inflammatory lipids, thereby determining whether further efforts to 

reduce Al are needed for the treatment of PNALD.   

 Methods: We conducted four different experiments, including a clinical survey, two 

piglet PN models, and one rat hepatocyte model.  

 In our first experiment, we collected thirty samples of PN from a neonatal intensive 

care unit and analyzed the Al content using inductively coupled plasma mass spectrometry.  

 For the piglet work, we conducted two randomized control trials using a Yucatan 

miniature piglet PN model.  Newborn piglets (aged three to six days) were placed into two 

groups of seven to eight animals each.  All groups were maintained on a strict PN diet for two 

to three weeks.  One group in each study received PN with 24µg/kg/day Al, while the other 

received 63µg/kg/day of Al in PN.  The first trial used omega-6 lipids in the PN for all piglets, 

while the second study used a mixed lipid solution.  We chose five bile acid transporters 

(Mrp2, Bsep, Mrp3, Ntcp, and Oatp8), a cytoskeletal protein (radixin), and a nuclear receptor 

(FXR) as targets important in bile flow.  All transporters were examined by qPCR, but only 

Mrp2 and Bsep were studied by immunofluorescence confocal microscopy, while Western blot 

evaluated Mrp2 protein. The serum was analyzed for total bile acids and for C-reactive protein 

(a marker of inflammation).  In the second study, we also conducted transmission electron 

micrography to evaluate hepatocyte ultrastructure. 

 Our last study used sandwich-cultured primary rat hepatocytes.  The hepatocytes were 

placed into six groups to compare Al, omega-6 lipids, and mixed lipids, both individually and 

combined.  After 60 hours of exposure to the Al and/or lipids, the hepatocytes were collected 
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and similar bile acid transporters were evaluated using qPCR, with additional Western blotting 

for Ntcp and Oatp2, as well as a cholyl-lysl fluorescein functional assay for Mrp2.   

Results: Our clinical work demonstrated that 90% of neonatal PN samples had potentially 

unsafe levels of Al (mean: 14.02 (SD: 6.51) µg/kg/day), as compared to the FDA recommendations 

of <5µg/kg/day.  In the piglet trial using omega-6 lipids, qPCR demonstrated more mRNA for 

Mrp2, Bsep, Mrp3, and Ntcp in the lower Al group, as compared to the higher Al group.  In the 

piglet study with mixed lipids, qPCR showed more mRNA for only Oatp8, Ntcp, and Mrp3, in 

the lower vs the higher Al group.  This second piglet study also had a greater rise in C-reactive 

protein (p=0.03) and shorter canalicular microvilli (p=0.01) in the group with higher Al 

contamination, as compared to the lower Al group.  Neither study showed any difference in the 

amount of Mrp2 protein between the groups and there were minimal changes in 

immunohistochemistry. There was also no difference in serum bile acids in either study. 

 The hepatocyte experiment showed a wide array of mRNA changes following exposure 

to Al and/or lipids.  For Western blot, there was no difference in Ntcp protein between any of 

the groups.  However, there was significantly more Oatp2 protein in the isolated Al group as 

compared to the Al + omega-6 lipid group (p=0.04). Finally, the cholyl-lysl fluorescein assay 

demonstrated the least excretion in any group containing mixed lipids.  

Conclusions:  Neonatal PN still has significant Al contamination.  In piglet studies, 

high amounts of Al in PN have a negative effect on the mRNA of many of the bile acid 

transporters, in addition to inducing structural changes, and increasing inflammation.  The less-

inflammatory mixed lipid solution only partially mitigates the effects of Al.  The hepatocyte 

work also suggests that there may be a synergistic negative effect for Al and omega-6 lipids, at 

least for Oatp2.  Overall, Al does have a negative effect on bile acid transporters and could 

plausibly contribute to the pathogenesis of PNALD.  Further efforts to reduce the Al 

contamination in infant PN are warranted. 
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1: INTRODUCTION 

1.1 Rationale:  

Parenteral nutrition associated liver disease (PNALD) is a multi-factorial disease with a 

poorly understood pathogenesis. [Beath, et al., 1996; Guglielmi, et al., 2008] It includes a 

spectrum of liver dysfunction, which starts with hyperbilirubinemia and potentially ends with 

cirrhosis and end-stage liver failure. [Naini & Lassman, 2011] Infants on long-term parenteral 

nutrition (PN) are at greatest risk, with the derangement of liver enzymes noted in 

approximately 25% for infants exposed to three weeks of PN [Beale, Nelson, Bucciarelli, 

Donnelly, & Eitzman, 1979; Arnold, 2004] as compared to almost all infants displaying some 

degree of hepatic dysfunction after three months. [Benjamin, 1981; Drongowski & Coran, 

1989] Factors involved in PNALD include prematurity, an immature hepato-biliary system, 

sepsis, pro-inflammatory lipids, and contaminants such as aluminum (Al).  To date, 

considerable progress has been made in improving the pro-inflammatory lipids traditionally 

used in infant PN, but the disease is still not reliably preventable or reversible with the new 

mixed lipids. [Cowan, Nandivada, & Puder, 2013; Tillman, 2013] Al contamination 

meanwhile, has not been addressed in North America and remains a significant concern. Al in 

PN is linked to an osteo-malacia type bone disease in infants, impairment in neurological 

development and exacerbation of anemia, [Gura, 2010; Courtney-Martin, et al., 2015] and we 

believe that it may contribute to PNALD in infants. [Alemmari, Miller, Arnold, & Zello, 2011; 

Arnold, Miller, & Zello, 2003] We will explore the role of Al and lipids in PNALD and 

compare the effects of Al contamination with both omega-6 and mixed lipids on bile acid 

transporters.  We focused on bile acid transporters because they are crucial regulators of bile 

flow and can cause cholestasis when impaired. [Arresse & Ananthanarayanan, 2004] Animal 

models also suggest that dysfunction of bile acid transporters features prominently in the 

disease process of PNALD. [Li, Gong, Wu, Wu, & Kai, 2012; Tazuke, et al., 2004] We 

theorize that the best preservation of these transporters requires both a beneficial lipid 

environment and the reduction of Al. 

1.2 Hypothesis: 
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 We hypothesize that both aluminum and pro-inflammatory lipids cause dysfunction of 

bile acid transporters, through down-regulation and impaired functioning, thereby contributing 

to parenteral nutrition associated liver disease in infants.  We theorize that switching from an 

omega-6 (pro-inflammatory) lipid solution, to a mixed omega-3 and 6 lipid solution (less-

inflammatory) lipid solution without reducing aluminum contamination is insufficient to 

preserve normal bile acid transporter mRNA, protein, and activity.  The best parenteral 

nutrition solution for bile acid transporter function is one with minimal aluminum 

contamination and with non-inflammatory lipids.  We hypothesize that by using the least 

inflammatory lipid solution (ie: mixed lipids) and reducing aluminum contamination in 

parenteral nutrition, parenteral nutrition associated liver disease could be prevented or delayed. 

1.3 Objectives: 

1. Assess the current degree of aluminum contamination of parenteral nutrition used in 

a Canadian neonatal intensive care unit and review possible sources for this 

contamination.  

2. Use the Yucatan miniature pig parenteral nutrition model to observe the effects of 

High (63µg/kg/day) vs Standard aluminum (24µg/kg/day) contamination, with 

either mixed or omega-6 lipids.  Evaluate for changes to bile acid transporters by 

immunohistochemistry, polymerase chain reaction, and Western blotting 

techniques.  Additionally, compare the total serum bile acids to detect early 

cholestasis. 

3. For the piglet study with omega-6 lipids, compare High vs Standard aluminum in 

parenteral nutrition, in terms of its effect on serum C-reactive protein levels (a 

marker of inflammation), and hepatocyte morphology, as determined by 

transmission electron microscopy. 

4. Isolate the effects of aluminum, omega-6 lipids, and mixed lipids on bile acid 

transporters using a primary hepatocyte model and determine if the effects of these 

factors are additive.  Evaluate for changes to bile acid transporters by qPCR, 

Western blot and functional assay (where possible). 
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2: LITERATURE REVIEW 

The following review will provide an introduction to parenteral nutrition associated 

liver disease (PNALD) and the bile acid transporters involved.  The most important 

pathophysiologic factors, including aluminum contamination, and lipid emulsion, along with 

proposed management strategies, will also be examined in detail.  Portions of this literature 

review were previously published in a modified format. Source: Hall AR, Arnold CJ, Zello 

GA, Miller GG. Parenteral nutrition associated liver disease: a current review focused on the 

infant. In: Lelio S, ed. Parenteral Nutrition: Policies and Procedures, Safe Practices and 

Potential Complications. Hauppauge, NY: Nova Science Publishers; 2014:49-84. 

2.1 PNALD Overview: 

Although parenteral nutrition (PN) has been an essential component of neonatal 

intensive care for decades, the complication of PNALD persists and its pathophysiology 

remains poorly understood. [Beath, et al., 1996; Guglielmi, et al., 2008] PNALD encompasses 

a spectrum of liver dysfunction including hyperbilirubinemia, cholestasis, fibrosis, and 

cirrhosis, [Naini & Lassman, 2011] with hyperbilirubinemia presenting first and preceding any 

histologic evidence of liver damage. [Benjamin, 1981; Touloukian & Seashore, 1975] 

Generally, PNALD is a diagnosis of exclusion, where the infant must display a direct bilirubin 

greater than 2mg/dL (>34µmol/L), be dependent on parenteral nutrition, and have no other 

reason for liver disease. [Koseesirikul, Chotinaruemol, & Ukarapol 2012; Mullick, Moran, & 

Ishak, 1994; Muhammed, et al., 2012] 40-60% of infants on long-term parenteral nutrition will 

develop some degree of cholestasis. [Kelly, 1998; Suita, Masumoto, Yamanouchi, Nagano, & 

Nakamura, 1999; Willis, et al., 2010] For those infants who progress to a conjugated serum 

bilirubin of >10mg/dL (171µmol/L) there is a 38% mortality rate. [Willis, et al., 2010]   

Fortunately, the incidence of PNALD has been decreasing over the last ten years, [Kubota, et 

al., 2000] and survival rates are slowly improving with the advent of multiple treatment 

modalities. [Guglielmi, et al., 2008, Tillman, 2013; Cowles, Ventura, & Martinez, 2010] The 

most definitive treatment is to stop the parenteral nutrition, but for many infants with short 

bowel syndrome and intestinal failure, this is not a feasible option. [Javid, et al., 2005]  



   

4  

Histology:  PNALD in infants is histologically heterogeneous, but is usually 

characterized by cholestasis and fibrosis.  The former is a result of bile accumulating in both 

the canaliculi and hepatocytes, and is one of the earliest and most frequent findings. 

[Zambrano, et al., 2004; Naini & Lassman, 2011; Postuma & Trevenen, 1979; Dahms & 

Halpin, 1981] It is suspected that bile stasis is one of the primary pathogenic mechanisms 

causing the subsequent histologic findings of fibrosis and ductal changes. [Benjamin, 1981] 

This fibrosis is also a relatively early characteristic of PNALD, and its perivenular location 

allows for differentiation from other causes of hepatic fibrosis. [Naini & Lassman, 2011] 

Eventually, the fibrosis may progress to bridging of fibrous tissue between portal areas. 

[Benjamin, 1981; Dahms & Halpin, 1981.]  

Beyond cholestasis and fibrosis, there are often other signs of cellular and ductal injury, 

such as extensive ballooning and feathering of the hepatocytes; occasionally progressing to 

apoptosis. [Beale, et al., 1979; Naini & Lassman, 2011] Traditionally, ductal proliferation has 

been noted, [Benjamin, 1981; Zambrano, et al., 2004; Postuma & Trevenen, 1979] but more 

recent studies have noted ductal retraction and ductopenia in the earlier stages of fibrosis. 

[Naini & Lassman, 2011]   

Not surprisingly, with this degree of cell injury and death, there is usually evidence of 

inflammation with predominantly lymphocytic peri-portal changes, and occasional giant cells, 

noted. [Dahms & Halpin, 1981] The immune response may progress to the point where 

extramedullary hematopoiesis is discovered. [Zambrano, et al., 2004; Postuma & Trevenen, 

1979; Dahms & Halpin, 1981] Eventually, a micronodular pattern of cirrhosis can be found in 

end-stage disease. [Mullick, et al., 2004] 

In general, children are more prone to developing fibrosis, while adults exposed to 

parenteral nutrition are more likely to develop steatosis of the liver. [Zambrano, et al., 2004; 

Naini & Lassman, 2011; Kelly, 1998] The severity of fibrosis is also inversely dependent on 

age, with a more frequent progression of fibrosis to cirrhosis seen in the youngest age groups. 

[Naini & Lassman, 2011; Mutanen, et al., 2013]   

2.2 Risk factors: Implicated factors can generally be grouped into those related to lack of 

physiologic enterohepatic circulation/enteric intake, those related to toxicity directly from the 
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parenteral nutrition (PN) or its components, and those related to complications outside of the 

PN such as sepsis, need for gastrointestinal surgery, or other underlying co-morbidities. 

[Koseesirikul, et al., 2012; Beath, et al., 1996; Costa, et al., 2010; Guglielmi, et al., 2008] 

2.2.1 Risk factors: Prematurity 

 PNALD is a multi-factorial disease and the most important risk factor is prematurity or 

size, as smaller infants are more susceptible to PNALD and are prone to worse outcomes. 

[Touloukian & Seashore, 1975; Shawn, et al., 2012; Beath, et al., 1996; Javid, et al., 2011] If 

birthweight is considered, the low birth weight infants or small for gestation age infants (SGA), 

are at higher risk than those appropriate for gestational age (AGA). [Zambrano, El-Hennawy, 

Ehrenkranz, Zelterman, & Reyes-Mugica, 2004; Christensen, Henry, & Wiedmeier, 2007] 

Multiple studies have found that cholestasis started earlier (requiring less PN exposure), was 

more severe and lasted longer in the SGA vs AGA. [Lee, et al., 2013; Robinson & Ehrenkranz, 

2008] These smaller neonates (usually prematurely born) may be at higher risk because of 

immature metabolic functioning of the liver, decreased glycogen stores and other aspects of 

hepatobiliary underdevelopment. [Robinson & Ehrenkranz, 2008] 

2.2.2 Risk factors: Surgery 

 Additionally cited risk factors for PNALD include infants undergoing surgical 

procedures or infants with necrotizing enterocolitis (NEC) [Shawn, et al., 1996; Beath, et al., 

1996; Javid, et al., 2011], and often these populations overlap.  One cohort study noted that 

70% of infants undergoing surgery for NEC later developed PNALD. [Duro, Mitchell, Kalish, 

& Martin, 2011] However a direct causation between surgery, NEC, and PNALD may be 

overstated, because NEC requiring surgical resection is also one of the most frequent preceding 

diagnoses for infants with intestinal failure, implying long-term PN dependence. [Shawn, et al., 

2012]   

2.2.3 Risk factors: Prolonged PN exposure 

The duration of parenteral nutrition exposure is instrumental in the development of this 

disease.  The length of time required to induce PNALD is unclear, but multiple studies show 

that longer exposure increases the risks of cholestasis development. [Suita, et al., 1999; 
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Zambrano, et al., 2004; Beale, et al., 1979; Duro, et al., 2011; Naini & Lassman, 2011] Within 

3 weeks approximately 23-25% of infants on PN will display early findings of PNALD. 

[Beale, et al., 1979; Arnold, 2004] At least one case report has demonstrated severe fibrosis in 

an infant exposed to PN for only 14 days. [Mercer, et al., 2013] Of greater concern is the 

finding that almost all infants with >60 days of exposure to PN will develop some degree of 

cholestasis. [Benjamin, 1981; Drongowski & Coran, 1989]   

2.2.4 Risk factors: Immature biliary system 

Bile acids (or bile salts) are a group of acidic steroids which share a similar structure.  

They provide numerous functions including emulsion of lipids, modulating pancreatic enzyme 

release and even antimicrobial activities.  Cholesterol is the backbone of all bile acids and the 

process of transforming cholesterol into bile acids takes place by two main pathways (classical 

or alternative). The classical pathway, where the rate-limiting enzyme is CYP7A1, provides the 

majority of bile acids in healthy humans. [Monte, Marin, Antelo, & Vasquez-Tato, 2009] 

Following synthesis in the hepatocyte, bile acids are secreted in the canaliculi; this is 

the rate-limiting step of bile acid circulation. [Arrese & Ananthanarayanan, 2004] From the 

biliary tree, bile acids enter into the small intestine for emulsification and other digestive 

activities and are then efficiently transported across the ileum into the portal blood, via the 

apical sodium-dependent bile acid transporter and the baso-lateral organic solute transporter 

alpha and beta. Bile acids travel through the portal blood bound to albumin and are reabsorbed 

through the sinusoidal membrane of hepatocytes via the Na-taurocholate co-transport 

polypeptide (NTCP) and the family of organic anion transporting polypeptides (OATP). 

[Monte, et al., 2009; Alrefai & Gill, 2007; Hagenbuch & Meier, 2003] 

Neonates are born with an immature enterohepatic circulation of bile acids and, not 

surprisingly, preterm infants have an even greater difficulty handling these compounds.  

Regardless of term, the newborn infant has poorly functioning active transport of conjugated 

bile salts in the ileum and they are therefore lost into the gastrointestinal tract. If this is 

compounded by bowel loss or malfunction, reabsorption is further impaired. [Balistreri, Heubi, 

& Suchy, 1983] Even when reabsorption is successful, the bile acids are often trapped in the 

blood because of inefficient hepatic extraction. [Hofmann, 1995] As a result of these deficits, 
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the overall bile pool is proportionally much smaller than it should be, when compared to a 

healthy adult.  Bile acids provide positive feedback for bile flow in the liver, so the smaller bile 

pool leads to hepatic bile stasis. [Rager & Finegold, 1975]   

All of these issues are present in a preterm neonate, in addition to a mismatch between 

formation and secretion of hepatic bile salts.  Animal studies indicate that the synthesis of bile 

salts is developed much sooner than the efficient secretion of them, leading to a functional 

cholestasis in the most immature infants.  A more advanced secretion of bile acids has usually 

developed for those infants born at full term gestation, although it is still relatively incomplete, 

compared to an adult. [Balistreri, et al., 1983] All of these aspects of hepato-enteric 

underdevelopment place the infant at risk for PNALD, when exposed to other hepatic insults.  

2.2.5 Risk factors: Lack of enteral feeding 

As early as 1975, the lack of enteral stimulation was correlated with the development of 

cholestasis, and it was proposed that prolonged fasting contributes to disruptions in bile flow. 

[Benjamin, 1981; Rager & Finegold, 1975] Bile acid secretion is proportional to oral intake, 

and the lack of enteral stimulation also decreases many important gastrointestinal hormones 

such as cholecystokinin, gastrin, motilin, secretin, pancreatic polypeptide, glucagon, and 

vasoactive intestinal peptide. [Costa, et al., 2010; Hofmann, 1995] Cholecystokinin deficits, in 

particular, may lead to reduced gallbladder contractility and impediment of the enterohepatic 

circulation. [Guglielmi, et al., 2008; Hofmann, 1995] In addition, parenteral delivery means 

that the liver must adapt to changes in portal flow, because the nutrients are now delivered 

through the arterial system (in the portal triad) instead of through the portal vein. [Guglielmi, et 

al., 2008] 

Multiple models have emphasized the importance of enteral feeding for normal biliary 

function.  For example, enteral feeding in mice has been shown to restore blood flow to the 

small intestine and portal vein and may also trigger improved hepatic immune response. This 

same research group has also demonstrated that PN given enterally does not depress the 

hepatic immune response, supporting the idea that it is the absence of gut stimulation that is 

damaging. [Omata, et al., 2009] Cholestasis only resolves once the infant is solely on enteral 

feeds and no longer receiving parenteral nutrition. [Javid, et al., 2005] Switching to enteral 
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feeding is therefore the most effective treatment as it brings about clinical and biochemical 

improvement, often within 2 weeks. [Dahms & Halpin, 1981] Unfortunately, attempts to wean 

parenteral nutrition are fraught with problems due to the complicated medical conditions of the 

infants.  Often these neonates cannot tolerate substantial enteral nutrition, and instead can only 

be given small amounts in hopes of stimulating the bowel.  This has proven beneficial to gut 

and hepatic function [Omata, et al., 2009; McClure & Newell, 1999] and is commonly 

practiced in critical care units, but does not reliably prevent PNALD.   

2.2.6 Risk factors: Aluminum contamination  

While aluminum has no role in human physiology and aluminum deficiency does not 

exist, there are cases of aluminum toxicity; especially in PN-dependent patients.  Overall, <1% 

is absorbed when aluminum is ingested orally, compared to the much higher amounts found in 

the blood stream following parenteral delivery. [Poole, et al., 2010] This is potentially 

dangerous, because high doses of aluminum have been shown to cause a variety of disorders. 

In adults on long-term PN, significant aluminum has been documented in long-bones and is 

associated with deleterious changes in bone structure. [Kruger, et al., 2014] Aluminum is 

known to cause anemia, neurologic disorders, and impaired bone metabolism in infants. [Gura, 

2010; Courtney-Martin., et al., 2015] Rodent studies have found that even aluminum given 

orally damages the gastro-intestinal system both directly and by interfering with the growth of 

normal intestinal bacteria. [Vignal, Desreumaux, & Body-Malapel, 2016]  

 In 2004, the FDA recommended that aluminum intake should be < 5μg/kg/day [FDA, 

2004], while the American Society for Parenteral and Enteral Nutrition (ASPEN) stated that 

15-30μg/kg/day is unsafe, and 60 μg/kg/day toxic. [American Society of Parenteral and Enteral 

Nutrition, 1991] Notably, in Canada there are no rules limiting the amount of aluminum 

contamination in PN and Canadian manufacturers of PN components are not required to list the 

aluminum content on their products. [Courtney-Martin, et al., 2015]   

Neonatal parenteral nutrition has aluminum levels 3-5 times higher than the FDA limit. 

[Poole, et al., 2010] Of concern, the highest levels of aluminum have been found in PN 

designed for the smallest infants. [Poole, et al., 2010] A wide collection of parenteral nutrition 

components are contaminated with aluminum, including amino acids, dextrose solutions, lipid 
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emulsions, trace elements, multivitamins, heparin, and insulin, but the majority is found in 

calcium gluconate, potassium phosphate, and sodium phosphate.  (All of which are needed in 

higher amounts for rapidly growing infants).  These compounds become contaminated by 

forming complex ions with the aluminum leeched out of glass containers used in the 

manufacturing process. [Poole, et al., 2010; FDA, 2011] 

Since the early 1980s, researchers have identified high aluminum levels in infants with 

PNALD, but the link between the element and disease is not yet fully understood. [Alemmari, 

et al., 2011; Alemmari, et al., 2012; Arnold, et al., 2003; Klein, et al., 1984] Most recently, 

Courtney-Martin et al (2015) studied 27 PN-dependent children (mean age of five) and found 

that their average plasma aluminum levels were more than eight times higher than healthy 

children. [Courtney-Martin, et al., 2015]  

Aluminum is toxic to many body systems, and is found in high concentrations in 

parenteral nutrition, and may plausibly contribute to the development of PNALD. [Alemmari, 

et al., 2012; Arnold, et al., 2003; Klein, et al., 1984] Much of the evidence to date for this 

theory is based on animal trials. For example, rats exposed to high doses of aluminum 

developed elevated bile acid levels, with evidence that sinusoidal uptake and canalicular 

excretion was impaired. [Gonzalez, Roma, Bernal, Alvarez, & Carrillo, 2004; Klein, Heyman, 

& Lee, 1998] Of note, these changes occurred despite enteral feeding provided to the animals. 

[Klein, et al., 1998] In other animal work, histological changes including portal inflammation, 

and aluminum-laden giant cells have also been caused by aluminum exposure, [Demircan, 

Ergun, & Coker, 1998; Bertholf, Herman, & Savory, 1989] but plasma membrane changes 

were not initially detected until very large doses (1500µg/kg/day) were used. [Alemmari, et al., 

2011] These plasma membranes showed blunted bile canalicular microvilli, a decreased 

number of microvilli in the bile canaliculi, dilatation of the canaliculi, increased inflammatory 

cells, and lysosomes containing aluminum. [Alemmari, et al., 2011] Further evidence for 

aluminum affecting the plasma membrane comes from studies where rats exposed to high 

amounts of aluminum developed a 40% decreased expression of Mrp2, [Gonzalez, et al., 2004] 

and similar results have been replicated in the University of Saskatchewan studies, using 

piglets. [Unpublished results] 
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To determine whether histological changes developed with aluminum dosages closer to 

that observed in clinical settings, Alemmari et al (2012) conducted a piglet PN study with 

aluminum contamination of 38μg/kg/day.  This level of aluminum significantly blunted the bile 

canalicular microvilli in the regular parenteral nutrition group vs the low aluminum group. 

[Alemmari, et al., 2012]   

The majority of evidence suggests that aluminum would cause hepatic damage through 

pro-oxidant effects.  It not only forms a superoxide radical ion, but it also acts synergistically 

with iron to participate in oxidative reactions. [Alexandrov, et al., 2005; Gonzalez, et al., 2007] 

In the mitochondria, aluminum causes a breakdown in critical cell energy pathways forcing the 

hepatocyte into anaerobic respiration. [Percy, Kruck, Pogue, & Lukiw, 2011; Mailloux, 

Lemire, & Appanna, 2011] In neurons, aluminum has also been found to accumulate in 

mitochondria and trigger apoptosis. [Gonzalez, et al., 2007] Interestingly, aluminum in HepG2 

(hepatocyte) cells causes intracellular accumulation of lipids because their breakdown pathway 

(β-oxidation) is impaired. [Mailloux, et al., 2011] Animals exposed to aluminum not only 

demonstrate impaired bile flow but also significant increases in MDA (signifying lipid 

peroxidation) along with a decrease in the activities of the anti-oxidants GSH peroxidase, and 

CAT. [Gonzalez, et al., 2007; Gonzalez, et al., 2004; Guo & Wang, 2011] This aluminum-

induced lipid peroxidation has been shown to be counteracted by the anti-inflammatory and 

anti-oxidant effects of vitamin E. [Gonzalez, et al., 2007] Of note, oxidative stress in these 

models is also linked to a decreased expression of Mrp2. [Gonzalez, et al., 2007; Gonzalez, et 

al., 2004; Guo & Wang, 2011] 

Along with pro-oxidant actions, aluminum may also contribute to inflammatory 

processes in PNALD.  In other disease situations, aluminum has been linked to the 

inflammatory cascade.  For example, dialysis patients with high aluminum levels not only had 

decreased levels of anti-oxidants GSH, vitamin C, and vitamin E but also significantly 

increased C-reactive protein (an acute phase inflammatory marker), along with elevated 

cytokines TNF-α and interleukin-5. [Guo & Wang, 2011] Similarly, in human neuronal studies, 

aluminum has been found to induce pro-inflammatory genes. [Alexandrov, et al., 2005] 

Neither the oxidative nor the inflammatory effects of aluminum, however have been studied in 

a PNALD model. 
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Based on this combined evidence, it appears that aluminum does impede biliary flow 

and may do so through oxidative changes at the canalicular plasma membrane; but further 

research is needed to characterize the effects on bile acid transporters.   

2.2.7 Risk factors: Lipids 

One of the most important PN derived factors contributing to the development of 

PNALD is lipid content.  Two theories have emerged to explain the hepatotoxic effects of 

lipids: the phytosterol content and the pro-inflammatory nature of omega-6 vs omega-3 fatty 

acids.  

Phytosterols:  Phytosterols are derived from plant-based lipid sources and are almost 

identical in structure to cholesterol, with matching nuclei but different alkylated side chains. 

[Iver, Spitz, & Clayton, 1998] Traditionally available intravenous lipids are soy-based (ie: 

Intralipid (Baxter/Fresenius Kabi, Deerfield, IL, USA)) and contain the phytosterols sitosterol, 

campesterol, and sigmasterol at a total concentration of approximately 1000µmol/L (40 

mg/dL). [Bindl, Lutjohann, Buderus, Lentze, & v Bergmann, 2003] In comparison, fish oils 

(ie: Omegaven (Fresenius Kabi, Bad Homburg, Germany)) do not contain any phytosterols 

[Park, Nespor, & Kerner, 2011] and olive-oil based lipids have fewer than soy-based 

emulsions. [Kurvinen, et al., 2011]  

Many studies have shown an increase in plant sterol levels in patients receiving PN. 

[Kurvinen, et al., 2011] Very preterm infants are especially susceptible to accumulating 

phytosterols, as opposed to more mature infants (sitosterol levels recorded as 2.60 vs 1.33 

mg/dL). [Nghiem-Rao, et al., 2015] Likewise, those infants with cholestasis have the highest 

levels of phytosterols. [Nghiem-Rao, et al., 2015] However, it is difficult to isolate the effects 

of phytosterols vs inflammatory lipids and other factors in the PNALD disease state. [Zaloga, 

2015] Case reports have shown at least some decrease in phytosterols with reduction of 

glucose rather than lipids, implying that these levels may be an indicator of liver dysfunction, 

(ie: the liver can no longer clear phytosterols), rather than lipid overdose. [Bindl, et al., 2000] 

In addition, a recent study examining the use of five different types of lipid emulsions in 

neonates also found no association between phytosterol intake and liver function at six weeks.  
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Of particular interest is the observation that in a group with the highest phytosterol intake, 

there were no cases of cholestasis. [Savini, et al., 2013] 

Animal models have demonstrated a link between an increase in bile acids and infusion 

of phytosterols, with subsequent reversal of bilirubin following reduction of phytosterols. [Iver, 

et al., 1998; Carter, et al., 2007] In mice, phytosterols, even when added to omega-3 lipids 

significantly altered colonic bacteria until it resembled the flora found in similar animals with 

PNALD. They also activated hepatic macrophages and suppressed expression of canalicular 

bile acid transporters BSEP and MRP2 via interference with the nuclear receptor farsenoid X. 

[Kurvinen, et al., 2011; Harris, et al., 2014; El Kasmi, et al., 2013] In contrast, a piglet PN 

study found no correlation between phytosterol concentrations and liver injury, and the authors 

concluded that they could not link phytosterols to PNALD.[Vlaardingerbroek, et al., 2013] 

Overall, phytosterols are only excreted through the biliary system, but hepatic metabolism of 

these compounds is very slow. [Bindl, et al., 2000] During this prolonged exposure, 

phytosterols are thought to replace the cholesterol in the cell membranes and disturb the 

normal cholesterol-bile acid synthesis relationship, [Zaloga, 2015] as well as interfere with bile 

acid transport proteins. [Clayton, Whitfield, & Iyer, 1998] Generally, the role of phytosterols in 

PNALD has yet to be discerned, but preliminary evidence supports the theory that they may 

have some hepatotoxic effects.   

Omega-6 fatty acids: Omega-6 fatty acids (as found in soy-based Intralipid) are pro-

inflammatory in nature, and therefore a plausible trigger for PNALD. [Gura, et al., 2008; Cober 

& Teitelbaum, 2010; Cowan, et al., 2013] This group of polyunsaturated fats includes linoleic 

acid and arachidonic acid, compared to the omega-3 fatty acids group which includes 

docosahexaenoic acid, alpha-linolenic acid, and eicospentanoic acid. [Le, et al., 2009] The pro-

inflammatory effects of omega-6 fatty acids are secondary to their production of platelet 

aggregating thromboxanes and immunosuppressing prostaglandin E1 (through arachidonic 

acid). (Of note, this pathway also creates ROS by-products, suggesting that omega-6 lipids 

may have a mild pro-oxidant effect). [Betteridge, 2000; Cober & Teitelbaum, 2010; Cowan, 

Nandivada, & Puder, 2013] See Figure 2.1 below for further detail of the fatty acid synthesis 

pathways and where particular lipid emulsions are derived. Soy-based preparations have very 

little α-tocopherol (absorbable vitamin E) to combat the inflammatory effects of this type of 
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fatty acids. [Klek, et al., 2013] Meanwhile, omega-3 fatty acids appear to be hepato-protective, 

with anticoagulating thromboxanes and the formation of prostaglandin E3 to assist immune 

function. [Park, et al., 2011; Cober & Teitelbaum, 2010; Cowan, et al., 2013] Omega-3 fatty 

acids may also help to regulate tumour necrosis factor-α, and inactivate the pro-inflammatory 

nuclear receptor NF-κB. [Park, et al., 2011; Tillman, 2013] In mouse models, omega-3 fatty 

acids were observed to preserve the functioning of macrophages when the liver was challenged 

with bacterial infection. (Interestingly, omega-3 seems to work by improving the functioning 

of macrophages, while omega-6 increases their numbers). [Moriya, et al., 2014] Leukocyte 

recruitment is a marker of inflammation, and includes capture and adherence of leukocytes to 

inflamed tissue.  Multiple aspects of this process are inhibited in a mouse model using 

injections with mixed lipids containing omega-3, as compared to a mostly omega-6 solution. 

[Buschmann, et al., 2015] The same study also demonstrated that the omega-6 based lipid had 

a significantly greater recruitment of neutrophils as compared to a negative control with the 

same inflammatory stimulus, indicating that omega-6 lipids do trigger an over-active 

inflammatory response. [Buschmann, et al., 2015] Other mouse PN models have demonstrated 

that omega-6 lipids may adversely affect the gene expression of CYP7A1 and CYP8B1, crucial 

enzymes in the synthesis of bile acids. [Zhan, et al., 2016] Based on these and other findings, 

many groups have proposed a switch from the omega-6 fatty acids traditionally found in lipid 

emulsions, to a less hepatotoxic omega-3 formulation. 
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Figure 2.1: Fatty acid biosynthesis pathways, demonstrating where commonly used PN lipid emulsions are 

derived. Reproduced with permission from Gramlich L, Meddings L, Alberda C, Wichansawakun S, Robbins S, 

Driscoll D, Bistrian B. Essential Fatty Acid Deficiency in 2015: The Impact of Novel Intravenous Lipid 

Emulsions. JPEN J Parenter Enteral Nutr 2015; 39(1 Suppl):61S-6S. AA: arachidonic acid, EPA: 

eicosapentaenoic acid, DHA: docosahexaenoic acid 

 

There are some issues regarding a switch to omega-3 fatty acids as they represent a 

markedly different composition than human milk lipids, [Savini, et al., 2013] and omega-6 

fatty acids do play important roles in lipid synthesis pathways. [Cober & Teitelbaum, 2010] 

Both omega-6 linoleic acid and omega-3 alpha-linoleic acid are designated as essential fatty 

acids because they must be obtained from the diet and cannot be synthesized de novo. [Le, et 

al., 2009] Newer work however, suggests that in low-birth weight infants there may be 

additional essential fatty acids. These at-risk infants are unable to convert linoleic and alpha-

linoleic acid to arachidonic acid, eicospentanoic acid, and docosahexaenoic acid and therefore 

a fish oil emulsion may be a better mix, as it provides these downstream fatty acids, although 

only small amounts of arachidonic acid. [Le, et al., 2009; Cowan, et al., 2013] 

2.3 PNALD Pathophysiology: 

There are many theories about the pathophysiology of PNALD, but inflammation and 

oxidative stress are strongly implicated. 

2.3.1 Pathophysiology: Sepsis and inflammation  

http://ovidsp.tx.ovid.com.cyber.usask.ca/sp-3.20.0b/ovidweb.cgi?&S=BHMEFPGMGHDDDIGCNCIKDHDCHFKFAA00&Complete+Reference=S.sh.51%7c3%7c1
http://ovidsp.tx.ovid.com.cyber.usask.ca/sp-3.20.0b/ovidweb.cgi?&S=BHMEFPGMGHDDDIGCNCIKDHDCHFKFAA00&Complete+Reference=S.sh.51%7c3%7c1
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Sepsis has long been correlated with PNALD and it is often reported that those infants 

with multiple septic events have a higher incidence of cholestasis. [Suita, et al., 1999; Lambert 

& Thomas, 1985] Inflammation is a natural defense system employed by the body to destroy 

invading pathogens and stimulate healing. [Dinh, Drummond, Sobey, & Chrissobolis, 2014] It 

involves the release and activation of cytokines, chemokines, and other factors. [Dinh, et al., 

2014] The liver plays a key role in the inflammatory response to invading pathogens, even 

when the primary site of infection is extrahepatic. [Trauner, Fickert, & Stauber, 1999] Kupffer 

cells, hepatocytes, and biliary epithelium all release cytokines (TNF-a, IL-1 etc), nitric oxide, 

and other mediators to boost the pro-inflammatory cascade. [Trauner, et al., 1999; Fuchs & 

Sanyal, 2008] Unfortunately, if this inflammation is unregulated, it can be damaging to the 

host. [Dinh, et al., 2014] For example, in animal models of inflammatory cholestasis, cytokines 

inhibit the gene expression of bile acid transporters Mrp2, Bsep, Oatp2 and Ntcp. [Trauner, et 

al., 1999; Kosters & Karpen, 2010] These transporters appear to be influenced at both the 

transcription and post-translational level. [Fuchs & Sanyal, 2008, Kosters & Karpen, 2010, 

Trauner, Arrese, Lee, Boyer, & Karpen, 1998] Since the inflammatory model of cholestasis is 

very similar to PNALD, they likely share a similar inflammatory cascade. 

In infants with PNALD, sepsis and inflammation may be caused or be exacerbated by 

poor bowel function and subsequent immune function compromise (secondary to negative 

effects on the gastrointestinal lymphoid tissue). [Guglielmi, et al., 2008] With both bowel and 

immune stasis, the patient is at risk of bacterial overgrowth [Lambert & Thomas, 1985] and 

translocation. [Suita, et al., 1999; Costa, et al., 2010] The link between anaerobic bacteria and 

cholestasis has been found by researchers such as Lambert et al who described a rise in liver 

enzymes in adult patients on PN without metronidazole prophylaxis, compared to those who 

received the antibiotic.  Given that metronidazole suppresses intestinal anaerobic bacteria, the 

authors postulated that this type of bacteria could contribute to hepatic injury. [Lambert & 

Thomas, 1985] Endotoxins and toxic bile salts released from intestinal bacteria can directly 

damage hepatocytes. [Trauner, et al., 1999] Specific work looking at Toll-like receptor 

agonists such as lipopolysaccharides has shown that both a lack of enteral feeding and a faulty 

intestinal barrier (secondary to bacterial overgrowth) are needed for these toxic substances to 

reach the liver.  Once these agonists reach the liver in sufficient amounts they activate the Toll-
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like receptors in Kupffer cells setting off the localized inflammatory cascade as described 

above. [El Kasmi, et al., 2012]   

2.3.2 Pathophysiology: Oxidative stress 

Both oxidative stress and inflammation plausibly play a role in the development of 

PNALD, but neither are well studied in this disease.  In addition to cytokines, Kupffer cells 

also produce reactive oxygen species (ROS) such as superoxide and hydrogen peroxide to 

directly kill pathogens. [Dinh, et al., 2014; Fuchs & Sanyal, 2008] These ROS, or free radicals, 

have unpaired electrons that can cause mutagenesis. [Betteridge, 2000] Alternatively, ROS can 

help subdue an overactive inflammatory response. [Halliwell, 2007] Similar to the 

inflammatory cascade, the oxidant response can also cause host harm if unregulated.  Anti-

oxidants including reduced glutathione (GSH) and catalase (CAT) exist to facilitate the 

degradation of ROS into harmless components. [Betteridge, 2000; Basiglio, et al., 2014] When 

the oxidants overwhelm the supply of anti-oxidants, a situation of ‘oxidative stress’ is created 

and host cells are damaged. [Halliwell, 2007]   

In cholestasis, increasing bile acids exacerbate the oxidative stress, as they appear to 

inhibit the activities of GSH and CAT. [Galicia-Moreno, et al., 2012] In addition, a common 

target of ROS is the lipid membrane of cells, a process called lipid peroxidation, which 

produces the oxidative stress marker malondialdehyde (MDA). [Betteridge, 2000; Galicia-

Moreno, Favari, & Muriel, 2012] High serum MDA levels are found in people with non-

PNALD cholestasis and in animal models where bile acid transporters are abnormally 

positioned intracellularly. [Basiglio, et al., 2014; Shoda, et al., 2001] Although PNALD 

specific models have not been examined, this evidence indicates that oxidative stress, as well 

as inflammation, is likely involved.  

