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Abstract 

Choline is necessary for the synthesis of phosphatidylcholine (PC), the predominant 

phospholipid species and an important lipid intermediate. Macrophages, critical mediators of 

innate immunity, have been implicated in lipid dysregulation associated with metabolic 

disease. Despite the importance of choline in lipid metabolism, few studies have investigated 

the relationship between choline metabolism and inflammation. My research revealed that 

macrophage polarization increased choline metabolism and the expression of the choline 

transporter CTL1. In addition, choline deficient macrophages showed altered cytokine 

secretion, suggesting choline metabolism may play an important role in regulating the immune 

response. This study also describes the generation of a novel CTL1-/- mouse, which showed 

decreased choline uptake and incorporation into lipids. As an in vivo model for choline 

deficiency, CTL1-/- mice represent an important model for the future study of choline 

metabolism. Altogether, these findings suggest an important relationship exists between 

choline metabolism and inflammation.  
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1.0 INTRODUCTION 

 

1.1 History of Choline 

Choline, a tertiary amine and essential nutrient (Figure 1), was first identified in the 

literature by Adolph Strecker in 1862. When conducting experiments boiling animal bile, 

Strecker discovered a novel nitrogenous compound which he termed “chole” after the Greek 

word for animal bile (Zeisel, 2012). Despite its early discovery, the metabolic significance of 

choline remained relatively unknown until Banting and Best isolated insulin from 

pancreatectomized dogs. During these experiments, Best noticed that the dogs developed 

significant fat deposition in the liver. Following up on these observations years later, Best 

conducted new experiments on pancreatectomized dogs and found that the development of 

fatty liver was corrected by administration of lecithin, now referred to as phosphatidylcholine 

(PC) (Hershey and Soskin, 1931). Further experiments in rat models showed that fatty liver 

development was rescued when just choline was administered (Best and Huntsman, 1932, 

1935). This early work, which highlighted the role of choline in the regulation of hepatic lipids, 

reinvigorated the study of choline as an important metabolic molecule.  

Although studies in the intervening years showed choline was important to hepatic 

function in a number of animal models, choline was only classified as an essential nutrient 

following its study on the impact of human health. Placing patients on a choline-free diet 

resulted in a decrease in plasma PC and early signs of liver dysfunction, suggesting choline 

metabolism is important in normal hepatic functioning in humans (Zeisel et al., 1991). This 

finding was supported by studies performed in patients receiving intravenous feeding which 

revealed that choline deficiency was related to the development of hepatic steatosis and that 
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choline supplementation was able to reverse the symptoms (Buchman et al., 1995). These 

studies led to the Food and Nutrition Board classifying choline as an essential nutrient in 1998 

(Zeisel, 2012).   
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Figure 1. Chemical structure of choline and phosphatidylcholine 
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1.2 Metabolic Pathways of Choline  

In mammals, choline participates in several metabolic pathways that are critical to 

normal cellular and tissue function. In cholinergic neurons, choline and acetyl-CoA are 

combined to form the neurotransmitter acetylcholine (Supplemental Figure 1). First, choline 

is transported into the cell via the high affinity choline transporter (CHT1/SLC5A7) (Haga, 

2014; Okuda et al., 2000). In the cytosol, the production of acetylcholine is then catalyzed by 

choline acetyltransferase (Oda, 1999). Choline and acetylcholine levels are critical factors in 

normal neurological development, and deficits of either have been shown to cause severe 

neurological impairment (Ferguson et al., 2004; Fisher et al., 2001). 

In the liver and kidney, choline also serves as a substrate for the production of betaine, 

which occurs in the mitochondria (Supplemental Figure 2). Choline is transported across the 

mitochondrial membrane where it undergoes two subsequent oxidation steps to form betaine 

(Jellinek et al., 1959; Ueland, 2011). Once it is transported back into the cytosol, betaine acts 

as a methyl donor in the betaine-homocysteine S-methyltransferase reaction, which converts 

homocysteine to methionine (Finkelstein et al., 1983; Obeid, 2013). This pathway has 

downstream effects on DNA methylation and acts to regenerate tetrahydrofolate for the folate 

pathway. Abnormal regulation of the folate pathway can cause several diseases including 

anemia, neural tube defects, and cancer (Christensen et al., 1999; Pogribny et al., 1995). 

Although choline’s role as a substrate for acetylcholine and betaine serve important 

physiological roles, both represent tissue specific pathways, occurring in cholinergic neurons 

and the liver and kidney respectively. In eukaryotic cells, choline is predominantly used for 

the synthesis of PC, the major eukaryotic phospholipid species. PC is synthesized by the 

cytidine diphosphate choline (CDP)-choline pathway (Figure 2), alternatively known as the 
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Kennedy pathway after Eugene Kennedy, who elucidated the pathway in 1956. Prior to 

Kennedy’s discovery, the scientific community believed PC was synthesized by direct addition 

of phosphocholine to phosphatidic acid, a process that was thought to require ATP as a 

phosphate donor. Upon combining radiolabeled phosphocholine with ATP, phosphatidic acid 

and rat liver homogenate, no incorporation of the radiolabel into PC was observed (Kennedy 

and Weiss, 1956). Further experimentation revealed that CDP was necessary for the 

phosphocholine incorporation to occur, leading to the discovery of the novel intermediate 

(CDP) (Kennedy and Weiss, 1956).  

Since Kennedy’s 1956 experiments, the CDP-choline pathway has been well studied. 

Intracellular choline is phosphorylated by choline kinase and then converted to cytidine 

diphosphate choline (CDP)-choline by the enzyme phosphocholine cytidylyltransferase 

(CCT). Under normal cellular conditions, CCT is the rate limiting step in the pathway (Post et 

al., 1982). CDP-choline is then combined with diacylglycerol (DAG) to create PC, which is 

catalyzed by choline phosphotransferase (CPT). While the phosphorylation of choline takes 

place in the cytosol, the final two steps occur affixed to the endoplasmic reticulum and the 

Golgi body respectively (Henneberry et al., 2002; Lykidis et al., 1999). Although the majority 

of cellular choline is integrated into PC, choline also exists as the head group to sphingomyelin, 

which contributes to cellular migration, transduction, and autophagy (Taniguchi and Okazaki, 

2014; Young et al., 2013).   
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Figure 2.  Metabolic pathways of de novo phosphatidylcholine synthesis.  
 

CK – choline kinase; DAG – diacylglycerol; CCT -  phosphocholine cytidylyltransferase; CPT – 

choline phosphotransferase; PC – phosphatidylcholine; PE – phosphatidylethanolamine; 

PEMT - phosphatidylethanolamine N-methyltransferase; SAM – S-adenosylmethionine; SAH 

– S-adenosylhomocysteine.   
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Although the Kennedy pathway is the main source of de novo PC synthesis, 

hepatocytes can also generate PC from phosphatidylethanolamine (PE). This process, which 

is catalyzed by phosphatidylethanolamine N-methyltransferase (PEMT) involves the addition 

of three sequential methyl groups on the ethanolamine head group of PE to effectively convert 

the PE molecule to PC (Vance et al., 1997). Although the PEMT contributes to as much as 

30% of PC in the liver and adipose tissue, its activity is believed to be limited elsewhere (Cole 

and Vance, 2010; Vance et al., 1997). Phospholipid restructuring through the Land’s pathway 

provides another method of PC synthesis from existing phospholipid species. In this reaction, 

phospholipase A catalyzes the removal of an acyl chain from PC, creating 

lysophosphatidylcholine (lysoPC) and a fatty acid moiety (Linkous and Yazlovitskaya, 2010). 

Re-acylation is catalyzed by lysoPC acetyltransferases (Frohlich et al., 1982). Base-exchange 

reactions, which interconvert head groups between phospholipid species can also generate 

novel PC. However, since PC is the major phospholipid species found in cells, base exchange 

reactions are generally used to create other phospholipid species from PC, such as 

phosphatidylserine and PE (Gaiti et al., 1976).  

1.3 PC in biological membranes and lipid homeostasis   

As the predominant phospholipid found in cells, PC plays a vital role maintaining the 

structural integrity of biological membranes and in vesicular trafficking and storage critical to 

metabolic functioning. In eukaryotic cells, PC and PE are the predominant phospholipid 

species in the outer and inner membranes respectively. The PC to PE ratio in biological 

membranes is a key determinant in membrane fluidity and permeability (Dawaliby et al., 2016; 

Li et al., 2006). PC also influences the proliferative capacity of cells, with the up-regulation of 

choline transporters and Kennedy pathway enzymes important elements in cancer 
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development (Glunde et al., 2011; Inazu, 2014; Iorio et al., 2010). The significance of choline 

metabolism in cell growth has led to the use of fluorescent-conjugated and radiolabeled 11C 

choline in the imaging and diagnosis of various cancers (Buroni et al., 2015; Chotipanich et 

al., 2016; Giovannini et al., 2015; Reske et al., 2006).  

 Metabolically, PC is an important intermediate that helps deal with increased lipid 

burden promoted by a high fat diet. Due to the fatty acyl groups attached to it, PC can act as a 

fatty acid reservoir (Jackowski et al., 2000). Lipidomic analysis has shown that the acyl groups 

in DAG are similar to PC, but not PE under metabolic stress (Chitraju et al., 2012). PC is also 

an important regulator in the storage of neutral lipids. In response to a high fat diet, PC 

synthesis increases to accommodate an increased lipid burden on cells (Krahmer et al., 2011; 

Moessinger et al., 2014). Reduction of biosynthetic flux through the Kennedy pathway leads 

to an increase in lipid droplet size and redirects fatty acids towards incorporation into other 

neutral lipid species (Jackowski et al., 2000; Krahmer et al., 2011; Moessinger et al., 2014). 

PC is also a primary component of lipoprotein molecules. PC depletion has been shown to be 

atheroprotective due to the decreased release of very low density lipoprotein by the liver (Cole 

et al., 2012; Zhao et al., 2009). PC’s comprehensive role in several metabolic pathways 

highlights its importance in maintaining lipid homeostasis.  

1.4 Choline Transport 

 Due to its positive charge, choline uptake requires transport proteins to facilitate its 

entry into cells. To date, three classes of transport proteins have been identified. In cholinergic 

neurons, high-affinity choline transport occurs via the choline specific transporter CHT1 

(Haga, 2014; Okuda et al., 2000). Choline transport with CHT1 is the rate-limiting step in 

acetylcholine synthesis and is thought to provide choline primarily for use in the synthesis of 
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acetylcholine (Marchbanks and Kessler, 1982). Mice lacking CHT1 are unable to effectively 

transmit neuronal signals and die shortly after birth (Ferguson et al., 2004). CHT1 is dependent 

on the presence of sodium and glucose, and is strongly inhibited by hemicholinium-3 (HC-3), 

a choline analog (Haga, 2014). Due to its role in acetylcholine synthesis and its lack of 

expression in other cell types, it is not believed that CHT1 contributes significantly to choline 

uptake in somatic cells (Michel et al., 2006). Choline transport is also facilitated by the organic 

cation transporter (OCT/SLC22A) family. OCTs are generic transporters of heavy metals and 

organic cations that have the ability to transport many different structurally distinct compounds 

(Pelis and Wright, 2014; Sweet et al., 2001). Unlike CHT1, OCTs are not dependent on sodium 

or glucose and are not inhibited by HC-3 (Sweet et al., 2001). OCT1 and OCT2 have shown 

the ability to transport choline, however this transport occurs at a low rate and specificity 

(Gorboulev et al., 1997; Sweet et al., 2001). Despite their ability to transport choline, the role 

OCTs play in choline metabolism is not well understood. 

1.5 Choline Transporter-Like Proteins 

At the turn of the 21st century, choline had only recently been recognized as an essential 

nutrient, but its transport into neuronal cells and use in the acetylcholine pathway had been 

well established. However, the mechanism by which choline was transported into the non-

neuronal cells was not well characterized. Although OCTs are expressed in several tissues and 

have the capacity to transport choline, their lack of specificity for choline made their 

involvement in choline’s metabolic functions unlikely (Friedrich et al., 2001). In 2000, 

O’Regan et al. discovered a novel transporter while performing complementation studies in 

yeast (O'Regan et al., 2000). This transporter, which rescued choline uptake from mutant yeast, 

was sodium independent and sensitive to HC-3 inhibition, traits that excluded the possibility 
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of OCT or CHT1 transport (O'Regan et al., 2000). Due to its functional overlap with CHT1, 

the new choline transporter was named the choline transporter-like protein (CTLs).  