2.4 Treatments and preventative measures for PNALD: 

Ursodeoxycholic acid (UDCA): The logical approach to faulty enterohepatic circulation 

is to directly stimulate bile secretion.  Accordingly, agents such as ursodeoxycholic acid have 

been used, but with varying success. UDCA is taken up by the liver and conjugated into a 

functional bile acid, which is then secreted back into the bile and works to aid in fat digestion.  

It increases the bile acid-dependent bile flow and promotes enterohepatic circulation, and is 
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also believed to decrease the hydrophobic content of bile; making it less damaging to biliary 

epithelium. [Beuers, 2006] Early pilot studies in PNALD showed resolution of liver enzyme 

dysfunction and bilirubin elevation within 4-8weeks of UDCA, and rebound of enzymes when 

the UDCA was discontinued.  It is important to note though, the dosage used in this study was 

higher than recommended, [Spagnuolo, Iorio & Vegnente, 1996] and subsequent clinical 

results have been mixed, with some showing no benefit and others modest improvement. [De 

Marco, Sordino, & Bruzzese, 2006; Heubi, Whiechmann, & Creutzinger, 2002; Teitelbaum, et 

al., 2005] These studies are often hard to interpret due to confounders such as the concurrent 

use of enteral feeding and small number of infants. [Shawn, et al., 2012] Some researchers are 

skeptical that an orally dosed medication would be absorbed well in infants with short-gut and 

other intestinal failure scenarios, [American Society for Parenteral and Enteral Nutrition, 2014] 

while others have raised concerns about the safety of administering doses large enough to be 

beneficial. [Hofmann, 1995] The most recent study has indicated that although UDCA does not 

prevent the development of cholestasis, it may delay the onset in newborns, with no adverse 

side-effects. [Simic, et al., 2014] The American Society of Parenteral and Enteral Nutrition 

cautiously agrees with this conclusion.  Their 2014 guidelines admit that the evidence for 

UDCA use is very low quality but that there may be some benefit in neonates with PNALD 

and seemingly no harm. [American Society for Parenteral and Enteral Nutrition, 2014]    

Cholecystokinin octopeptide: This enzyme causes gallbladder contraction and 

stimulation of bile flow, and was theorized to have positive effects in PNALD.  Unfortunately, 

this has been refuted with a large trial demonstrating no prevention of cholestasis or gallstones 

in those infants on PN. [Teitelbaum, et al., 2005; Tsai, Strouse, & Drongowski, 2005] 

Although there are some reports of cholecystokinin preventing PNALD in the adult population, 

this may not translate into the neonatal population because of differences in hepatic maturity 

and enterohepatic circulation. [Tsai, et al., 2005]   

Cycling: Another common practice in the management of PNALD is cycling PN.  This 

involves providing the same daily amount of PN in a shorter time period, thereby allowing the 

liver an opportunity to recover and clear metabolites more efficiently.  This cycling and rest 

pattern also better simulates the physiologic patterns of hormonal secretions observed with 

normal oral feedings. [Nghiem-Rao, et al., 2013] Cycling is frequently started once 
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hyperbilirubinemia is noted, but it may also be beneficial as a prophylactic measure, as one 

study has found prophylactic cycling led to fewer cases of hyperbilirubinemia and lower levels 

of direct bilirubin in those infants who did progress to cholestasis. [Nghiem-Rao, et al., 2013] 

The risks of cycling include hypoglycemia and hyperglycemia, which can develop very rapidly 

in the neonatal population when PN is altered. For example, Nghiem-Rao et al (2013) reported 

that in infants treated with prophylactic or treatment cycling of PN, 23% developed 

hypoglycemia and 7% developed hyperglycemia, but all episodes of glucose dysregulation 

were managed without adverse effect. [Nghiem-Rao, et al., 2013] Cycling is almost always 

used in combination with other treatments and the direct effect of this practice is unknown, but 

it appears to have benefits when included as part of a multi-faceted treatment plan. [Cowles, et 

al., 2010] 

Antibiotics and anti-inflammatories: Empiric antibiotics are often initiated in situations 

of sepsis-associated cholestasis, [Fuchs & Sanyal, 2008] and metronidazole in particular has 

been proposed as a ‘bowel decontaminant’ to decrease bacterial overgrowth and translocation, 

as well as to prevent production of toxic, cholestatic bile salts. [Trauner, et al., 1999; Meehan 

& Georgeson, 1997] However, the American Pediatric Surgical Association feels there is 

currently insufficient evidence to support routine prophylactic use of antibiotics to prevent 

PNALD. [Shawn, et al., 2012] Meanwhile, the steroid dexamethasone, which inhibits the anti-

inflammatory response (specifically cytokines TNF-α and IL-1) has been shown to halt 

cholestasis in rats, but is not routinely used in the neonatal PNALD population. [Trauner, et al., 

1999]   

Antioxidants: Animal models of cholestasis have demonstrated beneficial responses to 

the anti-oxidants vitamin E, [Betteridge, 2000; Gonzalez, Alvarez, & Pisani, 2007] vitamin C, 

[Hierro, et al., 2014] and N-acetyl cysteine, [Galicia-Moreno, et al., 2012] but none of these are 

currently used in the management of infant PNALD. 

Lipid reduction: In the USA, Intralipid (omega-6) is the only lipid approved for 

neonatal PN, and Omegaven (fish oil) is available on a compassionate-use basis. [Nandivada, 

Fell, Gura, & Puder, 2016] Therefore, many institutions managing PNALD advocate reduction 

of lipid content in PN for those infants with hyperbilirubinemia, in an attempt to limit the 

damage caused by phytosterols and pro-inflammatory lipids. [Cober & Teitelbaum, 2010] The 
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standard dosing of lipids for neonates is 2-3gm/kg/day, but in a lipid reduction strategy, this is 

reduced to <1g/kg/d.  Some researchers have found this to be effective, for example in 

Denmark, infants with established PNALD were switched to low-fat PN, where the lipids were 

exchanged for carbohydrates.  Lipids with the necessary amounts of essential fatty acids were 

provided only a few times a week.  In all ten infants, the bilirubin reversed to normal and no 

signs of essential fatty acid deficiency were observed. [Jakobsen, Jorgensen, Husby, Andersen, 

& Jeppesen, 2015] Of note, the infants in this study also had enteral feeding to varying degrees 

and different types of lipids were used for different patients.  In a piglet study, lower doses of 

both omega-6 and omega-3 lipid emulsions preserved bile flow and decreased bilirubin as 

compared to high (standard dose) omega-6 lipids, indicating that a lower dose of lipids is 

beneficial regardless of lipid type. [Josephson, et al., 2015]  

Reducing lipids is controversial however, because infants require this energy source 

(especially the omega-3 fatty acid docosahexaenoic acid (DHA)) for adequate neuronal 

development and the longterm neurologic effects of decreased lipid intake are unknown. 

[Nandivada, et al., 2016] For example, in a piglet study, it was found that those animals with 

low dose lipids (especially fish-oil based) had smaller brain size. [Josephson, et al., 2015] It is 

also difficult to detect deficiencies in specific fatty acids. [Nandivada, et al., 2016] At least one 

long-term follow up (2-5 years) of patients treated with soybean- based lipid reduction as 

infants for PNALD has shown reassuring results. On average, the 25 children studied were 

found to score ‘not at risk’ in multiple neurodevelopmental studies. For the small percentage of 

children who did not score perfectly, the authors found no correlation to any lipid related factor 

(ie: duration of lipid reduction, mean lipid dose etc). [Blackmer, et al., 2015]   

Other studies have shown that reducing lipids had no effect on how quickly cholestasis 

developed or the overall incidence of cholestasis. In these cases, the authors felt that enteral 

feeding had a much greater impact on the reversal of hyperbilirubinema as compared to lipid 

reduction. [Nehra, et al., 2013] The American Society of Parenteral and Enteral Nutrition is 

cautious in their support for this strategy.  Their recommendation states that this tactic may be 

considered, but only because there are no other lipid emulsions available in the USA. They feel 

that the evidence for lipid restriction is very low, with only small observational studies. 

[American Society of Parenteral and Enteral Nutrition, 2014] 
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Lipid modification: Concerns regarding soybean lipids have led to a variety of other 

lipid formulations in use world-wide.  Many of these new emulsions are available only through 

compassionate use programs or investigational new drug applications. [Cowan, et al., 2013; 

Tillman, 2013] These formulations have shown encouraging results, but research into their use 

is still on-going.  They include Omegaven (fish oil based, mentioned above), 

Clinolipid/Clinoleic (Baxter, Deerfield, IL, USA), which is 80% olive oil and 20% soy-bean oil 

[Zaloga, 2015] and SMOFlipid (Fresenius Kabi, Bad Homburg, Germany), which is a 

combination of soybean oil, medium chain triglycerides, olive oil and fish oil. SMOFlipid is 

unique in that it was designed to provide both traditional and conditionally essential fatty acids, 

in addition to containing a higher level of α-tocopherol to combat lipid peroxidation (200mg/L 

in SMOF, vs 38mg/L in Intralipid). [Klek, et al., 2013; Goulet, et al., 2010] The medium chain-

triglycerides in SMOFlipid are also felt to be beneficial because they are cleared more rapidly 

from the bloodstream and are less prone to lipid peroxidation, as compared to polyunsaturated 

fatty acids. [Pitkanen, 2004] In the following sections, the evidence for the two most popular 

new lipids: Omegaven and SMOFlipid will be explored. 

Fish-oil monotherapy: Omegaven (Fresenius Kabi, Bad Homburg, Germany) is a 10% 

fish-oil emulsion providing only polyunsaturated omega-3 fatty acids, and although it is 

currently difficult to access in North America, results of its use in PNALD are favourable. 

Omegaven has performed better than most other lipid formulations, including mixed lipids, in 

some animal studies. For example, when compared to SMOFlipid, Intralipid, Clinoleic, and a 

mixed olive oil/omega-6 lipid solution, only Omegaven maintained normal liver histology in a 

mouse model.  Omegaven also had significantly lower serum alanine aminotransferase levels. 

[Meisel, et al., 2012]   

In studies with fish oil as a monotherapy in infants with established PNALD, there has 

been reversal of serum direct bilirubin and improvement of clinical status for the majority of 

patients. [Park, et al., 2011; Gura, et al., 2008; Gura, et al., 2006; de Mijer, et al., 2010] For 

example, in a study of 67 infants with PNALD (direct bilirubin >2.0mg/dL) who were 

switched to fish-oil monotherapy, it was observed that 82.5% had normalization of their serum 

direct bilirubin levles and survived to be discharged from hospital. [Premkumar, Carter, 

Hawthorne, King, & Abrahms, 2013] In addition, overall morbidity and mortality for infants 
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with PNALD has been diminished for those on this formulation, as the risk of death or 

transplant was found to be 9.5% for fish oil vs 34.7% for soy-bean oil. [Puder, et al., 2009] 

One long term follow-up of 51 patients treated with Omegaven for cirrhosis reported that 76% 

had normalization of bilirubin over the next year and Pediatric End-Stage Liver Disease scores 

improved dramatically over the second year. Importantly, those infants who were still PN 

dependent retained stable Pediatric End-Stage Liver Disease scores, indicating that at the very 

least, the cirrhosis may be stable when treated with fish oil. [Nandivada, et al., 2015] There is 

also a case report of clinicians treating infant PNALD with fish oil and then returning to soy-

bean oil emulsions once the bilirubin normalized, without further biochemical recurrence of 

PNALD for the following three years. [Calkins, et al., 2013] In a piglet PN study, Omegaven 

appeared to prevent PNALD in preterm animals, with significantly lower levels of serum 

bilirubin and limited hepatocellular inflammatory changes (as compared to an omega-6 lipid 

group).[Vlaardingerbroek, et al., 2013]  

Some studies have attempted to combine the strategies of lipid reduction and fish oil 

lipids for treatment of PNALD.  One such study found that when compared to a similar low 

dose of Intralipid, those infants switched to fish oil experienced a halt in their disease 

progression (as defined by rise of bilirubin). [Lam, et al., 2014] 

Critics of this therapy have expressed concerns that an omega-3 emulsion alone would 

place an infant at risk of essential fatty acid deficiency. Omega-6 fatty acids are necessary for 

the functioning of all tissues, especially cell membranes. [Gramlich, et al., 2015] A 

triene/tetraene ratio is the most common biochemical marker of essential fatty acid deficiency, 

with >0.2 used to indicate early essential fatty acid deficiency.  This ratio compares the 

atypical intermediate eicosatrienoic acid (a triene) to the expected, healthy intermediate 

arachidonic/eicosatetraenoic acid (a tetraene). [Gramlich, et al., 2015] However, although 

triene/tetraene ratios may be normal in many Omegaven studies, concentrations of individual 

fatty acids may still be dangerously low as fatty acid profiles are rarely reported. [Tillman, 

2013] Researchers working with Omegaven in large retrospective studies have argued that 

careful monitoring for essential fatty acid deficiency has shown that the mixture of fatty acids 

is sufficient. [Le, et al., 2009; Cowan, et al., 2013] For example, more than 130 children in 

Boston have been treated with Omegaven and none of these patients developed clinical 
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(growth retardation or dermatitis) or biochemical evidence (elevated triene–tetraene ratio) of 

essential fatty acid deficiency. [Le, et al., 2009; Fallon, Le, & Puder, 2010] Omegaven 

solutions do have supplemented amounts of downstream omega-6 fatty acid products, in an 

attempt to prevent essential fatty acid deficiency. This may explain why essential fatty acid 

deficiency has not been observed to the extent that was predicted with clinical use of 

Omegaven.  Additionally, it appears that these supplemented downstream products may be 

more effective than mixed lipid formulations for maintaining essential fatty acids. For 

example, when compared to four other lipid solutions (including SMOFlipid) in a mouse 

model, only Omegaven maintained a safe triene/tetraene ratio, preventing essential fatty acid 

deficiency. [Meisel, et al., 2012]  

Regardless of these clinical findings, the manufacturer of Omegaven does not 

recommend the use of fish-oil based emulsions as a monotherapy, reiterating concerns about 

the low levels of the essential linoleic acid. [Le, et al., 2009] In addition, the treatment is not 

universally successful for infants with PNALD. [Tillman, 2013] In particular, it does not 

appear to be as successful with more advanced stages of disease, and premature infants may be 

less responsive. [Park, et al., 2011; Premkumar, et al., 2013; Sant’anna, et al., 2012; 

Nandivada, et al., 2016] At least one study comparing Omegaven to Intralipid (both with lipid 

reduction) showed no difference in liver enzymes and a surprisingly low incidence of 

cholestasis in both groups, indicating that the reduced lipid may be more important than the 

type of lipid provided. [Nehra, et al., 2014] In addition, a report of 6 children treated for 

PNALD with fish oil, who experienced normalization of bilirubin, still had persistent severe 

fibrosis on liver biopsies.  In three cases, this fibrosis actually worsened with fish oil exposure 

and only in one case did it improve over time. [Mercer, et al., 2013] The American Society of 

Parenteral and Enteral Nutrition makes no recommendation on the use of Omegaven, because 

it is not routinely available in the USA, but they do caution that the overall evidence for fish oil 

lipids is very low quality and there are concerns regarding the effects on growth and 

development. [American Society of Parenteral and Enteral Nutrition, 2014] 

Omega-3 and 6 mixture:  The newest lipid emulsion attempts to address concerns about 

both essential fatty acid deficiency and pro-inflammatory omega-6 fatty acids.  SMOFlipid 

provides a mixture of lipids from multiple sources, and it is rapidly gaining popularity. This 
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solution is the first to provide a 2.5:1 ratio of omega-6 to omega-3 fatty acids, which is the 

ideal balance for human physiology. [Deshpande, et al., 2014] In animal studies, SMOFlipid 

has demonstrated that it has anti-inflammatory properties.  For example, in a murine model 

with lipo-polysaccharide induced inflammation, SMOFlipid injections produced similar 

recruitment of neutrophils as compared to a negative control.  This was in contrast to an 

omega-6 based solution, which had significantly greater recruitment of neutrophils, indicating 

an over-active inflammatory response. [Buschmann, et al., 2015] However, the same study also 

found that SMOFlipid did not prolong survival in sepsis, whereas olive-oil based solutions did. 

[Buschmann, et al., 2015] Piglet work has also shown that SMOFlipid may preserve hepatic 

functioning, as compared to Intralipid (omega-6). In one recent article, a piglet PN model 

showed that the mixed lipid group had increased bile flow, (p=0.008), although both groups 

fell within the normal rate of bile flow for healthy piglets of similar age.  The SMOFlipid 

group also had lower total bilirubin, and CRP, as compared to the Intralipid group.  Only 

piglets in the Intralipid group developed serum markers and bile impairment that would be 

diagnosed as cholestasis.  The authors concluded that the mixed lipid solution not only reduced 

inflammation, but also prevented liver disease. [Turner, et al., 2016] Other authors have 

speculated that the less inflammatory effects of SMOFlipid may be due to the vitamin E that is 

added to the solution; a strong anti-inflammatory. To further investigate this theory, Muto et al. 

conducted a piglet PN study where both groups received Intralipid, and one group also 

received activated vitamin E, in a similar amount as would be supplied with SMOFlipid 

administration. They found no difference in bile flow or in mRNA expression of genes 

associated with bile acid metabolism. The groups were also the same in regards to 

inflammatory and oxidative stress markers. Both groups had impaired bile flow, indicating 

developing cholestasis. [Muto, et al., 2017]  

Initial studies in adults showed that SMOFlipid (as compared to an olive oil and 

soybean lipid) maintained normal liver enzymes and lower triglyceride levels, although the 

study was only 5 days in length. [Piper, et al., 2009] One earlier report focused on small groups 

of children with established PNALD on Intralipid, half of whom were then switched to 

SMOFlipid, with no reduction in the amount of lipid provided.  At 6 months of treatment, 

cholestasis had resolved in 5/8 in the SMOFlipid group, compared to only 2/9 in the Intralipid 
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group.  In fact, the mean bilirubin in the Intralipid group continued to increase throughout the 

study period by 79µmol/L compared to a decrease of 99µmol/L in the SMOFlipid group.  Of 

note, multiple other treatment methods (cycling, UDCA etc) were also used, as is routine in 

that centre. [Muhammed, et al., 2012] Likewise, a separate trial in children over a shorter time 

period also found statistically significant decreases in total bilirubin in those children with the 

mixed lipid emulsion as compared to the soy-based, as well as increased levels of serum α-

tocopherol in the former group. [Goulet, et al., 2010] 

A study of very preterm infants (23-30weeks) compared SMOFlipid to Clinoleic 

(mostly omega-6 vs omega-3 (9:1 ratio)).  The authors found that markers of oxidative stress 

(lipid peroxidation) were significantly reduced in the SMOFlipid group, while the anti-

inflammatory vitamin E level was increased. [Deshpande, et al., 2014] This latter finding is not 

surprisingly, given that SMOFlipid has supplemented levels of vitamin E.  Interestingly, the 

plasma CRP did not differ between the groups and the usual serum markers of PNALD, such 

as total and conjugated bilirubin, and liver enzymes remained in the normal range for both 

groups. [Deshpande, et al., 2014] Meanwhile, a pilot study of SMOFlipid, as compared to 

Intralipid, for preventing PNALD in neonates demonstrated that infants receiving SMOFlipid 

had a lower conjugated bilirubin than those who received Intralipid.  The SMOFlipid patients 

were also more likely to have a return of serum conjugated bilirubin to 0µmol/L, as compared 

to the Intralipid group. The liver enzymes, however, were difficult to interpret, as some were 

significantly higher and others lower between the groups. Of note, this study was small, with 

only 12 patients in each arm, but it is one of the only to have an 8 week course, providing some 

of the first long-term results for SMOFlipid vs Intralipid. [Diamond, et al., ,2016] Lastly, a 

large study of mostly infants showed that SMOFlipid not only decreased liver enzymes and 

bilirubin, but also CRP.  Of note, a small percentage of the studied patients still went on to 

develop cholestasis despite the SMOFlipid. [Pichler, Simchowitz, Macdonald, & Hill, 2014]  

At least one mouse trial has found that SMOFlipid did not prevent PN induced liver 

steatosis, while Omegaven maintained normal liver histology. The same study also found that 

SMOFlipid exposure led to significantly elevated alanine aminotransferase. [Meisel, et al., 

2012] 
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None of the trials to date have found SMOFlipid inferior to soybean oil lipids, at the 

worst, the outcomes are equivocal. [Zaloga, 2015] Similar to the case of Omegaven, because 

SMOFlipid is not approved for use in the USA, the American Society of Parenteral and Enteral 

Nutrition cannot make a recommendation on its use, and they feel that existing evidence is of 

very low quality. [American Society of Parenteral and Enteral Nutrition, 2014] 

In summary, although switching lipids to either a pure omega-3 lipid emulsion or to a 

mixed lipid solution have promising initial studies, further research is needed.  The design of 

many of the above studies make it difficult to determine if the type of lipid is solely responsible 

for the improvement in serum bilirubin and other markers of PNALD.  For example, most of 

the studies include multiple other treatment approaches, (ie: cycling, and UDCA etc), some 

studies do not use standardized doses of lipids, while others include a population of children 

both pre and post-diagnosis of PNALD. It is unlikely that lipids alone will be the answer to the 

multifactorial disease of PNALD.  Although the biochemical markers of cholestasis can be 

reversed by switching to omega-3 lipids, it appears that the fibrosis and hepatic structural 

damage persists and in some cases may worsen. [Tillman, 2013, Nandivada, et al., 2015, 

Mercer, et al., 2013] Likewise, other studies have shown that despite the normalization of 

bilirubin, the serum markers of oxidative stress remain elevated. [Goulet, et al., 2010] PNALD 

has existed in infants before the introduction of lipids in parenteral nutrition, [Arnold, Miller, 

& Zello, 2003] so other factors are likely involved.   

Aluminum reduction:  Given the concern for aluminum toxicity, multiple methods for 

decreasing aluminum exposure have been described.  Package inserts in PN products with high 

aluminum contamination already advise about the risks of aluminum contamination, and 

pharmacists are generally aware of the risks of aluminum toxicity in infants on long-term PN. 

[Mirtallo, 2010; Pharmaceutical Partners of Canada, 2011] However, calculating the actual 

amount of aluminum exposure per patient is difficult, because PN products list the aluminum 

amount expected at product expiry, making the calculated result considerably higher than the 

recommended FDA limit. [Poole, et al., 2010; Smith, et al., 2007; FDA, 2011; Bohrer, et al., 

2002] Calcium gluconate could be exchanged for calcium chloride, as the latter compound has 

considerably less aluminum contamination, but the increased chloride content may cause 
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acidosis and it precipitates easily with phosphate products, leading to PN compounding issues. 

[Bohrer, et al., 2002]   

The most feasible method may involve restructuring the manufacturing and storage 

process to limit the amount of glass exposure. [Wier & Kuhn, 2012] Plastic vials for calcium 

gluconate provide significantly less aluminum than the traditional glass vials, although both 

packaging types do slowly increase in aluminum leeching over time.  For example, one study 

quantified aluminum in samples stored in both types of containers and reported that in glass 

vials, there was an initial 5000µg/L concentration of aluminum, which increased 30-50% over 

2 years. This was compared to an initial concentration of 20µg/L in the plastic product, which 

also increased by 100% over 2 years, but still remained significantly lower than the glass 

product. The same study also addressed the concern that plastic packaging releases phthalates 

which are toxic to endocrine and neurologic functioning.  In this study, none of the plastic 

calcium gluconate packaging released any phthalates over the 2 years of study. [Yokel & 

Unrine, ahead of print] Some countries have therefore selected plastic vials as a method of 

managing aluminum toxicity, for example, the United Kingdom Medicine and Healthcare 

Regulatory Agency has ruled that pediatric calcium gluconate solutions be stored in 

polyethylene containers, instead of glass vials. [UK Medicines and Healthcare Regulatory 

Agency, 2010] Similarly, a new calcium gluconate PN product, stored in plastic has just been 

introduced to the American market. [Yokel & Unrine, ahead of print] 

2.5 Bile acid transporters of interest: BSEP, MRP2, MRP3, NTCP, OATP and associated 

proteins: 

Hepatocytes are polarized, meaning that there are distinct apical and basolateral 

surfaces of the epithelium with mostly unidirectional flow of bile acids between the ends of the 

cell and across the epithelium.  The apical side of the hepatocyte epithelium faces the 

canalicular lumen, while the basolaeral side borders the space of Disse, (where plasma is 

filtered). [Alrefai & Gill, 2007] The polarity of a hepatocyte is maintained by both structural 

components (such as radixin cytoskeleton) and functional components, (the most important of 

which are the bile acid transporters themselves). Bile acid transporters are located on either the 

apical or basolateral membrane, but one type of transporter is never found on both regions.  

This strict positioning ensures that the apical and basolateral membranes have distinct 
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functions, the former for excretion and the latter for re-uptake. Other cellular elements such as 

the extracellular matrix, (which holds hepatocytes in place), tight junctions between cells and 

intracellular energy production assist in keeping the transporters functioning, thus maintaining 

polarity. [Gissen & Arias, 2015]  

Bile acids (or salts) are synthesized from cholesterol in the hepatocyte through two 

different pathways (described above in the pathophysiology section) [Monte, et al., 2009].  

Following synthesis, the bile acids enter hepato-enteric circulation in conjugated forms. They 

are transported across the apical membrane of the hepatocyte by BSEP and MRP2 and into the 

bile canaliculi [Arrese & Ananthanarayanan, 2004]. From there, the bile acids enter the small 

intestine to participate in emulsification and are then reabsorbed from the terminal ileum back 

into the portal blood stream. Basolateral transporters, such as NTCP and the OATP family, 

reabsorb bile acids from the portal blood, across the sinusoidal membrane and back into the 

hepatocyte. [Monte, et al., 2009; Alrefai & Gill, 2007; Hagenbuch & Meier, 2003] Bile acids 

themselves provide positive feedback for the flow of bile through the liver. [Rager & Finegold, 

1975] This bile-dependent bile flow interaction is maintained by nuclear receptors, such as 

FXR, that regulate the activities of bile acid transporters in response to bile acid levels. 

[Kullak-Ublick, et al., 2004; Jung, et al., 2002] See Figure 2.2 for an overview of bile flow and 

hepato-enteric circulation. 
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Figure 2.2: Enterohepatic circulation of bile acids, featuring the involvement of major bile acid 

transporters. ASBT: apical sodium dependent bile acid transporter; BA: bile acids; BSEP: bile salt export protein; 

IBABP: ileal bile acid binding protein; mEH: microsomal epoxide hydrolase; Mrp2/3/4: multi-drug resistance-

associated protein 2/3/4; Na: sodium; NTCP: sodium taurocholate cotransporting polypeptide; OATPs: organic 

anion-transporting polypeptide; OSTα/β: organic solute transporter α/β. Reproduced with permission from W. A. 

Alrefai and R. K. Gill. Bile acid transporters: structure, function, regulation and pathophysiological implications.  

Pharmaceutical Research 2007; 24(10):1803-1823. 

 

As described previously, neonates have been found to have deficiencies in almost all of 

the steps necessary for normal enterohepatic circulation of bile. This may be due to delayed 

development of bile acid transporter genes and the nuclear transcription factors that control 

them. [Tomer, Ananthanarayanan, Weymann, Balasubramanian, & Suchy, 2003] It is also 

possible that the bile acid transporters may be poorly positioned in more immature livers. 

[Chen, et al., 2005] Either insufficiency would negatively impact bile transport when it is 

needed most, ie: a time of cholestasis.  The following section will discuss bile transporters that 

have been implicated in PNALD and other forms of neonatal cholestasis.  
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Interference at any of the stages of bile acid transporter synthesis can alter the amount 

or functioning of a bile acid transporter, potentially contributing to cholestasis.  Alteration of 

transcription of mRNA from DNA is generally observed later in cholestasis, while changes to 

the protein after translation are usually an earlier event. [Anwer, 2004] The post-translational 

events are mediated by secondary messengers, while the earlier, transcriptional changes are 

controlled by nuclear receptors such as FXR. [Anwer, 2004, Ananthanarayanan, 

Balasubramanian, Makishima, & Mangelsdorf, 2001; Zollner & Trauner, 2009]  

BSEP: Bile salt export pump (also known as ABCB11) is one of the most important 

bile acid transporters, as it features in the rate-limiting step of biliary flow: excretion into the 

canaliculi. [Arrese & Ananthanarayanan, 2004] It is found exclusively in the liver, on the 

canalicular membrane, and transports conjugated monovalent bile acids. [Arrese & 

Ananthanarayanan, 2004] Between the portal blood and canalicular space, the difference in 

bile salt concentration gradients is almost 1000-fold, so an active transporter such as BSEP is 

the only way to move bile salts out of the hepatocyte. [Kullak-Ublick, Stieger, & Meier, 2004] 

Studies of human fetal liver suggest that BSEP is expressed at 30-50% of adult levels but may 

not be properly localized until later in life. [Tomer, et al., 2003; Chen, et al., 2005]  

BSEP responds differently to various cholestatic models through both transcriptional 

and post-transcriptional regulation. [Arrese & Ananthanarayanan, 2004] For example, in 

primary biliary cirrhosis, BSEP has an indirect upregulatory response, increasing both BSEP 

mRNA and protein levels. [Arrese & Ananthanarayanan, 2004] Other BSEP transporters are 

also recruited from an intracellular pool, acting on stimuli of cAMP, and hypo-osmolarity; in 

addition to the increased bile acids. [Arrese & Ananthanarayanan, 2004, Schmitt, Kubitz, 

Lizun, Wettstein, & Haussinger, 2001] This is likely an adaptation to improve clearance of bile 

acids from the hepatocyte. [Zollner, et al., 2003; Wolters, et al., 2002] However in other high 

bile acid scenarios, such as inflammation-induced cholestasis models, BSEP is decreased 

[Zollner, et al., 2001] and the preliminary studies looking at BSEP in PNALD appear to 

correlate more with this example. For instance, in murine models of PNALD, it was discovered 

that the mRNA expression of Bsep was significantly lower in the parenteral nutrition group as 

opposed to the non-PN group. [Li, et al, 2012] Although this is an interesting finding, 
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correlation in human studies is needed, as the murine Bsep does not seem to be quite as crucial 

as its human counterpart. [Alrefai & Gill, 2007] 

MRP2 and MRP3: Multidrug resistance associated proteins, of which four members (1-

4) are located in the liver, are also ATP dependent transporters. MRP3 and MRP4 are found on 

the basolateral membrane, while MRP2 is solely on the apical, canalicular membrane.  (MRP1 

is found in only very low levels in the liver).  As a group, they export a variety of substrates 

into bile including glucuronidated (secondary) bile salts, estrogens, and glutathione conjugates 

of compounds. [Zelcer, et al., 2006; Gonzalez, et al., 2004] Of all the MRP transporters, MRP2 

has the largest impact on biliary flow.  Similar to BSEP, fetal liver studies show 30-50% adult 

protein expression in the second trimester. [Tomer, et al., 2003; Chen, et al., 2005] The fetal 

liver studies also found delayed positioning of the MRP2, but not as severe as fetal BSEP. 

[Chen, et al., 2005] 

Despite its importance in hepatobiliary function, there are still many unanswered 

questions about the role of MRP2 in different types of cholestasis.  A few authors have 

reported that MRP2 mRNA is increased in high bile states, [Zollner, et al., 2003; Zollner, et al., 

2001] but most others have found it to be decreased.  In particular, decreased mRNA has been 

found in a murine bile duct ligation model and in small population studies of primary biliary 

cirrhosis. [Zelcer, et al., 2006; Oswald, Kullak-Ublick, Paumgartner, & Beuers, 2001] 

Similarly, PNALD models in mice have shown significant down-regulation of Mrp2 mRNA. 

[Le, et al., 2012, Tazuke, et al., 2004] Interestingly, one was a seven-day model and although 

there were changes seen in the Mrp2 expression, there were no other signs of cholestasis.  The 

authors hypothesized that if this change in mRNA persisted into a decrease in Mrp2 protein, 

then the Mrp2 changes might be one of the earliest precursors to PNALD. [Tazuke, et al., 

2004] 

Human MRP3 transports secondary, glucuronidated bile salts back out of the 

hepatocyte into the portal blood stream. [Kullak-Ublick, et al., 2004; Alrefai & Gill, 2007; 

Zelcer, et al., 2006] Rats have a much lower level of Mrp3 than humans, but it is upregulated 

in cholestatic scenarios and in response to decreased Mrp2 to prevent bile salts from 

accumulating in the hepatocytes. [Zelcer, et al., 2006] Mice without Mrp3 are surprisingly 

healthy until they are challenged with bile duct ligation, then they are unable to mount a high 
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serum conjugated bilirubin level. [Zelcer, et al., 2006] Human MRP3 is still under 

investigation, but it is believed that human MRP3 may also be upregulated in various types of 

cholestasis, including Dubin-Johnson syndrome and primary biliary cirrhosis, to excrete bile 

salts from hepatocytes. [Kullak-Ublick, et al., 2004; Alrefai & Gill, 2007; Elferink & Groen, 

2002] There is limited data on human Mrp3 ontogeny, but both rats and mice have little or no 

expression of Mrp3 as fetuses, and the expression of this transporter increases gradually until it 

reaches adult levels after weaning (60 days for rats and 21 days for mice). [Zhu, Hou, Xu, Lu, 

& Liu, 2017; Maher, Slitt, Cherrington, Cheng, & Klaassen, 2005]   

For those proteins that are successfully expressed there may be additional damage 

stemming from oxidative stress in diseases such as PNALD.  There is preliminary evidence 

(extrapolated from other models of cholestasis) that bile export proteins such as MRP2 and 

BSEP may be internalized to a lysosomal compartment and possibly degraded. [Gonzalez, et 

al., 2004; Kojima, et al., 2003; Shoda, et al., 2001] The exact reasons for this relocation remain 

to be discerned, although the cytoskeletal protein radixin may be involved. 

Radixin: This cytoskeletal protein connects the plasma membrane and transport 

proteins in the membrane to the actin cytoskeleton in bile canalicular microvilli. [Kojima, et 

al., 2003] Studies of cholestasis have shown that both radixin and MRP2 lose their normal co-

localization, suggesting that the stabilization of radixin is necessary for normal canalicular 

positioning of export proteins. [Kojima, et al., 2003; Kojima, et al., 2008] Radixin’s role as a 

stabilizer of export proteins has also been supported in experiments with mice lacking the gene 

for radixin.  These animals developed the expected amount of Mrp2, however the protein was 

misplaced and the mice developed conjugated hyperbilirubinemia. [Kikuchi, et al., 2002] 

NTCP: Sodium-dependent taurocholic co-transporting polypeptide is another important 

transporter, which may play a role in PNALD.  Located in the basolateral membrane of 

hepatocytes, NTCP carries bile acids into the cell from the portal blood stream. [Alrefai & Gill, 

2007] NTCP has the highest affinity for conjugated bile acids, but is also known to transport 

unconjugated bile acids, sulfated bile acids, and steroid sulfates. [Ho, et al., 2004] Its 

expression is altered in disease processes such as primary biliary cirrhosis and alcoholic 

cirrhosis, perhaps as a defensive mechanism to limit the amount of potentially toxic biliary 

products. [Zollner, et al., 2003; Zollner, et al., 2001] High levels of bile acids indirectly down-
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regulate the expression of NTCP via nuclear receptors and other promoters, thereby limiting 

the amount of bile acids allowed into the hepatocyte.  Similarly, pro-inflammatory cytokines 

and endotoxins (such as are found in PNALD models) indirectly down-regulate both mRNA 

and protein NTCP. [Arrese & Ananthanarayanan, 2004; Wolters, et al., 2002; Gonzalez, et al., 

2004] This inflammation triggered down-regulation could feasibly play a role in PNALD, but 

evidence is currently lacking. [Alrefai & Gill, 2007] Of note, it is one of the bile acid 

transporters that is delayed in human fetal development, and is found to be expressed at only 

1.8% of adult levels in the second trimester of gestation. [Chen, et al., 2005] 

OATP: Organic anion transporting polypeptides, like NTCP are also found on the 

basolateral membrane, but differ in that they are responsible for the entry of unconjugated bile 

acids into the hepatocyte. [Alrefai & Gill, 2007; Hagenbuch & Meier, 2003] A collection of 

OATPs are found in the liver with subtly different functions. Generally, OATPs transport large 

anionic amphipathic molecules, but a few types can transport enzymes such as cholecystokinin 

8 and even cations. [Alrefai & Gill, 2007; Hagenbuch & Meier, 2003] Based on rat studies 

OATPs may develop even later than BSEP and NTCP. [Hagenbuch & Meier, 2003] 

Elevated bile acids have varying effects on the different members of the OATP family.  

For example, humans with primary sclerosing cholangitis have decreased expression of some 

subtypes of OATP, with increased expression of others. [Alrefai & Gill, 2007] OATP2 in 

particular has been studied extensively, and is decreased in later stages of primary biliary 

cirrhosis as well as inflammation-induced cholestasis. [Zollner, et al., 2003; Wolters, et al., 

2002; Zollner, et al., 2001; Oswald, et al., 2001] Analogous to NTCP, researchers have 

theorized that OATP-type transporters likely play a role in PNALD and other types of acquired 

cholestasis based on its role in inflammation-induced cholestasis models. [Zollner, et al., 2001] 

Congenital diseases with bile acid transporter mutations:  Mutations in BSEP are the 

most detrimental of any of the bile acid transporter disorders.  Alterations of this protein lead to 

the devastating disorder Progressive Familial Intrahepatic Cholestasis type 2, which progresses 

to cirrhosis and liver failure in the first ten years of life. Progressive familial intrahepatic 

cholestasis (PFIC, also known as Byler syndrome) includes at least three heterogenous diseases 

stemming from mutations in apical bile acid transporters.  They are all autosomal recessive and 

present to varying degrees in childhood.  PFIC type 2, caused by a complete absence of BSEP, 
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is the most severe of the group; with the earliest presentation and the quickest progression.  It 

is also the only one to be associated with liver tumours.  Histology demonstrates the absence of 

ductular proliferation, with severe portal fibrosis, and inflammation.  Treatment for PFIC type 

2 includes ursodeoxycholic acid, biliary diversion, and early liver transplantation. [Jacquemin, 

2002; Arrese & Ananthanarayanan, 2004; Elferink & Groen, 2002] 

Mutations in MRP2 meanwhile, create a surprisingly benign condition: Dubin-Johnson 

syndrome, characterized by conjugated hyperbilirubinemia with intact biliary excretion. 