Shortly after the discovery of the CTL family, it was determined through sequence 

analysis that the CDw92 protein expressed on the surface of leukocytes was the same protein 

discovered by O’Regan et al. (Wille et al., 2001). Initial reports failed to identify a mouse 

homologue to CTL1; however this changed in 2004 when Yuan et al. discovered a mouse gene 

encoding CTL1 in muscle. In this study, RNA expression was observed in the brain, skeletal 

muscle, heart, and testis (Yuan et al., 2004). Further, transfecting Cos-7 cells with CTL1 

increased choline uptake, providing additional support for CTL1 as a choline transporter (Yuan 

et al., 2004). Study of the human CTL1 gene revealed that two splice variants existed for 

CTL1, designated CTL1a and CTL1b, and that both variants were expressed in the brain, 

kidneys, heart, placenta, and liver (Yuan et al., 2006).  

 Since its initial discovery and characterization, several studies have investigated the 

expression of CTL1 and functional implications in choline transport. The CTL family consists 

of five isoforms (CTL1-5), with CTL1 and CTL2 primarily responsible for mediating choline 

uptake (Traiffort et al., 2013). CTL1 is ubiquitously expressed and has been validated as a 

membrane transporter in the lung, liver, muscle, brain, spinal cord, and hematopoietic 

compartment (Fujita et al., 2006; Fullerton et al., 2006; Inazu et al., 2005; Ishiguro et al., 2008; 

Michel and Bakovic, 2009). CTL1 has also been found on the mitochondrial membrane; 

however its specific role in betaine synthesis has yet to be determined (Michel and Bakovic, 

2009). Strong evidence exists suggesting choline uptake via CTL1 is important for cell growth 

and proliferation. Following motor-neuron injury, CTL1 mRNA and protein is up-regulated in 

situ, suggesting choline uptake and integration into PC is necessary for repair (Che et al., 

2002). Choline and CTL1’s importance for cell growth is also seen in malignant cells. CTL1 
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inhibition has been shown to decrease cell growth and increases caspase activation in 

cancerous cell lines (Machova et al., 2009; Nishiyama et al., 2016). Given that CTL1 appears 

to be ubiquitously expressed and is seemingly important for cell proliferation and growth, it 

may be the transporter responsible for normal choline metabolism. 

 While CTL1 is expressed across several tissues and contributes to choline uptake 

across all tissue types, CTL2 appears to hold a more specialized phenotype related to the inner 

ear. CTL2 has been shown to be critical in antibody-induced hearing loss, with circulating 

antibodies in patients recognizing CTL2 in the inner ear (Kommareddi et al., 2009; Nair et al., 

2004). Mice harbouring a CTL2 targeted deletion during embryonic development showed 

progressive hearing loss by 6 months of age (Kommareddi et al., 2015). This hearing loss was 

caused by hair cell and spiral ganglion cell death in the inner ear, potentially linking the hearing 

loss phenotype with PC induced cell death (Kommareddi et al., 2015). CTL2 is also expressed 

in other cell types, however its specific role in cellular function and disease pathology is poorly 

understood (Beckmann et al., 2015; Flesch et al., 2013).  

 One of the early characterizations of CTL1 was performed by Wille et al. in 2001. In 

this study, the authors cloned and characterized a protein broadly expressed on the surface of 

dendritic cells, CDw92. The protein sequence of CDw92 was matched to the published 

sequence of human CTL1 (Wille et al., 2001). Although its ability to transport choline was not 

confirmed in this study, it did raise questions about the role of CTL1 in the inflammatory 

response. Also in the study, Wille et al. used the CDw92 antibody VIM15b to measure how 

antibody occlusion affected cytokine secretion in response to lipopolysaccharide (LPS), a 

bacterial endotoxin and pro-inflammatory stimulant (Wille et al., 2001). The experiment 

revealed that VIM15b treatment increased interleukin-10 (IL-10) secretion but did not alter 

tumour necrosis factor alpha (TNF-), interleukin 1 beta (IL-1), or interleukin 12 (IL-12) 
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production (Wille et al., 2001). Although this study lacked the comprehensive nature to 

provide valuable conclusions regarding choline metabolism and the immune response, it raised 

the possibility that choline uptake could influence how immune cells respond to inflammatory 

stimuli.  

1.6 Macrophage Polarization 

 Macrophages are phagocytic cells that digest foreign materials and pathogens that play 

a critical role in the innate immune response. Host macrophages express pattern recognition 

receptors that recognize either pathogen-associated molecular patterns (PAMPs) or damage-

associated molecular patterns (DAMPS) in response to infection or cellular damage 

respectfully (Kawasaki and Kawai, 2014). Different inflammatory signals are propagated 

through host cells depending on the type of PRR activated and the type of inflammatory 

molecule that binds it (Bianchi, 2007).  

 Classically, macrophages are activated by inflammatory stimuli that promote either a 

pro-inflammatory (M1, also known as classical activation) state or an anti-inflammatory (M2, 

also known as alternative activation) state (Figure 3). Classical activation can be stimulated by 

pro-inflammatory cytokines such as TNF and interferon gamma (IFNγ) as well as bacterial 

endotoxins such as LPS (Gordon and Taylor, 2005). Binding of these pro-inflammatory factors 

result in the synthesis and release of pro-inflammatory cytokines such as TNF, interleukin-6 

(IL-6), and IL-1, which further propagates pro-inflammatory signaling (Gordon and Taylor, 

2005). Alternatively, M2 macrophages can be subdivided into different groups based on their 

stimuli and functional responses. M2a macrophages, stimulated by interleukin-4 (IL-4) or 

interleukin-13 (IL-13), are involved in humoral immunity and parasitic or allergic responses 

(Gordon, 2003). M2b macrophages, which are stimulated by Fc receptor binding or toll-like 
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receptor (TLR) signaling, are directly involved in immune regulation (Arango Duque and 

Descoteaux, 2014). The third class of M2 macrophages are M2c activated cells, which regulate 

tissue repair and immune suppression are stimulated by IL-10, transforming growth factor beta 

(TGF-), or glucocorticoids (Arango Duque and Descoteaux, 2014). Although macrophages 

are still often referred to under classical terms, it is now widely recognized that macrophage 

polarization exists as a continuous spectrum able to respond to different factors simultaneously 

rather than occupying an individual polarization state (Italiani and Boraschi, 2014).  

Metabolic reprogramming upon inflammatory stimulation can also play a major role 

in macrophages’ immunological functions. Classically activated macrophages favour aerobic 

glycolysis to generate ATP, which promotes the production of reactive oxygen species and 

nitrous oxides to elicit bactericidal responses (Peyssonnaux et al., 2005; Rodriguez-Prados et 

al., 2010). On the other hand, M2 macrophages favour oxidative metabolism, beta oxidation, 

and arginase activity, which increase levels of metabolic intermediates important for wound 

healing (Odegaard and Chawla, 2011; Vats et al., 2006). Due to these metabolic changes, a 

common metric for determining the polarization state of macrophages is comparing the 

expression or activity levels of inducible nitric oxide synthase (iNOS) to arginase.  
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Figure 3. Classical and alternative activation of macrophages.  

 

Naïve monocytes are recruited from circulation into tissues in response to inflammatory 

signals. Macrophages can be classically activated towards a pro-inflammatory M1 phenotype 

or alternatively activated towards an M2 phenotype. Although macrophages are traditionally 

described as either M1 or M2, they exist as part of a continuous spectrum between M1 and M2 

like phenotypes. The inflammatory status of macrophages has an impact on metabolism with 

the ability to influence insulin sensitivity, macrophage localization, and energy storage. 
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1.7 TLR4 Signaling Pathway 

 One of the most diverse and widely studied families of PRRs are the toll-like receptor 

(TLR) family. Humans express 10 types of TLRs that elicit a wide variety of intra-cellular and 

extracellular immune responses (Kawasaki and Kawai, 2014). One of the most intensely 

studied TLR family members is TLR4, an extracellular receptor to which LPS binds (Chow et 

al., 1999; Poltorak et al., 1998). Upon TLR4 activation (Supplementary Figure 3), signal 

transduction can proceed through either the MyD88 dependent or the TRIF pathway 

(Kawasaki and Kawai, 2014). In the MyD88 pathway or the TRIF dependent pathway, LPS 

binding initiates the formation of a myddosome consisting of MyD88 and the IRAK family 

members IRAK4 and IRAK1 (Lin et al., 2010). The autophosphorylation of IRAK1 allows for 

its release and association with TRAF6 ubiquitin ligase (Ye et al., 2002). This promotes the 

activation of TAK1 which subsequently activates both the IKK-NFB pathway and the MAPK 

pathway (Karin and Gallagher, 2009; Takaesu et al., 2003; Yamazaki et al., 2009). IKK 

phosphorylation of IK promotes NFB translocation to the nucleus where it binds DNA to 

promote the synthesis of pro-inflammatory genes (Mercurio et al., 1997). Alternatively, signal 

transduction through TRIF activates two separate pathways via RIP-1 and TRAF3 (Yamamoto 

et al., 2003). RIP-1 activates the NFB pathway via TAK1 activation, while TRAF3 activation 

leads to IRF3 phosphorylation and translocation to the nucleus, resulting in the transcription 

of type I interferon (Fitzgerald et al., 2003; Yamamoto et al., 2003). Activation of the TRIF 

and MyD88 pathways through TLR4 represent one of the major mechanisms of pro-

inflammatory signaling. 
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1.8 IL-4 Signaling Pathway 

 Much like pro-inflammatory signaling pathways, alternative activation can occur 

through several different signal transduction cascades. One of the main mechanisms of M2 

polarization occurs via IL-4 binding to its receptor, the IL-4 receptor (IL-4R) (Supplementary 

Figure 4).  IL-4R is a heterodimer composed of an  domain, which binds IL-4, and a c chain 

(Kondo et al., 1993). Upon IL-4 binding to IL-4R, receptor dimerization occurs and promotes 

the activation of Janus protein kinases (JAK1 and JAK3) (Malabarba et al., 1995; Nelms et al., 

1999; Oakes et al., 1996). JAK proteins phosphorylate the cytoplasmic end of the IL-4 

receptor, which leads to the activation and translocation of signal and activator of transcription 

6 (STAT6) (Chatila, 2004; Hou et al., 1994; Ryan et al., 1998). STAT6 activity is responsible 

for the majority of IL-4’s inflammatory responses, with its knockout eliminating IL-4 

dependent functions such as IgE production and lymphocyte differentiation into Th2 cells 

(Kaplan et al., 1996).  IL-4 binding also promotes the recruitment and activation of insulin 

receptor substrate, which leads to a signaling cascade that activates phosphoinositide 3-kinase 

and Akt (Nelms et al., 1999; Wang et al., 1993) . This pathway is thought to be responsible for 

mediating proliferative signals in immune cells (Wurster et al., 2002).  

1.9 Role of Classical Activation in Metabolic Disease 

Although inflammation is principally responsible for protecting cells against pathogens 

and responding to cellular damage, it also significantly impacts metabolic regulation. Under 

normal metabolic conditions, adipose tissue consists of a small population of tissue associated 

macrophages that skew towards an M2-like state (Castoldi et al., 2015). With the development 

of obesity, these macrophages become M1 polarized and help exacerbate inflammation 

through macrophage recruitment and cytokine secretion (Castoldi et al., 2015; Chawla et al., 
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2011; McNelis and Olefsky, 2014). These immunological changes have negative whole-body 

physiological effects, affecting insulin resistance and lipid accumulation in peripheral tissues 

(Chawla et al., 2011; McNelis and Olefsky, 2014).  

One of the first papers to suggest a link between inflammatory signaling pathways and 

metabolic disease examined the role TNF- in various strains of obese mouse models 

(Hotamisligil et al., 1993). Relative to their lean mice counterparts, obese mice showed 

elevated levels of TNF- (Hotamisligil et al., 1993). In addition, TNF- treatment on cultured 

adipocytes revealed a similar reduction of Glut4 expression seen in obese mice, indicating a 

change in glucose responsiveness was occurring in response to TNF- treatment (Hotamisligil 

et al., 1993). Finally, they showed that treatment with TNF receptor IgG increased peripheral 

glucose uptake, indicating increased insulin sensitivity (Hotamisligil et al., 1993).  The 

publication of this study established inflammation in adipocytes as a critical component of 

metabolic dysfunction.   