[Alrefai & Gill, 2007] Dubin-Johnson syndrome is autosomal recessive and on histology, these 

patients have distinctive accumulation of black pigment in the lysosomes.  Most patients are 

asymptomatic, but a few may complain of vague abdominal pain, weakness or nausea.  

Jaundice is not usually notable until puberty or by age twenty.  The liver enzymes are 

characteristically normal, but the bilirubin (and subsequently the jaundice) fluctuate.  Only in 

severe neonatal forms is treatment, such as ursodeoxycholic acid, required. [Lee, et al., 2006] 

Absence or mutation of NTCP does not appear to cause a recognizable disease. [Ho, et 

al., 2004] Similarly, lack of OATP transporters may compound biliary stasis but minimal 

disease has been identified secondary to mutations in this transporter. [Alrefai & Gill, 2007] 

Only in very rare cases where multiple types of OATP transporters are missing, is there any 

deficit.  For example, Rotor syndrome can develop when two OATP transporters are mutated.  

It shares many of the same characteristics as Dubin-Johnson syndrome, with mild neonatal 

jaundice. The distinguishing feature is the lack of intrahepatic pigment. [Gissen & Arias, 2015] 

Farsenoid X receptor (FXR): FXR is one of the most influential nuclear receptors in 

bile acid synthesis and it regulates many of the genes involved in bile acid metabolism. 

[Ananthanarayanan, et al., 2001; Zollner & Trauner, 2009] Bile acids themselves activate FXR 

(which works in conjunction with retinoid X receptor (RXR) as a heterodimer) and this 

activated FXR/RXR complex then adjusts BSEP, MRP2, rat Ntcp, and OATP8 in hepatocytes. 

[Kullak-Ublick, et al., 2004; Jung, et al., 2002] The relationship between FXR and human 

BSEP is unique in that FXR directly induces gene expression of BSEP, [Ananthanarayanan, et 

al., 2001] and no other heterodimer of RXR can produce a similar effect. [Ananthanarayanan, 

et al., 2001] Murine studies have shown that when FXR is not present, the mRNA of Bsep is 

significantly reduced compared to normal, and the expected up-regulation of Bsep in response 
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to increased bile acids is impaired. [Ananthanarayanan, et al., 2001] Comparative studies of 

human fetal liver samples demonstrate that FXR is expressed at 75% of adult levels, suggesting 

that this receptor is present in substantial quantities very early in life and therefore likely active 

in infants with PNALD. [Chen, et al., 2005]   

Most of the other interactions between FXR and bile acid transporters are indirect.  For 

instance, FXR negatively controls NTCP through the work of an intermediary. [Zollner & 

Trauner, 2009] Strangely, in increased bile acid situations where NTCP is turned off by FXR, 

it appears that FXR turns on OATP8.  This latter interaction between OATP8 is clearly 

stimulated by increased bile acids, but the reasoning for inhibiting one basolateral transporter 

and activating another is unclear.  It may be that OATP8 is needed for ongoing peptide uptake 

or perhaps to export bile acids in a cholestasis environment. [Jung, et al., 2002]  

Lastly, FXR also contributes to fibrosis by regulating the extracellular matrix 

production of hepatic stellate cells. [Zollner & Trauner, 20096] Acting indirectly again, FXR 

inhibits fibrosis production both by reducing collagen production and triggering apoptosis of 

the hepatic stellate cells; though this has only been shown in rat models so far. [Zollner & 

Trauner, 2009] Overall, FXR is clearly a key regulator of bile acid synthesis and responds to 

high levels of bile acids, but its role in PNALD is not known. 

2.6 Piglet model:   

PNALD is a complex, multifactorial disease that cannot be adequately replicated 

outside of a living organism, and this makes the piglet model invaluable.  Through use of the 

piglet it is possible to mimic almost all of the conditions that are known to contribute to 

PNALD and then examine a disease in vivo.  The piglet, as opposed to other animals, is the 

ideal choice because it most closely mimics infant physiology, anatomy, and metabolism. 

[Miller & Ullray, 1987; Baracos, 2004]  

One of the most important features of a PNALD model is the ability to mimic a 

neonatal population, because this is the age group most frequently affected.  Due to their size, 

both mouse and rat models of PNALD use mature animals as it is technically difficult to 

perform the surgical procedures required to create a short bowel model or insert central lines in 

rat or mouse pups. [Turner, et al., 2011, Sangild, et al., 2014]  Both the human infant and the 
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piglet are born at a similar, immature stage of gastrointestinal/hepatic development.  In fact, the 

piglet may be a closer model for the premature infant vs the term infant, given the lack of fat 

reserve in the new-born piglet. [Miller & Ullray, 1987] The pathophysiology of PNALD 

appears to depend on the presence of an underdeveloped enterohepatic system and therefore it 

is extremely important to have a model such as the pig that provides this feature. For example, 

Turner, et al., demonstrated in their piglet PN model that even with piglets born at term, there 

was increased intermediate filaments of liver epithelial cells, a finding indicating that ducts 

were still in the developmental phase. [Turner, et al., 2011] Piglets are also the animal of 

choice for other diseases of prematurity as well, such as necrotizing enterocolitis. [Sangild, et 

al., 2014] 

Piglets share important immunological features with infants, where both rely heavily on 

antibodies received from colostrum and breast milk. Piglets are especially vulnerable, because 

they do not receive maternal immunoglobulins through the placenta. [Sangild, et al., 2014] 

This is in contrast to rats, because rat pups receive a large component of their maternal 

antibodies prenatally. The commensal flora is also similar between humans and pigs, in 

addition to susceptibility to many of the same bacterial and viral pathogens. [Butler & 

Singkora, 2007] Although the immune deficit may make the piglet model more accurate, it also 

makes the piglets harder to work with. Piglet PN studies often have a high attrition rate because 

of sepsis. [Turner, et al., 2011] To avoid attrition, many piglet studies administer maternal 

plasma to provide passive immunity. [Sangild, et al., 2014] 

PNALD models often have a component of short bowel, and the piglet model produces 

a more translatable response to short bowel.  For example, in most piglet PN models with short 

bowel, the animals are dependent on PN, whereas rodent models are not. [Sangild, et al., 2014] 

In one piglet PN model with short bowel, the authors reported hepatic cholestasis, rather than 

steatosis.  Infants on PN are much more prone to cholestasis as opposed to steatosis and this 

implies that piglet livers respond to PN exposure in a similar way as infants. In comparison, 

other animal PN models, such as rabbits and rats more often produce steatosis, which indicates 

liver damage, but is not representative of neonatal PNALD. [Turner, et al., 2011]  

Rodent models are often a good first-line model to test out a hypothesis, such as the 

role of intestinal growth factors.  However, they are not as easy to translate to clinical PNALD 
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practice. Not only is it technically difficult to conduct surgery to create PNALD in rat pups, but 

the pups are born at a much more developed stage than human infants. [Sangild, et al., 2014]  

Rats do have an immature gastrointestinal system at birth, but the rest of their organ systems, 

including liver, kidney and nutrient metabolism are fully developed.[Sangild, et al., 2014]  This 

is a key difference in a disease that requires hepatic immaturity. 

Mice are unique in that they can survive massive bowel resection without requiring PN. 

This provides the opportunity to identify the molecular changes that allow the mouse to survive 

such considerable bowel loss. They also are more resistant to intestinal atrophy triggered by 

PN administration, similar to adult humans. [Sangild, et al., 2014] Studies using these features 

have generated considerable advances in the field of intestinal adaptation, a critical step to 

advancing enteral tolerance and weaning from PN. The mouse model also has the ability to use 

multiple different genetic strains, with or without genes of interest, a feature which is lacking 

in the piglet model. [Sangild, et al., 2014] This model still has many of the same limiting 

factors as described above for the rat model and a model using PN in mouse pups does not 

exist. 

Neonatal piglets have a long history of acting as a model for a variety of newborn 

human formulas, [Book & Bustad, 1974] as the diet requirements between the two species are 

remarkably alike. [Miller & Ullray, 1987; Baracos, 2004] The parenteral nutrition requirements 

between the two species are equally similar, especially in terms of amino acid requirements. 

Piglets do require significantly more calories per day than human infants because of their 

expedited growth, but rapid development is advantageous. [Miller & Ullray, 1987] The growth 

rate of a piglet is generally 3-5 times that of a human. [Turner, et al., 2011] For example, the 

bowel in a piglet will double in length in only 10 days, whereas it takes 2-3 years for a human 

to do the same. [Turner, et al., 2011]  This growth rate allows for rapid development of disease 

processes and quicker responses, such as bowel adaptation.  In a large animal model, where 

housing and feeding is expensive, it is important to have a fore-shortened disease process. 

Research has shown that if a nutritional regimen can support the intense growth demands of a 

piglet, it should be sufficient for the slower developing infant. [Book & Bustad, 1974] 

Our project examines bile acid transporters and therefore it is important that the 

ontogeny and function of these transporters be accurately represented in our model.  There is 
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minimal data on the development of piglet bile acid transporters, but considerable evidence 

that rodents and humans have prohibitive differences in this area.  For example, many of the 

transporters (including Mrp2, Mrp3, and Bsep) are minimally expressed in rodents at birth and 

take weeks to increase. [Zhu, et al., 2017; Maher et al., 2005; Tomer, et al., 2003; Chen, et al., 

2005] This is in comparison to human infants, where 30-50% of these transporters are 

documented pre-natally. [Tomer, et al., 2003; Chen, et al., 2005] The adult functioning of some 

transporters may also differ between rodents and humans.  This is true of Bsep, which is not as 

essential in rodents as it is in humans, [Alrefai & Gill, 2007] and Mrp3, which some rodents 

can lose completely and be unaffected. [Zelcer, et al., 2006] 

Finally, as compared to rodents, piglets are also independently mobile shortly after 

birth, a feature which ensures recovery after surgery. [Butler & Sinkora, 2007] Considering 

these factors, the Yucatan miniature piglet was chosen specifically because it has a desirable 

growth rate as it develops a little slower than its domestic piglet cousin, but still much faster 

than a human infant.  In addition, it is smaller, making it much easier to handle, house, and 

support nutritionally; and is hardy with few health issues. [Book & Bustad, 1974] 

2.7 Rationale: 

Due to the variety of factors contributing to the pathophysiology of this disease, the 

best results in treatment have also been multi-factorial.  For example, larger treatment centers 

have reported success using a combination of PN cycling, lipid reduction, employing newer 

lipid emulsions, maximizing enteral stimulation, and use of UDCA. [Cowels, et al., 2010] 

Reducing aluminum is an important strategy to add to this list and will likely further improve 

the results.  Overall, many questions remain about the pathophysiology of PNALD, especially 

regarding the importance of lipids and aluminum, and their effects on bile acid transporters. 
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3: TRANSITIONS 

This thesis is comprised of five projects that progress sequentially, each one building 

on the findings of the preceding work. My roles were similar in all of the projects. For each 

one, I contributed to the experimental design, and I carried out the experiments and acquired 

data. I also contributed to data analysis and interpretation, and I was first author for drafting 

and revision of all manuscripts. 

Firstly, we conducted a study examining Al contamination of infant PN in a Canadian 

NICU.  Before examining the role of Al in PNALD, we needed to establish if Al contamination 

was still an issue in modern neonatal units.  Our hypothesis was that Al is still at a potentially 

toxic level in neonatal PN and calcium gluconate contributes the majority of Al in PN.  This 

study addressed objective 1: Assess the current degree of aluminum contamination of 

parenteral nutrition used in a Canadian neonatal intensive care unit and review possible sources 

for this contamination.  This experiment was published in a modified form in the Journal of 

Parenteral and Enteral Nutrition: Hall AR, Arnold CJ, Miller GG, Zello GA. Infant parenteral 

nutrition remains a significant source for aluminum toxicity. JPEN J Parenter Enteral Nutr. 

2016; pii: 0148607116638056. [Epub ahead of print].  

With the knowledge that Al was still widely prevalent in infant PN, we proceeded to 

analyze the effects of high Al on the bile acid transporters essential for hepatic function.  For 

this project, we conducted a randomized control trial using the piglet PN model.  We compared 

the effects of Standard Al (similar to levels found in our NICU study) vs High Al (2.5 times 

more Al).  We chose these amounts of Al because we wanted to amplify the effects of Al and 

have a better chance of identifying them in a relatively small study.  All of the piglets in this 

study group had otherwise identical PN with an omega-6 based lipid. We hypothesized that Al 

contamination in PN would negatively affect bile acid transporters, causing both down-

regulation and incorrect cellular localization. This study addressed objective 2: Use the 

Yucatan miniature pig parenteral nutrition model to observe the effects of High (63µg/kg/day) 

vs Standard Al (24µg/kg/day) contamination, with either mixed or omega-6 lipids.  Evaluate 

for changes to bile acid transporters by immunohistochemistry, polymerase chain reaction, and 

Western blotting techniques.  Additionally, compare the total serum bile acids to detect early 

cholestasis.  

https://www-ncbi-nlm-nih-gov.cyber.usask.ca/pubmed/?term=infant+parenteral+nutrition+remains+a+significant+source+of+aluminum+toxicity
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Based on our findings from the first piglet PN study, there was evidence that Al could 

alter bile acid transporters, but we felt that the pro-inflammatory omega-6 lipid might also be 

inhibiting bile acid transporters.  We decided to repeat the randomized control piglet PN model 

and compare High vs Standard Al using a less-inflammatory mixed lipid solution.  We 

hypothesized that both Al contamination and pro-inflammatory lipids in PN impair bile acid 

transporter proteins, and that a mixed lipid solution would only partially prevent the changes in 

transporters correlated with Al contamination. This study addressed objectives 2 and 3. 2: Use 

the Yucatan miniature pig parenteral nutrition model to observe the effects of High 

(63µg/kg/day) vs Standard Al (24µg/kg/day) contamination, with either mixed or omega-6 

lipids.  Evaluate for changes to bile acid transporters by immunohistochemistry, polymerase 

chain reaction, and Western blotting techniques.  Additionally, compare the total serum bile 

acids to detect early cholestasis. 3: For the piglet study with omega-6 lipids, compare High vs 

Standard aluminum in parenteral nutrition, in terms of its effect on serum C-reactive protein 

levels (a marker of inflammation), and hepatocyte morphology, as determined by transmission 

electron microscopy. 

Based on the second piglet PN study, we concluded that Al could still affect bile acid 

transporters despite the presence of a less-inflammatory lipid and we decided to explore the Al-

associated changes further.  Using liver tissue from the randomized control piglet PN model we 

compared the hepatic ultrastructure effects of High vs Standard Al with a less-inflammatory 

mixed lipid solution.  We hypothesized that the hepato-protective nature of the mixed lipid 

solution would not completely protect the hepatocyte and Al induced structural changes would 

develop despite the use of the less-inflammatory lipid. This study addressed objective 3: For 

the piglet study with omega-6 lipids, compare High vs Standard aluminum in parenteral 

nutrition, in terms of its effect on serum C-reactive protein levels (a marker of inflammation), 

and hepatocyte morphology, as determined by transmission electron microscopy. 

Our piglet work suggested that Al could be detrimental to bile acid transporters and that 

mixed lipids could partially prevent the Al-associated changes but we wanted to isolate the 

specific effects of both lipids and Al.  We also wanted to further explore the combined effects 

of Al and lipids.  We decided to conduct a trial using sandwich-cultured hepatocytes where we 

could study the effects of Al, omega-6 lipids, and mixed lipids, both individually and together. 
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We hypothesized that both Al contamination and pro-inflammatory lipids in PN could cause 

down-regulation and impaired functioning of bile acid transporter proteins and that the two 

factors might act synergistically.  By addressing both concerns through the reduction of Al and 

the switch to a more balanced lipid formulation (mixed lipids), we theorized that there would 

be better preservation of bile acid transporters, as compared to either intervention individually.  

This project addressed objective 4: Isolate the effects of aluminum, omega-6 lipids, and mixed 

lipids on bile acid transporters using a primary hepatocyte model and determine if the effects of 

these factors are additive.  Evaluate for changes to bile acid transporters by qPCR, Western 

blot and functional assay (where possible). 
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4: INFANT PARENTERAL NUTRITION REMAINS A SIGNFICANT SOURCE FOR 

ALUMINUM TOXICITY 

Reprinted with permission of SAGE: Hall RA, Arnold CJ, Miller GG, & Zello GA. (2016). 

Infant parenteral nutrition remains a significant risk for aluminum toxicity. JPEN J Parenter 

Enteral Nutr 2016; pii: 0148607116638056. http://journals.sagepub.com 

4.1 Abstract: 

Background: Aluminum toxicity is associated with anemia, impaired bone metabolism, 

neurologic defects, and parenteral nutrition (PN)– associated liver disease. This element is a 

ubiquitous contaminant of PN components, especially in infant formulations. We assessed the 

current levels of aluminum contamination in infant PN at a level III neonatal intensive care 

unit.  

Materials and Methods: Thirty samples of PN prepared in the same hospital for infants 

aged <30 days (mean [SD] weight, 1.54 [0.71] kg) were collected from discarded solution. 

Each sample was analyzed for aluminum content via inductively coupled plasma mass 

spectrometry. The components of PN (from label) and measured aluminum content were then 

compared using linear regression and 1-way analysis of variance.  

Results: The mean (SD) aluminum contamination of infant PN was 14.02 (6.51) 

mcg/kg/d. Only 3 samples were <5 mcg/kg/d. Aluminum levels and infant weight were not 

associated. Linear regression revealed a significant correlation between aluminum and both 

calcium gluconate (P < .0001) and phosphate (P = .05), with a trend between aluminum and 

potassium (P = .07).  

Conclusions: Aluminum contamination in infant PN remains almost 3 times higher than 

the advised maximum exposure (<5 mcg/kg/d, Food and Drug Administration 2004). 

Unexpectedly, an association between infant weight and aluminum exposure was not apparent, 

likely due to the homogeneity of our population. Isolating the source of aluminum 

contamination is difficult, as multiple components appear to be involved. Calcium gluconate is 

likely still a major contributor, but further investigations into individual components are 

warranted to promote the reduction of aluminum in infant PN. 
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 Clinical Relevancy Statement: 

Despite heightened awareness of the dangers of aluminum in infant parenteral nutrition 

(PN), potentially toxic levels appear in current PN injectable products. Further action to reduce 

aluminum in PN injectable products should be undertaken, and many strategies are available, 

especially to decrease the contribution of calcium gluconate to aluminum contamination. 

4.2 Introduction: 

Aluminum (Al) has been identified as a substantial contaminant of parenteral nutrition 

(PN) for over 20 years. [Klein, et al., 1982; Klein, et al., 1984] The Al contamination of PN 

injectable products is particularly concerning for infants due to a higher risk of toxicities 

associated with renal Al accumulation. [Koo, et al., 1989; Koo, et al., 1986] Bohrer et al (2010) 

have demonstrated that even in infants with normal renal function, approximately 56% of Al 

introduced via PN is not excreted. Unfortunately, premature infants (often with 

underdeveloped kidneys) are also those exposed to the highest levels of Al in PN because 

premature infants require proportionally greater amounts of the 2 most contaminated 

components: calcium (usually calcium gluconate) and phosphate. [Bohrer, et al., 2010; Poole, 

et al., 2010; Alvarez, Rebollido, Fernandez-Lorenzo, Cocho, & Fraga, 2007; Moreno, 

Dominguez, & Ballabriga, 1994] 

Al provides no nutritional benefit and no deficiency has ever been described, but in 

excess it is associated with a variety of pathologies. [American Academy of Pediatrics 

Committee on Nutrition, 1986] Deposits of Al have been found in the liver, brain, kidneys, and 

developing bone. [Koo, et al., 1989; Koo, et al., 1986; Bertholf, et al., 1989] In the bone, Al 

interferes with vitamin D, parathyroid hormone, and osteoblast activity, causing an 

osteomalacia-type bone disease. [Klein, et al., 1982; Koo, et al., 1989; Klein, et al., 1995] The 

long-term effects of this impaired bone metabolism are evident as late as 13–15 years after PN 

exposure. [Fewtrell, et al., 2011] Bishop et al (1997) reported that preterm infants exposed to 

Al-contaminated PN (as opposed to low Al PN) had impaired neurodevelopment at 18 months. 

[Bishop, et al, 1997] The possible contributions of Al to liver damage and cholestasis in infants 

receiving PN have recently been reviewed by our group, [Hall, Arnold, Zello, & Miller, 2014] 

and multiple studies support its hepatotoxic nature. [Alemmari, et al., 2011; Alemmari, et al., 
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2012; Arnold, et al., 2003; Klein, et al., 1988; Demircan, et al., 1998] Furthermore, Al also 

contributes to anemia in the infant. [Gura, 2010] 

 

Table 4.1: Review of articles examining Al contamination in infant PN 

In 2004, the Food and Drug Administration (FDA) issued a recommendation that 

infants should be exposed to no more than 5 mcg/kg/d Al. [Federal Register, 2011] However, 

multiple investigations into both individual components and the resulting PN solution have 

demonstrated that Al contamination of infant PN remains well above 5 mcg/kg/d (Table 4.1). 

[Bohrer, et al., 2010; Poole, et al., 2010; Speerhas & Seidner, 2007] Unfortunately, 

considerable variation exists between these studies. These differences include the methods of 

Al measurement and analysis, the ages of the patients, and the degree of investigation into 

individual components. To determine if current methods to decrease Al levels in PN have been 

successful in North America, we measured the Al contamination in infant PN at our institution. 

4.3 Methods: 
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Thirty samples of PN were obtained from discarded solutions, prepared for 18 different 

patients, at a single hospital pharmacy for our level III neonatal intensive care unit (NICU). At 

our institution, all neonatal PN is provided as a 2-in-1 admixture consisting of amino acids, 

dextrose, and other additives in a single bag. A lipid emulsion containing soybean oil, medium- 

chain triglycerides, olive oil, and fish oil (SMOFlipid) is provided as a separate infusion based 

on recommendations of the SMOFlipid manufacturer (Fresenius Kabi, Richmond Hill, ON, 

Canada) and national organizations such as the American Society for Parenteral and Enteral 

Nutrition (A.S.P.E.N.). [Boullata, et al., 2014, Fresenius Kabi, 2015] 

Each PN sample was taken from the bag of amino acid and dextrose solution once it 

had been de-identified and discarded from the infant’s bedside and was no longer needed for 

active treatment. The separate bag containing SMOFlipid was not examined. Two samples of 

sterile water were also analyzed as a control. Those infants selected had been treated with PN 

for at least 7 consecutive days, and 14-day intervals were used for those cases where repeat 

samples were obtained from the same infant’s formulation. All infants receiving PN were aged 

<30 days, and their mean (SD) weight was 1.54 (0.71) kg. This study was approved by the 

University of Saskatchewan Biomedical Research Ethics Board prior to starting this study. No 

information was collected about the identity or health of the infants receiving PN, and therefore 

consent was not required. 

A sample volume of 30–50 mL was collected from each PN bag and transferred to a 

sterile polyethylene 50-mL centrifuge tube. These samples were stored at 4°C for up to 1 

month before they were analyzed. The 32 samples (PN and water) were analyzed for Al 

content via inductively coupled plasma optical emission spectrometry (ICP-OES; Model iCAP 

6500 Duo Analyzer; Thermo Scientific, Waltham, MA) using standardized procedures 

recognized by Environment Canada, the US Environmental Protection Agency, and the 

Canadian Centre for Mineral and Energy Technology. 

First, nitric acid was used to digest the sample. The resulting solution then underwent 

pneumatic nebulization and was passed through the argon-based plasma beam of the ICP-OES. 

Following additional exposure to high temperature and radio-frequency, individual atoms and 

ions in the sample became excited and emitted light. The light was then passed through a prism 

and Echelle grating to separate the light by wavelength and order, respectively. The separated 
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photons were then measured at specific emission lines (atomic line 396.7 nm for Al) by the 

solid-state charge injection device. All equipment involved in the digestion and analysis of the 

samples was Al free. An internal sample was run concordantly for all analyses, and runs were 

repeated if 70%–125% of the internal standard was not recovered. The ICP-OES instrument 

used has a lower detection limit of 0.005 mg/L for Al. [American Public Health Association, 

1999; Saskatchewan Research Council, 2016] 

Each bag was labeled with the weight of the infant, the PN administration rate, and a 

listing of the individual PN components with their amounts. 

Statistical Analysis  

All statistical analysis was carried out using SPSS version 22 (SPSS, Inc, an IBM 

Company, Chicago, IL) and SAS (SAS Institute, Cary, NC). Infant weight and PN Al content 

were compared using linear regression and 1-way analysis of variance (ANOVA). For the 1-

way ANOVA, infant weight was classified as quartiles and also as 3 groups (<1 kg, between 1 

and 2 kg, and >2 kg). 

To examine the relationship between PN components and Al content, both univariate 

analysis and multivariate analysis were performed. The former method compared each PN 

component individually to Al content (in mg/L and mcg/kg/d) using regression analysis, while 

the latter method included all significant components together in a single model. Components 

identified in the univariate analysis to have significance of P < .20 [Bursac, et al., 2008] were 

included in the multivariate analysis (also 2 models for Al in mg/L and mcg/kg/d). Significance 

level was set as P < .05.  

 4.4 Results: 

The mean (SD) Al contamination was 14.02 (6.51) mcg/ kg/d, with a range of 1.16–

27.18 mcg/kg/d. Only 3 samples contained <5 mcg/kg/d Al, while 3 samples contained >25 

mcg/kg/d (Figure 4.1). In the 2 water samples, the Al contamination was below the detectable 

limit of 0.005 mg/L, indicating that the centrifuge tubes had not contributed any Al. 
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Figure 4.1: Histogram of Al content in 30 PN samples 

Al and infant weight were not related when the 2 factors were compared by linear 

regression (P = .21). One-way ANOVA also resulted in no significant correlation between 

weight and Al. For the quartile classification, the resulting P value was .22, while for the 3 

weight groupings, the P value was .70. 

Results of the comparison between the proportion of each individual PN component 

and Al contamination of the total PN sample are shown in Table 4.2. The number of 

components for each PN sample was not consistent throughout the PN study samples. For 

example, selenium was found in only 3 samples. In the first univariate model, where Al was 

measured in mg/L, both calcium and phosphate were significantly related to Al content, while 

potassium and multivitamins showed a trend toward significance. In the second univariate 

model, where the Al was measured in mcg/kg/d, calcium was still significant, along with 

amino acids. Also, the multivitamins showed a weak trend toward significance, but phosphate 

and potassium were no longer significantly related to Al contamination. 

PN Component 

 

(Manufacturing Information) 

Component 

 

Concentration in 

PN 

Al (mg/L) vs 

Componenta 

 

P Value 

Al (mcg/kg/d) 

vs 

Componenta 
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Sample, Mean 

(SD) 

P Value 

Amino acids, % (PRIMENE 10% 

[amino acid injection]; Baxter, 

Mississauga, ON, Canada) 

4.01 (0.93) 0.17 0.002 

Dextrose, % (70% dextrose injection, 

USP; Baxter, Mississauga, ON, 

Canada) 

17.50 (2.16) 0.94 0.55 

Sodium, mEq/L (sodium phosphate 

injection, USP [Sandoz, Boucherville, 

QC, Canada]; sodium acetate injection, 

USP [Omega, Montreal, QC, Canada]; 

sodium chloride injection, USP 

[Fresenius Kabi, Richmond Hill, ON, 

Canada]) 

61.00 (38.00) 0.21 0.86 

Potassium, mEq/L (potassium 

phosphate injection, USP; Fresenius 

Kabi, Richmond Hill, ON, Canada) 

33.33(18.26) 0.07 0.58 

Magnesium, mEq/L (magnesium 

sulfate injection, USP, 50%; Fresenius 

Kabi, Richmond Hill, ON, Canada) 

3.33 (1.67) 0.44 0.80 

Phosphate, mmol/L (sodium phosphate 

injection, USP [Sandoz, Boucherville, 

QC, Canada]; potassium phosphate 

injection, USP [Fresenius Kabi, 

Richmond Hill, ON, Canada]) 

12.70 (6.34) 0.05 0.30 

Chloride, mEq/L (sodium chloride 

injection, USP; Fresenius Kabi, 

Richmond Hill, ON, Canada) 

45.61 (47.56) 0.60 0.38 

Acetate, mEq/L (sodium acetate 

injection, USP; Omega, Montreal, QC, 

Canada) 

37.80 (31.41) 0.27 0.33 

Calcium, mEq/L (calcium gluconate 

injection, USP, 10%; Fresenius Kabi, 

Richmond Hill, ON, Canada) 

23.07 (4.42) <0.0001 0.05 

Multivitamins, mL/kg (MULTI-

12/K1*Pediatric [Multivitamins for 

infusion], Sandoz, Boucherville, QC, 

Canada) 

2.23 (1.01) 0.07 0.08 

Trace elements, mL/kg (MICRO+*6 

Pediatric [6 Trace elements injection, 

USP], Sandoz, Boucherville, QC, 

Canada) 

0.09 (0.03) 0.11 0.97 
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Zinc, mg/kg (MICRO Zn [Zinc Sulfate 

injection, USP]; Sandoz, Boucherville, 

QC, Canada) 

0.23 (0.10) 0.26 0.58 

Carnitine, mg/kg (CARNITOR 

Injection, USP [Levocarnitine]; Sigma-

Tau Pharmaceuticals, Gaithersburg, 

MD) 

5.33 (5.07) 0.70 0.54 

Selenium, mcg/kg (MICRO Se 

[Selenious acid injection, USP]; 

Sandoz, Boucherville, QC, Canada) 

0.10 (0.31) 0.79 0.26 

Table 4.2: Univariate Analysis of Al Content vs Individual PN Components.  Al, aluminum; PN, parenteral 

nutrition; SD, standard deviation; USP, United States Pharmacopeia.  a: Significant at P < .05 

For the first model of multivariate analysis (with Al measured in mg/L), amino acids, 

phosphate, calcium, potassium, trace elements, and multivitamins were included, but only 

calcium trended toward a relationship with Al. The second multivariate model (with Al 

measured in mcg/kg/d) included amino acids, calcium, and multivitamins. Although phosphate, 

potassium, and trace elements did not meet the numeric inclusion requirements in the initial 

univariate model, they were still added to this multivariate model because of their clinical 

importance in the literature. Previous studies have identified high Al contamination in these 3 

components (as per Table 4.1), and they were therefore included to obtain a complete clinical 

model. In this second multivariate model, only amino acids displayed a significant relationship 

with Al (Table 4.3). 

 

Table 4.3: Multivariate analysis of PN components vs Al content 
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4.5 Discussion: 

Al contamination in our collection of infant PN was almost 3 times higher than the 

recommended limit, and only 10% (3 samples) of the PN study samples were compliant with 

the FDA-recommended Al contamination guideline. In 1991, the American Society for Clinical 

Nutrition (ASCN) and American Society for Parenteral and Enteral Nutrition (A.S.P.E.N.) 

released a statement that <2mcg/kg/d is the safe limit for aluminum in parenteral nutrition 

solutions. If our results are interpreted using this guideline, then only 1 of our 30 samples has a 

safe level of aluminum contamination. [American Society for Parenteral and Enteral Nutrition, 

1991] On the basis of these findings, most infants receiving prolonged PN are at risk of Al-

related complications. The mean PN Al contamination from this investigation of 14.02 

mcg/kg/d is similar to the findings reported by other authors in 2010. [Bohrer, et al., 2010; 

Poole, et al., 2010] A similar study was conducted in the same NICU as the current study in 

2005 by Li (2005), and at that time, it was found that the mean (SD) Al contamination was 

21.6 (5.2) mcg/kg/d. However, the PN Al content of the 2005 study was estimated based on 

extrapolation of individual PN component measurements and not on actual measurement of the 

total PN Al concentration. [Li, 2005] 

In contrast to other investigations, our study demonstrated no relationship between 

amount of Al exposure and infant weight. [Bohrer, et al., 2010; Poole, et al., 2010] Compared 

with these previous works, our population was more homogeneous and composed of smaller 

infants (mean [SD], 1.54 [0.71] kg). This lack of weight variation would have made it difficult 

to detect weight-dependent differences. In addition, the infants received similar amounts of 

calcium gluconate, which is the component containing the highest amount of Al.  

The range of calcium gluconate provided per milliliter was 0.00–24.00 mEq/L, but the 

standard deviation was only 0.004. When measured in kg/d, the calcium gluconate ranged from 

0.00–2.84 mEq/kg/d with a standard deviation of 0.72.   

Our univariate analysis was comparable to other studies and showed that calcium, 

phosphate, potassium, multivitamins, and trace elements were still the major sources of Al 

contaminants. Upon initial examination, calcium appeared to be very significant (P < .0001) 
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but, with the exception of 3 samples, every bag of PN included the same 24.0 mEq/L of 

calcium.  

This lack of variability in calcium dose complicates determining the relationship 

between calcium and aluminum contamination. Interestingly, though, the only bag with no 

calcium added to it was also the one with the lowest Al contamination at 1.20 mcg/kg/d. 

The results of our multivariate model (with Al measured in mcg/kg/d) revealed only 

amino acids as a significant contributor to Al contamination, which is not consistent with 

previous investigations. [Advenier, et al., 2003] This finding may be secondary to the ratio of 

high amino acids to low PN volume given to the smallest neonates. In our study population, 

weight and percentage of amino acids in PN are inversely related (P = .002). This ratio is 

created in an attempt to maximize nutrition and restrict volume for the most premature infants 

but may distort the apparent relationship between Al and amino acids. These findings may also 

indicate that there are other, unexplored factors complicating the relationship between the 

individual components such as PN product packaging and age of components. [de Oliveira, et 

al., 2010; Bohrer, Bortoluzzi, do Nascimento, de Carvalho, & de Oliveira, 2009; Bohrer, et al., 

2003; Bohrer, et al., 2001] 

Multiple strategies have been recommended to reduce Al contamination in PN 

formulations. PN products with high Al contamination (such as calcium gluconate) often 

include a pack- age insert warning of the risks of Al toxicity, and pharmacists are advised to 

consider the risks associated with Al contamination when compounding PN for infants 

receiving long-term PN. [Mirtallo, 2010; Pharmaceutical Partners of Canada Inc., 2011] 

However, because PN product labels often list the amount of Al found at expiry, calculating 

the total amount of Al is highly inaccurate and inevitably results in a final predicted Al content 

considerably higher than the FDA-recommended amount. [Poole, et al., 2010; Smith, et al., 

2007; Speerhas, et al., 2007; Canada, 2005] It would be useful if the product expiry date was 

instead the date when Al started accumulating at dangerous levels. This information could be 

extrapolated from studies examining Al leaching from glass. [Bohrer, et al., 2001; Bohrer, et 

al., 2003; Bohrer, et al., 2009] Another tactic would be to prioritize the newest vials for the 

high-risk neonate population, with the remainder of the vials to be used for adults based on 

standard expiration protocols. Poole et al (2008) have demonstrated the difficulty in meeting 
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the FDA-recommended Al content for patients weighing <50 kg when using estimated 

calculations. Therefore, measuring the actual amount of Al in PN, instead of estimating 

amounts based on calculations, may be a more accurate reflection of true Al content in PN 

formulations. [Canada, 2005] 

Alternatively, calcium chloride could be substituted for calcium gluconate, but there is 

a theoretical risk of acidosis from the increased chloride content. Some authors argue that this 

acidosis could be ameliorated by substituting other chloride salts with nonchloride alternatives 

(ie, potassium acetate). [Bishop, et al., 1997] However, calcium chloride is also difficult to 

combine with phosphates, due to problems with appropriate phosphate availability and 

precipitation with some phosphate products. [Canada, 2005] For a short time period, a sodium 

glycerophosphate product (Glycophos; Fresenius Kabi) [American Society of Health-Systems 

Pharmacists, 2015] was available in North America, as a temporary replacement for inorganic 

salts. If this product were available permanently, it would allow pharmacists to balance the 

chloride (from calcium chloride/acetate ratio) with the simple addition of sodium acetate and 

potassium acetate. Other, lower Al content calcium gluconate products are available, but they 

are not approved for human use (Calcium gluconate; Sigma-Aldrich, St Louis, MO). 

Most PN contamination is due to leaching from the glass containers frequently used for 

packaging. [Bohrer, et al., 2002] This process is time dependent, which results in Al 

concentrations that are directly related to shelf-life. [Li, 2005; Bohrer, et al., 2001; Bohrer, et 

al., 2003; Bohrer, et al., 2009] The transfer of Al from the glass vial to the injectable solution 

within is also exacerbated if the vial and contents are sterilized with heat. [Bohrer, et al., 2003] 

The current 10% calcium gluconate injection is a super-saturated solution [Pharmaceutical 

Partners of Canada Ltd., 2015] that requires additional heating and processing to create. These 

additional manufacturing steps increase the Al leaching from glass. [Bohrer, et al., 2003] If 

calcium gluconate were produced as a 5% solution, the Al leaching could be possibly 

decreased and the resulting product would be useful in PN formulations, with small 

modifications. Some European countries have taken a much more proactive approach to 

decrease the Al stemming from glass storage. For example, in the United Kingdom, the UK 

Medicine and Healthcare Regulatory Agency has mandated that calcium gluconate injectable 

solutions for use in pediatric patients be stored in polyethylene containers instead of glass vials. 
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[UK Medicines and Healthcare Regulatory Agency, 2010] Storage in polyethylene containers 

is one of the most effective methods for reducing Al contamination of calcium gluconate 

because it has negligible Al content, even when sterilized. [Bohrer, et al., 2003] Binding agents 

such as silica have also been investigated as a potential remedy to reduce the amount of Al 

available in PN solutions. [Bohrer, et al., 2009] Last, new compounding equipment using 

chelating resins for Al is currently under development and shows promise. [Yokel, et al., 2014] 

4.6 Conclusion: 

Our work has shown that Al contamination remains a major concern for infant PN in 

Canadian hospitals, with the average Al content almost 3 times higher than the FDA-

recommended limit. Multiple PN components appear to contribute to Al contamination of PN. 

Calcium gluconate is still likely a leading source, although further investigation into the 

contribution from other PN injectable products and other factors associated with manufacturing 

and storage is warranted. Strategies for reduction of Al contamination in PN injectable 

products should be considered because of the continued risk for Al toxicity in infants.  
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5: EXAMINING THE EFFECTS OF ALUMINUM ON BILE ACID TRANSPORTERS 

USING A PIGLET PARENTERAL NUTRITION MODEL WITH OMEGA-6 LIPIDS 

5.1 Abstract: 

Background/Purpose:  Aluminum (Al) is a known contaminant of parenteral nutrition 

(PN) with adverse effects on bone metabolism and neurological development.  We hypothesize 

that it is also hepato-toxic and may contribute to the multi-factorial PN associated liver disease 

(PNALD).  The objective of this study was to assess the impact of Al on bile acid transporters in 

an effort to better understand PNALD.  

Materials and Methods:  A randomized control trial was conducted using a Yucatan 

miniature piglet PN model.  Newborn piglets (aged 3-6 days) were placed into two groups of 

seven animals each.  The high aluminum (High Al) group received PN with Al contamination of 

63μg/kg/day, while the standard aluminum group (Standard Al) received PN with a lower Al 

contamination (24μg/kg/day).  All piglets were maintained on a strict PN diet (containing 

omega-6 lipids) for 3 weeks. Serum and liver samples were collected for analysis.  We chose five 

bile acid transporters (Mrp2, Bsep, Mrp3, Ntcp, and Oatp8), a cytoskeletal protein (radixin), and 

a nuclear receptor (FXR) as targets important in bile flow.  These were examined by qPCR, 

immunofluorescence confocal microscopy, and Western blot. The serum was analyzed for total 

bile acids. 