  The link between inflammation and metabolism was further strengthened by 

Weisberg et al.’s 2003 paper in the Journal of Clinical Investigation, which implicated adipose 

tissue macrophages as a critical mediator of increased pro-inflammatory signaling in obesity. 

In their study, they observed an increase in F4/80 expression during obesity, which 

corresponded to an increase in macrophage infiltration from 10% in lean state mice to 40% in 

obese mice (Weisberg et al., 2003). They also determined that the F4/80+ cells localized to the 

adipose tissue were responsible for producing pro-inflammatory factors such as TNF-, IL-6, 

and inducible nitrogen oxide synthase (iNOS) (Weisberg et al., 2003). These findings 

suggested there was an association between classical activation of macrophages and the 

development of obesity.  
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Several findings have since supported the link between classical macrophage activation 

and obesity. Mice fed a high fat diet exhibit chronic low-grade inflammation induced by LPS 

(Cani et al., 2007). Upon deletion of the LPS co-receptor CD14, mice show reduced plasma 

insulin concentrations and a lower weight of adipose and liver tissue (Cani et al., 2007). In 

addition, metabolites indicative of hyperlipidemia induce a strong pro-inflammatory response. 

Oxidized low-density lipoprotein and saturated fatty acids, both of which are elevated in 

hyperlipidemia, are activators of TLR4 (Howell et al., 2011; Kiyan et al., 2014). Knockout of 

TLR4 from hematopoietic cells show increased insulin responsiveness when challenged with 

saturated fatty acids (Shi et al., 2006). It has also been separately shown that TLR4 knockout 

promotes alternative activation of macrophages and reduced adipose tissue inflammation (Orr 

et al., 2012). These studies reveal that pro-inflammatory signaling, which can be initiated by 

traditional PAMPs or metabolic constituents like free fatty acids, play a central role in the 

development of obesity and related metabolic diseases. 

1.10 The alternative activation of macrophages improves status of metabolic disease 

  Since increased pro-inflammatory signaling is associated with poorer outcomes in 

metabolic disease, many investigators have contemplated whether a change in macrophage 

polarization status could help ameliorate the diseased state. A 2007 study by Lumeng et al. 

investigated the link between alternative activation of macrophages and diet induced obesity 

in wild-type mice. While lean mice show significant expression of alternative activation 

markers, diet induced obesity causes a marked reduction in these factors (Kang et al., 2008; 

Lumeng et al., 2007). Furthermore, pre-treatment with IL-10 restores insulin signaling and 

sensitivity in TNF- induced adipocytes (Lumeng et al., 2007).  Similar findings have 

validated the relationship between alternative activation and improvement in obesity and 
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insulin signaling. When PPAR signaling, which promotes M2 polarization, is knocked out, 

mice exhibit increased pro-inflammatory signaling, insulin resistance, and macrophage 

localization in white adipose tissue, all of which are indicators of metabolic disease (Kang et 

al., 2008).  Due to its role in STAT6 signaling, studies have suggested that IL-4 could play a 

crucial role improving metabolic disease. Chronic IL-4 treatment reduced weight gain and 

improved glucose tolerance in mice (Chang et al., 2012). IL-4 also causes increased lipolysis 

in mice, which potentially explains the decreased weight gain (Tsao et al., 2014).  With the 

vast number of studies showing the importance of inflammation in the progression of obesity 

and insulin resistance, developing mechanisms of modulating inflammation presents a viable 

therapeutic in treating metabolic disease.  

1.11 Relationship between choline metabolism and inflammation 

Due to the impact inflammatory signaling has on metabolic functioning, it is important 

to understand the interplay between metabolism and inflammation. As the first and potentially 

rate-limiting step in PC metabolism, choline uptake could potentially regulate macrophage 

immune responses. Despite the potential link, few papers have examined the relationship 

between choline uptake, PC synthesis and inflammation.  Studies have demonstrated that LPS 

stimulation increases the incorporation of radiolabeled choline into PC (Chu, 1992; Grove et 

al., 1990). This increase may suggest that increasing PC content is important for mediating an 

inflammatory response. The impact of inflammatory stimuli on choline uptake and the 

influence of the alternative activation of macrophages on choline uptake and metabolism are 

unknown. 

 In 2006, Fullerton et al. investigated choline uptake during the transition of THP-1 

monocytes to macrophages. Over the course of differentiation into macrophages, THP-1 
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monocytes show reduced choline uptake and have a decreased maximal rate of choline uptake 

(Fullerton et al., 2006). This change is caused by an internalization of the choline transporter 

CTL1 from the cell membrane (Fullerton et al., 2006). This finding suggests that monocytes 

reduce choline uptake following differentiation, which may have the effect of decreasing PC 

synthesis, which would contradict the previous findings regarding LPS stimulation and choline 

incorporation into PC. 

 The most significant link between choline metabolism and inflammation was made 

when cytokine secretion from CCT- (the rate-limiting step in PC synthesis) null macrophages 

were examined. The CCT- mouse model, which showed a marked reduction in PC and total 

CCT activity, had a reduced capacity to secrete inflammatory cytokines TNF- and IL-6 into 

culture media in response to LPS (Tian et al., 2008). Cytosolic accumulation of both TNF- 

and IL-6 was observed following LPS treatments, which prevented CCT- null mice from 

mounting a sufficient bacterial response (Tian et al., 2008). Exogenous lysoPC restored normal 

inflammatory secretion, which lead the researchers to conclude PC is necessary for cytokine 

secretion (Tian et al., 2008). Although CCT knockout decreased cytokine output, no study has 

examined the direct effects of choline uptake on cytokine secretion.  
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2.0 RATIONALE 

 
 
Macrophage polarization and inflammatory signaling has been shown to influence metabolic 

outcomes such as insulin sensitivity, macrophage localization, and lipid storage. Due to its role 

as a critical lipid intermediate and an important component of biological membranes, studies 

have investigated the influence of choline metabolism and PC in inflammation. Although PC 

has been shown as an important mediator of the inflammatory response, the relationship 

between choline uptake and inflammation has yet to be sufficiently addressed.  

3.0 HYPOTHESIS 

 
 
I hypothesize that macrophage polarization will increase choline uptake and PC synthesis and 

that inhibiting choline transport will inhibit cytokine release in response to immune stimuli, 

and that both of these events will occur in a CTL1 dependent fashion. 