Results: qPCR demonstrated statistically more mRNA for Mrp2, Bsep, Mrp3, and Ntcp 

in the Standard Al group, as compared to the High Al group (p<0.05).  The amount of mRNA for 

Oatp8, FXR, and radixin, was not significantly different between the groups. Mrp2 protein, as 

evaluated by Western blot, did not differ between the groups.  Immunofluorescence 

demonstrated that radixin maintained co-localization with both Bsep, and Mrp2, but there was a 

significantly denser signal for the Mrp2 protein in the lower Al group. There was no difference 

in serum bile acids.   

Conclusions:  High Al has a negative effect on the mRNA of the bile acid transporters 

Mrp2, Bsep, Ntcp, and Mrp3, but further research is required to understand the relationship 

between Al and PNALD.  
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Clinical Relevancy Statement:  

Al remains a significant contaminant of PN and it may have a negative effect on bile acid 

transporters.  If the mRNA changes are translated into protein deficit, then Al could contribute to 

PNALD, especially in those infants on long-term PN and prone to hepatic disease.  Strategies to 

decrease Al should be added to the armamentarium of treatments for PNALD.  

5.2 Introduction:  

 PNALD refers to a spectrum of liver dysfunction that develops in neonates following 

prolonged exposure to PN. [Benjamin, 1981; Touloukian & Seashore, 1975] It is a multi-

factorial disease with contributing factors including sepsis, infant prematurity, pro-inflammatory 

lipids, and contaminants of PN.  Considerable advances have been made in improving the 

outcomes for infants with PNALD, [Guglielmi, et al., 2008; Tillman, 2013; Cowels, et al., 2010] 

but it remains problematic.   

Al is a ubiquitous contaminant of food, medications, and PN components.  It has been 

found in dextrose solutions, amino acids, potassium salts, and even heparin. [Poole, et al., 2010; 

Wier & Kuhn, 2012] The highest levels of contamination are usually found in calcium gluconate 

PN injectables. [Poole, et al., 2010; Wier & Kuhn, 2012] Calcium gluconate is an important 

additive in PN for the premature infant because these infants are lacking the calcium deposition 

and bone mineralization that normally occurs in the third trimester, and are at risk for osteopenia 

of prematurity. [Harrison, Johnson, McKechnie, 2008] Premature infants are also more likely to 

have renal insufficiency, which hampers the clearance of Al. [Bohrer, Oliveira, Garcia, 

Nascimentio, & Carvalho, 2010; Advenier, et al., 2003] This combination of increased need for 

Al-contaminated calcium, and the difficulty in excreting Al, places neonates at highest risk for 

Al toxicity from PN. 

 Calcium gluconate becomes contaminated with Al through the manufacturing and storage 

process.  Generally, calcium gluconate is stored in glass, where Al leeches into the injectable 

solution in a time-dependent manner. [Poole, et al., 2010; Wier & Kuhn, 2012] This transfer of 

Al is exacerbated with the heat-based sterilization common to calcium gluconate manufacturing. 

[Bohrer, do Nascimento, Binotto, & Becker, 2003]   
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 Al in PN has been implicated in a variety of neonatal disorders.  It disrupts normal bone 

metabolism and may interfere with parathyroid functioning, leading to osteomalacia that is 

problematic for years after the PN exposure. [Klein, et al., 1982; Koo, Kaplan, Krug-wispe, 

Succop, & Bendon, 1989; Klein, 1995; Fewtrell, Edmonds, Issacs, Bishop, & Lucas, 2011] Al 

may also cause delays in neurodevelopment, and worsen anemia of prematurity. [Gura, 2010; 

Courtney-Martin, et al., 2015] For those infants on long-term PN, Al accumulates in the serum 

and liver. [Courtney-Martin, et al., 2015, Alemmari, et al., 2012, Arnold, et al., 2003, Klein, et 

aal., 1984] Animal studies have also found that Al impairs biliary excretion and may alter the 

structure of canalicular microvilli. [Gonzalez, et al., 2004; Klein, et al., 1988; Alemmari, et al., 

2011] For these reasons, it is hypothesized to play a role in the development of PNALD. 

5.3 Objectives: 

We hypothesize that Al contamination in PN can negatively affect bile acid transporters, 

causing both down-regulation and abnormal cellular positioning.  Our objective is to use the 

Yucatan miniature pig PN model to observe the effects of high Al vs a standard amount of Al 

contamination in PN.  The standard amount of Al in PN used for the latter group is similar to the 

contamination of Al found in neonatal PN samples in Canadian hospitals.  This comparison of a 

High vs Standard Al groups will allow us to isolate and potentially magnify the negative effects 

of Al, rather than risk missing a small, but significant, effect (similar to a toxicity study).  The 

effects of Al will be determined by the mRNA expression of bile acid transporters, as measured 

by polymerase chain reactions, in addition to evaluating the protein expression and cellular 

positioning of a few of the transporters, as determined by Western blotting and 

immunohistochemistry. 

5.4 Methods: 

Animal Work: All animal work and protocols were reviewed and approved by both the 

University of Saskatchewan Animal Research Ethic Board and the Institutional Animal Care 

Committee at Memorial University of Newfoundland.  Live animal work was conducted at the 

Memorial University of Newfoundland vivarium.  Yucatan miniature piglets, aged 3-6 days, 

were obtained from the herd of Yucatan pigs managed by Memorial University and were placed 

randomly into one of two groups. If at all possible, the piglets were pair-matched with a 

littermate of similar size and matching gender, to ensure comparable group demographics. 
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(Reasons for selecting the piglet as a model are outlined in Chapter 2). The High Al group (N=7) 

received PN with Al contamination of 63μg/kg/day, while the Standard Al group (N=7) received 

otherwise identical PN with Al contamination of 24μg/kg/day. The Al contribution of our PN 

components is outlined in Table 5.1. 

PN Component** Al content (unit varies) Al content¶ (µg/kg/day) 

Calcium gluconate 

(C12H22CaO14) 

2.50 µg/g 3.83 

Monopotassium phosphate 

(KH2PO4) 

<0.50 µg/g 0.01 

Dipotassium hydrogen 

phosphate (K2HPO4) 

1.00 µg/g 0.38 

Potassium acetate (C2H3KO2) 0.80 µg/g 0.28 

Glucose (C6H12O6) 0.90 µg/g 19.46 

Trace elements: zinc, copper, 

manganese, chromium, 

selenium and iodine. Made in 

lab. 

0.054 mg/L 0.05 

 Standard Al group total= Approx. 24 µg/kg/day 

Aluminum (AlCl3·H20) 

Added only to High Al group 

111.75 µg/g 38.00 

 High Al group total= Approx. 63 µg/kg/day 

Table 5.1: Al contamination of piglet PN components* 

*Values obtained from 2015 PN components, but identical products were used in 2013 at the time of this 

study. **All PN components except for those made in lab are products from Sigma-Aldrich, Oakville, ON, Canada. 
¶Calculated by multiplying the amount of component added per bag of PN x rate x hours. Ex: Calcium gluconate = 

2.5µg/g x 6.41g/L= 16.03µg/L of Al (from calcium gluconate) in dextrose/amino acid solution.  16.03µg/L x 0.75L 

(amount of dextrose/amino acid solution added per PN bag) =12.02µg per bag of PN. 12.02µg / 902 mL (total 

volume in bag) = 0.013µg/mL x 12mL/kg/hr. x 24 hours/day= 3.83µg/kg/day. 

 

On day zero, the piglets underwent general anesthesia consisting of inhaled Isoflurane (1-

2%) delivered in oxygen (1.5 L/min) (Piramal Critical Care, Inc., Bethlehem, PA, USA), 

preceded by the intramuscular injection of the anaesthetic adjuncts Acepromazine (VetOne, 

Boise, Idaho, USA) 0.5mg/kg, Ketamine (Putney Inc., Portland, ME, USA) 22mg/kg, and 
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Atropine (Vedco, Saint Joseph, MO, USA) 0.05mg/kg.  They were also given their first 

intramuscular dose of the analgesic buprenorphine hydrochloride, dosed at 0.03mg/kg 

(Temgesic, Indivior UK Limited, Slough, UK).  Three central venous catheters (made in lab) 

were then implanted using an open approach.  One catheter was placed in the internal jugular 

vein (for infusing PN) and the other two in the femoral veins (for extracting blood samples and 

as back-up catheters).  The catheters were tunneled out through the back of the piglet and 

secured. See Figures 5.1 and 5.2 below. Each piglet was fitted with a vest which prevented them 

from chewing on the surgical sites or catheters.  The catheters were passed out through an 

opening in the dorsal aspect of the vest.  Following surgery, local antibiotic cream was applied to 

each surgical incision site (Polysporin, Johnson and Johnson Inc.) and the piglet was given their 

first intravenous dose of the antibiotic trimethoprim sulfadoxine, dosed at 20mg trimethoprim/ 

200mg sulfadoxine (Borgal, Intervet Canada Corp).   

                                          
Figure 5.1: Catheter implantation surgery.  Ventral view of piglet, demonstrating the cannulated vessels and sites of 

catheter insertion 
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Figure 5.2: Piglet lateral view: depicting catheter tunneling and exit sites of catheters 

Immediately post-op, the piglets were moved to individual metabolic cages, where the 

catheters were secured in a tether from the roof of the cage.  This tether allowed the piglet full 

movement in the cage but kept the catheters secure.  PN was infused via the catheters as they 

passed down through the roof of the cage, along the tether and into the piglet.  PN was started on 

the day of surgery, at 50% of the goal rate, and increased incrementally over 24 hours to a goal 

rate of 12mL/kg/hour. In the first 48 hours post-operatively, the piglets were given intravenous 

doses of Temgesic every 12 hours as necessary, based on their behavior (ie: guarding or 

lethargy). Borgal antibiotic dosing was given prophylactically every second day.  The piglets 

were exposed to standard 12-hour light/dark cycles and the room was kept at 26-28ºC with 

additional heat lamps provided for each cage.  Environmental enrichment consisted of toys, 

music and human physical contact; additionally, the piglets had aural and visual contact with 

each other.  
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Figure 5.3: Photo of tether and vest set-up for piglet while receiving PN 

 All piglets were kept on a strict PN regimen for the duration of the study (17-21 days).  

The PN received by the Standard Al group mimicked the neonatal formula used in many 

Canadian hospitals in 2013; our own work has verified that some infants receive up to 

25µg/kg/day of Al. [Book & Bustad, 1974; Also, see previous chapter for Al results in infant 

PN]. The High Al group received approximately 2.5 times this amount of Al contamination, but 

the remaining constituents of PN were identical between the two groups. Both groups received 

all lipids in the form of Intralipid 20% (omega-6 lipid).  In total, the piglets received 0.98 

MJ/kg/d and 13.3g amino acids/kg/day with non-protein energy supplied in an approximately 

50:50 ratio of carbohydrate and fat. The amino acid-dextrose solution was infused at a rate of 

10.1 mL/kg/h (242.4 mL/kg/d) and the lipid emulsion at a rate of 1.9 ml/kg/h (9 gm/kg/day).  In 

previous similar studies carried out by this lab and others, this PN regimen had been sufficient to 

support the normal growth and development of these piglets. [Alemmari, et al., 2012] Every 

second day, the piglet was weighed and the PN rate was adjusted accordingly. For complete PN 

recipes, refer to Appendix C. 

Throughout the study period, the catheters were flushed with heparinized saline daily, 

and if a catheter could not be flushed it was capped and left in place, but no longer used.  5mL of 

blood was collected every four days, including on the day of initial surgery and the necropsy day. 
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The blood was spun for 10 min at 10,000 rpm and the resulting serum was decanted and frozen 

at -20ºC until analysis. 

If a piglet began displaying signs of infection, including lethargy, increased temperature, 

or panting, an additional dosage of Borgal was determined by a veterinarian.  In cases where the 

piglet did not improve in the following 24 hours, it was euthanized with an overdose of 

pentobarbital sodium (Euthanyl, BiMeda-MTC, Cambridge, ON, Canada). 

At the conclusion of the study, the piglets were anaesthetized with Isoflurane, the 

abdominal cavity opened, all major liver vessels clamped, and the liver removed intact. Excess 

blood was blotted from the liver, it was weighed, and then cut into small blocks and snap-frozen 

in liquid nitrogen. Following removal of the liver, euthanasia was performed with a cardiac 

injection of pentobarbital sodium. 

 

Figure 5.4: Dorsal view of piglet liver.  Blue circles indicate our three sites of sample collection, to ensure 

random sampling from each piglet. 

 

Quantitative Polymerase Chain Reaction (qPCR): qPCR was used to evaluate the amount 

of mRNA transcribed for the bile acid transporters Bsep, Mrp2, Mrp3, Ntcp, Oatp8, the 

cytoskeletal protein radixin, and the nuclear transcription factor FXR.  Firstly, mRNA was 

extracted from the frozen liver samples using a lysing agent (Trizol, Thermo Fisher Scientific, 

Waltham, MA, USA), mechanical disruption, and repeated filtrations.  The RNeasy Mini Kit 

(Qiagen, Hilden, Germany) was used for this step.  The resulting purified mRNA was quantified 

using a NanoVue spectrophotometer (GE, Boston, MA, USA). An A260/A280 ratio of 1.8 to 2.0 

was used as the limit of acceptable mRNA purity.  It was then normalized with nuclease free, 

sterile water to ensure identical amounts of RNA in each sample.  Following the normalization 
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step, the VILO Superscript cDNA Synthesis kit (Thermo Fisher Scientific, Waltham, MA, USA) 

was used to produce cDNA from the mRNA template.  For this process diluted mRNA was 

combined with the VILO reaction and enzyme mix and subjected to heating in a thermocycler.  It 

was incubated at 25ºC for ten minutes, followed by heating at 42ºC for one hour, and the reaction 

was terminated with five minutes of exposure to 85ºC heat.  The resulting cDNA was diluted 20 

fold and kept on ice.  Diluted cDNA was then added to nucleotides and a fluorescent probe 

(Power Mastermix, Thermo Fisher Scientific, Waltham, MA, USA) along with both forward and 

reverse primers (Table 5.2).  This solution was pipetted in 14.5µL replicates (each containing 

2µL of diluted cDNA) into a 96 well PCR plate, sealed and placed in a Real Time cycler (7300 

Real Time PCR Systems, Applied Bio Systems, Foster City, CA, USA).  The cycler followed a 

protocol of 30 minutes of incubation at 95ºC, followed by repeated cycling from 95ºC to 60ºC to 

induce annealing, and synthesis.  A dissociation curve was added to the end of each reaction to 

assess for unwanted primer-dimers and other artifacts.  The Ct value was calculated based on the 

number of cycles required for adequate detection of the probe, allowing for extrapolation of the 

original amount of mRNA.  Primers were designed with and obtained from Integrated DNA 

Technologies (Coralville, IA, USA).  All primers were tested for efficiency before their use and 

all primer pairs demonstrated efficiency between 90-110%. [Taylor, Wakem, Dijkman, Alsarraj, 

& Nguyen, 2015] Each sample was run in triplicate. 

 

Target Forward primer 5’-3’ Reverse primer 5’-3’ 

Mrp2 CAC AGA GAA GAT CGG TGT AGT G ACA CAA AGG ACT TGA GGT GAG 

Bsep GTG TCC AGG TTT ACC GAC TAT G AAG GGT TCC TGC TGT GTA TTC 

Ntcp CCC TAT GGC AGC ATT GTG ATA AAG CCG GTG AAA GGC ATA A 

Oatp8 GGC GAA TGC CCA AGA AAT G TGA GAT GGT TCC CAA TGA AGA G 

Mrp3 CCC TGC ACA GCC TAG ATA TTC GGC TAC AGA GCC CTT CAT ATA C 

Radixin GCT GAG GCT AGT GCT GAA TTA T CTG TCG CAG AGT CTT GTA CTT ATC 

FXR GCC TGC CAA AGG TGT ACT AA GGT AGA AAC CCA GGT TGG AAT AA 
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Cyclophilin A GGT GAC TTC ACA CGC CAT AA GCT CCA TGG CTT CCA CAA TA 

Table 5.2: Primers for qPCR 

Cyclophilin A, an enzyme important in intracellular signalling and apoptosis, was used as 

the reference gene.  It was selected after testing a collection of reference genes for their stability 

across the samples.  Using Cyclophilin A as a reference, the qPCR results for each pair of piglets 

were compared with the Pfaffl method to obtain a relative quantitation (explained below in 

statistical analysis). 

Western Blot: Western blotting was used to evaluate the amount of Mrp2 protein in the 

liver samples. 

Protein was extracted from frozen liver specimens using the PARIS kit (Thermo Fisher 

Scientific, Waltham, MA, USA), where tissue is chemically lyzed and mechanically disrupted.  

The resulting protein pellet was then quantified with a Bradford assay (Thermo Scientific Pierce 

BCA Protein Assay, Thermo Fisher Scientific, Waltham, MA, USA) and normalized with sterile 

water to produce samples with identical total protein quantity.  Protein samples were denatured 

and loaded into a pre-cast 8% Bis-Tris polyacrylamide gel with 1xMOPS buffer solution 

(Thermo Fisher Scientific, Waltham, Ma, USA).  Electrophoresis of samples was conducted at 

150V for 40 minutes to separate proteins by size. The separated proteins were then transferred to 

a 0.2micron nitrocellulose membrane with exposure to 10V for 60 minutes.  Transfer of proteins 

was confirmed with a ponceau stain. 

The nitrocellulose membrane was cut in half to separate the heavier Mrp2 protein bands 

(185kDa) from the lighter Glyceraldehyde 3-phosphate dehydrogenase (GAPDH, 37kDa).  

GAPDH, an important enzyme in the glycolytic pathway, was selected as the reference protein 

for this study because it had shown stability throughout the samples in both qPCR and Western 

blot experiments and because it is highly abundant in hepatocytes. 

The cut membrane was then blocked for one hour with 3% bovine serum albumin in 

1xTBST (tris-buffered saline with tween).  It was washed with TBST and incubated with the 

primary antibody for one hour at room temperature, washed with TBS, and incubated again for 

an hour with the secondary antibody at room temperature.  Finally, it was washed once more and 

a chemiluminescent solution was added to bind to the horseradish peroxidase in the secondary 
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antibody.  The chemiluminescent signal was imaged in an AlphaImager Fluor FC2 (Cell 

Biosciences, Santa Clara, CA, USA). 

The Mrp2 primary antibody was a custom-designed crude serum polyclonal antibody 

created in a rabbit host by Thermo Fisher (Pierce Custom Services, Thermo Fisher Scientific, 

Waltham, MA, USA).  It was used in a 1:500 concentration and diluted in a 9:1 solution of 

TBST and 3% bovine serum albumin +TBST.  The secondary antibody was goat anti-rabbit 

horseradish peroxidase conjugated, (Abcam, Cambridge, UK, ab6721) used in a 1:2500 dilution 

(diluent was a 9:1 solution of TBS and 3% bovine serum albumin +TBST).  The GAPDH 

primary antibody was a monoclonal mouse anti-pig antibody (Proteintech, Chicago, IL, USA, 

60004-1-Ig), used in a dilution of 1:10,000 with the same diluent as used for Mrp2.  The 

secondary antibody was a horseradish peroxidase conjugated donkey anti-mouse product 

(Novex/Thermo Fisher, Thermo Fisher Scientific, Waltham, MA, USA, A16017) used in a 

dilution of 1:2000, with the same diluent as for the Mrp2 secondary antibody.  Although multiple 

attempts were made, a custom-made Bsep antibody was not suitable for this application and so 

Bsep could not be examined by Western blot in this project. 

The digital images obtained from the AlphaImager were inverted and analyzed using the 

open source program ImageJ. (https://imagej.net/Downloads) Densitometry studies were 

conducted on the bands, and each Mrp2 band was normalized to its corresponding GAPDH 

reference band. 

Immunofluorescence and Confocal Microscopy:  Immunofluorescence was used to 

characterize the position of the apical bile acid transporters Mrp2 and Bsep.  They were also 

individually co-localized with radixin to explore the relationship between this cytoskeletal 

protein and the two bile acid transporters. 

Frozen liver was sectioned with a cryotome to achieve 5 micron-thick specimens.  The 

tissue was immediately fixed in acetone for 20 minutes.  The acetone was then washed off and 

the sections were blocked with 8% skim milk in 1xPBS (phosphate-buffered saline) for 30 min at 

room temperature. After another washing, the slides were incubated with the primary antibody 

diluted in 0.08% skim milk + 1xPBS at room temperature for two hours. The secondary 

antibody, diluted in the same solution, was applied and the slides incubated at room temperature 

for 30 minutes before a final washing.  Finally, the slides were sealed with a mounting media 
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containing the nuclear stain DAPI (Abcam, Cambridge, UK).  For both Mrp2 and Bsep the 

primary antibody was a custom crude serum polyclonal antibody, created in a rabbit host based 

on our selected peptides (Pierce Custom Services, Thermo Fisher, Waltham, MA, USA).  Both 

Bsep and Mrp2 antibodies were used at a dilution of 1:100. The primary radixin antibody was a 

monoclonal mouse anti-pig product (Abcam, Cambridge, UK, ab50007) and was used at a 

dilution of 1:250.  The secondary antibody for both Mrp2 and Bsep was donkey anti-rabbit 

(AlexaFluor 647, Abcam, Cambridge, UK, ab150075) diluted 1:200.  The radixin secondary 

antibody was goat anti-mouse (AlexaFluor 488, Abcam, Cambridge, UK, ab150113) diluted 

1:300. 

The slides were then viewed under the confocal microscope (Leica SP5, Wetzler, 

Germany) and the three areas of clearest staining were photographed with a resolution of 49.2 x 

49.2 microns.  These images were analyzed using ImageJ.  The area, density, and width of 

staining for Mrp2, Bsep, and radixin were mapped and calculated.  

 

Figure 5.5: Mapping technique used for confocal images. A sample image has been split to isolate two antibody 

staining patterns. Areas of brightest white staining are outlined. Image on left displays Mrp2 staining outlined in red.  

Right-sided image demonstrates radixin staining outlined in green.  The area inside the outlines is analyzed for area, 

density, and width. 

 

Bile Acid Assay: A colorimetric kit was used for the total bile acid assay as per the 

manufacturer’s instructions (BQKits, San Diego, CA, USA).  In this assay, the oxidation of bile 
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acids produces NADH, which then reacts with nitrotetrazolium blue to form a coloured dye.  A 

spectrophotometer was used to detect the amount of dye formed by measuring absorbance at 

540nm and the amount of dye is directly proportional to the quantity of bile acids present in the 

sample.  Each serum sample was tested twice and any sample with variance greater than 10% 

was re-tested. 

Statistical Analysis 

 All statistical analysis was carried out using SPSS version 22 (IBM, Armonk, NY) and 

SAS (SAS Institute, Cary, NC).  The bile acid assay results were examined using a repeated 

measurement model for longitudinal analysis.  In this comparison, a p value of <0.05 was 

considered statistically significant.  The basic demographic data (ie: weight) was compared using 

a repeated measure model and t-tests, with significance indicated by a p value of <0.05. 

For the qPCR data, the fold difference between each pair of samples was calculated using 

the Pfaffl equation [Pfaffl, 2001]:    

𝐹𝑜𝑙𝑑 𝑖𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =
𝐸 𝑡𝑎𝑟𝑔𝑒𝑡[∆𝐶𝑡 𝑡𝑎𝑟𝑔𝑒𝑡 (𝑐𝑜𝑛𝑡𝑟𝑜𝑙−𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡)]

𝐸 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒[∆𝐶𝑡 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 (𝑐𝑜𝑛𝑡𝑟𝑜𝑙−𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡)]
 

Equation 5.1 

Where E represents the primer efficiency and Ct represents the cycle threshold value (the number 

of cycles of heating and cooling required until there was sufficient target DNA for the 

fluorescent probe to be detected).  The mean and median fold difference and standard deviation 

were then calculated for each bile acid transporter.  Due to the small sample size, the data was 

not normally distributed.  To accurately account for this, a non-parametric Wilcoxon-Signed-

Rank test was performed for each bile acid transporter.  This non-parametric test was able to 

determine if the median fold difference was equal to, or greater than, two (a standard cut-off for 

significant fold difference in qPCR). [University of Montreal, “Information on qPCR results”, 

n.d.] A p-value of <0.05 was used as statistically significant for the Wilcoxon-Signed-Rank test. 

Given that the data did not have standard distribution, the median was a more reliable value than 

the mean. 
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The data obtained from immunohistochemistry was compared between the two groups 

using T-tests, as were the densitometry measurements from the Western blots for Mrp2.  In both 

of these comparisons, a p value of <0.05 was considered statistically significant. 

5.5 Results: 

 Basic demographics: A repeated measurement model demonstrated that there was no 

difference in weight gain between the two groups (p=0.76), although females generally gained 

more weight than males did (p=0.043).  On average, both groups experienced significant weight 

gain every day. T-tests indicated that there was no difference between the two groups in the 

initial weights of the piglets (p=0.91) nor in the final liver weight (p=0.49). 

 

Figure 5.6: Mean weight gain for both piglet groups. (Weight in kg) 
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qPCR: There was more mRNA for both Mrp3 and Bsep: mean fold differences 3.5 (SD 

3.5) and 3.1 (SD 2.4) respectively, in the lower Al (Standard) group as compared to the High Al 

group.  Mrp2 had statistically more mRNA in the Standard Al group than the High Al group 

(mean fold difference 1.8 (SD 0.8), and so did Ntcp (1.4, SD 1.1).  Since the data is not normally 

distributed, a non-parametric analysis of median values is most accurate and all four of these bile 

acid transporters demonstrated a median value equal to or greater than 2.0.  There was no 

significant fold difference for any of the other remaining targets. See Figure 5.7 and Table 5.3. 

  

Figure 5.7: qPCR fold differences: High vs Standard Al. Mean fold differences +/- standard deviations. 

High Al group arbitrarily set at ‘1’ to demonstrate difference between groups (not an actual value).  Median values 

indicated by black dot.  Star symbol designates statistically significant fold difference (greater than or equal to 2 by 

non-parametric test). 
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Table 5.3: Hypothesis summaries for Wilcoxon-Signed-Rank test 

Western Blot: There was no significant difference in Mrp2 protein when comparing the 

Standard Al group to the High Al group (p=0.98).  For the Standard Al group, the mean protein 

optical density was 0.63 (SD 0.34), as compared to the High Al group, where the mean was 0.62 

(SD 0.30).  (These values do not have units because they are density measurements generated by 

the ImageJ program, and normalized to their own reference band).  

 

Figure 5.8: Western blots of Mrp2 and GAPDH (2 membranes used).  Each sample is run next to its pair-matched 

control. Red dots indicate Standard Al group samples. 
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Immunofluorescence and Confocal Microscopy: Overall, the co-localization of both 

apical bile acid transporters Mrp2 and Bsep was maintained with radixin, regardless of Al 

exposure.  In almost all slides, the antibodies for both Mrp2 or Bsep and radixin were on top of 

each other, and subjectively it appeared that the co-localization relationship was not disturbed.  

As we were unable to identify a cell membrane marker, it is impossible to determine if these bile 

acid transporters and radixin were drawn intracellularly, or if they both remained normally at the 

cell membrane. 

The density of Mrp2 signal was significantly higher in the lower Al group (Standard Al), 

as compared to the High Al group (p=0.009), however the area and width of the region covered 

by the protein was the same between groups (p=0.30 and 0.84 respectively).  When examining 

the radixin signal on these slides, the area covered by radixin in the High Al group was much 

greater (p=0.003) than the Standard Al group, but the density and width of signal did not have a 

significant difference between groups (p=0.30 and 0.15). 

 High Al Standard Al 

Nuclear stain (DAPI) 
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Radixin 

  

Mrp2 

  

Combined stains 

  

Figure 5.9: Comparison of immunohistochemistry images for Mrp2/radixin.   

Images demonstrate denser Mrp2 staining in Standard Al group and dispersed radixin staining in the High 

Al group.  Both groups show tight overlap of radixin and Mrp2 signal. 

 

The examination of Bsep did not display any significant difference between the groups in 

terms of area, density, or width of signal generated by the Bsep antibodies.  The p values for 

area, density, and width were 0.54, 0.15, and 0.10 respectively.  On these slides, the radixin 

antibody showed greater optical density (p=0.002) in the High Al group, as compared to the 
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Standard Al group but greater width (p=0.006) in the Standard Al group.  There was no 

significant difference in area covered by radixin (p=0.32) for the two groups. 

 High Al Standard Al 

Nuclear stain (DAPI) 

  

Radixin 

  

Bsep 
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Combined stains 

  

Figure 5.10: Comparison of immunohistochemistry images for Bsep/radixin. No significant difference 

between groups. Of note: both groups show tight overlap of radixin and Bsep staining. 

 

Bile Acid Assay: The repeated measurement model of analysis revealed no significant 

difference in the accumulation of total serum bile acids between the two groups (p=0.073).  This 

particular model of analysis was selected because it incorporates correlations within each animal. 

The Standard Al group total serum bile acid concentration increased by a mean of 3.10µmol/L 

above baseline, as compared to the High Al group which increased by a mean of 1.99µmol/L.  

Of note, on day zero before any intervention, the Standard Al group already had a higher mean 

serum bile acid level, and this trend continued throughout the 3 weeks. Birth weight did not have 

a significant effect on serum bile acids. 
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Figure 5.11: Mean serum bile acids. Standard vs High Al 

5.6 Discussion: 

The goal of this study was to determine if high levels of Al contamination in PN impaired 

expression and/or cellular positioning of bile acid transporters, thereby potentially contributing to 

the pathogenesis of PNALD. Further understanding of this complex disease and the involved 

factors is essential to design effective treatments. 

qPCR demonstrated that the mRNA expression of four out of five transporters studied 

were negatively affected by Al; including Mrp2, Mrp3, Ntcp, and Bsep. However, these results 

are only statistically significant and may not be clinically relevant.  

In our study, we observed statistically significant decreases in Mrp2 mRNA in the High 

Al group and although we did not find a corresponding difference in protein, this may still be an 

important finding.  There are many possible explanations for the apparent disconnect between 

the mRNA and protein results.  Firstly, transcriptional changes do not always correlate with 

translational changes and so a decrease in mRNA may not result in a significant change in 
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protein amount or functioning.  The piglet Mrp2 response to inflammation and oxidative stress is 

relatively unstudied, and just as there are substantial differences in the response of rat Mrp2 

versus human MRP2 to identical hepatic insults, it is also possible that the pig Mrp2 also does 

not downregulate as it does in mice and rats. [Elferink, et al., 2004] Alternatively, a similar 

pattern of decreased Mrp2 mRNA, but unaltered Mrp2 protein, was also found in a PNALD 

mouse model by Tazuke et al (2004). The authors theorized that the lack of Mrp2 protein change 

indicated that their one-week study period was too short.  They stated that the down-regulation of 

Mrp2 mRNA was still an important finding and likely would translate into a decrease in Mrp2 

protein in longer trials. [Tazuke, et al., 2004] Given that our model is also relatively short, this 

may be the explanation for our finding.  

If we assume that the Al-induced decrease in Mrp2 mRNA is clinically significant and 

that it could be eventually translated into a protein deficit, then the mechanism linking Al and 

Mrp2 could be both inflammation and oxidative stress. Mrp2 has decreased expression in other 

types of cholestasis and the response appears to be linked to inflammation and oxidative stress.  

Both inflammatory cytokines and reactive oxygen species can indirectly activate, or inhibit, 

nuclear transcription factors resulting in decreased Mrp2 expression. [Schmitt, Kubitz, Wettstein, 

Vom, & Haussinger, 2000; Pascussi, et al., 2003; Gonzalez, et al., 2007] In other oxidative stress 

models, Mrp2 is internalized in intracellular vesicles, [Kojima, et al., 2003; Kojima, et al., 2008] 

and these vesicles are then often degraded by lysosomes.  Since Al is known to exacerbate 

oxidative reactions, [Alexandrov, et al., 2005; Percy, et al., 2011; Mailloux, et al., 2011, 

Gonzalez, et al., 2007] it is possible that this type of intracellular degradation of Mrp2 could 

occur in our model.  For example, in rat models Al exposure caused decreased expression of the 

Mrp2 protein. [Gonzalez, et al., 2004; Gonzalez, et al., 2007] The authors postulated that the Al-

induced reactive oxygen species impaired synthesis of and increased degradation of Mrp2. 

[Gonzalez, et al., 2007]  As we have not examined any markers of oxidative stress in this study, 

this is mostly conjecture and further work is needed to investigate the mechanisms of Al.   

Similar to Mrp2, we observed a decrease in Bsep mRNA in the High Al group, but we do 

not know if there is a subsequent decrease in protein or if the fold difference is clinically 

important.  If we assume that our observed fold difference is indicative of a significant 

impairment of Bsep, it is plausible that either Al-induced oxidative stress or inflammatory factors 
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could be involved.  Other PNALD models have demonstrated a decrease in Bsep mRNA in 

response to similar factors, but we have not examined them in this study. [Li, et al., 2012; Geier, 

et al., 2005; Elferink, et al., 2004; Hartmann, et al., 2002] Bsep normally cycles between an 

intracellular pool and the cellular membrane depending on the need of the hepatocyte, and is 

stabilized by cytoskeletal proteins. [Arrese & Ananthanarayanan, 2004; Schmitt, et al., 2001; 

Tazuke, et al., 2004; Anwer, 2004] In situations of hyperosmolarity [Schmitt, et al., 2001] and 

oxidative stress, [Perez, et al., 2006] Bsep is preferentially moved intracellularly.  This 

internalization is conducted by the interactions of protein kinase-C, high levels of calcium, and 

the integrity of actin cytoskeleton. [Perez, et al., 2006] Additionally, Bsep is controlled by the 

nuclear factor FXR (which also effects Mrp2), [Kullak-Ublick, et al., 2004; Jung, et al., 2002] 

and when cytokines such as IL-1β and TNF-α suppress FXR, Bsep is downregulated in response. 

[ Geier, et al., 2005; Elferink, et al., 2004] Whether the internalization and down-regulation of 

Bsep is a compensatory response of the hepatocyte, or a sign of hepatocyte failure, is still 

unclear. [Vanwijngaerden, et al., 2011] 

In the High Al group, Ntcp mRNA was also decreased and again we do not know the 

clinical significance or the resulting protein expression.  Although we did not investigate 

inflammatory factors, it is possible that the decrease in mRNA is the first sign of an Al-induced 

inflammatory cascade negatively affecting Ntcp. [Percy, et al., 2011; Mailloux, et al., 2011; Gui 

& Wang, et al., 2011; Gonzalez, et al., 2007] Many inflammatory models have demonstrated that 

Ntcp is downregulated through a post-transcriptional response to cytokines. [Andrejko, Raj, 

Kim, Cereda, & Deutschman, 2008] The chain of events has been mapped from cytokines like 

IL-6 or TNF-α through a signal transducer, to the nuclear transcription factor HNF-1a or FXR, 

and finally to decreased expression of Ntcp. [Green, Beier, & Gollan, 1996; Vanwijngaerden, et 

al, 2011; Andrejko, et al., 2008; Geier, et al., 2005; Cherrington, et al., 2004] The down-

regulation of Ntcp is hypothesized as a method both to clear bile acids out of the hepatocyte and 

to prevent further bile acid influx. [Zollner, et al., 2003; Zollner, et al., 2001]  

The mRNA changes of Mrp3 were unexpected, because most models of PNALD and 

other types of cholestasis have found an up-regulation of Mrp3 as a compensatory mechanism 

for the loss of Mrp2. [Zelcer, et al., 2006; Kruh, Belinsky, Gallow, & Lee, 2007; 

Vanwijngaerden, et al., 2011; Cherrington, et al., 2004] Mrp3 transports bile salts back out of the 
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hepatocyte and into the portal blood stream, but in healthy subjects the bile flow is mostly 

forward towards the canaliculi and therefore Mrp3 is found in low amounts. [Kruh, et al., 2007; 

Jenniskens, Langouche, Vanwijngaerden, Mesotten, & Van den Berghe, 2016]   

There are a few possible explanations for the down-regulation of Mrp3 mRNA.  Firstly, 

there is a large standard deviation for the Mrp3 mRNA, so not all piglets had a down-regulation 

and the overall conclusion of Mrp3 may be skewed by the small group size.  The up-regulation 

of Mrp3 may be also species or even strain dependent; a similar phenomenon is observed in 

mice, where some strains demonstrate up-regulation of Mrp3 and others remain unchanged when 

given the same stimuli. [Geier, et al., 2005] Previous PN models in preterm piglets have also 

found that Mrp3 was significantly decreased in PN exposure, regardless of lipid 

type.[Vlaardingerbroek, et al., 2014] Alternatively, a few studies have shown a down-regulation 

of Mrp3 in response to certain inflammatory cytokines. For example, interferon-gamma has been 

shown to downregulate Mrp3 in humans, while TNF-α caused a 60% decrease in Mrp3 mRNA 

in mice. [Le Vee, Jouan, Moreau, & Fardel, 2011; Hartmann, et al., 2002] Al triggers pro-

inflammatory genes and a subsequent rise in cytokines such as TNF-α and interleukin-5, 

[Alexandrov, et al., 2005; Gonzalez, et al., 2004] and plausibly interferon-gamma.  Therefore, Al 

could potentially downregulate Mrp3.  Alternatively, the decrease in Mrp3 mRNA may be due to 

the normal Mrp3 ontogeny.  Both rat and mouse pups are born with almost no expression of 

Mrp3 and this transporter increases gradually until an adult level is reached after weaning. [Zhu, 

et al., 2017; Maher, et al., 2005] If the pig has a similar delayed expression, then our observed 

Mrp3 decrease may be a normal variant of an already limited expression. 

Immunohistochemistry suggested a moderate influence of Al on the placement of Mrp2.  

The staining of the Mrp2 protein was significantly denser in the Standard Al group despite 

covering the same area, and having the same width, as the High Al group.  This may be an early 

indicator that some Mrp2 proteins are being dispersed intracellularly, even though the overall 

cellular Mrp2 protein amount is unchanged.   Unlike other models of cholestasis however 

[Kojima, et al., 2003; Kojima, et al., 2008], the co-localization of radixin and Mrp2, as well as 

radixin and Bsep, appears to be maintained regardless of Al amount.  This may again be 

explained by the early stage of PNALD created in this model.  In other studies where Mrp2 and 

radixin were studied with immunohistochemistry, the co-localization relationship was not 
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disturbed until the patient was icteric. [Kojima, et al., 2008] Since we observed no difference in 

total serum bile acids, and there were no other clinical signs of liver failure, none of our subjects 

would be considered icteric.  We were unable to assess whether or not all three of the targets 

were still on the cell membrane (due to the lack of a membrane marker), and so it is possible that 

the cellular placement of both radixin and the apical bile acid transporters are intracellular rather 

than on the membrane.  Further studies with a cell membrane marker are required. 