4.0 OBJECTIVES 

 

 4.1 Objective 1 – Characterize the effect of macrophage polarization on choline 

metabolism  

Limited studies have investigated the relationship between inflammation and choline 

metabolism. The purpose of my first objective was to determine the effect of macrophage 

polarization on choline uptake and incorporation into lipids in primary murine bone marrow-

derived macrophages (BMDM). After addressing the influence of macrophage polarization on 

choline uptake, I investigated whether altering the polarization status affected choline 

transporter expression. 
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4.2 Objective 2 – Characterize the effect of choline deficiency on macrophage 

inflammation  

Deficiency in the CDP-choline pathway via deletion of CCT, which catalyzes the 

rate-limiting step in PC synthesis, has been shown to inhibit cytokine secretion. The goal of 

my second objective is to determine whether inhibiting choline uptake influences an LPS-

mediated inflammatory response. To model choline deficiency, choline uptake in BMDM was 

chronically reduced with choline uptake inhibitors and CTL1 antibodies. Once choline 

deficiency was induced, cells were exposed to an acute dose of LPS and cytokine secretion of 

IL-6, TNF-, and IL-10 were assessed. The goal of this objective was to determine if choline 

deficiency could modulate the inflammatory response in BMDM. 
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5.0 METHODS 

 

5.1 Murine bone marrow-derived macrophage isolation and culture 

Bone marrow-derived macrophages were obtained by culturing bone marrow cells 

from C57BL/6 mice. These cells were differentiated into macrophages using L929 conditioned 

media, which contains the growth factor macrophage colony-stimulating factor. L929 media 

was made by culturing L929 cells for 10 days in Dulbecco’s modified eagle medium (DMEM 

with 4.5 g/L of glucose, with L-glutamine and sodium pyruvate, Wisent) supplemented with 

10% fetal bovine serum (FBS, heat-inactivated, Wisent) and 1% penicillin/streptomycin 

(Fisher). The conditioned media was prepared by spinning the cells at 3000 rpm and filtering 

the media through a 0.22 μm filter.  

To obtain cells, mice were cervically dislocated and legs were dissected away from the 

body at the hip joint. Bones were cleaned of all muscle and separated into the femur and tibia, 

which were each cut at both ends to expose the bone marrow. Bones were then placed inside 

a 0.5 mL tube with a hole punctured in the bottom by an 18-gauge needle. Next, the 0.5 mL 

tube was placed inside a larger 1.7 mL tube with 100 L of media. Bone marrow cells were 

obtained by centrifugation of the 1.7 mL tube at 5000 rpm. Cells were re-suspended in 1 mL 

of media and filtered through a 0.45 μm filter to remove any debris. Following an overnight 

culture (37°C and 5% CO2) in 85 mL of culture media (DMEM with 10% FBS and 1% 

Penicillin/streptomycin) 15 mL of L929 conditioned media was added. Cells were plated in 10 

cm dishes and allowed to differentiate. Cell adhesion to plates indicated differentiation and 

occurred at day 6-7. 
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5.2 LPS/IL-4 treatment and rate of choline uptake 

For all choline uptake and incorporation experiments, BMDM were plated in 24-well 

cell culture dishes (250,000 cells/well). BMDM were treated for 48 hours with LPS (from E. 

coli:B4, Sigma-Aldrich, 100 ng/ml) or IL-4 (mouse recombinant IL-4, R&D, 20 ng/ml) in 

normal culture media. A 48-hour time interval was chosen to allow for polarization of 

macrophages into either a pro or anti-inflammatory state. The rate of choline uptake was 

determined by measuring 3H-choline chloride (Perkin Elmer) taken up into cells. One hour 

prior to uptake, cells were incubated in Krebs-Ringer-HEPES buffer (KRH, 130 mM NaCl, 

1.3 mM KCl, 2.2 mM CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4, 10 mM HEPES, pH 7.4, and 

10 mM glucose) to remove exogenous choline. Immediately prior to uptake, cells were washed 

again with 300 μL of KRH buffer. Then, KRH buffer containing 1 μCi/mL of 3H-choline 

chloride was added and cells were incubated at 37C for desired time point (1-30 minutes). 

Following incubation, cells were washed twice with KRH buffer, lysed in 150 μL of 0.1 M 

NaOH and freeze-thawed at -80C. A 50 μL aliquot was added to 5 mL of scintillation fluid 

(Ultima Gold Scintillation Cocktail, Perkin Elmer) and radioactivity was measured on a beta-

scintillation counter (Tri-Carb 2910TR, Perkin Elmer). Based on the concentration of the 

radioactive solution (83 Ci/mmol), DPM counts were converted to μmol choline and expressed 

as a function of time.  
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5.3 Choline uptake kinetics  

 Choline uptake kinetic parameters were determined by creating a Michaelis-Menten 

curve. BMDM were polarized for 48 hours with LPS (100 ng/ml) or IL-4 (20 ng/ml) in normal 

culture media. Since the rate of choline uptake in BMDM is linear over the first 10 minutes, a 

10 minute uptake interval was selected as the approximation of the initial rate. Cells were 

incubated in KRH buffer for one hour prior to uptake and washed twice with buffer 

immediately before. Cells were then incubated for 10 minutes in KRH buffer with 1 μCi/mL 

of 3H-choline chloride and various concentrations of unlabeled choline chloride (5-200 μM). 

Following incubation, cells were washed twice with KRH buffer, lysed in 150 μL of 0.1 M 

NaOH and freeze-thawed at -80C. A 50μL aliquot was added to 5 mL of scintillation fluid 

and radioactivity was measured on a beta-scintillation counter. The DPM counts from the 

scintillation counter were converted to μmol choline and expressed as a function of time.  