Approximately one quarter of infants develop elevated serum bile acids following three 

weeks of PN. [Arnold, 2004] The piglet model acts as an abbreviated representative of infant 

development, where one week of piglet development is similar to one month of human infant 

development. [Book & Bustad, 1974] We had therefore hoped that a three-week study period in 

the piglet would create liver disease similar to that seen in one to two months of PN exposure in 

human infants.  Despite these expectations, we did not see a significant rise or difference 

between the groups for total serum bile acids.  Likewise, the previous studies of PNALD using 

the piglet PN model for two weeks also failed to demonstrate a significant difference in serum 

bile acids. [Alemmari, et al., 2011 and 2012] Our three-week piglet model likely creates an early 

stage of PNALD, given that the serum bile acids have not increased and serum bile acids are one 

of the earliest clinical markers of PNALD. [Benjamin, 1981; Touloukin & Seashore, 1975] It is 

plausible that hepatobiliary damage takes the same amount of time to develop in pigs as in 

humans, regardless of the overall accelerated growth of the piglet model. The only animal 

models of PNALD that have demonstrated increased serum bile acids with Al exposure in a few 

weeks were completed in adult rats [Gonzalez, et al., 2004; Klein, et al., 1988] who have fully 

developed organ systems, and likely different physiologic responses to Al.  Meanwhile, the only 

piglet model of PN to develop elevated bilirubin and other markers of cholestasis, used a pre-

term piglet model.[Vlaardingerbroek, et al., 2014] Perhaps our newborn piglets do  not have the 

degree of immature hepatobiliary system required to develop PNALD quickly.  Alternatively, Al 

alone may not be sufficient to trigger PNALD and perhaps a more complex model is required.  

An important factor in this study is the use of Intralipid, an omega-6 based lipid emulsion 

for all of the subjects.  Omega-6 lipids are pro-inflammatory, because they lead to the 

development of platelet aggregating thromboxanes and immunosuppressing prostaglandins. 

[Gura, et al., 2008; Cober & Teitelbaum, 2010; Cowan, et al., 2013] They are also likely 
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involved in pro-oxidant activities because reactive oxygen-species are byproducts of omega-6 

metabolism. [Betteridge, 2000] The presence of this pro-inflammatory and pro-oxidant lipid 

emulsion may mask, or magnify, the effects of Al in our study.  Hypothetically, some of the 

effects attributed to the inflammatory nature of Al may actually be caused by Intralipid.   

The weaknesses of this study involve the confounding factor of sepsis and difficulties 

with antibodies.  Firstly, the three-week long study period placed the piglets at increased risk of 

sepsis.  We had an unexpectedly high attrition rate of 6/20 piglets, with the majority of the 

animals becoming sick in the last week of the study.  We tried many strategies to combat sepsis 

and rule out other potential explanations for the symptoms. When the piglets first displayed 

symptoms, we decreased the PN rate from 12mL/kg/hour to 10.8 mL/kg/hour in the third week 

of PN to reduce the nitrogen load. In the critical care setting, liver failure patients accumulate 

nutrition by-products such as ammonia following protein administration.  We theorized that if 

liver failure was developing in our piglets, they may also be having difficulty clearing ammonia, 

[Clay & Hainline, 2007] which could present as lethargy and difficulty breathing in pigs 

(encephalopathy).  This variation in rate should not have affected our outcomes because it was 

applied evenly to both groups.  Unfortunately, this strategy also did not affect the incidence of 

symptomatic piglets.  We then concluded that the symptoms were attributable to sepsis and we 

adopted a quicker response to initial signs of infection, where if a piglet did not respond to 

antibiotics in 24 hours, it was euthanized.  This policy led to a slight variation in study period for 

our animals, with two piglets euthanized on day 18 instead of 21 (one High Al and one Standard 

Al) and one piglet only reaching day 17 (High Al).  We felt that the variation in time period was 

more acceptable than the confounding factor of sepsis.  The use of prophylactic antibiotics may 

also have been a confounder because of the negative effects on normal bowel flora and 

corresponding immune response.  However, we felt that the need to control sepsis was more 

important in a small study like this, and other piglet studies have followed a similar practice. 

[Vlaardingerbroek, et al., 2014]    

Secondly, pig antibodies were difficult to obtain and even those that were custom made 

were not perfect.  This inhibited our ability to properly assess the cellular localization of apical 

transporters in our immunohistochemistry experiments (due to a lack of ZO-1 antibody), and 
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precluded our ability to complete Western blot for any of the targets except Mrp2.  Further 

development of porcine antibodies is needed to continue working with the piglet PN model. 

5.7 Conclusion: 

 In conclusion, we have demonstrated that Al in PN has a statistically significant negative 

effect on the mRNA of bile acid transporters.  High Al caused a decrease in mRNA of both 

apical transporters Mrp2 and Bsep, and the basolateral transporter Ntcp.  Although the Mrp2 

protein amount was unchanged between the groups, it did have decreased density in the High Al 

group, indicating that Al may be interfering with Mrp2 cellular localization.  Although we do not 

know if the mRNA changes are clinically significant, in a longer study, they could tanslate to a 

deficiency in bile acid transporter proteins, causing cholestasis. Further investigations into the 

interactions of Al and these bile acid transporters are required, especially in other models of 

PNALD.     
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6: EXAMINING THE EFFECTS OF ALUMINUM ON BILE ACID TRANSPORTERS 

USING A PIGLET PARENTERAL NUTRITION MODEL WITH MIXED LIPIDS 

6.1 Abstract: 

 Background/Purpose: Prolonged parenteral nutrition (PN) use in neonates increases the 

risk of PN associated liver disease (PNALD).  The pathophysiology of PNALD is not fully 

understood, but it is multi-factorial, with both pro-inflammatory lipids and contaminants such as 

aluminum (Al) contributing.  The objective of this study was to assess the impact of Al on bile 

acid transporters when a less inflammatory lipid emulsion is used.  

 Materials and Methods: A 2 week randomized control trial was conducted using the 

Yucatan miniature piglet PN model.  Piglets aged 3-6 days were randomly placed into one of 

three groups.  The high aluminum (High Al) group (N=8) received PN with mixed lipids and 

63μg/kg/day of Al, while the baseline aluminum (Standard Al) group (N=7) received PN with 

mixed lipids and only 24μg/kg/day of Al.  The negative control (Reference) group (N=4) was 

sow-fed, with no PN exposure.  Serum and liver samples were collected for analysis.  We chose 

five bile acid transporters (Mrp2, Bsep, Ntcp, Mrp3, and Oatp8), a cytoskeletal protein (radixin), 

and a nuclear receptor (FXR) as targets important in bile flow.  The serum was analyzed for 

inflammatory markers, while the liver samples were examined using qPCR, immunofluorescence 

confocal microscopy, and Western blotting. 

Results: There was a significantly greater rise in the inflammatory marker C-reactive 

protein (CRP) in the High Al group as compared to the Standard Al group (p=0.03). qPCR 

revealed a statistically significant decrease in Oatp8, Ntcp, and Mrp3 in favour of the lower Al 

(Standard Al) group (p<0.05).  Western blot showed no difference in Mrp2 protein amounts 

between the High and Standard Al groups and similarly, there was very little difference in the 

placement of Bsep and Mrp2 in the immunohistochemistry studies.  

 Conclusions: High Al still caused an increased inflammatory response and decreased 

amount of mRNA for some of the bile acid transporters, despite the presence of a less-

inflammatory lipid solution. 

Clinical Relevancy Statement:   
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PNALD is a multi-factorial disease which has shown promising response to a less-

inflammatory mixed lipid solution. However, Al in PN may still increase inflammation and have 

a negative effect on the mRNA of bile acid transporters, even with this mixed lipid solution.  If 

these Al-induced mRNA changes translate into protein deficits, then Al may be an important 

factor in PNALD and efforts to reduce Al contamination in infant PN are warranted. 

6.2 Introduction: 

 PNALD is a potentially life-threatening complication of a nutritional intervention used 

almost universally in neonatal units.  Despite recognition of this disease for over 40 years, 

[Peden, Witzleben, & Skelton, 1971] it remains under investigation and no universal prevention 

or cure exists. [Beath, et al., 1996; Guglielmi, et al., 2008] Considerable advances have been 

made in the management of PNALD, and the most successful programs are multi-faceted, 

including sepsis control, cycling PN, [Cowles, et al., 2010] the use of ursodeoxycolic acid 

[Simic, et al., 2014] and most recently the implementation of less-inflammatory lipids that favour 

omega-3 over omega-6 fatty acids. [Le, et al., 2009; Fallon, et al., 2010] Two proposed factors in 

the pathophysiology of PNALD are pro-inflammatory lipids and Al contamination. 

 Traditionally soybean oils, which supply mostly omega-6 fatty acids, were the only lipids 

used in neonatal solutions. For example, Intralipid 20% is comprised of 20% soybean oil, 1.2% 

egg yolk phospholipids, 2.25% glycerin combined in water. [Fresenius Kabi, “Intralipid”, 2017] 

But omega-6 lipids have pro-inflammatory effects [Gura, et al., 2008; Cober & Teitelbaum, 

2010; Cowan, et al., 2013] which make the liver vulnerable to cholestasis.  Multiple new lipid 

formulations with smaller amounts of omega-6 lipids, in exchange for higher amounts of omega-

3 lipids have been developed and may have a ‘hepato-protective’ effect. [Park, et al., 2011; 

Cober & Teitelbaum, 2010; Cowan, et al., 2013; Pichler, et al., 2014] Pure omega-3 lipid 

solutions, created with highly purified fish oils [Fresenius Kabi, “Omegaven”, 2017] have been 

trialed with positive results in PNALD, although concern about essential fatty acid deficiency 

exists. [Le, et al., 2009; Fallon, et al., 2010; Gramlich, et al., 2015] One of the most promising 

solutions is SMOFlipid, (Fresenius Kabi, Bad Homburg, Germany) which is a mix of 30% 

soybean oil (omega-6), 30% medium chain triglycerides (rapid energy source), 25% olive oil 

(omega-9), 15% fish oil (omega-3) and supplemented α-tocopherol (200mg/L). [Fresenius Kabi, 

“SMOFlipid”, 2017] Initial studies have shown that this mix not only avoids essential fatty acid 
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deficiency but also leads to decreased liver enzymes, bilirubin and serum inflammatory markers. 

[Goulet, et al., 2010; Pichler, et al., 2014; Muhammed, et al., 2012] However, SMOFlipid is not 

approved for use in infants in many countries and is still under investigation. [American Society 

of Parenteral and Enteral Nutrition, 2014] In addition, the new omega-3 based formulas do not 

completely prevent PNALD, and a small percentage of patients in each study still progress to 

cholestasis. [Park, et al., 2011; Premkumar, et al., 2013; Sant’anna, et al., 2012; Nandivada, et 

al., 2016] 

 Al is a persistent contaminant of infant PN, found in almost all components of PN, but in 

the highest concentrations in calcium gluconate. [Poole, et al., 2010; Wier & Kuhn, 2012] Our 

recent study found that in a Canadian neonatal intensive care unit, infants received on average 

three-times the safe limit advised by the Food and Drug Administration (FDA) (<5µg/kg/day). 

[FDA, 2004] This Al contamination has been linked to bone disorders and adverse neurologic 

outcomes in infants [Gura, 2010; Courtney-Martin, et al., 2015] and it may play a role in 

PNALD. [Alemmari, et al., 2012; Arnold, et al., 2003, Klein, et al., 1984] In the previous 

chapter, Al had a negative effect on the mRNA of important bile acid transporters, such as Mrp2 

and Bsep, which may increase the risk of biliary stasis.  Similar results have been obtained by 

others in rat studies. [Gonzalez, et al., 2004] The majority of the hepato-toxic effects of Al are 

believed to be secondary to the oxidative stress caused by this cation, as it forms a superoxide 

radical ion and partners with iron to participate in oxidative reactions. [Alexandrov, et al., 2005; 

Percy, et al., 2011; Gonzalez, et al., 2007] Al also has a less pronounced pro-inflammatory 

effect. [Alexandrov, et al., 2005; Guo & Wang, 2011] If Al still causes bile acid transporter 

impairment despite the presence of SMOFlipid, then a multi-faceted treatment must be 

developed, to address both pro-inflammatory lipids and Al contamination. 

6.3 Objectives: 

We hypothesize that both Al contamination and pro-inflammatory lipids in PN cause 

down-regulation and impaired cellular localization of bile acid transporter proteins.  Our 

objectives are to use the Yucatan miniature pig PN model to build upon our findings of the 

previous piglet PN model.  We will observe the effects of High vs Standard Al in a less-

inflammatory, mixed lipid PN solution.  If our hypothesis is correct, Al will still negatively affect 

bile acid transporters, despite the protective effects of the mixed lipids. Changes to bile acid 
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transporters will be determined by immunohistochemistry, polymerase chain reaction and 

Western blotting techniques. 

6.4 Methods: 

Animal Work: All animal work and protocols were reviewed and approved by both the 

University of Saskatchewan Animal Research Ethics Board and the Institutional Animal Care 

Committee at Memorial University of Newfoundland.  Live animal work was conducted at the 

Memorial University of Newfoundland vivarium.  Yucatan miniature piglets, aged 3-6 days, 

were placed randomly into one of three groups.  If at all possible, the piglets were pair-matched 

with a littermate of similar size and gender, to ensure comparable group demographics. The High 

Al group (N=8) received PN with 63μg/kg/day of Al, while the Standard Al group (N=7) 

received otherwise identical PN with 24μg/kg/day of Al.  The amount of Al in the latter group is 

within the range of contamination found in Canadian neonatal PN. [Hall, Arnold, Miller, & 

Zello, 2016] See Table 6.1 for an explanation of Al content in our PN. As compared to the 

previous piglet PN study, the important difference for both of these groups is that the omega-6 

based Intralipid was replaced with a mixed lipid solution (SMOFlipid, Fresenius Kabi, Bad 

Homburg, Germany) for all piglets.  The Reference group (N=4) consisted of piglets that were 

sow-fed for the duration of the study.  No interventions were performed on this last group of 

piglets until the termination of the study.  

PN Component* Al content (unit varies) Al content¶ (µg/kg/day) 

Calcium gluconate 

(C12H22CaO14) 

2.50 µg/g 3.83 

Monopotassium phosphate 

(KH2PO4) 

<0.50 µg/g 0.01 

Dipotassium hydrogen 

phosphate (K2HPO4) 

1.00 µg/g 0.38 

Potassium acetate (C2H3KO2) 0.80 µg/g 0.28 

Glucose (C6H12O6) 0.90 µg/g 19.46 
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Vitamins Vial 1: vitamins E, D, 

A, K, B2, C, B6, and B3. Made 

in lab. 

0.014 mg/L 0.02 

Vitamins Vial 2: folic acid, 

vitamins B7 and B12. Made in 

lab. 

<0.005 mg/L 0.00 

Trace elements: zinc, copper, 

manganese, chromium, 

selenium and iodine. Made in 

lab. 

0.054 mg/L 0.05 

 Standard Al group total= Approx 24 µg/kg/day 

Aluminum (AlCl3·H20) 

Added only to High Al group 

111.75 µg/g 38.00 

 High Al group total=Approx. 63 µg/kg/day 

Table 6.1: Al contamination of piglet PN components 

*All PN components except for those made in lab are products from Sigma-Aldrich, Oakville, ON, Canada. 
¶Calculated by multiplying the amount of component added per bag of PN x rate x hours. Ex: Calcium gluconate = 

2.5µg/g x 6.41g/L= 16.03µg/L of Al (from calcium gluconate) in dextrose/amino acid solution.  16.03µg/L x 0.75L 

(amount of dextrose/amino acid solution added per PN bag)=12.02µg per bag of PN. 12.02µg / 902 mL (total 

volume in bag)= 0.013µg/mL x 12mL/kg/hr x 24 hours/day= 3.83µg/kg/day. 

 

To confirm the Al content of our final PN solutions, random samples of PN were 

collected and analyzed for Al content via inductively coupled plasma optical emission 

spectrometry (ICP-OES; Model iCAP 6500 Duo Analyzer; Thermo Scientific, Waltham, MA). 

Three samples of the Standard Al PN were analyzed and revealed a mean Al content of 23.8 +/- 

4.3µg/kg/day, while four samples of the High Al PN had a mean Al content of 62.8 +/- 

9.3µg/kg/day. 

For piglets in the High Al and Standard Al groups, their surgeries and post-operative care 

were performed in an identical fashion as described in the previous chapter. Please refer to 

chapter 5 for details. 

 The piglets in the High Al and Standard Al groups were kept on a strict PN regimen for 

the 14 days of the study.  For both groups, the lipids were provided in a mixed lipid solution 

(SMOFlipid, (Fresenius Kabi, Bad Homburg, Germany)) at a rate of 1.9mL/hour (9gm/kg/day).  
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This is the same amount of lipid as was provided in the previous piglet PN study.  The other PN 

components, including the Al contamination, again mirrored that provided in the previous study.  

In this project, the High Al group still received approximately 2.5 times the amount of Al 

contamination as the Standard Al group.  In total, the piglets received 0.98 MJ/kg/d and 13.3g 

amino acids/kg/day with non-protein energy supplied approximately 50:50 carbohydrate and fat. 

The amino acid-dextrose solution was infused at a rate of 10.1 mL/kg/h (242.4 mL/kg/d).  Every 

second day, the piglets were weighed and the PN rate was adjusted.  For complete PN recipes, 

refer to Appendix C. 

Serum samples were collected every four days.  At the conclusion of the study, the 

piglets from all three groups were anaesthetized and the liver removed, followed by euthanasia 

with an intra-cardiac injection of a lethal dose of pentobarbital sodium (Euthanyl, BiMeda-MTC, 

Cambridge, ON, Canada).  The liver was weighed and 1cm3 pieces were snap-frozen in liquid 

nitrogen. 

C-Reactive Protein ELISA Assay: A porcine C-reactive protein (CRP) kit (ALPCO, 

Salem, NH, USA) was employed for a two enzyme-linked immunoassay (ELISA).  Serum 

samples were aliquoted into 96-well plates with an anti-CRP antibody.  The sample was washed, 

leaving only CRP protein bound to the antibody.  A new anti-CRP primary antibody was then 

introduced to the pre-existing antibody-protein complex.  This new primary antibody was 

conjugated to horseradish peroxidase, which allowed a coloured probe to be tagged to it in the 

next step.  Finally, the coloured probe was quantified in a spectrometer at 450nm; the amount of 

colour produced directly correlated to the initial amount of CRP protein in the sample.  All 

serum samples were run in duplicate and any pair of samples with a variance greater than 10% 

was discarded (this applied to only one sample). 

Quantitative Polymerase Chain Reaction (qPCR): qPCR was used to evaluate the amount 

of mRNA transcribed for the bile acid transporters Bsep, Mrp2, Mrp3, Ntcp, Oatp8, the 

cytoskeletal protein radixin, and the nuclear transcription factor FXR.  Firstly, mRNA was 

extracted from the frozen liver samples using a lysing agent (Trizol, Thermo Fisher Scientific, 

Waltham, MA, USA), mechanical disruption, and repeated filtrations.  The RNeasy Mini Kit 

(Qiagen, Hilden, Germany) was used for this step.  The resulting purified mRNA was quantified 

using a NanoVue spectrophotometer (GE, Boston, MA, USA). An A260/A280 ratio of 1.8 to 2.0 
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was used as the limit of acceptable mRNA purity.  It was then normalized with nuclease free, 

sterile water to ensure identical amounts of RNA in each sample.  Following the normalization 

step, the VILO Superscript cDNA Synthesis kit (Thermo Fisher Scientific, Waltham, MA, USA) 

was used to create cDNA from the mRNA template.  For this process, diluted mRNA was 

combined with the VILO reaction and enzyme mix and subjected to heating in a thermocycler.  It 

was incubated at 25ºC for ten minutes, followed by heating at 42ºC for one hour, and the reaction 

was terminated with 5 minutes of exposure to 85ºC heat.  The resulting cDNA was diluted 20 

fold and kept on ice.  Diluted cDNA was then added to nucleotides and a fluorescent probe 

(Power Mastermix, Thermo Fisher Scientific, Waltham, MA, USA) along with both forward and 

reverse primers.  See primer list below.  This solution was pipetted in 14.5µL replicates (each 

containing 2µL of diluted cDNA) into a 96 well qPCR plate, sealed and placed in a Real Time 

cycler (7300 Real Time PCR Systems, Applied Bio Systems, Foster City, CA, USA).  The cycler 

followed a protocol of 30 minutes of incubation at 95ºC, followed by repeated cycling from 95ºC 

to 60ºC to induce annealing, and synthesis.  A dissociation curve was added to the end of each 

reaction to assess for unwanted primer-dimers and other artifacts.  The Ct value was calculated 

based on the number of cycles required for adequate detection of the probe, allowing for 

extrapolation of the original amount of mRNA.  Primers were designed with and obtained from 

Integrated DNA Technologies (Coraville, IA, USA). All primers were tested for efficiency 

before their use and all primer pairs demonstrated efficiency between 90-110%. [Taylor, et al., 

2015] Each sample was run in triplicate. 

 

Target Forward primer 5’-3’ Reverse primer 5’-3’ 

Mrp2 CAC AGA GAA GAT CGG TGT AGT G ACA CAA AGG ACT TGA GGT GAG 

Bsep GAT ATC TGA GTT CCG GAT GGT G TGC CTC AAC CTT TCC ATC TT 

Ntcp CCC TAT GGC AGC ATT GTG ATA AAG CCG GTG AAA GGC ATA A 

Oatp8 CCA CAT GCA ACC CTT GAT AGA ATC ATG CTG TGT GAC TGG TAT AA 

Mrp3 CCC TGC ACA GCC TAG ATA TTC GGC TAC AGA GCC CTT CAT ATA C 
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Radixin CAG GCT ACC TGG CTA ATG ATA G CTT CCC TCA GCA TTC CTC TAT G 

FXR GCC TGC CAA AGG TGT ACT AA GGT AGA AAC CCA GGT TGG AAT AA 

Cyclophilin A CAA GAC TGA GTG GTT GGA TGG GCT CCA TGG CTT CCA CAA TA 

HPRT1 GGT CAA GCA GCA TAA TCC AAA G GGC ATA GCC TAC CAC AAA CT 

Table 6.2: Primers for qPCR 

Hypoxanthine-guanine phosphoribosyltransferase 1 (HPRT1), a key enzyme in the 

synthesis of purines, and cyclophilin A, an enzyme important in intracellular signalling and 

apoptosis, were used as reference genes.  These two reference genes were selected based on their 

low degree of variability across the different samples.  Using the geometric mean of these two 

reference genes, the qPCR results for each pair of piglets were comparing with the Pfaffl method 

to obtain relative quantitation (explained below in statistical analysis). 

 Western Blot: Western blotting was used to evaluate the amount of Mrp2 protein in the 

liver samples.  The Western blot protocol described for the previous piglet PN study was 

followed exactly as previously described. Please refer to Chapter 5 for details. 

Immunofluorescence and Confocal Microscopy:  Immunofluorescence was used to 

characterize the position of the apical bile acid transporters Mrp2 and Bsep.  They were also 

individually co-localized with radixin to explore the relationship between this cytoskeletal 

protein and the two bile acid transporters.  The protocol used was identical to the one as 

described for the previous piglet PN study. Please refer to Chapter 5 for details. 

Statistical Analysis 

 All statistical analysis was carried out using SPSS version 22 (IBM, Armonk, NY) and 

SAS (SAS Institute, Cary, NC).  Basic demographics (ie: weight) was compared using one-way 

ANOVA and appropriate post-hoc tests.  The CRP ELISA results were examined using a 

repeated measurement model for longitudinal analysis, paired with non-parametric tests for study 

of data on separate days (ie: all pigs on day 4).  In all of these comparisons, a p value <0.05 was 

considered statistically significant.   
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For the qPCR comparison of High vs Standard Al groups, the fold difference between 

each pair of samples was calculated using the Pfaffl equation.[Pfaffl, 2001] (See equation 5.1). 

Due to the small sample size, (seven or eight animals in each group), the data was not equally 

distributed.  To accurately account for this, a non-parametric Wilcoxon-Signed-Rank test was 

performed for each bile acid transporter.  This non-parametric test was able to determine if the 

median fold difference was equal to, or greater than, two (a standard cut-off for significant fold 

difference in qPCR). [University of Montreal, “Information on qPCR results”, n.d.] A p-value of 

<0.05 was used as statistically significant for the Wilcoxon-Signed-Rank test.  Given that the 

data did not have standard distribution, the median was a more reliable value than the mean. 

The Ct values for the four Reference group piglets were then merged into a geometric 

mean and compared to each of the individual Ct values for the piglets in the other two PN groups 

(again, using the Pfaffl equation).  The median and mean fold differences and standard deviation 

were then calculated for each bile acid transporter: for the High vs Standard Al, for the High Al 

vs Reference and lastly for the Standard Al vs Reference.  The Wilcoxon-Signed-Rank test was 

repeated for these analyses as well, to determine if the median fold difference was statistically 

significant (fold difference of  >2, or <0.5, with a p-value of <0.05). [University of Montreal, 

“Information on qPCR results”, n.d.]   

The immunohistochemistry results were compared between the three groups using 

ANOVA and paired T-tests, (comparing High vs Standard Al, followed by High Al vs Normal, 

and lastly Standard Al vs Normal).  A similar process was used to analyze the densitometry 

measurements from the Western blots for Mrp2.  In all of these comparisons, a p value <0.05 

was considered statistically significant. 

6.5 Results: 

Basic Demographics: A repeated measurement model demonstrated that there was 

significant weight gain every day for each of the three groups. Overall, both of the PN groups 

gained more weight than the sow-fed group but there was no difference in weight gain between 

the High and Standard Al groups (p=0.51).  Gender was also not significant in weight gain 

(p=0.15). 
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Figure 6.1: Mean weight gain by piglet group 

One-way ANOVA demonstrated that there was no significant difference between the 

three groups for initial piglet weight but there was a difference in final liver weight (p=0.002 

respectively).  Pairwise analysis using the Bonferroni method demonstrated that the livers for 

both of the PN groups were on average significantly larger than those of the Reference group. 

(For High Al vs Reference p=0.006, while for Standard Al vs Reference, p=0.003). 

C-reactive Protein Assay: The repeated measurement model showed that CRP in the 

High Al group increased significantly more over the two weeks, as compared to the Standard Al 

group (p=0.03).  When comparing each day in isolation, there was no difference in serum CRP 

between the High and Standard Al groups.  Similarly, there was no difference between the three 

groups on day 14 (the only day when the serum CRP of the reference group was measured).  
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Figure 6.2: Mean serum CRP: High vs Standard Al 

RT-qPCR: There was no significant fold difference between the Standard and High Al 

groups for Mrp2 or Bsep and likewise no significant difference for radixin or FXR.  However, all 

of the baso-lateral bile acid transporters (Oatp8, Ntcp, and Mrp3) displayed a statistically 

significant fold difference, where there more mRNA in the lower Al (Standard Al) group.  Oatp8 

had a mean fold difference of 1.2 (SD 1.2), while Ntcp showed a mean difference of 1.6 (SD 

0.9). Lastly Mrp3 had a mean fold difference of 1.3 (SD 0.7).  When these three baso-lateral 

transporters were analyzed using the Wilcoxon-Sign-Rank test, the median fold difference was at 

least equal to 2.0, with a p-value of <0.05. (The Null Hypothesis for the Wilcoxon-Sign-Rank 

test was that ‘the Median fold difference equals 2.0.  For Oatp8, Ntcp, and Mrp3, the p values 

were 0.16, 0.21 and 0.21.  As these are all greater than 0.05, the Null Hypothesis for the 

Wilcoxon-Sign-Rank test must be accepted).  This correlates with a statistically significant 

difference, but may not imply a clinically relevant difference. See Figure 6.3 below. 
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Figure 6.3: Fold differences for qPCR: High vs Standard Al. Mean and median. High Al group arbitrarily 

set at ‘1’ to demonstrate difference (not an actual value).  Bar height at mean fold difference. Black dot set at median 

value. Star icon indicates statistically significant difference between groups as determined by Wilcoxon-Signed-

Rank test. 

 

When the High Al group was compared to the Reference group, most of the targets had 

more mRNA in the High Al group.  This included Mrp2 and Bsep with mean fold differences of 

1.9 (SD 0.6) and 2.3 (SD 0.9) along with radixin and Mrp3 (mean fold differences of 1.6 (SD 

0.6) and 2.0 (SD 0.9) respectively).  The Wilcoxon-Rank-Test correlated with these conclusions 

and demonstrated a significant difference in the median fold values as well. There was no 

difference between the two groups when examining Oatp8, Ntcp or FXR.  See Figure 6.4. 
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Figure 6.4: Fold differences for qPCR: High Al vs Reference. Mean and median. 

Reference group arbitrarily set at ‘1’ to demonstrate difference (not an actual value). Bar height set at mean 

fold difference. Black dot set at median value. Stars indicate statistically significant difference between groups. 

 

Lastly, the Standard Al and Reference group were compared and again Bsep and Mrp3 

had greater amounts of mRNA in the Standard Al group (mean fold differences of 1.6, SD 0.6 

and 2.7, SD 1.1 respectively).  Ntcp, with a mean fold difference of 1.2 (SD 0.9), also had a 

significant difference when the variation was accounted for with the Wilcoxon-Signed-Rank test.  

The remaining targets were not significantly different. See Figure 6.5. 

 

Figure 6.5: Fold differences for qPCR: Standard Al vs Reference. Mean and median. 

Reference group arbitrarily set at ‘1’ to demonstrate difference (not actual value). Bar height set at mean 

value. Black dot at median value. Star indicates statistically significant fold difference between groups. 
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Western Blot: Similar to the results from the previous piglet PN study, there was no 

difference among the three groups when compared using ANOVA (p=0.60).  The paired T-tests 

confirmed this lack of difference, for example, when comparing the Standard Al group to the 

High Al group (p=0.65).  For the Standard Al group, the mean protein optical density was 1.12 

(SD 0.88), while the High Al group had a mean of 1.45 (SD 1.68).  (These are unit-less values 

because they are generated by the ImageJ program with no outside reference or scale).  

 

Figure 6.6: Western blots for Mrp2.  Red dots indicate High Al group, while green dots indicate Reference group.  

Two lanes failed protein transfer, indicated by arrows. 

 

Immunofluorescence and Confocal Microscopy: The co-localization of both apical bile 

acid transporters Mrp2 and Bsep to radixin was very well preserved in all groups.  The signals 

for Mrp and radixin were perfectly aligned, and likewise for Bsep and radixin.  The signals for 

all three targets were much tighter and cleaner than in the previous piglet PN tissue.   

Using ANOVA, all three groups were compared for the Mrp2/radixin slides and there 

was no difference in the area of staining for either Mrp2 or radixin (p=0.57 and 0.91 

respectively).  However, in the analysis of density and width for both Mrp2 and radixin, at least 

one of the groups were significantly different than the other two for each of the measurements 

(p<0.01 for all four). 

When comparing the High and Standard Al groups in the Mrp2/radixin slides, the density 

of both the Mrp2 and radixin signals was significantly greater in the High Al group (p=<0.01 and 

<0.01).  There was no difference in the area (p=0.43) or width (p=0.06) of the Mrp2 signal.  In 

the same way, there was also no difference in the area (0.80) or the width (0.52) of the radixin 

signal.  

In a comparison of the Standard Al vs Reference groups, the former group had greater 

width of both Mrp2 (p<0.01) and radixin (p<0.01), as compared to the Reference group.  The 

Reference group also had greater density of both Mrp2 (p<0.01) and radixin (p<0.01). 
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The findings of the High Al vs Reference group were similar to the comparison of 

Standard Al to the Reference group.  The High Al group had significantly greater width of both 

Mrp2 (p<0.01) and radixin (p<0.01), as compared to the Reference group.  Likewise, there was 

also higher density of the Mrp2 signal in the Reference group as compared to High Al (p<0.01).  

High Al Standard Al Reference 

   

   

DAPI (nuclear stain) 

Radixin 
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Figure 6.7: Representative IHC images for Mrp2/radixin slides for the three piglet groups 

Similar to the Mrp2 results, when the Bsep/radixin slides were analysed using one-way 

ANOVA, the area of staining for Bsep and for radixin was the same for all three groups (p=0.63 

and 0.40 respectively).  The density and width of staining for both targets however, did vary 

significantly amongst the groups. 

The examination of Bsep/radixin slides in the High vs Standard Al groups showed that 

almost all measurements for the two targets did not differ significantly, except for the width of 

Bsep, where the Standard Al group had a greater dispersion (p=0.03). 

In the comparison of the Standard Al vs Reference group, the findings mirrored the Mrp2 

discoveries. There was significantly greater density of Bsep (p=0.02) and radixin (p<0.01) in 

those piglets not exposed to PN as opposed to those piglets exposed to the Standard Al PN. 

When measuring width for both Bsep (p<0.01) and radixin (p<0.01), the Standard Al group was 

significantly higher. 

Mrp2 

Combined 
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Finally, when comparing the High Al group to the Reference group, the density of both 

Bsep (p=0.03) and radixin (p=0.01) was again greater in the Reference group. The High Al, 

meanwhile, had increased width of signal for radixin (p<0.01). 

High Al Standard Al Reference 

   

   

   

DAPI (nuclear stain) 

Radixin 

Bsep 
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Figure 6.8: Representative IHC images for Bsep/radixin for the three piglet groups 

6.6 Discussion: 

 The goal of this piglet study was to determine if Al in PN could still cause changes to the 

mRNA of bile acid transporters when a less-inflammatory lipid was used.   

The discovery of higher serum CRP in the High Al group, as compared to the Standard 

Al group, supports the proposed inflammatory mechanism of Al toxicity. CRP is a clinically 

important acute phase protein that rises within hours of the activation of the inflammatory 

cascade, peaks within 1-3 days, and rapidly normalizes after the physical insult has resolved. 

[Koopman, 1996] Most previous work statest that Al toxicity is secondary to oxidative stress 

reactions, where Al forms superoxide radical ions and inhibits crucial energy pathways in 

mitochondria. [Alexandrov, et al., 2005; Percy, et al., 2011; Mailloux, et al., 2011; Gonzalez, et 

al., 2007] However, a few studies of Al exposure in dialysis patients and neuronal cell cultures 

have found that Al exposure causes a rise in CRP. [Alexandrov, et al., 2005; Guo & Wang, 2011] 

This suggests that Al may also act through an inflammatory pathway. Inflammation is crucial to 

the development of PNALD, [Suita, et al., 1999; Lambert & Thomas, 1985; Trauner, et al., 1999; 

Kosters & Karpen, 2010] and the Al-induced elevation of CRP in our study further strengthens 

the hypothesis that Al is a key component of PNALD.   

When analyzing the qPCR results, the three basolateral transporters Mrp3, Oatp8, and 

Ntcp, had statistically less mRNA in the High Al group as compared to the Standard Al group.  

However, this statistical difference may not translate into a clinically relevant difference, so our 

conclusions are made cautiously and with the caveat that further investigation is required.   

Combined 
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There was statistically less mRNA for both Ntcp and Oatp8 in the High Al group as 

compared to the Standard Al group.  Without analyzing the resulting protein, it is impossible to 

know whether or not this would imply a diminished protein amount or whether this statistically 

significant change is also clinically significant.  However, given the Al-induced rise in CRP, if 

our observed mRNA deficits were carried through to a protein deficit, the mechanism might be 

related to inflammation and oxidative stress. Ntcp and Oatp8 are frequently downregulated in 

other inflammatory models of PNALD. [Green, et al., 1996; Vanwijngaerden, et al., 2011; Geier, 

et al., 2005; Cherrington, et al., 2004] For example, in rat models the endotoxin 

lipopolysaccharide downregulated Ntcp by 90%, and even isolated cytokines, such as TNF-α, 

produced a significant decrease in Ntcp. [Green, et al., 1996] Similar studies have further 

determined that Ntcp is downregulated as a post-transcriptional response to cytokines. 

[Andrejko, et al., 2008] These cytokines trigger a series of cellular proteins, until finally nuclear 

transcription receptors such as HNF-1a or FXR cause the downregulation of Ntcp. [Green, et al., 

1996; Vanwijngaerden, et al., 2011; Geier, et al., 2005; Cherrington, et al., 2004] Al could 

possibly participate in this pathway, as it causes a release of inflammatory cytokines such as 

TNF-α. [Alexandrov, et al., 2005; Guo & Wang, 2011] Similarly, Oatp8 is susceptible to the 

down-regulatory effects of the inflammatory cascade.  Most of the Oatp transporters are also 

controlled by FXR, along with other nuclear transcription factors such as the constitutive 

androstane receptor (CAR).  When CAR or FXR are inhibited by pro-inflammatory cytokines 

they cause downregulation of Oatp transporters. [Pascussi, et al., 2003, Vanwijngaerden, et al., 

2011] In fact, many of the same cytokines (IL-6 and TNFα) that initiate an inhibitory series of 

events for Ntcp have the same effect on many of the Oatp transporters. [Andrejko, et al., 2008; 

Geier, et al., 2005; Hartmann, et al., 2002] The downregulation of both Ntcp and Oatp8 may be a 

protective mechanism for the hepatocyte, to limit the amount of toxic bile acids allowed in. 

[Cherringotn, et al., 2004] The Al-induced decrease in mRNA for these two transporters is 

important because it occurred despite the presence of the less inflammatory mixed lipid.  This 

change in mRNA could potentially translate into a decreased amount of protein, but further 

studies are required to determine if the statistical difference is meaningful and if the protein is 

correspondingly affected. 

 The downregulation of Mrp3 in the High Al, as compared to the Standard Al group, is 

interesting because the opposite was expected.  Mrp3 is normally found in low amounts in 
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healthy livers and unlike the other transporters studied in our project, it transports bile acids 

across the basolateral membrane of the hepatocyte and into the portal circulation. [Kruh, et al., 

2007; Jenniskens, et al., 2016] It is commonly upregulated in cholestatic situations as an attempt 

to clear harmful bile acids from the hepatocyte. [Zelcer, et al., 2006; Vanwijngaerden, et al., 

2011; Kruh, et al., 2007; Jenniskens, et al., 2016] One other piglet PN study demonstrated a 

decrease in Mrp3 but this was observed with all types of lipid in PN and Al was not examined, 

[Vlaardingerbroek, et al., 2014] so their results do not directly correlate with ours. With only 

mRNA data, it is difficult to determine the effects of Al on the final protein, but if the mRNA 

deficit observed here translates into a protein deficit, then the hepatocyte may be vulnerable to 

cholestasis.  In our study, an Al-induced inflammatory cascade may be interfering the with 

normal Mrp3 response, essentially impairing the ability of the hepatocyte to respond to the 

mounting bile acids.  For example, a few studies have found that high levels of the cytokines 

interferon-gamma and TNF-α, and especially IL-1β, [Geier, et al., 2005] cause downregulation in 

Mrp3. [Le Vee, et al., 2011; Hartmann, et al., 2002] Similar cytokines are increased with Al 

toxicity, [Alexandrov, et al., 2005; Guo & Wang, 2011] making this is a plausible 

connection.  The exact relationship between Mrp3 and cytokines is unclear, especially since 

there are large differences in the response of Mrp3 between species, and even between strains of 

the same animal. [Geier, et al., 2005] Alternatively, as outlined in Chapter 5, the observed 

decrease in Mrp3 may be a normal variation of an already limited piglet Mrp3 expression. [Zhu, 

et al., 2017; Maher, et al., 2005]  

 When compared to the Reference group, many of the studied transporters had increased 

amounts of mRNA in both of the PN groups. These differences could be caused by the many 

inflammatory factors present in both of the PN groups.  Not only are both the High and Standard 

Al groups exposed to Al, which increases both oxidative stress and inflammation, [Alexandrov, 

et al., 2005; Percy, et al., 2011; Mailloux, et al., 2011; Gonzalez, et al., 2007] but they are also 

given SMOFlipid which contains pro-inflammatory omega-6 lipids. [Fresenius Kabi, 

“SMOFlipid”, 2017] This might explain why transporters, such as Bsep had increased amounts 

of mRNA in the PN groups. Although most inflammatory models of PNALD have demonstrated 

a decrease in Bsep, [Geier, et al, 2005; Elferink, et al., 2004] there are some models where Bsep 

responds by increasing.  For example, in primary biliary cirrhosis, both the mRNA and protein of 

Bsep are upregulated. [Arrese & Ananthanarayanan, 2004]  
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Both of the PN groups had an increased amount of Mrp3 mRNA as compared to the 

Reference group, and this correlates with many other studies demonstrating upregulation in 

situations of increased inflammation. [Vanwijngaerden, et al, 2011; Geier, et al, 2005; 

Cherrington, et al., 2004] This increase of Mrp3 is initiated when FXR is downregulated by a 

variety of cytokines.  By increasing the export of bile acids out of the hepatocyte, Mrp3 may be 

acting to minimize cholestatic damage. [Jenniskens, et al., 2016; Vanwijngaerden, et al., 2014]  

 There was no significant difference in Mrp2 protein between any of the three groups, 

whether comparing the High and Standard Al or the Reference group.  This corresponds to the 

lack of qPCR difference noted in this study.  In the previous piglet experiment, with pro-

inflammatory lipids, High Al caused statistically significant downregulation of Mrp2 mRNA but 

no change in Mrp2 protein.  It is not surprising therefore, that in our current study with a less 

inflammatory lipid mix [Klek, et al., 2013; Goulet, et al., 2010], both the mRNA and protein 

expression for Mrp2 is preserved.   

Immunohistochemistry analysis demonstrated that the relationship between the 

cytoskeletal protein radixin and the apical transporters Mrp2 and Bsep is well preserved 

regardless of the amount of Al contamination.  However, without a cell membrane marker, we 

cannot determine the cellular localization of these proteins. In the examination of Bsep and 

radixin by immunohistochemistry, there was minimal difference in either protein when 

comparing the High vs Standard Al group.   Strangely, when comparing the High and Standard 

Al groups, there was increased density of the Mrp2 and radixin in the High Al group.  This is the 

opposite of the findings in our previous piglet study with the pro-inflammatory lipids.  As we do 

not know the cellular placement of these proteins, it is possible that the Mrp2 is drawn 

intracellularly (as seen in other models of cholestasis [Kojima, et al., 2003; Kojima et al., 2008]) 

and the intracellular collection of Mrp2 creates a denser signal.  Or perhaps there is increased 

placement of Mrp2 proteins at the cell membrane as a compensatory response to combat the 

rising bile acids. A cell membrane marker is required to differentiate the actions of Mrp2.   

 Not surprisingly, when compared to the healthy piglets with no PN exposure, both the 

High Al and the Standard Al PN groups demonstrated a dispersed signal with weaker density for 

radixin, Bsep, and Mrp2.  This correlates well with other studies of cholestasis where Mrp2 and 

radixin lose their co-localization and are dispersed with hepatic insults. [Kojima, et al., 2003; 
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Kojima et al., 2008; Geier, et al., 2005; Cherrington, et al., 2004; Elferink, et al., 2004; 

Hartmann, et al., 2002] Similarly, Bsep is susceptible to inflammatory factors and responds with 

downregulation and intracellular localization. [Schmitt, et al., 2001; Perez, et al., 2006; Geier, et 

al., 2005; Elferink et al., 2004] As mentioned above, there are too many potential inflammatory 

factors (including Al) separating the PN from the non-PN piglets to determine which one is 

responsible for the abnormal cellular localization of radixin and Mrp2.   

6.7 Conclusions:  

High Al increased serum CRP, which suggests that Al has an inflammatory mechanism in 

addition to the accepted pro-oxidative one.  This link between Al and inflammation is important 

because of the strong role of inflammation in PNALD.  Additionally, despite the presence of the 

less-inflammatory mixed lipid, Al still caused statistically significant decrease in mRNA for the 

basolateral transporters.  If these mRNA changes are actually clinically relevant and are carried 

through to the protein level, the bile flow could be hampered.   
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7: COMPARING AND CONTRASTING THE PIGLET PARENTERAL NUTRITION 

STUDIES (WITH OMEGA-6 AND MIXED LIPIDS) 

 The two studies using the piglet PN model were completed two years apart (2013 and 

2015) and with some significant methodological differences, but a comparison of the studies 

provides an opportunity for further examination of the roles of lipid composition and Al 

contamination in PNALD. 

7.1 Methods comparison:   

Firstly, both of these studies were carried out using the same species of pig, with both the 

same lab and standard operating procedures.  In both studies, the piglets were the same age and 

and their group sizes were similar.  All of the surgical techniques, the equipment and 

compounding methods of PN were identical.  We also focused on the same bile acid transporters, 

and conducted very similar analyses, including qPCR, Western blot, IHC and bile acid assays. 

 The largest difference between the studies was the lipid solution; SMOFlipid (Fresenius 

Kabi, Bad Homburg, Germany) (a mixed lipid solution) was used for the second study, as 

compared to Intralipid (Fresenius Kabi, Bad Homburg, Germany) (an omega-6 lipid) for the first 

study.  The omega-3 lipids in the mixed solution are less-inflammatory than the omega-6 lipids 

and SMOFlipid appears to normalze serum bilirubin for most infants with PNALD. [ Goulet, et 

al., 2010; Pichler, et al., 2014; Muhammed, et al., 2012]  However, SMOFlipid is still relatively 

new and under investigation[Wales, et al., 2014] and we felt it was important to examine in our 

PNALD model.   

A two-week vs a three-week study period was the second most important difference.  A 

three-week duration was selected for the initial study because of literature demonstrating that 

25% of infants develop biochemical evidence of PNALD within three weeks [Beale, et al., 1979; 

Arnold, 2004].  In addition, work by Alemmari et al, using the same piglet PN model had not 

shown biochemical evidence (ie: elevated total serum bile acids) by two-weeks. [Alemmari, et 

al., 2011; Alemmari, et al., 2012] However, in our first piglet PN study we discovered that the 

piglets had a high rate of sepsis when exposed to PN for three weeks. We attempted to control 

for this because sepsis is a risk factor for PNALD [Suita, et al., 1999; Lambert & Thomas, 1985], 

but there is still a potential difference in infection rates between the studies. 
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Statistical analysis   

All statistical analysis was carried out using SPSS version 22 (IBM, Armonk, NY) and 

SAS (SAS Institute, Cary, NC).  For the basic demographic data, one-way ANOVA and Kruskal-

Wallis, followed by post-hoc tests (where appropriate) were used to compare the initial weights 

of the piglets.  A repeated measure model was then used to analyze weight gain for the five 

groups.  A similar repeated measurement model was also used for the bile acid assay analysis.  

For all of these tests, p<0.05 was significant. 

 The IHC and the Western blot measurements were analyzed using one-way ANOVA or 

Kruskal-Wallis and significant results were further explored with post-hoc Bonferroni or Dunnett 

T3 tests (for parametric vs non-parametric data distributions respectively).  A p value of <0.05 

was significant.  

An attempt was made to compare qPCR results from the two piglet studies; examining 

Mrp2, Bsep, Mrp3, Ntcp, Oatp8, radixin and FXR.  The Pfaffl equation was used again, see 

Equation 5.1.[Pfaffl, 2001] The geometric mean of primer efficiencies from the mixed lipid and 

the omega-6 lipid studies were calculated to obtain the E values.  New Pfaffl calculations were 

then carried out for all seven targets of interest, using the six different paired comparisons (ie: 

High Al group from the omega-6 lipid study vs High Al group from the mixed lipid study etc).  

This type of analysis was unsuccessful, and it produced nonsensical fold differences.  This 

inability to combine the qPCR results is likely because the qPCR plates (and most importantly, 

the reference genes) are not consistent between the two studies.  Without a common reference 

value or a method of determining the variation in reference genes between plates, it is impossible 

to accurately combine qPCR values.  

7.2 Results: 

Basic demographics:  Overall, there were no significant differences between the two 

piglet PN studies, when comparing the initial weights of the piglets.  When the starting weights 

were compared using one-way ANOVA, there was a significant difference among the five 

groups (p=0.008), but it was not large enough to be detected with specific pairwise comparison, 

using Scheffe’s post-hoc analysis.  (The smallest p-value for this post-hoc analysis was 

p=0.094). 
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For the weight gain analysis, both of the Intralipid PN groups were slower to gain weight 

and significantly smaller than either of the SMOFlipid PN groups (ie: by day four: p <0.001 and 

p=0.034).  But by day eight, only the Standard Al+Intralipid group was significantly smaller than 

either of the SMOFlipid PN groups (p=0.034) and by day twelve, there was no difference 

between the weights of the four PN groups.  

Immunohistochemistry, Mrp2 and Radixin:  Only the Mrp2 area measurements met the 

requirements to be analyzed using One-way ANOVA and this test revealed that there was no 

difference between the groups (p=0.77).  The remaining five measurements (Mrp2 density, Mrp2 

width, radixin area, radixin density and radixin width) were analyzed using the Kruskal-Wallis 

test and all except radixin area had at least one group that was significantly different from the 

others. (Radixin area: p=0.055, all others: p<0.0001).  See Table 7.1 for the summary of results. 

 

  2013 High Al (+Intralipid) 2015 High Al (+SMOFlipid) 

Mrp2 Area No Difference 

Mrp2 Density No Difference 

Mrp2 Width Greater Width (p=0.02)  

Radixin Area No Difference 

Radixin Density No Difference 

Radixin Width Greater Width (p<0.001)  

 2013 Stdrd Al (+Intralipid) 2015 Stdrd Al (+SMOFlipid) 

Mrp2 Area No Difference 

Mrp2 Density Greater Density (p<0.001)  

Mrp2 Width No Difference 

Radixin Area No Difference 

Radixin Density Greater Density (p<0.001)  

Radixin Width Greater Width (p=0.02)  

 2013 High Al (+Intralipid) 2015 Stdrd Al (+SMOFlipid) 

Mrp2 Area No Difference 

Mrp2 Density Greater Density (p<0.001)  

Mrp2 Width No Difference 

Radixin Area No Difference 

Radixin Density Greater Density (p<0.001)  

Radixin Width Greater Width (p<0.001)  

 2013 Stdrd Al (+Intralipid) 2015 High Al (+SMOFlipid) 

Mrp2 Area No Difference 

Mrp2 Density No Difference 

Mrp2 Width Greater Width (p=0.03)  

Radixin Area No Difference 
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Radixin Density No Difference 

Radixin Width Greater Width (p=0.002)  
Table 7.1: Mrp2 and radixin: comparison of 2013 vs 2015 IHC measurements 

Immunohistochemistry, Bsep and Radixin:  Similar to the Mrp2 IHC analysis, only the 

area of Bsep was normally distributed, allowing for One-Way ANOVA analysis which revealed 

a significant difference in at least one of the five groups (p=0.02).  Post-hoc analysis was 

therefore conducted. For the other five types of IHC measurements, the Kruskal-Wallis test 

showed that four of them had at least one significantly different group. (Radixin area had no 

difference between the groups, with p=0.549).  The results for the pairwise comparisons are 

summarized below. 

 2013 High Al (+Intralipid) 2015 High Al (+SMOFlipid) 

Bsep Area No Difference 

Bsep Density  Greater Density (p<0.001) 

Bsep Width No Difference 

Radixin Area No Difference 

Radixin Density  Greater Density (p<0.001) 

Radixin Width No Difference 

 2013 Stdrd Al (+Intralipid) 2015 Stdrd Al (+SMOFlipid) 

Bsep Area  Greater Area (p=0.04) 

Bsep Density  Greater Density (p=0.02) 

Bsep Width No Difference 

Radixin Area No Difference 

Radixin Density  Greater Density (p<0.001) 

Radixin Width No Difference 

 2013 High Al (+Intralipid) 2015 Stdrd Al (+SMOFlipid) 

Bsep Area No Difference 

Bsep Density  Greater Density (p<0.001) 

Bsep Width  Greater Width (p=0.006) 

Radixin Area No Difference 

Radixin Density  Greater Density (p=0.013) 

Radixin Width No Difference 

 2013 Stdrd Al (+Intralipid) 2015 High Al (+SMOFlipid) 

Bsep Area No Difference 

Bsep Density  Greater Density (p=0.02) 

Bsep Width No Difference 

Radixin Area No Difference 

Radixin Density  Greater Density (p<0.001) 

Radixin Width No Difference 

Table 7.2: Bsep and radixin: comparison of 2013 vs 2015 IHC measurements 



   

106  

Western blot:  Using the Kruskal-Wallis test, it was determined that there was no 

significant difference in the density measurements for Mrp2 between the five groups (p=0.84).   

Bile acid analysis: The repeated measure model demonstrated that both of the Intralipid 

PN groups had significantly greater rise in total serum bile acids than either of the SMOFlipid 

PN groups (p<0.001 for both).  

7.3 Discussion:   

Comparing studies completed years apart and with variations in methodology is difficult, 

but a few findings about lipids and Al in PNALD are notable.  

The difference between the initial weights was not statistically significant, although the 

Intralipid groups were initially slower growers, as compared to the SMOFlipid groups. By the 

end however, all piglet PN groups weighed the same. This weight fluctuation can be explained 

by the more stringent weight requirements we used in the later piglet study.  In the earlier piglet 

study, we occasionally used piglets weighing less than one kilogram, but in the later work (with 

mixed lipids) we did not. 

For the Mrp2 and radixin slides, there was a greater width of staining for both radixin and 

Mrp2 in both Intralipid groups (with either High or Standard Al) as compared to the High 

Al+SMOFlipid group.  Although the findings are relatively inconsistent, the pro-inflammatory, 

omega-6 Intralipid [Gura, et al., 2008; Cober & Teitelbaum, 2010; Cowan, et al., 2013] may 

causes some displacement of Mrp2 and the cytoskeleton radixin.  A similar broadening of 

staining patterns has been found in other models of cholestasis as the normal co-localization of 

Mrp2 and radixin is disrupted. [Kojima, et al., 2008] Surprisingly, there was also greater density 

of both Mrp2 and radixin staining in both of the Intralipid groups (regardless of Al 

contamination) when compared to the Standard Al+SMOFlipid group. The opposite was 

expected, because the Standard Al+SMOFlipid group should benefit from both the hepato-

protective lipids and the lower Al contamination.  Perhaps, one of the components of SMOFlipid 

has a negative effect on Mrp2.  The effects of a mixed lipid solution on bile acid transporters are 

unstudied.  Overall, it appears that Mrp2 and radixin were more sensitive to the changes in lipid 

composition than to the alterations in Al in PN.    
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As for Bsep and radixin, there were also some interesting findings.  Regardless of the 

amount of Al, there was stronger staining for both Bsep and radixin in the groups with 

SMOFlipid, as opposed to the groups with Intralipid. This can be explained as a response to 

inflammation. Many other cholestasis models have demonstrated that Bsep is down-regulated 

and internalized when cytokines suppress upstream regulators of Bsep (such as FXR). 

[Vanwijngaerden, et al., 2011; Geier, et al., 2005; Elferink, et al., 2004] Radixin meanwhile, 

does not seem to display a reliable pattern of response in this study.  In the Mrp2 slides, radixin 

was weak in all of the SMOFlipid groups, while it was strong in the same groups for the Bsep 

slides.  This cytoskeletal protein is an important stabilizer of apical transporters and has shown 

disturbed placement in other models of cholestasis, [Kojima, et al., 2008] but further studies are 

required to determine its response to PNALD.  

There was no difference in the amount of Mrp2 protein for any of the five groups studied 

and this is consistent with the findings of both of the piglet PN studies.  As mentioned in the 

previous chapters, this may be because our piglets had early PNALD [Tazuke, et al., 2004] or 

perhaps Mrp2 is not as easily influenced in pigs as it is in rats and humans. [Zelcer, et al., 2006; 

Oswald, et al., 2001; Alrefai & Gill, 2007] 

The total bile acid analysis demonstrated that the SMOFlipid PN piglets did have less of 

a rise in total bile acids as compared to the Intralipid PN piglets, in keeping with the clinical 

studies where mixed lipids reversed or delayed the elevation of serum markers of PNALD. 

[Goulet, et al., 2010; Pichler, et al., 2014; Muhammed, et al., 2012]. 

7.4 Conclusion:  

In summary, this inter-study comparison demonstrates that lipid composition may be an 

important factor in the cellular localization of bile acid transporters.  Bsep appeared to have an 

adverse reaction to pro-inflammatory lipids, while there was an unexpected negative response of 

Mrp2 to the mixed lipids.  Unlike the individual studies, we did not find an effect of Al, but our 

comparisons were limited. 
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8: ALUMINUM ASSOCIATED BILE CANALICULUS CHANGES 

8.1 Abstract:  

Background/Purpose: Parenteral nutrition (PN) has changed the prognosis of infants with 

intestinal failure by providing life-sustaining calories in the setting of inadequate absorption of 

enteral nutrients. However, long-term PN carries the risk of a progressive and potentially life-

threatening parenteral nutrition associated liver disease (PNALD). Al is a known contaminant of 

infant PN, with adverse effects on bone metabolism and neurological development. We 

hypothesize that Al is also hepato-toxic, especially in the neonate, and may substantially 

contribute to the multi-factorial PNALD.  The objective of this study is to assess the impact of Al 

on hepatocyte morphology in a piglet model to better understand the pathophysiology of 

PNALD. 

 Materials and Methods: A randomized control trial was conducted using a Yucatan 

miniature piglet PN model.  Piglets aged 3-6 days were randomly placed into one of three 

groups.  The High Al group (n=8) received PN with 63µg/kg/day of Al, while the Standard Al 

group (n=7) received PN with only 24µg/kg/day of Al.  In all other aspects, the PN components 

were the same between the groups.  The negative control (Reference) group (n=4) was sow-fed, 

with no PN exposure.  Serum samples for total bile acids were collected throughout the 2-week 

study period and liver tissue was obtained at the study end.  The tissue was gluteradehyde-fixed, 

epon-embedded, and ultrathin sectioned for viewing under the transmission electron microscope. 

 Results: The canalicular microvilli were longer in the Standard Al group than in the High 

Al group (p=0.01).  We found that both the canalicular area and perimeter were greater in the 

Standard Al group as compared to the High Al group (p=0.02 and 0.02 respectively).  There 

were no significant differences in the structures of the space of Disse between these two groups.  

As compared to the Reference group, only the High Al group had shorter microvilli in both the 

canalicular space (p=0.04) and in the space of Disse (p<0.001). There was no difference in the 

total serum bile acids between the Standard and High Al groups (p=0.48).  By day 14, the 

Reference pigs had a higher total serum bile acid level than either of the Al groups (p=0.04). 

 Conclusions: Al causes structural damage to hepatocytes despite unchanged serum bile 

acids.  High Al in PN was associated with shorter microvilli and smaller canalicular spaces, 
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which could decrease the excretion area for bile and impair bile flow.  These structural defects 

could translate into an impairment of the bile acid transporters positioned on the microvilli and 

place the patient at risk of developing PNALD.  When compared to healthy controls, only the PN 

with higher Al contamination is capable of distorting microvilli in both the canalicular space and 

the space of Disse, within the two-week period of PN, suggesting that there may be a threshold 

for toxic Al effects.  Given these findings, further research is needed to investigate the effects of 

longer term PN administration in neonates and methods of reducing Al contamination in PN. 

Clinical Relevancy Statement:   

High amounts of Al contamination in infant PN cause structural damage to hepatocytes, 

including shortening of the microvilli and shrinkage of the canalicular space.  These changes 

may impair the ability of the hepatocyte to properly excrete bile and place the infant at risk of 

PNALD.  They may precede the development of elevated serum total bile acids, indicating that 

Al causes significant hepato-toxicity even before the earliest clinical markers of PNALD.  Al 

must be reduced in PN to prevent these effects. 

8.2 Introduction: 

 Al is the third most common element on earth, second only to oxygen and silicon and the 

most abundant metal in the Earth’s crust. [Mujika, et al., 2011] It exists as a trivalent ion and is 

able to form a variety of strong bonds with many biologic molecules. [Mujika, et al., 2011] 

Surprisingly it has seemingly no role in the biological functioning of plants and animals. 

[Sedman, 1990] People are regularly exposed to high amounts of Al, usually through oral 

ingestion, but over 99% of this ingested Al passes harmlessly out through the gastro-intestinal 

tract. [Sedman, 1990; Poole, et al., 2010; Greger & Baler, 1983] The gastro-intestinal tract 

provides an excellent barrier to this metal and the small amount that is absorbed through the 

intestinal wall is then excreted via the kidney. [Gregor & Baler, 1983] When Al is introduced 

parenterally, however, the body absorption is much higher.  Al travels bound to transferrin in the 

blood stream and can then be deposited in the brain, bones, and liver. [Sedmen, 1990] 

 Parenteral Al exposure becomes an issue for premature infants on prolonged PN.  Infant 

PN has a large amount of Al contamination, mostly found in the calcium gluconate components. 

[Poole, Hintz, Mackenzie, & Kerner, 2008; de Oliveira, Bohrer, Garcia, do Nascimento, & 
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Noremberg, 2010] This Al is readily absorbed parenterally in the infant and often cannot be 

adequately eliminated due to renal insufficiency prevalent in premature infants. [Koo, et al., 

1989; Koo, Kaplan, & Bendon, 1986; Bohrer, et al., 2010] Al accumulates in hepatic lysosomes 

and other organelles and causes structural damage to the hepatocyte and impairs biliary 

secretion. [Gonzalez, et al., 2004; Klein, et al., 1988; Demircan, et al., 1998; Bertholf, et al., 

1989] It is believed to be hepatotoxic through its pro-oxidative effects. [Alexandrov, et al., 2005, 

Percy, et al., 2011; Mailloux, et al., 2011] For example, Al forms a superoxide radical ion, and 

acts with iron to participate in oxidative reactions. [Alexandrov, et al., 2005; Gonzalez, et al., 

2007] It also disrupts mitochondrial functioning and triggers apoptosis. [Gonzalez, et al., 2007]   

Previous studies by our group demonstrated that Al in a piglet model caused hepatic 

structural changes such as blunting of bile canalicular microvilli, a decreased number of 

microvilli in the bile canaliculi, and increased inflammatory cells. [Alemmari, et al., 2012] In 

that study, the piglets were administered PN with an omega-6 based lipid, which is pro-

inflammatory. [Gura, et al., 2008; Cober & Teitelbaum, 2010; Cowan, et al., 2013] This may 

have been a contributing factor to the documented liver disease.  To determine if Al causes 

structural damage regardless of the type of lipid involved, we have repeated a similar piglet study 

using a mixed lipid solution.  SMOFlipid (Fresenius Kabi, Bad Homburg, Germany) is a 

combination of soybean lipids (omega-6 fatty acids), medium chain triglycerides, olive oil and 

fish oil lipids (omega-3 fatty acids). [Klek, et al., 2013; Goulet, et al., 2010] The majority of 

infants with PNALD who were switched to SMOFlipid had reversal of their serum 

hyperbilirubinemia and other markers of PNALD. [Goulet, et al., 2010; Pichler, et al., 2014] It is 

believed this is because SMOFlipid is less inflammatory. [Klek, et al., 2013; Goulet, et al., 2010]   

8.3 Objectives:   

We hypothesize that the hepato-protective nature of the mixed lipid solution (SMOFlipid) 

will not completely protect the hepatocyte and Al-induced structural changes will develop 

despite a more favourable lipid solution.  Our objectives are to use a Yucatan miniature piglet 

PN model to observe the effects of High vs Standard Al contamination in PN on hepatocyte 

ultrastructure.  We will use total serum bile acids as an early marker of PNALD and transmission 

electron microscopy to evaluate for changes in the hepatocyte features. 

8.4 Methods: 
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Animal Work:  Yucatan miniature piglets, aged 3-6 days, were placed randomly into one 

of three groups.  If at all possible, the piglets were pair-matched with a littermate of similar size, 

to ensure comparable group demographics. The High Al group (N=8) received PN with 

63μg/kg/day of Al, while the Standard Al group (N=7) received otherwise identical PN with 

24μg/kg/day of Al.  The amount of Al in the latter group is within the range of contamination 

found in Canadian neonatal PN. [Hall, et al., 2016] The Reference group (N=4) consisted of 

piglets that were sow-fed for the duration of the study.  No interventions were performed on this 

last group of piglets until the termination of the study.  

The piglets in the High and Standard Al groups were kept on a strict PN regime for the 14 

days of the study.  For both groups, the lipids were provided in a mixed lipid solution 

(SMOFlipid) at a rate of 1.9mL/hour (45.6 ml/kg/d).  In total, the piglets received 0.98 MJ/kg/d 

and 13.3g amino acids/kg/day with non-protein energy supplied approximately 50:50 

carbohydrate and fat. The amino acid-dextrose solution was infused at a rate of 10.1 mL/kg/h 

(242.4 mL/kg/d).  Every second day, the piglets were weighed and the PN rate was adjusted to 

maintain adequate nutrient delivery.  (For complete PN recipes, refer to Appendix C). Every 

fourth day, serum samples were collected. 

At the conclusion of the study, the piglets from all three groups were anaesthetized and 

liver samples collected.  The details of the animal work are explained in chapters five and six. 

Transmission Electron Microscopy: Transmission electron microscopy was used to 

compare the hepatic ultrastructure among the three piglet groups. 

Firstly, 0.5cm2 pieces of liver were fixed in a glutaraldehyde-paraformaldehyde solution 

immediately upon collection.  The samples were kept in this solution at 4ºC overnight and then 

washed with sodium 0.1M cacodylate buffer three times (ten minutes each, at room temperature).  

These liver samples, in the sodium cacodylate buffer were then processed at the Memorial 

University Electron Microscopy/Flow Cytometry Unit.  The samples were post-fixed in 1% 

osmium tetroxide (in a 0.1M sodium cacodylate buffer) for 30 minutes and then excess osmium 

tetroxide was removed with two sodium cacodylate washings (ten minutes each).  Next, the 

samples were dehydrated in 70% ethanol for ten minutes, followed by staining with saturated 

uranyl acetate in 70% ethanol for 30 minutes.  The dehydration process was completed by 

exposing the samples to 95% ethanol for fifteen minutes (twice), and then 100% ethanol for 
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fifteen minutes (three times).  Finally, the samples were embedded in epon/araldite resin, through 

immersion in graded resin solutions.  The first immersion was 100% acetone for fifteen minutes 

(three times), then a 1:1 mixture of acetone and resin for one hour, followed by pure resin for 

twenty minutes and lastly fresh resin for an additional hour.  As the final step, the resin 

embedded specimens were placed in Beem capsules (Ted Pella Inc, Redding, CA, USA) and the 

resin was polymerized overnight. 

 The resin-embedded liver samples were then sectioned on an ultra-microtome at 

thicknesses of 70-90nm and mounted on nickel grids.  These sections were stained again with 

uranyl acetate (2% in aqueous solution) for 25 minutes and then washed with distilled water five 

times.  A secondary stain of lead citrate was then applied for ten minutes and rinsed off with five 

more distilled water washings.   

 These stained sections were viewed and photographed under an electron microscope with 

energy dispersive spectrometer capability (Hitachi HT7700, Tokyo, Japan), operating at an 

accelerating voltage of 80kV. For each piglet, the three images of the clearest bile canaliculi and 

space of Disse were analyzed using the open access ImageJ program.  

A variety of measurements were taken in the evaluation of hepatocyte ultrastructure, 

focusing on three structures crucial to bile acid synthesis and export: the bile canaliculus, the 

space of Disse and the mitochondria.  The bile canaliculus is bordered by hepatocytes and 

receives bile acids and other products excreted into it, en route to the biliary ductal system. 

[Slonim & Pollack, 2006] The space of Disse is the region between a sinusoid and hepatocyte 

where the plasma flows and is filtered for nutrients and bile acids to be drawn into the 

hepatocyte. [Slonim & Pollack, 2006] Lastly, the mitochondria are the cellular energy structures 

that facilitate cell activity.  Only the significant findings will be discussed below in the results 

section. 
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Figure 8.1: Example of TEM mapping. Red line around canalicular space and yellow around space of Disse. 

 

Bile Acid Assay: We used a colorimetric kit (BQKits, San Diego, CA, USA) for the total 

bile acid assay, following the manufacturer’s instructions.  In this assay, the oxidation of bile 

acids produces NADH, which then reacts with nitrotetrazolium blue to form a coloured dye.  A 

spectrophotometer detects the amount of dye formed by measuring absorbance at 540nm and the 

amount of dye is directly proportional to the quantity of bile acids present in the sample.  Each 

serum sample was tested twice and any sample with variance greater than 10% was re-tested. 

Statistical Analysis  

All statistical analysis was carried out using SPSS version 22 (IBM, Armonk, NY) and 

SAS (SAS Institute, Cary, NC).  The bile acid assay results were examined using a repeated 

measurement model for longitudinal analysis, paired with non-parametric tests for study of data 

on separate days (ie: all pigs on day 4).  In these comparisons, a p value <0.05 was considered 

statistically significant.   

The measurements obtained from the transmission electron microscopy was compared 

between the three groups using ANOVA (and Kruskal-Wallis for non-parametric data sets), 

followed by paired T-tests, (comparing High vs Standard Al, followed by High Al vs Normal, 

and lastly Standard Al vs Normal).  In all of these comparisons, a p value <0.05 was considered 

statistically significant. 

8.5 Results: 
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Transmission Electron Microscopy:  Initial ANOVA and Kruskal-Wallis analysis of the 

three groups indicated that there was a significant difference in canalicular area, perimeter and 

microvilli height (p=0.001, p=0.021, and p=0.021 respectively).  When comparing the space of 

Disse, the same type of analysis indicated a significant difference in average microvillus height 

(p=0.024), while for mitochondrial measurements, there was a difference in the number of 

hyperdense lesions (p<0.001). The pairwise comparisons are outlined below. 

In the comparison between the High and Standard Al groups, there were significant 

differences in the canalicular features.  Firstly, both the canalicular area and perimeter were 

larger in the Standard Al group (p=0.02 and p=0.02 respectively).  Secondly, the microvilli in the 

Standard Al group were significantly longer than in the High Al group (p=0.01).  Of note, there 

was no difference in the number of microvilli per canaliculus between the groups (p=0.15).   

There was no difference in the space of Disse characteristics between the High and 

Standard Al groups, in either the width of the space of Disse, nor in its microvilli.  Mitochondrial 

features also did not significantly differ between the two groups. 

 

Figure 8.2: Standard vs High Al transmission electron micrographs.  The arrow indicates a canalicular space.  Note 

that the microvilli in the Standard Al canaliculi are longer than in the High Al canaliculi. 

 

When comparing the High Al to the Reference group, the average microvillus height in 

the bile canaliculi was significantly taller in the Reference group (p=0.04).  No other major 

differences in the canaliculi structures were found.  In the space of Disse, the microvilli were 
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again significantly taller in those piglets not on PN, as compared to the High Al group (p<0.001).  

Finally, in the examination of mitochondria, significantly more high density marks in the 

mitochondria were found in the High Al group as compared to the Reference group (p<0.001). 

With the Standard Al group compared to the Reference group, the canalicular microvilli 

height was not different (p=0.72), but the canalicular area and perimeter were both greater in the 

Standard Al group (p<0.001 and p=0.02).  There were no significant differences in the size, 

shape or microvilli of the space of Disse.  There was again a significant difference in the 

hyperdense mitochondrial spots, with a greater number found on average in the Standard Al 

group as compared to the Reference group. 

 

Figure 8.3: Transmission electron micrographs of the three groups.  Yellow arrows indicate space of Disse, while 

the red arrow indicates canalicular space. 

 

Bile acid assay: The total serum bile acids were compared between the Standard Al and 

High Al groups using a repeated measurement model, and there was no significant difference in 

the slopes (p=0.48) or between the values for each individual day.  The day 14 total bile acid 

values for all three groups were then compared using a Kruskal-Wallis non-parametric test and 

there was a significant difference.  The Reference pigs had a significantly higher serum bile acid 

level (74µmol/L) than either the Standard or High Al groups at day 14 (p=0.04).  However, 

pairwise comparison of only the Standard and High Al group at day 14 still showed no difference 

between these two groups (p=1.00).  Serum bile acids were also not related to birth weight 

(p=1.00). 
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Figure 8.4: Total serum bile acids: High vs Standard Al 

The average total serum bile acid value for the Reference group is not included on this graph (day 14 

value=74µmol/L). 

 

8.6 Discussion: 

 Significant changes in the hepatocyte ultrastructure were identified and can be correlated 

with the Al in PN. The most interesting finding in this study is the shorter canalicular microvilli 

in the High Al group as compared to the Standard Al group.  The same number of microvilli 

were counted in the two groups and the density of microvilli was identical between the two 

groups. Similarly blunted microvilli were found in the previous piglet PN model by Alemmari et 

al as well. [Alemmari, 2012] The shortening of the microvilli may be due to a loss of the protein 

villin, as is the case in children with biliary atresia. [Phillips, et al., 2003; Jansen & Sturm, 2003] 

Villin maintains the actin cytoskeleton and is highly prevalent in the microvilli. [Phillips, et al., 

2003; Jansen & Sturm, 2003] Actin and the actin-binding proteins form a network that supports 

the canalicular structure. [Tsukada, Ackerley, & Phillips, 1995] Canalicular microvilli are 

essential components of bile excretion, and blunting of these structures is found in many types of 

cholestasis. [Phillips, et al., 2003] The apical bile acid transporters, such as Mrp2 and Bsep, are 
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located on the bile canaliculi. [Arrese & Ananthanarayanan, 2004; Gonzalez, et al., 2004; Zelcer, 

et al., 2006] If the canaliculi are blunted due to Al exposure, then there is less surface area for 

bile acid transporters and their ability to excrete bile could be impaired.  Other studies agree that 

the earliest changes in cholestasis are found around the canaliculi and include shortening, or loss, 

of microvilli. [Adler, Chung, & Schaffner, 1980]   

 Of note, there are important differences in hepatocyte structure based on the acinus zone 

sampled [Boyer, 2013], but we controlled for this discrepancy through random sampling.  We 

collected samples from three different areas of the liver for each piglet and then examined and 

photographed multiple different ultra-thin sections.  We also took our measurements from three 

different mircographs. All of these randomization steps should ensure that there was equal 

sampling of acini zones for each piglet group. 

 When comparing the High Al group to the Standard Al group, the canalicular spaces 

were also larger in the lower Al group.  Previous studies using the piglet PN model showed the 

opposite effect with a similar dose of Al. In Alemmari et al’s work, the higher Al exposure 

caused a ballooning of canalicular space which could exacerbate bile stasis. [Alemmari, et al., 

2012] Ballooning of the canalicular space is frequently seen in different cholestatic scenarios, 

including in rat models of PNALD, [Adler, et al., 1980; Shu, Li, Zhou, Shi, & Zhang,1991] and 

is found in inflammatory models as well. [Shu, et al., 1991] The SMOFlipid given to both of our 

groups may have protected against such an inflammatory development.  Alternatively, studies in 

rat couplet cells found that when hepatocytes are exposed to high osmolarity solutions, both the 

hepatocytes and the canalicular space shrink.  This action is felt to be mediated through 

aquaporins and tight junctions which become leaky under cholestatic stress. [Jessner, Zsembery, 

& Graf, 2008] Perhaps the additional Al added to the High Al group creates a higher osmolar 

environment, and hence a noticeably smaller canalicular space.  Either way, the impact of a 

smaller canalicular spaces is unclear. 

The comparison of TEM images between the High and Standard Al groups shows an 

apparent threshold for Al damage.  This difference in hepatotoxicity for high and low Al 

exposure may be because Al is preferentially excreted via the kidney, but at high doses, biliary 

excretion becomes more important. [Gonzalez, et al., 2007] Only the PN with the High Al 

contamination causes blunting of the microvilli in both the space of Disse and in the canalicular 
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space. Meanwhile, the microvilli in both the canaliculi and the space of Disse of the Standard Al 

group were the same as a sow-fed piglet.  This further strengthens the conclusion that it is the Al 

in the PN that causes the changes to the microvilli.  Both regions of microvilli are important 

because bile acid transporters function on each.  For example, the transporter Ntcp sits on the 

basolateral membrane of the hepatocyte and moves bile acids into, and out of, the space of Disse. 

[Alrefai & Gill, 2007] If the microvilli are blunted on both ends of the hepatocyte, then bile flow 

and synthesis could be greatly inhibited.     

Additionally, there were other differences between the sow-fed piglets and the PN 

groups, such as the Standard Al group developing a larger canalicular area. It is unclear why the 

Standard Al group would have a larger canalicular area than either the High Al group or the 

Reference group. This may merely be an artifact attributable to the different genetic 

predispositions of our small group. For example, the Reference group has only four animals, and 

a variation in canalicular size in one could significantly skew the results.  Finally, regardless of 

the amount of Al exposure, there were increased amounts of electron dense deposits in the 

mitochondria of PN piglets.  These electron dense deposits are felt to be comprised of calcium, 

and appear when the cell is facing considerable oxidative stress, such as in an 

ischemic/reperfusion injury in neurons. [Solenski, diPierro, Trimmer, Kwan, & Helms, 2002; 

Singh, White, & Bloor, 1980; Yoshimura, et al., 2003] In our study it is unclear if they are 

directly related to the Al toxicity, but it underscores the presence of oxidative stress in the 

hepatocyte with prolonged PN exposure. 

Neither the High nor Standard Al group developed elevated serum bile acids, nor was 

there a difference in the total serum bile acids between the two groups.  When compared to the 

Reference piglets, the serum bile acids for both of the PN groups were actually much lower.  

This is unexpected based on previous animal models of Al and PNALD.  For example, in rats Al 

given parenterally for two weeks caused hyperbilirubinemia. [Klein, et al., 1988] The lack of rise 

in serum bile acids in our study is most likely due to the early stage of PNALD represented in 

our model.  Although the piglets develop much more rapidly than human infants, (with a two-

week old piglet representing a two- month infant) [Book & Bustad, 1974], this does not 

necessarily mean that the hepatic damage is also expedited.  The stage of PNALD in our model 

may be closer to the early PNALD seen in infants with only 2-3 weeks of PN exposure, where 
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only one quarter of infants have elevated serum bile acids. [Beale, et al., 1979; Arnold, 2004]  

Alternatively, our piglets may be too old at the start of the study.  For comparison, a previous 

piglet PN study developed elevated serum bilirubin with two weeks of PN exposure, but the 

piglets were pre-term.[Vlaardingerbroek, et al., 2014]  Perhaps, in a rapidly growing piglet 

species, our 3-6 day old piglets have livers that are more mature and resistant to cholestasis. 