5.4 Choline uptake HC-3 sensitivity 

Hemicholinium-3 (HC-3) IC50 curves were generated to measure the amount of 

choline-specific uptake occurring in macrophages. BMDM were polarized for 48 hours with 

LPS (100 ng/ml) or IL-4 (20 ng/ml) in normal culture media. Cells were incubated in KRH 

buffer for one hour prior to uptake and washed twice with buffer immediately before. Cells 

were then incubated for 10 minutes in KRH buffer with 1 μCi/mL of 3H-choline chloride and 

various concentrations of HC-3 (0.1 μM to 10 mM, Sigma-Aldrich). Following incubation, 

cells were washed twice with KRH buffer, lysed in 150 μL of 0.1 M NaOH and freeze-thawed 

at -80C.  Protein in cell lysate was determined using the BCA protein assay. An aliquot of 

cell lysate was added to 5 mL of scintillation fluid and radioactivity was measured on a beta-



 29 

scintillation counter. Uptake values were standardized to protein and expressed as a percentage 

of untreated control.  

5.5 Choline incorporation into lipids 

BMDM were incubated with DMEM in the presence of LPS (100 ng/mL), IL-4 (20 

ng/mL), or untreated DMEM for 48 hours prior to radioactive treatment. Following 

inflammatory treatment, cells were washed with phosphate-buffered saline (PBS, 137 mM 

NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4, 1.5 mM KH2PO4) and treated with media containing 

1 μCi/mL 3H-choline chloride for 2,4,6, and 8 hours. Cells were then washed twice with PBS 

and lysed with a freeze thaw cycle at -80°C in 200 μL of PBS. Lipids were extracted from 

whole cell lysate using the Bligh and Dyer method (Bligh and Dyer, 1959). After resolution 

of the phases, the radioactivity in the lower chloroform phase containing the neutral lipid 

fraction was measured using a beta-scintillation counter. All radioactive measurements were 

standardized to total protein as measured by a BCA assay. 

5.6 HC-3 and DMAE inhibited choline uptake and incorporation 

 Choline uptake inhibitors HC-3 and 2-dimethylaminoethanol (DMAE), Sigma 

Aldrich) were used to determine the effect of inhibition of choline-specific uptake mechanisms 

on the synthesis of PC. BMDM were incubated in KRH buffer one hour prior to uptake. Then, 

cells were washed twice with buffer to ensure the removal of exogenous choline. Uptake of 1 

μCi/mL 3H-choline chloride in KRH buffer was measured over ten minutes at 37C in the 

presence of 250 μM HC-3, 500 μM DMAE, or a vehicle control. After the incubation, cells 

were washed twice with KRH buffer and lysed in Following incubation, cells were washed 

twice with KRH buffer, lysed in 150 μL of 0.1 M NaOH and freeze-thawed at -80C. Protein 

in cell lysate was determined using the BCA protein assay (Thermo Fisher) and absorbance 
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was read on a Synergy H1 microplate reader (BioTek). An aliquot of cell lysate was added to 

5 mL of scintillation fluid and radioactivity was measured on a beta-scintillation counter. The 

DPM counts from the scintillation counter were converted to μmol choline and standardized 

to protein amounts from BCA assay.  

 Choline incorporation into lipids in the presence of choline uptake inhibitors was 

examined by incubating BMDM in full DMEM media containing 1 μCi/mL of 3H-choline 

chloride and 250 μM HC-3, 500 μM DMAE, or a DMSO control for 48 hours (37C, 5% CO2). 

After incubation, cells were washed twice with PBS and lysed with a freeze-thaw cycle at -

80°C in 200 L PBS. Whole cell lysate was then extracted using the Bligh and Dyer method. 

A 50 μL aliquot of the lipid phase was counted for radioactivity using a beta scintillation 

counter. DPM counts were standardized to protein counts acquired from the inhibitor uptake 

analysis.  

5.7 CTL1 antibody treated uptake and incorporation 

The role of CTL1 in choline uptake and incorporation in BMDM was addressed by 

treating cells with CTL1 antibodies. Antibodies were obtained from the Bakovic group 

(Department of Human Health and Nutritional Sciences, University of Guelph). Two 

antibodies were used; LV-58, which is specific for the N terminus of the protein, and EN-627, 

which is specific for the C terminus of the protein. Prior to uptake, cells were incubated in 

KRH buffer containing a 1/100 dilution of each antibody stock (concentration unspecified), as 

well as an untreated and an IgG antibody control. Cells were washed twice immediately prior 

to uptake. Choline uptake was measured by incubating cells in 1 μCi/mL 3H-choline chloride 

in KRH buffer for 10 minutes (37C, 5% CO2). Cells were washed twice with buffer to remove 
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radioactivity and lysed in 0.1 M NaOH. Following incubation, cells were washed twice with 

KRH buffer, lysed in 150 μL of 0.1 M NaOH and freeze-thawed at -80C.   

Choline incorporation into lipids in the presence of antibodies was measured by 

incubating BMDM with full DMEM containing 1μCi/mL 3H-choline chloride and a 1/100 

dilution of each antibody stock for 48 hours. Untreated and IgG treated cells were used as 

negative controls. After incubation, cells were washed twice with PBS and lysed with a freeze-

thaw cycle at -80°C in 200 L PBS. Whole cell lysate was then extracted using the Bligh and 

Dyer method. A 50 μL aliquot was counted for radioactivity using a beta scintillation counter. 

DPM counts were standardized to protein counts acquired from the inhibitor uptake analysis.  

5.8 Choline depletion and cytokine secretion 

 BMDM were choline depleted using either choline uptake inhibitors or through CTL1 

antibody occlusion. Normal culture media was supplemented with 250 μM HC-3, 500μM 

DMAE, a 1/100 dilution of the C-terminal or N-terminal antibody, or a vehicle control and 

cells were incubated for 48 hours (37C, 5% CO2). Following choline depletion, cells were 

washed with PBS and treated with LPS (100 ng/mL) or normal culture media for 6 hours. 

Choline uptake inhibitors were present in the same concentrations during LPS treatments, 

while CTL1 antibodies were not re-incubated during LPS treatment. After LPS treatment, 

media was transferred to 96-well plates and stored at -80°C.  

Duoset ELISA kits (RD Systems) were used to measure cytokine secretion. 