Another contributing factor may be that both PN groups were given SMOFlipid, which is a less 

inflammatory lipid solution, containing the anti-inflammatory α-tocopherol. [Klek, et al., 2013; 

Goulet, et al., 2010] This lipid solution may have delayed the onset of serum markers of 

PNALD, an effect that has been observed in other lipid solutions containing omega-3 fatty acids. 

[Premkumar, et al., 2013; Puder, et al., 2009] The Reference piglets meanwhile, had a much 

higher average serum bile acid level, presumably because bile acids are excreted in response to 

oral intake and these piglets were frequently feeding. [Costa, et al., 2010; Guglielmi, et al., 2008; 

Hofmann, 1995; Lemoy, Westworth, Ardeshir, & Tarara, 2013] 

8.7 Conclusion:   

Al causes ultrastructural changes in the hepatocyte without and potentially before 

elevation of serum total bile acids. This is worrisome, because it implies that a rise in serum bile 

acids is not the first indicator of hepatic damage.  Additionally, the presence of a less 

inflammatory lipid environment does not prevent Al-induced ultrastructural changes.  High Al 

caused blunting of the microvilli in both the canaliculi and space of Disse. Plausibly, with longer 

exposure, the lower Al PN could also cause similar damage.  Microvilli are critical to the normal 

movement of bile acids and are home to bile acid transporters.  Impairment of microvilli could 

be the first step in the pathogenesis of PNALD.  Further research into the long-term effects of Al 

toxicity is needed, as are methods to decrease the contamination of Al in infant PN.  
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9: THE EFFECTS OF ALUMINUM AND LIPIDS ON BILE ACID TRANSPORTERS IN 

A HEPATOCYTE MODEL 

9.1 Abstract: 

Background/Purpose: Parenteral nutrition associated liver disease (PNALD) is a multi-

factorial condition which can lead to cirrhosis and liver failure.  The pathophysiology is not fully 

understood, but many different factors contribute, including pro-inflammatory lipids and 

contaminants such as aluminum (Al).  The objective of this study is to examine the effects of Al 

and lipids on bile acid transporters, (both alone and in combination), to better understand the 

pathophysiology of PNALD. 

 Materials and Methods:  This was a trial using sandwich-cultured primary rat 

hepatocytes.  After plating and applying a Matrigel overlay, the hepatocytes were divided into 

six groups with one negative control and five interventions.  The first intervention was Al 

(12µg/mL), the second was 1% mixed lipid solution (SMOFlipid), and the third was 1% omega-

6 lipid solution (Intralipid).  For the fourth intervention, the Al (12µg/mL) was mixed with 1% 

SMOFlipid, and the fifth was a mixture of Al (12µg/mL) and 1% Intralipid.  After 60 hours of 

exposure to the Al and/or lipids, the hepatocytes were collected and the bile acid transporters 

Mrp2, Bsep, Mrp3, Ntcp, and Oatp2 were evaluated using qPCR, Western blot, and a functional 

assay.   

Results: The qPCR results displayed a wide variety of mRNA changes following the 

exposure to Al and/or lipids. For Western blot, there was no difference in protein amounts 

between any of the groups for the Ntcp transporter.  However, there was significantly more 

Oatp2 protein in the isolated Al group as compared to the Al + Intralipid group (p=0.04). The 

cholyl-lysl fluorescein assay, which evaluates Mrp2 functioning, demonstrated that although 

excretion was impaired in all of the intervention groups, it was the worst in both of the groups 

containing SMOFlipid.  

 Conclusions: Al, omega-6 lipids, and mixed lipids all have some degree of negative 

effect on bile acid transporters both alone and in combination.  The effects are varied, but 

SMOFlipid led to a significant downregulation of mRNA for three of the bile acid transporters 

and also appears to cause the most impairment of Mrp2 functioning.  This is the first evidence 

that the mixed lipid solution may cause more hepatic damage than previously appreciated.  
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Additionally, at least for Oatp2, the combination of Al and Intralipid led to significantly less 

protein than with Intralipid alone.  This supports the theory that Al and pro-inflammatory lipids 

may act synergistically, triggering a greater inflammatory response than either separately.  

Clinical Relevancy Statement:  

 Although SMOFlipid has shown promising results in the reversal of serum markers of 

PNALD, it may have some negative effects on bile acid transporters.  Additionally, Al 

exacerbates the damage caused by pro-inflammatory lipids and further efforts are needed to 

reduce the contamination of Al in infant PN. 

9.2 Introduction: 

 Pro-inflammatory lipids play an important role in the development of PNALD. [Gura, et 

al., 2008; Cober & Teitelbaum, 2010; Cowan, et al., 2013] Until recently, the only lipid emulsion 

used in infant PN was a solution containing mostly omega-6 lipids (Intralipid (Baxter/Fresenius 

Kabi, Deerfield, IL,USA)).  Omega-6 lipids are labeled as pro-inflammatory because they 

produce arachidonic acid which subsequently creates platelet aggregating thromboxanes and 

immunosuppressing prostaglandins. [Le, et al., 2009; Gura, et al., 2008; Cowan, et al., 2013] 

They also have very little vitamin E to balance these pro-inflammatory effects. [Klek, et al., 

2013] Omega-3 lipids, meanwhile are felt to be ‘hepato-protective’ because they produce anti-

coagulating thromboxanes and immune-boosting prostaglandins. [Park, et al., 2011; Cober & 

Teitelbaum, 2010; Cowan et al., 2013] To address this inflammatory imbalance in infant PN, 

many new lipid formulations have been developed to replace the omega-6 fatty acids, either 

partially or completely, with omega-3s and other lipid sources. [Cowan, et al., 2013,100] One of 

the most popular new formulations is SMOFlipid, (Fresenius Kabi, Bad Homburg, Germany) 

which is a mix of 30% soybean oil (omega-6), 30% medium chain triglycerides (rapid energy 

source), 25% olive oil (omega-9), 15% fish oil (omega-3) and supplemented α-tocopherol 

(200mg/L). [Fresenius Kabi, “SMOFlipid”, 2017] This formulation still contains omega-6 lipids 

to prevent essential fatty acid deficiency [Gramlich, et al., 2015], but also contains omega-3 

lipids for their anti-inflammatory benefits. (For comparison, Intralipid has approximately three 

times more omega-6 lipids [Fresenius Kabi, “Intralipid”, 2017]) Multiple recent studies in infants 

with PNALD have demonstrated significant normalization of bilirubin and other serum markers 
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of cholestasis using SMOFlipid. [Goulet, et al., 2010; Pichler, et al., 2014; Muhammed, et al., 

2012]   

 Al contamination is another potential factor in the development of PNALD. [Gonzalez, et 

al., 2004; Klein, et al., 1988; Demircan, et al., 1998; Bertholf, et al., 1989] Although this element 

is relatively harmless when ingested orally, [Sedman, 1992; Poole, et al., 2010; Greger & Baler, 

1983] it builds up to toxic levels in neonates on PN. [Courtney-Martin, et al., 2015] Infant PN 

contains proportionally high amounts of Al contamination [Poole, et al., 2010; Wier & Kuhn, 

2012] and because the parenteral route bypasses the gastrointestinal tract, it must be excreted by 

the kidneys. [Greger & Baler, 1983] Often, the most premature infants also have inadequate 

renal functioning. [Koo, et al., 1989; Koo, et al., 1986; Bohrer, et al., 2010] and the Al is 

accumulated in the bones, brain, and liver. [Sedman, 1992] The work of our group and others 

have demonstrated that the Al causes mRNA downregulation of bile acid transporters and also 

significantly alters the hepatic ultrastructure, causing shortening of the canalicular microvilli. 

[Gonzalez, et al., 2004; Klein, et al., 1988; Demircan, et al., 1998; Bertholf, et al., 1989] 

 Both Al and omega-6 lipids are believed to negatively affect the liver through 

complementary pathways. The omega-6 lipids trigger an uncontrolled inflammatory response, 

with increased production of cytokines and pro-inflammatory mediators. [Betteridge, 2000; 

Cober & Teitelbaum, 2010; Cowan, et al., 2013; Le, et al., 2009; Klek, et al., 2013] Al, 

meanwhile is believed to work through a mostly pro-oxidative pathway, where it forms 

superoxide radical ions, participates in oxidative reactions and interferes with mitochondrial 

functioning. [Alexandrov, et al., 2005; Percy, et al., 2011; Mailloux, et al., 2011; Gura, et al., 

2008] The inflammatory and oxidative stress pathways interact and Al and omega-6 lipids work 

through both pathways to some degree. [Betteridge, 2000; Cowan, et al., 2013; Alexandrov, et 

al., 2005; Guo & Wang, 2011] The exposure of both Al and pro-inflammatory lipids may 

therefore negatively alter hepatocytes to a greater extent than either one of the factors alone. 

9.3 Objectives:  

We hypothesize that both Al contamination and pro-inflammatory lipids in PN cause 

down-regulation and impaired functioning of bile acid transporter proteins.  By addressing both 

concerns through the reduction of Al and the switch to a more balanced lipid formulation 

(SMOFlipid), we theorize that there will be better preservation of bile acid transporters, as 
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compared to either intervention individually.  Our objectives are to use a sandwich-cultured 

primary rat hepatocyte model to build on our findings from the piglet models.  We will isolate 

the effects of each factor of interest: Al, omega-6 lipids (Intralipid) and mixed lipids 

(SMOFlipid).  We will also determine if the negative effects of Al and lipids are additive.  The 

effects on bile acid transporters will be determined through analysis of mRNA in qPCR for five 

important bile acid transporters: Mrp2, Mrp3, Bsep, Oatp2, and Ntcp.  Two of these transporters 

(Ntcp and Oatp2) will also be evaluated with Western blot to quantify protein.  Finally, the 

functioning of one of the most important bile acid transporters, Mrp2, will be evaluated with a 

fluorescent assay.    

9.4 Methods: 

 Cell Culture: Primary Sprague-Dawley rat hepatocytes, designed for sandwich-culture 

were purchased from Lonza (Allendale, NJ, USA) and kept in liquid nitrogen until use. The 

hepatocytes were thawed and transferred to TRL/Lonza Thawing and Plating Media (Allendale, 

NJ, USA) and then centrifuged at 100g for ten minutes.  The resulting cell pellet was decanted 

and re-suspended in TRL/Lonza Animal Maintenance Media (a phenol red-free solution 

designed for primary hepatocytes, Lonza, NJ, USA).  Cell viability was confirmed using the 

Trypan blue exclusion method and for each vial, a viability of >86% was obtained.  The cells 

were then plated in a collagen-coated 24-well plate with a concentration of 600,000 cells/well 

and a media volume of 0.5mL/well. The plates were shaken gently every 15 minutes to assist in 

even cell dispersion until one hour after plating, when the media was exchanged for fresh 

maintenance media.  Care was taken with all aspiration of media from the cells, as the 

hepatocytes were easily dislodged from their collagen base.  The cells were then incubated at 

37ºC for 4-6 hours in a 5% CO2 incubator.   

 Four to six hours after the initial plating, a collagen matrix overlay was placed on the 

cells to create the sandwich-culture. The frozen Matrigel (Corning Life Sciences, Corning, NY, 

USA) was thawed to 4ºC and kept on ice throughout the overlay process. The Matrigel was 

diluted in maintenance media to obtain a final protein concentration of 0.35mg/mL and this 

solution was also kept on ice, to prevent it from gelling into a matrix.  The maintenance media on 

the cells was then exchanged for the new media containing the Matrigel and the plate was 
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returned to the incubator to enable the overlay to form in the heat.  The maintenance media was 

replaced daily for 2 days and on the third day the cells were collected. 

 
Figure 9.1: Design of sandwich-cultured hepatocytes. 

 

Cell Treatments:  This cell model was used to study the impact of Al, omega-6 lipids 

(Intralipid (Baxter/Fresenius Kabi, Bad Homburg, Germany)) and mixed lipids (SMOFlipid 

(Fresenius Kabi, Bad Homburg, Germany)) on hepatocytes, both alone and in combination.  

Three wells in each plate were used as negative controls, where no changes were made to the 

media.  For the next three wells, Al chloride hexahydrate was dissolved in the maintenance 

media and then sterile filtered, to create an Al solution of 12µgm/mL, a dose that has been 

proven by Mailloux et al to trigger an inflammatory response in hepatocyte cell cultures. 

[Mailloux, et al., 2011; Mailloux & Appanna, 2007] The following three wells of cells were 

exposed to SMOFlipid diluted in maintenance media to create a 1% solution, while Intralipid 

20% was also diluted to create a 1% lipid solution for the next three wells.  The decision to use 

1% lipid solutions was based on the work of Whitfield et al, who demonstrated that this dose not 

only mimicked the serum lipid level of a child on PN, but also caused changes in cholesterol 

transporters. [Clayton & Muller, 2000] The fifth set of three wells was exposed to a combination 

of Al (12µgm/mL) and 1% SMOFlipid and the final set of three wells was given Al (12µgm/mL) 

and 1% Intralipid.  These exposures were continued for approx 60 hours and then the cells were 

collected and analyzed as described below.  The 60-hour time frame was selected after initial 

experiments demonstrated that the cells began detaching and dying after this time period.  

According to the manufacturer, the hepatocytes are expected to have normal functioning of 

transporters within a few hours after overlay of the matrigel. 
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Figure 9.2: Plate layout showing triplicate of each intervention. Yellow wells used for CLF assay. Orange wells 

used for qPCR. Blue wells used for Western blot.  Entire plate was repeated 4x. 

 

 Each of the cell treatments was started the day after the overlay was placed on the 

hepatocytes (ie: approximately 24 hours after original plating).  As mentioned above, the 

maintenance solutions with or without Al and lipids were changed daily.  The entire plate 

experiment was repeated four times. 

Quantitative Polymerase Chain Reaction:  Bsep, Mrp2, Mrp3, Ntcp, and Oatp2 were 

examined using qPCR to evaluate the amount of mRNA.  Firstly, the PARIS kit (Thermo Fisher 

Scientific, Waltham, MA, USA) was used to extract mRNA from the cell cultures.  The cells 

were placed on ice to slow down metabolism and then the Cell Disruption Buffer (from the 

PARIS kit) lyzed the hepatocytes.  This lysate was collected, washed and purified through 

repeated filtrations with the reagents provided by the PARIS kit.  The resulting purified mRNA 

was quantified using a NanoVue spectrophotometer (GE, Boston, MA, USA). An A260/A280 

ratio of 1.8 to 2.0 was used as the limit of acceptable mRNA purity.  It was then normalized with 

nuclease free, sterile water to ensure identical amounts of RNA in each sample.  Following the 

normalization step, the VILO Superscript cDNA Synthesis kit (Thermo Fisher Scientific, 

Waltham, MA, USA) was used to produce cDNA from the mRNA template.  For this process, 

diluted mRNA was combined with the VILO reaction and enzyme mix and subjected to heating 

in a thermocycler.  It was incubated at 25ºC for ten minutes, followed by heating at 42ºC for one 

hour, and the reaction was terminated with 5 minutes of exposure to 85ºC heat. The resulting 

cDNA was then added to nucleotides and a fluorescent probe (Power Mastermix, Thermo Fisher 

Scientific, Waltham, MA, USA) along with both forward and reverse primers. Primers were 

designed with and obtained from Integrated DNA Technologies (Coralville, IA, USA).  See 
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primer list below.  This solution was pipetted in 14.5µL replicates (each containing 2µL of 

diluted cDNA) into a 96 well PCR plate, sealed and placed in a Real Time cycler (7300 Real 

Time PCR Systems, Applied Bio Systems, Foster City, CA, USA).  The cycler followed a 

protocol of 30 minutes of incubation at 95ºC, followed by repeated cycling from 95ºC to 60ºC to 

induce annealing, and synthesis.  A dissociation curve was added to the end of each reaction to 

assess for unwanted primer-dimers and other artifacts.  The Ct value was calculated based on the 

number of cycles required for adequate detection of the probe, allowing for extrapolation of the 

original amount of mRNA.  All primers were tested for efficiency before their use and all primer 

pairs demonstrated efficiency between 90-110%. [Taylor, et al., 2015] Each sample was run in 

triplicate. 

Target Forward primer 5’-3’ Reverse primer 5’-3’ 

Mrp2 CCC AGT CTT CGC TAT CAT CAT C GCG GGA AGT AGC CAC ATA AA 

Bsep TGA CTG GCA CTG CTA AGA TAT G GGG TTC CTG AAA TGA GGT TAG T 

Ntcp CGT CTA CAG CAA AGG CAT CTA TCC CTA TGG TGC AAG GAA TG 

Oatp2 CTG ACC ATA ACT CCC ACA GAT AC GGG AAA GCT GGT CAG GAT ATT 

Mrp3 GGC CTG TGC TCA AGA GAT ATA C CAG CAT ACA GGA GGC AGA TAA A 

Beta actin GGA AAT CGT GCG TGA CAT TAA A CTC GAA GTC TAG GGC AAC ATA G 

GAPDH GGG AAA CCC ATC ACC ATC TT ATA CTC AGC ACC AGC ATC AC 

Table 9.1: Primers for qPCR 

Beta-actin and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were used as the 

reference genes for qPCR.  Beta actin is a structural protein important for cell integrity and 

GAPDH is glycolytic pathway enzyme.  These genes were selected because they are present in 

high amounts in all cells, which was crucial in a sandwich culture project with extremely low 

sample volume.  In addition, they displayed stability across the different samples.  The geometric 

mean of the reference genes was used for the qPCR calculations and each treatment group was 

compared to the negative control group.  The Pfaffl equation was used for determining fold 

differences for relative quantitation (explained below in statistical analysis). 
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Western blot: Protein was extracted from sandwich cultured hepatocytes using the PARIS 

kit (Thermo Fisher Scientific, Waltham, MA, USA), where cells were lyzed using the Cell 

Disruption buffer and then mechanically disrupted.  The resulting protein pellet was then 

quantified using a Bradford assay (Thermo Scientific Pierce BCA Protein Assay, Thermo Fisher 

Scientific, Waltham, MA, USA) and normalized with sterile water.   Protein samples were 

denatured and loaded into a pre-cast graduated 4-12% Bis-Tris polyacrylamide gel with 1xMES 

buffer solution.(Thermo Fisher Scientific, Waltham, MA, USA)  Electrophoresis of samples was 

conducted at 150V for 30 minutes to separate proteins by size. The separated proteins were then 

transferred to a 0.2 micron nitrocellulose membrane using a current of 10V for 60 minutes.  

Transfer of proteins was confirmed with a ponceau stain. 

The nitrocellulose membrane was blocked for one hour using 3% skim milk in 1xTBST 

(tris-buffered saline with tween) for Oatp2 or 3% bovine serum albumin in TBST for Ntcp.  It 

was then washed with TBST and incubated with the primary antibody.  For Oatp2, the primary 

antibody was incubated at room temperature for one hour, while for Ntcp, the primary antibody 

was incubated at 4ºC overnight.  Once the membrane had been exposed to the primary antibody, 

it was washed with TBS and for both Ntcp and Oatp2, the membrane was incubated with 

secondary antibody for one hour at room temperature.  Finally, it was washed once again and a 

chemiluminescent solution was added to bind to the horse-radish peroxidase in the secondary 

antibody.  The chemiluminescent signal was then imaged in an AlphaImager Fluor FC2 (Cell 

Biosciences, Santa Clara, CA, USA). 

Once the protein bands had been imaged for either Ntcp or Oatp2, the membrane was 

washed in a sodium glycine stripping solution for 45 minutes to remove all antibodies.  From 

there, the membrane was washed heavily in TBS (Tris-buffered saline) and re-blocked, this time 

using 3% bovine serum albumin.  After washing off the blocking solution, the primary antibody 

for GAPDH was placed on the membrane and it was incubated for one hour at room temperature. 

The membrane was washed once more and then the secondary antibody for GAPDH was 

incubated for another hour at room temperature.  Lastly, the chemiluminescent solution was 

added to bind to the horse-radish peroxidase in the secondary antibody and the membrane was 

imaged for the second time in the AlphaImager.  This stripping protocol was necessary because 

the reference protein, GAPDH, was very similar in weight to both of the target proteins (37kDa 
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for GAPDH vs 38kDa for Ntcp and 74 kDa for Oatp2) and so the membrane could not be cut 

reliably without damaging either the target or reference protein bands.  Similar to the qPCR 

experiments, GAPDH was used as the reference protein for Western blot, because of its high 

abundance, and stability across samples. 

The primary antibody for Ntcp was a polyclonal rabbit anti-rat (Abcam, Cambridge, UK, 

Ab131084).  It was used in a 1:10,000 dilution with a 9:1 solution of TBST and 3% bovine 

serum albumin:TBST.  The secondary antibody was goat anti-rabbit horse-radish peroxidase 

conjugated, (Abcam, Cambridge, UK, ab6721) used in a 1:2500 dilution (diluent was a 9:1 

solution of TBS and 3% bovine serum albumin: TBST).  For Oatp2, we used a polyclonal, 

rabbit-anti rat, primary antibody in a dilution of 1:1000 (Abcam, Cambridge, UK, ab105124).  

The secondary antibody was the same as for Ntcp, except that the diluent had 3% skim milk 

substituted for the bovine serum albumin. 

The GAPDH primary antibody was a monoclonal mouse anti-rat antibody (Proteintech, 

Chicago, IL, USA, 60004-1-Ig), used in a dilution of 1:10,000 with the same diluent as for Ntcp.  

The secondary antibody was a horse-radish peroxidase conjugated donkey anti-mouse product 

(Novex/Thermo Fisher, Waltham, MA, USA, A16017) used in a dilution of 1:2000, with the 

same bovine serum albumin and TBS diluent as for Ntcp. 

The digital images obtained from the AlphaImager were inverted and analyzed using the 

open source program ImageJ. (https://imagej.net/Downloads) Densitometry measurements were 

conducted on the bands and each band of Ntcp or Oatp2 was normalized to its corresponding 

GAPDH reference band. 

Cholyl-Lysyl-Fluoroscein assay: Cholyl-Lysyl-Fluoroscein (CLF by Corning, Corning, 

NY, USA) is a fluorescent-labeled bile acid which is excreted from the hepatocyte into the 

canaliculi by the apical bile acid transporter Mrp2.  The presence of this substance in the 

canaliculi indicates healthy functioning of this bile acid transporter. 

On the third day after cell plating, one well from each group, including one well of the 

negative control group, was selected and the maintenance media was replaced with fresh, pre-

warmed, and non-altered TRL/Lonza Maintenance media.  The plate was then incubated at 37ºC 

for 10 minutes.  A 5µM solution was created by diluting the CLF in warm maintenance media.  
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The clean maintenance media in the plate was then replaced with this CLF solution, (0.5mL per 

well).  Incubation was repeated for 15 minutes at 37ºC.  The wells were washed three times with 

ice cold maintenance media to halt cell activity and remove excess solution, and the plate was 

viewed under a ZOE (Biorad, Hercules, CA, USA) fluorescent microscope. 

Statistical Analysis 

 All statistical analysis was carried out using SPSS version 22 (IBM, Armonk, NY) and 

SAS (SAS Institute, Cary, NC).  For the qPCR data, the fold difference between each cell 

treatment and the negative control was calculated using the Pfaffl equation (see equation 5.1). 

[Pfaffl, 2011] The fold differences were calculated for each treatment (ie: lipid/Al) compared to 

the negative control and then the median fold difference was determined based on the results of 

the four plates.  If a fold difference could not be calculated for at least two plates, it was 

discarded.  Because the replicates of this study are small, and it could be considered a pilot study, 

the use of non-parametric analysis (ie: median) is more appropriate. The numbers were too small 

for any other non-parametric test such as Wilcoxon-Signed-Rank test.  The median fold 

difference was therefore used alone and was significant if it was equal to, or greater than two, or 

less than 0.5 (a standard cut-off for significant fold difference in qPCR). [University of Montreal, 

“Information on qPCR dates”, n.d.] Only significant fold differences will be discussed.  Fold 

differences of greater than two demonstrate an mRNA expression in favour of the negative 

control group (ie: the treatment under investigation causes downregulation).  Whereas, fold 

differences less than 0.5 represent favourable mRNA expression for the treatment group as 

compared to the negative control group (ie: upregulation in the lipid or Al group). 

For the Western blot, the non-parametric equivalent of the T-test, the Mann-Whitney 

analysis, was used to evaluate the densitometry measurements and a p value <0.05 was 

considered statistically significant. 

 The analysis for the CLF assay was performed subjectively, because although there is 

technology that can quantify the fluorescence objectively, we did not have access to it for this 

experiment.  

9.5 Results: 
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 RT-qPCR: Effects of the Al and lipid exposures on bile acid mRNA expression were 

evaluated using qPCR.  As the experiment is very small with non-parametric data, only median 

values are reported.  

When examining Mrp2, both SMOFlipid alone and in combination with Al caused a 

significant increase in Mrp2 mRNA, as compared to the negative control (median fold 

differences of 0.06 and 0.21 respectively).   

Meanwhile, the apical transporter Bsep had a down-regulation of mRNA for isolated 

SMOFlipid but an up-regulation when SMOFlipid was combined with Al, as compared to the 

negative control group (fold differences of 6.95 and 0.08). Additionally, the group with both Al 

and Intralipid had more Bsep mRNA than the negative control group (median fold difference of 

0.33). 

 Oatp2 also had more mRNA for the combination of Al and SMOFlipid as well as for Al 

and Intralipid (median fold differences of 0.12 and 0.31), as compared to the negative control 

group. The Oatp2 mRNA was decreased however in the isolated SMOFlipid group, as compared 

to the negative control group (median fold difference of 4.65).  

 All isolated exposures of Al, SMOFlipid and Intralipid produced less Ntcp mRNA than 

was observed in the negative control group.  These median differences were 2.10, 4.59, and 2.07, 

respectively.  

 Lastly, in the examination of Mrp3, only isolated Intralipid caused any significant 

response, where there was less mRNA than in the control group, with a median fold difference of 

2.29. 



   

131  

 

Table 9.2: qPCR results.  All interventions are compared to the negative control group. 

 

 Western Blot:  The results of the four plates were combined and compared for both Ntcp 

and Oatp2.  Unfortunately, we could not find a viable antibody for Mrp2, Mrp3, or Bsep for use 

in Western blot. 

 In the Ntcp Western blots, there was not a statistically significant difference between any 

of the interventions and the normal, negative control group, using the Mann-Whitney analysis.  

The isolated treatments of Al, SMOFlipid and Intralipid as compared to the negative control 

were the same with p values of 0.51, 0.16, and 0.29.  When comparing the combined treatments 

to the negative control, the p values were close but still not significant, with p=0.13 for the 

Al+SMOFlipid group and p=0.08 for the Al+Intralipid group. Likewise, there was no difference 

when comparing the isolated Al group to either of the Al and lipid groups, although when 

comparing the isolated Al to the Al+Intralipid group, there was a borderline p value of 0.08. Of 

note, there is some variability in some of the GAPDH bands, and this is likely due to inconsistent 

protein quantity between samples.  Although we did normalize the protein samples, we could not 

evaluate the type of protein normalized and the matrigel protein was likely included in various 

amounts in the samples.  With such small amounts of cells, we could not repeat the Western blot 

again to verify this discrepancy. 
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Figure 9.3: Western blots for Ntcp. Lane labels: 1: Reference; 2: Al; 3: SMOFlipid; 4: Intralipid; 5: Al+SMOFlipid; 

6: Al+Intralipid.  Arrows indicate failed lanes. 

 

 

Figure 9.4: Ntcp densitometry results. 

The results for Oatp2 again showed no significant difference for any of the individual or 

combined exposures. The closest any exposure came to significance was the Al+Intralipid group 

as compared to the negative control group, which had a p-value of 0.08.  However, when 

comparing the isolated Intralipid to the Al+Intralipid group, there was significantly more protein 

in the isolated Intralipid group (p=0.04).  As in the Ntcp experiment, there was still no significant 

difference when comparing the isolated Al groups to either of the combined groups. 
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Figure 9.5: Western blots for Oatp2. Lane labels: 1: Reference; 2: Al; 3: SMOFlipid; 4: Intralipid; 5: 

Al+SMOFlipid; 6: Al+Intralipid. 

 

 

Figure 9.6: Graph of Oatp2 densitometry measurements. Stars indicates two groups with a significant difference 

between them. 

 

 CLF assay: As mentioned above, the interpretation of the CLF assay and the functioning 

of the Mrp2 transporter is subjective.  Overall however, it appears that the CLF bile acid was 

well secreted in the negative control plate of hepatocytes, and that the isolated Al wells had 

mildly ballooned canalicular space and fewer areas of functioning excretion.  Compared to the 

normal wells, both of the wells containing SMOFlipid (with or without Al) had virtually no 

excretion at all, indicating poor functioning of Mrp2. The Intralipid wells did have a few 

preserved areas of canalicular excretion. Representative images of the CLF assay are presented 

in Figure 9.7. 
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Figure 9.7: Representative images of CLF assay.  Red arrows indicate canalicular spaces.  Bright green masses are 

cells that have taken up CLF but are unable to excrete it. 

9.6 Discussion: 

 The goals of this study were to use a simpler model to identify changes in bile acid 

transporters that could be attributed to Al, lipids, or a combination or both.  This is the only one 

Reference Aluminum 

SMOFlipid Intralipid 

Aluminum+SMOFlipid 
Aluminum+Intralipid 
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of our studies that enables a comparison of the effects of two different types of lipids, both with 

and without Al.   

The qPCR results were varied across the exposure groups, but a few findings warrant 

further investigation.  As with all of our previous mRNA work, the end protein result is unknown 

for all of the transporters (except Ntcp and Oatp2), so our conclusions are mostly speculative.  

Firstly, the exposure of SMOFlipid alone, which was designed to be less inflammatory than other 

lipid mixtures, [Goulet, et al., 2010; Picher, et al., 2014; Muhammed, et al., 2012] caused a 

decrease in mRNA for three bile acid transporters: Bsep, Oatp2, and Ntcp.  Perhaps some of the 

non-omega-6 lipid components in the mixture had an unexpected interaction with bile acid 

transporters or the small amount of omega-6 lipids in SMOFlipid [Fresensius Kabi, 

“SMOFlipid”, 2017] was somehow sufficient to cause an inflammatory response or directly 

trigger nuclear receptors such as FXR.[Pascussi, et al., 2003; Vanwijngaerden, et al., 2011; 

Anderjko, et al., 2008; Geier, et al., 2005; Hartmann, et al., 2002] FXR especially has well 

defined mechanisms to both directly, and indirectly, decrease the amount of these three 

transporters, [Kullak-Ublick, et al., 2004; Jung, et al., 2002] so if there is an inflammatory 

mechanism for SMOFlipid, it may act through this nuclear transcription factor.  

 Interestingly, isolated Intralipid, which is mostly omega-6 lipids [Fresenius Kabi, 

“Intralipid”, 2017] and perceived to be the most inflammatory lipid solution, [Gura, et al., 2008; 

Cober & Teitelbaum, 2010; Cowan, et al., 2013] caused a decrease in mRNA for only two 

transporters: Ntcp and Mrp3.  The effect on Ntcp has a logical explanation, as pro-inflammatory 

cytokines released by Intralipid exposure cause an FXR and HNF-1a -regulated downregulation 

of Ntcp. [Pascussi, et al., 2003; Anwer, 2004; Perez, et al., 2006; Clay & Hainline, 2007; Green, 

et al., 1996; Vanwijngaerden, et al., 2001] The implications are unclear for the decrease in Mrp3 

mRNA.  Usually in situations of increased bile acids and inflammation Mrp3 is upregulated, but 

the cell culture may not have sufficient bile acids to trigger Mrp3. [Zelcer, et al., 2006; Kruh, et 

al., 2007; Vanwijngaerden, et al., 2001; Jenniskens, et al., 2016]    

 Al exposure alone decreased only Ntcp mRNA.  Without measuring inflammatory 

markers, we cannot know the exact reason, but it is possible that the Ntcp mRNA is decreased 

because of the cytokine-induced inflammatory pathway involving nuclear transcription factors 

FXR and HNF1-a. [Green, et al., 1996; Vanwijngaerden, et al., 2011; Andrejko, et al., 2008; 
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Geier, et al., 2005; Cherrington, et al., 2004] In addition to its participation in oxidative 

reactions, Al also causes an increase in cytokines such as TNF-α [Alexandrov, et al., 2005; Guo 

& Wang, 2011] and either oxidative stress or this cytokine surge could explain the link between 

Al and the decrease in Ntcp mRNA. 

 Meanwhile, the combination of Al and either type of lipid caused an upregulation of 

mRNA for the transporters Mrp2, Bsep, and Oatp2.  Interestingly, when the hepatocytes in our 

experiment were exposed to either isolated Al or lipid, we observed mostly decreases in mRNA 

(as compared to the negative control).  But when the hepatocytes were exposed to a combination 

of Al and lipids, the response was either an increase in mRNA or no change.  This dichotomy 

may have a number of explanations.  Potentially, the hepatocyte has a different tactic when faced 

with multiple insults as opposed to a single one.  Lipids are hepato-toxic mostly through 

inflammatory mechanisms, [Gura, et al., 2008; Cober & Teitelbaum, 2010; Cowan, et al., 2013] 

while the toxicity of Al is mostly due to oxidative stress, with a smaller component of 

inflammation. [Percy, et al., 2011; Mailloux, et al., 2011; Gonzalez, et al., 2007; Alexandrov, et 

al., 2005; Guo & Wang, 2011] Although these mechanisms usually supplement each other, 

[Dinh, et al., 2014] the exact interactions of Al and lipid toxicities are unknown.  Regardless of 

the reason, it appears that very few of the combination groups had the same effect on a 

transporter as any individual exposure did.  Clearly, the interaction between Al and the lipids is 

more complex than adding the two effects together. These are only pilot studies and further 

repetitions, including studies with different dosing of Al and lipids may reveal more logical 

patterns of bile acid transporter change.  mRNA findings do not always translate into changes in 

protein changes, especially in small studies such as this one.  Overall, the addition of Al, 

SMOFlipid, and Intralipid either alone, or in combination, may cause changes to the mRNA of 

bile acid transporters, but further investigation is required. 

 Unfortunately, Western blot could be completed only on Ntcp and Oatp2, but the results 

indicated that the combination of Al and lipids do have a negative impact.  In alignment with the 

qPCR results, all of the treatments led to a decreased amount of Ntcp expression, but none of 

these changes were significantly less than the normal.  The least amount of protein was found in 

the Intralipid+ Al group where the Ntcp was less than the Reference group with a p value of 

0.08. Interestingly, there was also less Ntcp in the Al+Intralipid group than in either the isolated 
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Intralipid group or the isolated Al group, although neither was statistically significant (p=0.08 for 

both).  This suggests that the combination of the factors is more detrimental to Ntcp than either 

alone, and that they may have an accumulative effect, but larger studies need to be conducted. 

 When examining Oatp2 protein, the Al+Intralipid group again had the lowest expression 

compared the reference group, but was not statistically significant (p=0.08).  However, there was 

significantly less Oatp2 protein in the Al+Intralipid group when compared to the isolated 

Intralipid group (p=0.04).  This implies that although neither Intralipid nor Al alone caused a 

significant decrease in Oatp2 expression, the combination of factors caused significant 

impairment. 

 Finally, the CLF assay showed some surprising results.  As expected, the normal group 

had preserved Mrp2 functioning.  Based on the qPCR results, it was difficult to predict the 

effects of the various lipids and Al on Mrp2 functioning.  The Mrp2 mRNA changed very little 

for any of the groups, except for an increase in mRNA for both the SMOFlipid group and the 

SMOFlipid+Al group (as compared to the negative control).  These two groups are also the only 

ones that showed significant decrease in Mrp2 functioning in the CLF assay.  There was no 

excretion of the CLF marker in any of the wells with SMOFlipid, either alone or in combination 

with Al.  Perhaps the upregulation of mRNA observed in the qPCR represented the hepatocyte 

attempting to compensate for an impaired or incorrectly localized transporter. In many other 

models of cholestasis, Mrp2 is drawn intracellularly [Kojima, et al., 2003 & 2008] and so 

although we may see a normal amount of mRNA and protein, it is not on the cell surface and 

therefore non-functional.  For an unknown reason, the SMOFlipid interfered more with Mrp2 

functioning than any of the other exposures, including isolated Al.  If the effects were only due 

to the pro-inflammatory component of SMOFlipid, then it would be expected that a similar result 

would be observed in the pure omega-6 Intralipid, but this was not the case.  The CLF assay has 

not been used in this type of solution before, so it is possible that some chemical imbalance of 

the SMOFlipid impaired the normal uptake of this fluorescent marker and the results are 

artifacts. Regardless, this finding warrants further investigation into the effects of SMOFlipid. 

9.7 Conclusion: 

 Al, omega-6 lipids, and mixed lipids all cause a variety of effects on bile acid 

transporters, whether alone or in combination.  The effects on mRNA are very diverse, but there 



   

138  

is a difference in the effects of each factor alone as compared to when they are in combination.  

Western blot for Oatp2 demonstrated that the cumulative effects of Al and Intralipid caused a 

greater downregulation than either factor alone.  Finally, SMOFlipid may cause a displacement 

or impairment of Mrp2 functioning.  Overall, both Al and lipids cause negative changes to bile 

acid transporters and the effects on bile acid transporters may be synergistic.  Larger studies are 

needed to explore the findings of this pilot project. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

139  

10: FINAL DISCUSSION, FUTURE DIRECTIONS, AND CONCLUSIONS 

10.1 Main findings: 

 Our first study examined the prevalence of Al contamination in a NICU and found infants 

on PN are still at risk of Al-associated toxicities.  On average, neonatal PN had almost three 

times the FDA-recommended limit of Al. Calcium gluconate appeared to be the most likely 

contributing source, but we could not confirm this because we did not analyze individual 

components. 

 Our NICU study was then followed by two piglet PN projects, where we focused on the 

role of Al and lipids in PNALD.  The first of these projects used the Yucatan miniature piglet PN 

model with an omega-6 lipid source (Intralipid, Fresenius Kabi, Bad Homburg, Germany) and 

investigated the effects of High (63µg/kg/day) vs Standard (24 µg/kg/day) Al contamination.  

The qPCR analysis indicated that four out of the five studied bile acid transporters (Mrp3, Bsep, 

Ntcp and Mrp2) had decreased amounts of mRNA in the High Al group as compared to the 

Standard Al group.  When the Mrp2 protein was analyzed using Western blot, there was no 

difference between the two groups.  The IHC demonstrated that the relationship between radixin 

and Mrp2, as well as between radixin and Bsep was well preserved regardless of Al 

contamination.  There was, however, a decreased density of the Mrp2 signal in the High Al 

group, as compared to the Standard Al group and no significant difference in the Bsep staining 

between the groups.  We also found no difference in the total serum bile acids between the two 

groups.  In summary, this study demonstrated that high Al has a negative effect on the mRNA of 

bile acid transporters in a piglet PN model. 

 Our second piglet project repeated the High and Standard Al groups, but we exchanged 

the pro-inflammatory omega-6 lipids for a more hepato-protective mixed lipid emulsion 

(SMOFlipid, Fresenius Kabi, Bad Homburg, Germany), to determine if the less inflammatory 

environment would protect against Al-induced changes to bile acid transporters.  The High Al 

group had a greater increase in CRP than the Standard Al group, indicating a potential 

inflammatory mechanism for Al. We discovered that Al still decreased the mRNA of some of the 

bile acid transporters, but only the basolateral ones.  There was also no change in the Mrp2 

protein amount.  Lastly, the co-localization between the cytoskeletal protein radixin and the two 

apical transporters, Mrp2 and Bsep, was still well-preserved in both groups with IHC and 
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minimal changes were observed between the groups. Overall, High Al appeared to increase 

inflammation and decrease mRNA for the basolateral bile acid transporters, despite the presence 

of the less-inflammatory mixed lipid solution. 

 We then compared these two piglet PN studies and discovered that lipid composition may 

be an important factor in the cellular localization and density of bile acid transporters.  Both of 

the SMOFlipid groups, regardless of the Al content, had denser Bsep and radixin staining, as 

compared to either High or Standard Al groups with Intralipid.  The results for Mrp2 IHC were 

not as clear, but it appeared that generally both groups with Intralipid exposure displayed wider 

but denser Mrp2 staining when compared to groups with SMOFlipid.  Similar to Bsep, the Al 

content did not appear to correlate with the Mrp2 placement.  There was also no difference in the 

Mrp2 Western blot results for any of the groups.  Unfortunately, we were unable to compare the 

qPCR results due to a lack of consistent reference genes. 

 With the tissue from the second piglet study, we used transmission electron microscopy 

to evaluate hepatic ultra-structure.  Despite the lack of elevation in serum total bile acids, there 

were significant ultra-structural changes noted, and these changes correlated with the high Al 

contamination.  When comparing the High Al to the Standard Al group (both of which received 

SMOFlipid), we noted smaller canalicular spaces and shorter microvilli in the group with High 

Al contamination.  The role of Al in ultra-structural impairment was further supported when the 

High and Standard Al groups were compared to a sow-fed control group and it was observed that 

only the High Al group had blunting of the microvilli in both the canalicular space and the space 

of Disse (as compared to the Reference group). 

 Finally, we attempted to isolate the effects of Al, omega-6, and mixed lipids on bile acid 

transporters with sandwich-cultured rat hepatocytes.  The qPCR results of this study were varied; 

for example, isolated SMOFlipid exposure caused a significant decrease in mRNA for three of 

the studied bile acid transporters, while isolated Intralipid caused a decrease for two of the five 

transporters studied. Of note, almost all of the transporters studied by qPCR had a different 

reaction when treated with an isolated (Al or lipid) exposure as compared to a combined 

exposure.  For example, Ntcp was down-regulated with each individual exposure, but unaffected 

with a combined Al and lipid exposure.  Western blot for Oatp2 showed that there was less 

protein in the group with the combination of Al and lipids, as compared to an isolated Al or lipid 
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treatment.  Finally, the CLF assay was conducted to assess Mrp2 functioning and this 

demonstrated impaired Mrp2 excretion in either of the groups containing SMOFlipid (both with 

and without Al).  Overall, the relationship between Al and lipids appeared to be complex, but for 

at least Oatp2 the combination of factors was more detrimental than either alone. SMOFlipid 

also unexpectedly impaired Mrp2 functioning, requiring further investigation. 

10.2 Strengths and limitations of study designs: 

We chose to explore the relationship between Al, lipids, and bile acid transporters with 

three different models: a cell culture model, two animal models, and a clinical model.  This 

multi-pronged approach allowed us to determine which findings were generalizable to different 

populations and which were specific to certain animal/cell models.  Results that were repeated in 

more than one model would be stronger and more likely to be applicable to the human 

population.  It also allowed us to build on our findings sequentially, with later models designed 

to address weakness in the earlier ones and to isolate specific results. 

 We started our work with the study of Al in neonatal PN because we wanted to confirm 

that Al contamination was a concern issue.  The results of this study are the easiest to apply to 

the general neonatal population because it was conducted in a Canadian neonatal intensive care 

unit, with random samples of used PN and therefore provided data on current PN practices in 

Canada.  The strengths of this study include the use of a sample size which is the same or larger 

than most other similar studies [Bohrer, et al., 2010; Alvarez, et al., 2007], as well as the use of a 

standardized method of Al analysis (inductively coupled plasma mass spectrometry) 

[Saskatchewan Research Council, 2016].  Additionally, we collected all of our samples from a 

single NICU, which could be a strength or a weakness.  As a strength, using a single institution 

limits the variation in compounding methods between samples because all PN is compounded 

and processed at the same pharmacy. As a weakness, it could potentially limit the 

generalizability of the study if other NICUs and hospitals do not follow the same practices as 

ours.  An additional weakness of this study includes the lack of individual component analysis 

meaning that we were unable to isolate which one was responsible for the Al contamination. 

 The piglet studies also had numerous strengths and weaknesses.  Among the strengths is 

the selection of the pig as the study animal.  The piglet model is the most translatable for infant 

nutrition research [Book & Bustad, 1974] because piglets and infants have similar physiology, 
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anatomy and metabolism. [Miller & Ullray, 1987; Baracos, 2004] Additionally, both species are 

born at a similar stage of development, with immature gastrointestinal and hepatobiliary systems. 

[Miller & Ullray, 1987] This is particularly important for PNALD, a disease prevalent in 

premature infants with under-developed hepatobiliary systems. [Touloukian & Seashore, 1975; 

Shawn, et al., 2012; Beath, et al., 1996; Javid, et al., 2011] Piglets have almost identical 

nutritional needs as infants, especially in terms of amino acid requirements [Miller & Ullray, 

1987] and PN solutions that support piglet growth can be easily modified for infants. [Miller & 

Ullray, 1987, Baracos, 2004, Book & Bustad, 1974] All of these features make the piglet the 

ideal choice for infant PN research and increase the applicability of these findings to the human 

population.   

 Other strengths include the randomized control design and the inclusion of a negative 

control group in the second piglet PN study (the sow-fed piglets).  Our piglets came from an 

isolated research herd and we were able to control for other factors that might contribute to 

PNALD in infant studies (such as pre-existing diseases).  We also used multiple different 

methods of detecting early changes in bile acid transporters and indicators of PNALD, such as 

serum markers, ultrastructural changes, and alterations in mRNA, and protein amounts, to gather 

more complete information.   

 Some of our weaknesses were predictable for piglet work, while others were unexpected.  

We had difficulty with infection, because the PN piglets did not benefit from the adaptive 

immunity conferred from sow’s milk [Butler & Sincora, 2007], leaving them highly vulnerable 

to infection.  We also discovered a lack of porcine antibodies required for our work.  Ideally, we 

would have completed Western blot on all of the target bile acid transporters, but antibodies were 

not available.  Likewise, the IHC results would have been more useful if we had been able to 

identify the cellular localization of the bile acid transporters in relation to the cell membrane, 

using a membrane antibody.  Other weaknesses of our study involve the sample size, which is an 

issue for many animal studies.  Due to the expense and space needed for husbandry of large 

animals, especially with complex treatments like PN, the majority of similar studies use groups 

of 7 or 8 animals. [Gonzalez, et al., 2004; Alemmari, et al., 2012; Klein, et al., 1988; Demircan, 

et al., 1998; Gonzalez, et al., 2007] Despite our efforts to ensure comparable group 

demographics, the group size may skew results.  Additionally, our study would have benefited if 
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both piglet experiments and analysis had been run simultaneously instead of two years apart. 

This would have enabled more thorough comparison between the omega-6 and mixed lipid trials, 

especially for qPCR and IHC analysis, (the latter suffered because of long-term storage). Ideally, 

we would also have included a group of piglets in both studies with no Al in the PN.  If we had 

included a group with Al-free PN, we could have determined if elimination of Al in PN 

preserves bile acid transporters and prevent the dysfunction found with the High vs Standard Al 

study.  With our current study, the results must be extrapolated with the assumption that bile acid 

transporters would further benefit from an Al-free PN solution. 

 Strengths of the hepatocyte study included the simplicity of the study, with less influence 

of outside confounding factors such as sepsis (as compared to the piglet study).  It also had 

isolated interventions, so that the effects of Al or lipids alone could be observed, along with a 

negative control.  The weaknesses of this study include the small sample size and less direct 

translation to humans.  With only four replicates, it should be viewed as a pilot study, and the 

findings need to be repeated in larger trials for verification.  Additionally, although rats have 

many of the same bile acid transporters as humans, they do not act identically.  For example, rats 

do not rely on Bsep to the same extent as humans [Alrefai & Gill, 2007], and they have a much 

lower level of Mrp3 than humans. [Zelcer, et al., 2006] Moreover, due to limited resources, we 

did not conduct optimization experiments to determine appropriate concentrations of Al and 

lipids. Instead, we based our dosages on previous literature.  Cell culture studies can not 

completely replicate the complex body system that they have been removed from.  Although we 

selected one of the most accurate cell models (ie: sandwich-cultured system which enables 

cellular junctions and polarity), the cells are removed from the chemical signals and influence 

that would affect in-situ hepatocytes.  Primary hepatocytes also have a very limited life-span 

with no ability to replicate, and so any observable findings must occur quickly (within a few 

days).  Clinical evidence of PNALD is not usually apparent until three weeks of PN exposure 

[Beale, et al., 1979; Arnold, et al., 2003] and thus it is possible that even cellular changes may 

take longer than a few days to detect.  

10.3 New knowledge: 

 These projects contribute a number of findings to the field of PNALD research.  This 

includes further knowledge about the potential role of Al in PNALD, the response of bile acid 
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transporters to various insults, the effects of new mixed lipid solutions, and finally the interaction 

of Al and lipids. 

 Aluminum: Firstly, our work identified that Al contamination is still an issue in Canadian 

neonatal PN, with 90% of the samples containing > 5µg/kg/day of Al (FDA limit, 2004). [FDA, 

2004; Hall, et al., 2016] Al contamination in infant PN has already been linked to an 

osteomalacia-type bone disease, potential neurologic impairment, and anemia. [Gura, 2010; 

Courtney-Martin, et al., 2015] Our work provides evidence that the Al may have a negative 

effect on bile acid transporters and could contribute to PNALD in infants.  In both piglet models, 

Al content was correlated with a statistically significant decreased amount of mRNA for bile acid 

transporters.  In the model with omega-6 lipids, High Al contamination negatively affected four 

out of five of the studied bile acid transporters (Mrp2, Bsep, Ntcp and Mrp3), as compared to the 

Standard Al group.  Meanwhile, in the model with the mixed lipids, only the basolateral 

transporters Ntcp, Mrp3, and Oatp8 were negatively affected by Al. There was also some 

evidence in the model with omega-6 lipids that High Al caused a weaker Mrp2 signal in the IHC 

analysis.   

We have postulated that the mechanism of Al toxicity may be through both oxidative 

stress and inflammatory pathways.  This is in contrast to the purely oxidative stress mechanism 

that is usually attributed to Al.  It forms a superoxide radical ion, and works synergistically with 

iron to participate in oxidative reactions. [Alexandrov, et al., 2005; Gonzalez, et al., 2007] 

Animals exposed to Al accumulate malondialdehyde (a marker of oxidative stress) along with a 

decrease in the activities of the anti-oxidants glutathione peroxidase, and catalase. [Gonzalez, et 

al., 2007 and 2004; Guo & Wang, 2011] There are only a few studies suggesting that Al may 

also have a pro-inflammatory role. For example, dialysis patients with elevated Al had 

significantly increased CRP (an acute phase inflammatory marker), along with elevated 

cytokines TNF-α and interleukin-5. [Gou & Wang, 2011] Similarly, in human neuronal studies, 

Al induced pro-inflammatory genes. [Alexandrov, et al., 2005] Both the oxidative stress and the 

inflammatory pathways feed off of each other and Al may contribute to both in our studies.   

The role of Al as a pro-inflammatory species is supported by the rise of CRP observed in 

the High Al group of our piglet trial.  Of note, this CRP elevation developed despite the presence 

of the anti-inflammatory mixed lipid solution. [Goulet, et al., 2010; Pichler, et al., 2014; 
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Muhammed, et al., 2012] In addition, there is a precedent for inflammation to cause many of our 

observed alterations in bile acid transporters. For example, both Bsep and Ntcp have well-

characterized decreases in mRNA and protein in response to cytokines and the inflammatory 

cascade. [Andrejko, et al., 2008; Geier, et al., 2005; Elferink, et al., 2004] Feasibly, Al may 

contribute to the inflammation that is known to be a key component of PNALD. 

Oxidative stress has not been well studied in PNALD.  In our studies, we did not measure 

any markers of oxidative stress, so we can not conclude that Al increased oxidative stress.  

However as mentioned above, Al has a well-accepted oxidative stress mechanism in almost all 

other studies and therefore it likely contributed to oxidative stress in our model as well.  To 

further support this theory, many of our observed decreases in bile acid transporter mRNA could 

also be explained as a reaction to oxidative stress. Mrp2, in particular has demonstrated a 

decreased expression in response to oxidative stress. [Gonzalez, et al., 2007 and 2004; Guo & 

Wang, 2011] Overall, our work supports an inflammatory mechanism for Al toxicity, whereby 

bile acid transporters are decreased at the mRNA level, but oxidative stress is likely involved as 

well and warrants further study.  

 Another important observation from our work is that Al may cause hepatic structural and 

mRNA changes very early in the PNALD disease process, before traditional clinical markers of 

disease.  In a clinical setting, serum conjugated bilirubin, bile acids, or liver enzymes are the only 

methods available to detect the onset of PNALD. [Kelly, 1998; Willis, et al., 2010; Suita, et al., 

1999] Previously, it was reported that these serum markers preceded any histological changes in 

the disease. [Benjamin, 1981; Touloukian & Seashore, 1975] In both of our piglet models 

however, Al caused changes in both the transporter mRNA and in the microvilli structure before 

elevation of serum markers indicating PNALD. This novel finding in the timeline of PNALD 

pathogenesis suggests that Al may be involved in the initial events triggering PNALD.  It also 

indicates that by the time serum markers of PNALD are detected, there may already be 

significant changes to bile acid transporters and the microvilli that support them.  

 Why particular bile acid transporters are affected in certain models and not in others is 

unclear.  For example, Al affected the mRNA of almost all of the transporters in the omega-6 

lipid model, but only the basolateral transporters in the mixed lipid PN model.  If Al causes 

shortening of the canalicular microvilli, (as seen in the TEM trial), it would be reasonable if the 
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apical transporters on these microvilli were most frequently affected, but it appears that the 

basolateral transporters are more sensitive to Al.  Perhaps the basolateral transporters are more 

vulnerable because they have more exposure to Al.  These transporters line the space of Disse, 

[Slonim & Pollack, 2006] where plasma and Al from PN would first be encountered by the 

hepatocyte.  In both of the piglet models, the basolateral transporters were downregulated, but 

only in the omega-6 model were apical transporters negatively affected also.  The Al content did 

not change between models, therefore the difference in affected bile acid transporters may be 

secondary to the lipid composition.  Perhaps the mixed lipids are capable of preserving the apical 

transporters, but not the basolateral ones. Studies, such as Alemmari et al (2012) have found Al 

dense deposits in the lysosomes. [Alemmari, et al., 2012] Lysosomes are critical mediators of the 

inflammatory response, capable of secreting or degrading cytokines and engulfing toxins. [Ge, 

Li, Gao, & Kao, 2015] The omega-3 lipids in the mixed lipid solution have been shown to 

modulate many steps in the inflammatory pathway, including inactivating pro-inflammatory 

nuclear receptors. [Park, et al., 2011; Tillman, 2013] These same receptors also interact with 

lysosomes, [Ge, Li, Gao, & Kao, 2015] and may trigger them to engulf Al.  Thereby, SMOFlipid 

may be able to prevent Al from reaching the apical bile acid transporters, by indirectly 

influencing lysosomes.  Regardless of the mechanism, it appears that the effects of Al on bile 

acid transporters are only partially mitigated by mixed lipids.  As mentioned before, however, all 

of these mRNA changes must be interpreted cautiously, as they are only statistically significant 

and may not be clinically relevant. 

 Bile acid transporters: This study both confirmed and added new information about the 

response of bile acid transporters to various stressors.   

The apical transporters Bsep and Mrp2 had a statistically significant decreased amount of 

mRNA when challenged with High Al in an omega-6 lipid PN, which was expected based on 

their downregulation in other situations of inflammation and cholestasis. [Li, et al., 2012; 

Schmitt, et al., 2000; Pasciussi, et al., 2003; Geier, et al., 2005; Elferink, et al., 2004; Hartmann, 

et al., 2002] The Mrp2 response to Al in particular has been previously seen in rat models as 

well. [Gonzalez, et al., 2004 & 2007] Interestingly, these apical transporters did not have the 

same reaction when the Al was isolated (as in the hepatocyte work) or when it was combined 

with SMOFlipid. These are the combined results of two models from two different species, and 
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at diverse stages of development, so the pooled results must be interpreted cautiously.  

Additionally, it is assumed that a decrease in mRNA would translate into a decreased amount of 

protein, increasing the risk of cholestasis, but this is often not the case.  Overall though, it 

appears that Mrp2 and Bsep are negatively affected by Al, but the combined inflammatory lipids 

and Al cause the greatest decrease of mRNA.   

 We discovered that the basolateral transporters, especially Ntcp, were very sensitive to 

Al.  In all studies (piglet and hepatocyte), Ntcp had a decreased amount of mRNA with Al 

exposure and there was correlating data from the Western blot studies in the hepatocytes that this 

was translated into a decreased protein amount. Ntcp’s downregulation in response to 

inflammatory cytokines has been well described [Green, et al., 1996; Vanwijngaerden, et al., 

2011; Andrejko, et al., 2008; Geier, et al., 2005; Cherrington, et al., 2004] and if Al does initiate 

an inflammatory cascade, this is likely how it would down-regulate Ntcp. 

 The Oatp transporters meanwhile, appeared to be negatively affected by the combination 

of Al and SMOFlipid. In the piglet study with mixed lipids, there was a decrease in Oatp8 with 

High Al as compared to Standard Al, but not in the similar study with omega-6 lipids.  Western 

blot studies in the hepatocyte work also demonstrated that this mRNA downregulation was 

carried through to the protein expression. Oatp transporters have a very similar reaction to many 

of the same cytokines as Ntcp and Al may trigger a downregulation in this transporter through an 

identical inflammatory pathway. [Andrejko, et al., 2008; Geier, et al., 2005; Haartmann, et al., 

2002] However, the High Al only caused this downregulation in the presence of SMOFlipid, 

suggesting that a component in the SMOFlipid may have contributed to the inflammatory 

pathway.  This is supported by the decrease in Oatp2 mRNA observed with isolated SMOFlipid 

in the hepatocyte study. SMOFlipid has not been studied in relationship to specific bile acid 

transporters previously, and this requires further research.  

Mrp3 had the most unexpected response of any of the transporters.  In almost all of the 

studies, there was a decrease of Mrp3 mRNA.  (For example, in response to High Al in the piglet 

studies, or isolated Intralipid in the hepatocyte studies). Usually Mrp3 is observed in small 

amounts and upregulates in cholestasis models to compensate for a loss of Mrp2 functioning. 

[Zelcer, et al., 2006; Kruh, et al., 2007; Vanwijngaerden, et al., 2011; Cherrington, et al., 2004] 

Our study showed the opposite and it is unclear whether this indicates that Al is interfering with 
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the normal upregulation, perhaps by increasing specific cytokines known to cause Mrp3 

downregulation (ie: interferon-gamma and TNFα [Le Vee, et al., 2011; Hartmann, et al., 2002]).  

Alternatively, the decrease in Mrp3 may be an artifact of ontogeny.  Rat fetuses have no 

expression of Mrp3 and the expression gradually increases from birth onwards until plateauing 

after weaning. [Zhu, et al., 2017] Similarly, mouse Mrp3 is low at birth and does not reach adult 

levels until 3 weeks of age. [Maher, et al., 2005] Previous work by Vlaardingerbroek, et al., also 

found that Mrp3 was decreased in response to all types of PN, so perhaps other elements in the 

PN are involved as well. [Vlaardginerbroek, et al., 2014] 

 Although we had anticipated changes in the cytoskeletal protein radixin based on other 

models of cholestasis, [Kojima, et al., 2003 & 2008] there was minimal alteration in the mRNA 

or protein placement in both of the piglet studies.  We did observe some changes in the radixin 

width and density in the IHC trials, but not in a recognizable pattern.  It is possible that radixin is 

effected in later stages of PNALD.  This would correlate with the work of Kojima et al (2008), 

because they observed changes in radixin but all of their subjects had clinically observable 

icterus, indicative of advanced cholestasis. [Kojima, et al., 2008] 

 FXR is one of the most important regulators of bile acid transporters, especially in 

situations of inflammatory stress [Ananthanarayanan, et al., 2001; Zollner & Trauner, 2009; 

Green, et al., 1996; Vanwijngaerden, et al., 2011; Andrejko, et al., 2008] but we did not observe 

any significant changes in this nuclear receptor.  Of note, we only studied the mRNA of FXR 

and it is possible that there might be changes in the protein without mRNA alterations, but there 

is very little evidence for this.  The actions of FXR are influenced by pro-inflammatory and 

oxidative stress in many other models [Ananthanarayanan, et al., 2001; Zollner & Trauner, 2009; 

Jung, et al., 2002], but very few studies show that this nuclear receptor is actually down-

regulated and neither did we.  

 Lipids: The inflammatory differences between omega-3 and omega-6 lipids have been 

thoroughly explored by other researchers. [Le, et al., 2009; Fallon, et al., 2010] However, there is 

limited pre-existing work on the effects of specific lipids on bile acid transporters and our work 

contributes new knowledge in this area.  From our piglet studies, it appears that lipids may 

influence the cellular localization and density of transporters (as observed in IHC). Bsep 

appeared to have a stronger staining for all of the SMOFlipid groups in the piglet PN studies.  
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This suggests that the Bsep protein cell localization benefits from the less-inflammatory nature 

of this mixed lipid solution. [Goulet, et al., 2010; Pichler, et al., 2014; Muhammed, et al., 2012] 

 There were multiple observations suggesting a harmful effect of SMOFlipid on the bile 

acid transporters Oatp2/8 and Mrp2.  In the piglet Mrp2 IHC there was some unexpected 

displacement of Mrp2 in the SMOFlipid groups, which could not be explained by Al content. 

Then in the hepatocyte study there was a complete loss of Mrp2 function in both of the 

SMOFlipid groups. The Oatp results are explained above, but were similar changes were noted 

in both the piglet and the rat hepatocyte work. SMOFlipid and bile acid transporters have never 

been studied together before, so our findings are the first to suggest that although SMOFlipid 

may have beneficial effects such as decreasing inflammation, it may also interfere with specific 

bile acid transporters.   

The reasons for the negative influence of SMOFlipid on these bile acid transporters is 

unclear.  Omega-6 lipids comprise 30% of SMOFlipid solutions and these are pro-inflammatory 

[Fresenius Kabi, “Smoflipid”, 2017] but if the omega-6 component was responsible, then there 

should be a more significant decrease in mRNA (and function) for Mrp2 and Oatp2/8 observed 

in the omega-6 (Intralipid) groups and this was not the case.  Other components of SMOFlipid, 

either individually or in combination could explain the negative effect.  While the omega-3 and 

omega-9 components of SMOFlipid are consistently less-inflammatory, [Harvey, Xu, Pavlina, 

Zaloga, & Siddiqui, 2015; Boisrame-Helms, et al., 2014] the medium chain triglyceride 

component is more controversial.  Medium chain triglycerides are included in the mixed lipid 

emulsion because they can passively enter the mitochondria and require very little processing by 

the cell, making them a quick energy source. [Mundi, Salonen, & Bonnes, 2016] However, they 

also can enhance cell apoptosis and significantly shorten monocyte survival time. [Boisrame-

Helms, et al., 2014] Relevant to our study, medium chain triglycerides have the potential to 

considerably alter cell membrane composition and structure, [Boisrame-Helms, et al., 2014] 

which could alter bile acid transporters positioned on the cell membrane.  As compared to the 

long-chain triglycerides that comprise other types of lipid emulsions (ie: Intralipid, Fresenius 

Kabi, Bad Homburg, Germany), medium chain triglycerides can trigger an oxidative stress 

response in resting neutrophils [Wanten, et al., 1999] and similar oxidative stress situations are 

known to inhibit Mrp2. [Kojima, et al., 2003; Kojima, et al., 2008] Additionally, medium chain 
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triglycerides can exacerbate the inflammatory cascade in some sepsis models, possibly by 

activating pro-inflammatory nuclear receptors. [Boiserame-Helms, et al., 2014] If they caused an 

increase in inflammatory cytokines, this could also impair both the Oatp transporters and Mrp2. 

[Schmitt, et al., 2000; Pascussi, et al., 2003; Andrejko, et al., 2008; Geier, et al., 2005] In 

combination, lipids produce different cellular effects than individually, [Harvey, et al., 2015] 

therefore it is possible that the omega-6 and medium chain triglycerides together produce an 

unexpectedly inhibitory effect on the bile acid transporters.  Regardless, these proposed 

mechanisms are purely speculative and further research into SMOFlipid and its components is 

warranted. The individual components should be isolated and their effects on bile acid 

transporters studied. 

Despite the negative findings mentioned above, we observed many results supporting the 

expected hepato-protective nature of SMOFlipid.  In the piglet PN study with mixed lipids, Al 

did not cause downregulation of as many bile acid transporters and there were minimal changes 

in the cellular density and organization of Mrp2 and Bsep secondary to Al (as observed in IHC).  

Also in the hepatocyte study, the Western blot studies demonstrated that the Intralipid and Al 

caused significant downregulation of the basolateral bile acid transporters, but the SMOFlipid 

and Al combination did not.  Overall, SMOFlipid does appear to mitigate some of the negative 

effects of Al, but not all of them. 

 Aluminum and lipids: Finally, Al and lipids have a complicated relationship.  The effects 

of Al appear to be exacerbated by some lipid combinations, especially omega-6.  For example, in 

rat hepatocyte Western blots for Oatp2, the combination of Al and Intralipid significantly 

inhibited the bile acid transporter as compared to Intralipid alone.  Similarly, in the piglet models 

Al appeared to cause a decrease in the mRNA for more transporters when paired with an omega-

6 as compared to a mixed lipid solution.  Other interactions of Al and lipids were less straight 

forward. It appears that the inflammatory and oxidative effects attributed to both omega-6 lipids 

and Al are synergistic, but the effects are not consistently additive.  The relationship between the 

two may be clearer with a longer model, and further investigation into inflammatory and 

oxidative stress markers.  SMOFlipid appears to compensate for some aspects of Al-induced 

toxicity, presumably because of the less-inflammatory nature of this lipid solution. [Goulet, et 
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al., 2010] Based on our findings, the combination of Al and Intralipid is the most detrimental to 

bile acid transporters and should be avoided.  

10.4 Future directions: 

 This project has produced many areas for future research.  The role of Al in PNALD is 

not understood and requires more work.  Our study is one of the few to suggest that Al may have 

an inflammatory mechanism in addition to its pro-oxidative nature and both mechanisms should 

be explored further in this disease setting and others.  Animal models, such as the piglet PN 

model, would allow for measurement of specific cytokines or markers of oxidative stress, which 

would not only explain more of the pathogenesis of PNALD, but also indicate if there is a role 

for anti-oxidants or other anti-inflammatories in the treatment.  However, if we were to use 

animal models to explore the mechanisms of Al effects, we would first need to address some of 

the issues in the piglet model or consider using other animals.  For example, the confounding 

sepsis limited our piglet work and may be less of an issue if we used older animals with 

established immune systems, or other hardier animal species (ie: rats).  If our goal was to 

examine Al in PNALD specifically, we need to confirm that the animal model actually creates a 

PNALD state.  In our piglet work, we are assuming that the bile acid mRNA changes and hepatic 

ultrastructural changes are indicative of an early PNALD state, but this may not be accurate.  

Longer term studies, with more robust monitoring for early indicators of PNALD are required 

(ie: serum liver enzymes and bilirubin, bile flow analysis, and liver histology). Alternatively, 

previous PNALD work, using piglets delivered pre-term have shown serum and histological 

evidence of cholestasis within two weeks, so this could be explored in our model. 

[Vlaardingerbroek, et al., 2014] 

 There are also many parts of this project that could not be completed due to resources or 

time, but which would provide crucial information.  For example, if the porcine antibodies could 

be developed for the remaining bile acid transporters, this would demonstrate whether the 

changes in mRNA attributed to Al persist into protein down-regulation.  Most importantly, 

functional assays (similar to the CLF assay) should be undertaken to determine if the changes in 

protein and mRNA actually impact functioning of the bile acid transporters.  Many companies 

offer transporter-specific, quantitative functional assays.  For example, the B-CLEAR system by 

Qualyst Transporter Solutions, (Durham, NC, USA) allows for controlled opening of inter-
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hepatic bile pockets (canaliculi), so biliary efflux can be measured.  This technology could be 

paired with cell models designed to have only one type of bile acid transporter or with substrates 

specific to one particular transporter (ie: taurocholate, specific for Ntcp), so that the function of 

each bile acid transporter could be objectively measured. 

 Also, to fully explore the effects of Al in PNALD, future studies must examine the 

benefits of low Al PN formulations.  We assume that the mRNA and protein changes observed in 

our study could be avoided with the elimination of Al contamination, but this needs to be 

verified with animal studies.  It would also be instrumental to conduct infant-based studies in 

countries where low-Al formulations are already in place (such as the United Kingdom [UK 

Medicine and Healthcare Regulatory Agency, 2010]).  This could be as simple as conducting a 

retrospective review of the incidence of PNALD before and after the implementation of plastic 

vials for calcium gluconate.  Or it could be a more intensive study, where we could match 

neonatal units in countries such as the UK (with plastic calcium gluconate vials) to neonatal units 

in countries still using glass vials. We could then compare serum Al, liver enzymes, and bile acid 

levels, in addition to comparing outcomes and incidence of PNALD.  We would expect that the 

infants with low Al PN would have improved hepatic functioning and these results could add 

impetus to other countries to adopt low Al guidelines. 

 As a separate area of study, there is room for further work examining the effects of mixed 

lipid solutions on bile acid transporters.  These solutions are relatively new and long-term data is 

lacking. [Wales, et al., 2014] Current clinical studies indicate that SMOFlipid resolves PNALD 

in most cases based on serum markers, [Pichler, et al., 2014] but this may not correlate with 

histological changes.  Larger animal or cell studies are needed to investigate our findings 

regarding SMOFlipid and Mrp2, and Oatp2/8. Long-term follow-up of infants on SMOFlipid is 

also essential, to document any unexpected adverse hepatic effects.   

 There are still many unanswered questions about PNALD.  Given that we now have 

evidence of changes in hepatocytes before elevation in serum markers, there is concern that the 

true extent of hepatic damage may be missed in infants with normal serum bile acids.  Animal 

and clinical studies are needed to determine the natural history of hepatic ultra-structural changes 

in PNALD, both for infants that eventually wean off of PN and for those that do not.  This could 

entail an animal study where PNALD is confirmed in the animals on PN (with both serum 
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markers and liver biopsy histology) and then the PN is weaned off and the animals are re-

examined after cessation of PN (ie: at 6 months, 1, and 2 years post-PN).  Infants who 

successfully wean off of PN (with and without mixed lipids) could still be followed long-term to 

determine if there are long-lasting hepatic effects, as determined by incidence of liver disease 

and serum liver function tests. 

 Other possible areas of research include the connection between bile acid transporters, 

nuclear transcription factors and other mediators important in PNALD.  This project assumes 

that a decrease in bile acid transporters increases the risk of PNALD, but this relationship is not 

established.  For example, infants born lacking Mrp2 do not develop PNALD-type cholestasis. 

[Alrefai & Gill, 2007] Perhaps there is a combination of bile acid transporter that when down-

regulated produce PNALD.  Or perhaps other factors in the hepatocyte are responsible for the 

disease and the observed downregulation of bile acid transporters is a by-product.  Studies 

exploring this could be done using animal models, where FXR is turned on or off, using agonists 

such as Obeticholic acid (OCA), a 6α-ethyl derivative of the natural human BA 

chenodeoxycholic acid (CDCA). [Ali, Carey, & Lindor, 2015] These animal models could be 

with and without PN, allowing us to observe whether a PNALD-type cholestasis develops when 

the bile acid transporters controlled by FXR are inactivated.  Equally important, other factors 

outside of bile acid transporters should be included in future studies, including CYP7A1 protein, 

and transporters in the ileum.  These proteins have been found to be significantly altered in other 

models of PN, [Vlaardingerbroek, et al., 2014] and they may explain some of the discrepancies 

in our bile acid transporter results.  

10.5 Significance and recommendations: 

 PN has revolutionized neonatal care and has improved in safety since it was introduced 

decades ago.  However, this supportive treatment can still contribute to infant mortality with 

PNALD.  Premature infants have immature, vulnerable livers and a relatively small insult, such 

as Al contamination, could potentially cause life-long effects.  Our studies provide evidence that 

Al has a negative effect on bile acid transporters, seemingly very early in the disease and with 

more of a pro-inflammatory effect than previously appreciated.  Even with the use of hepato-

protective lipids, Al is still capable of changing bile acid transporters in a potentially deleterious 

manner.   
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 There are many methods of reducing Al and avoiding Al-induced hepato-toxicity 

completely.  PN products with high Al contamination (such as calcium gluconate) should be 

labeled with more accurate information about Al. Notably, in Canada there are no rules limiting 

the amount of aluminum contamination in PN and Canadian manufacturers of PN components 

are not required to list the aluminum content on their products. [Courtney-Martin, et al., 2015] 

For the few products that do list Al content, the labeling could be improved.  For example, 

calcium gluconate includes a package insert warning of the risk of Al toxicity, but the label lists 

the expected Al content at the time of expiry.  Al accumulates in a time-dependent manner, [Li, 

2005; Bohrer, et al., 2001; Bohrer, et al., 2003; Bohrer, et al., 2009] so using the expiry estimate 

of Al is not accurate for most PN calculations. [Poole, et al., 2010; Smith, et al., 2007] Instead, 

the package insert should indicate when the calcium gluconate would be expected to have a 

dangerous level of Al.  This data could easily be extrapolated from existing studies on Al 

leaching from glass. [Bohrer, et al., 2001; Bohrer, et al., 2003; Bohrer, et al., 2009]   

Calcium gluconate could be exchanged for calcium chloride, as the latter compound has 

considerably less Al contamination, but the increased chloride content could cause acidosis and it 

precipitates easily with phosphate products, leading to PN compounding issues. [Bishop, et al., 

1997; Canada TW, 2006] Alternatively, the current 10% calcium gluconate could be switched to 

a 5% solution.  The 10% solution requires additional heating and processing, which in turn 

increases the Al leaching from glass. [Bohrer, et al., 2003; Pharmaceutical Partners of Canada 

Ltd., 2015] If calcium gluconate were produced as a 5% solution, the Al leaching could be 

decreased and the resulting product would still be useful in PN formulations. 

The most direct method to reduce Al would be to change the packaging of calcium 

gluconate from glass to plastic.  Glass containers contribute the majority of PN Al through 

leaching of the vials into their contents, especially during the heat-based sterilization process. 

[Bohrer, et al., 2003; Bohrer, et al., 2002] Some countries such as the United Kingdom, [UK 

Medicines and Healthcare Regulatory Agency, 2010] prohibit the glass storage of calcium 

gluconate for infant use and recommend that it be stored in polyethylene containers instead.  

Polyethylene has negligible Al content, even when sterilized [Bohrer, et al., 2003] and recent 

studies have debunked concerns that it could impair male infant fertility. [Yokel & Unrine, n.d.]  
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A new calcium gluconate PN product stored in plastic, has also just been introduced to the 

American market. [Yokel & Unrine, n.d.] 

 As for the new mixed lipids, they appear to partially protect the liver against Al toxicity, 

but further research needs to be done to determine the long-term impacts on hepatic functioning.  

If the changes in bile acid transporters caused by SMOFlipid that we observed in our work are 

corroborated in other studies, it may be necessary to re-evaluate the formulation.  Additionally, 

normalization of serum markers of PNALD in children on PN with mixed lipids [Piper, et al., 

2009; Muhammed, et al., 2012; Goulet, et al., 2010] does not guarantee normal liver histology. 

[Mercer, et al., 2013] Long-term follow-up of infants with prolonged PN exposure is needed.   

The best preservation of bile acid transporters is likely with a balanced lipid solution and 

minimal Al contamination.  Just as PNALD is a multi-faceted disease, the most effective 

treatment will also be multi-pronged, including improvement in both lipid composition and Al 

contamination. 
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APPENDIX A: COURSES 

A.1 Swine handling: 
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A.2 Biosafety: 
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APPENDIX B: PERMISSION TO REPRODUCE ARTICLES/FIGURES 
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APPENDIX C: PN RECIPES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Amino Acid MW (g/ml) g/L 

Alanine 89.0935 6.12 

Arginine 174.2017 3.47 

Aspartate 133.1032 3.47 

Cysteine (free) 121.1590 0.83 

Glutamate 147.1299 6.00 

Free-L-Glycine 75.0669 1.76 

Histidine 155.1552 1.76 

Isoleucine 131.1736 2.64 

Leucine 131.1736 5.94 

Lysine HCL 146.1882 5.91 

Methionine 149.2124 1.10 

Phenylalanine 165.1900 3.03 

Proline 115.1310 4.73 

Serine 105.0930 3.19 

Taurine 125.1500 0.28 

Typtophan 204.2262 1.21 

L-Tyrosine 181.1894 0.43 

Valine 117.1469 3.03 

Threonine 119.1197 3.03 
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Trace Elements 

 g/L 

ZnSO4 7H2O 40.680 

CuSO4 5H2O 3.1200 

MnSO4 H2P 1.8550 

CrCl3 6H2O 0.0512 

SeO2 0.0592 

NaI 0.0220 

Additives 

Compound g/L 

Dextrose 90.3 

Trihydrate 

K2HPO4 

1.57 

Monobasic 

KH2PO4 

1.085 

K acetate 1.47 

NaCl 2.17 

MgSO4 0.78 

ZnSO4 0.089 

Ca Gluconate 

(SIGMA) 

6.41 

 

 

Making PN Diet 

1) Weigh amino acids required and put in a large beaker. Cover with parafilm and foil until 

used. 

2) Weigh minerals. Each mineral (the potassium sulfates are mixed together) is put in a 

separate beaker and dissolved in the appropriate amount of HP2C H2O (Pyrogen-free is 

best) 
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3) For calcium gluconate: Heat 750ml H2O in a ½ L beaker and gradually add the calcium 

gluconate to it. You will need to heat to dissolve it. 

- Amount of Pyrogen-Free H2O for each salt: 

o Phosphate -> 25 mL/L 

o K+ Acetate/NaCl -> 10-15 mL/L 

o Sulfates -> 10-15 mL/L 

o Calcium gluconate -> 75 mL/L 

- We make 10L of diet at a time: 10.6 kg on scale. 

4) While weighing your amino acids, get 2x 4L beakers and place them on heater (in 

stirrers). Add 2.5L of Pyrogen-free H2O to each and begin heating. DO NOT let 

temperature rise above 70◦ or below 40-50◦. Once heated, you can start adding the amino 

acid mixture. Divide amino acid mix evenly between the two beakers and add gradually.  

5) After amino acids are dissolved, add dextrose and minerals in the order that you made 

them. Ensure each mineral is dissolved completely before adding more minerals to the 

carboy.  Top the carboy up to 10.6 kg (for 102 of diet) with Pyrogen-free H2O.  

6) Filter and bag diet 

7) To clean carboy, rinse in 6M HCl and Pyrogen-free H2O.  

 

 

 