Cytokines (TNF-, IL-6, IL-10, IL-) were all measured using the same method according to 

the manufacturer’s instructions. 96-well ELISA plates were coated with 100 μl of the 

respective capture antibody (prepared in PBS, 800 ng/mL for TNF-, 2 μg/mL for IL-6, and 

4g/mL for IL-10) overnight at room temperature. The next day, cells plates were decanted 
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and washed 3 times with wash buffer (0.05% Tween 20 in PBS). Next, plates were blocked 

with reagent diluent (1% bovine serum albumin (BSA,) in PBS) for 1 hour. Following the 

incubation, reagent diluent was removed and wells were washed 3 times with wash buffer. The 

plate was then incubated with experimental samples diluted in reagent diluent (5-fold dilution 

for TNF-, 2-fold dilution for IL-6, IL-10, and IL-1) for 2 hours. Plates were washed 3 times 

with wash buffer and samples were incubated in 100 μL of detection antibody (prepared in 

reagent diluent, 800 ng/mL for TNF-, 2 μg/mL for IL-6, and 4 μg/mL for IL-10) for 2 hours.  

Following the incubation, detection antibody was decanted and plates were washed 3 times 

with wash buffer. Cells were incubated in streptavidin-HRP conjugated to horseradish-

peroxidase for 20 minutes in the dark and subsequently washed 3 times with wash buffer. Next, 

plates were visualized by incubating wells in 100 L of substrate solution (1:1 mixture of 

hydrogen peroxide and tetramethylbenzidine, RD Systems) for 20 minutes. Visualization 

was stopped by adding 50 μL of 2N H2SO4. Absorbance readings were obtained at 450 nm 

using a microplate reader and unknown values were calculated using a standard curve fitted 

using a four-parameter logistic curve fit using Prism 6 software (GraphPad Software Inc.). 

5.9 RNA isolation, cDNA synthesis and qPCR 

RNA was isolated from BMDM in 12 well plates according to the TriPure reagent 

protocol (Roche Life Sciences).  Isolated RNA was re-suspended in 30 L of RNAse/DNAse 

free water (Wisent). RNA concentration and purity was determined by measuring absorbance 

of RNA at 260/280 nm using a Take3 plate (BioTek). Samples were equalized to the lowest 

RNA concentration with RNAse/DNAse free water. First strand of cDNA was synthesized 

using the QuantiNovareverse transcription kit (Qiagen) according to kit instructions except 

in half the reaction volume. Briefly, 6 L of isolated RNA was incubated with 1L of gDNA 
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removal buffer and incubated at 45C for 2 minutes. Then, 3 L of master mix containing 1:4 

ratio of reverse-transcription master mix:reverse transcriptase was added to each RNA sample. 

Prepared RNA solutions were incubated on a thermal cycler (BioRad T100 Thermal Cycler) 

according to kit cycling conditions (25 for 3 min, 45C for 10 min, then 85C for 5 min). The 

newly synthesized cDNA strand was diluted 1:40 in water. Diluted cDNA was used for real-

time PCR using the QuantiNovaProbe PCR kit according to manufacturer’s instructions 

except volumes reduced by half. Briefly, 5 L of kit master mix and 0.25 L of TaqMan primer 

(primer list and details included in Supplementary Table 1) were added to 4.75 L of diluted 

cDNA. Samples were cycled for 40 cycles according to the manufacturer’s instructions using 

the Roto-Gene Q series (Qiagen) and the fluorescence was measured. The delta-delta critical 

threshold method was used for relative expression, where sample threshold values are 

standardized to an internal standard (-actin was used) before comparing between treatment 

groups to determined relative expression (Livak and Schmittgen, 2001).  

5.10 Western Blot and Protein Quantification 

 BMDM were polarized with LPS (100 ng/mL) or IL-4 (20 ng/mL) for 48 hours prior 

to protein collection. Cells were washed twice with PBS and lysed in a denaturing lysis buffer 

(50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.5% Tritton X-100, 0.5% NP-40, 

100 µM sodium orthovanadate). Protein was equalized using the BCA protein assay and 

equally loaded onto an 8% SDS-PAGE gel where it was run for 90 min at 110V. Gel was 

transferred onto a PVDF membrane (17 minutes at 1.3 A) using the Trans-Blot® Turbo™ 

Transfer System (Biorad) with Bjerrum Schafer-Nielsen buffer (48 mM Tris, 39 mM glycine, 

20% methanol). Membrane was blocked for 1 hour in 5% BSA then incubated at 4°C overnight 

in CTL1 primary antibody (EN-627 as specified above) or β-actin rabbit (HRP conjugated, 
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Cell Signaling).  A 1/1000 dilution of stock antibodies in 5% BSA were used for primary 

antibody incubations. The following day, membranes were washed 4 times in TBST (20 mM 

Tris, 150 mM NaCl, 0.05% Tween 20) then CTL1 membrane was incubated for 1 hour in 

HRP conjugated anti-rabbit IgG (Cell Signaling, 1/5000 dilution). Clarity™ Western ECL 

solution (BioRad) was applied to membranes which were visualized using LAS 4010 

ImageQuant Imaging System (General Electric). Densitometry analysis was performed using 

ImageJ software (version 1.48) and CTL1 expression was standardized to -actin internal 

control.  

5.11 Generation of CTL1-/- Mouse Model  

 The CTL1-/- mouse model was generated by inGenious Targeting Laboratories 

(Ronkonkoma, New York, United States) using a KOMP targeting vector (Project ID: 

CSD29103) (Skarnes et al., 2011). Briefly, the vector was electroporated into C57BL/6 

embryonic stem cells which were microinjected into Balb/c blastocysts. Chimeras were bred 

with C57BL/6 to generate heterozygotes for the targeted (floxed) allele. Homozygous floxed 

mice were crossed to mice expressing Cre recombinase in every tissue (B6.C-Tg(CMV-

cre)1Cgn/J- stock number 006054). For the current studies, non-breeding mice generated from 

F2 crosses were used, in which CTL1 (exon 3) had been deleted, but in which Cre was still 

expressed.  

  

 

5.12 CTL1-/- DNA isolation and genotyping 

DNA isolation for genotyping was performed by placing clipped tails in a 500 L 

mixture containing 495 L of tail lysis buffer and 5 L of proteinase K (10 mg/mL, Bioshop) 
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(100 mM Tris-HCl pH 8, 5 mM EDTA, 200 mM NaCl, 0.2% SDS) and incubating solution 

overnight at 55C. The following day, samples were centrifuged for 20 minutes at 13,000 rpm. 

Following the spin, the supernatant was transferred to a new 1.7 mL tube. 500 L of 

isopropanol was added to the tube and samples were incubated at -20C for 20 minutes. Next, 

samples were centrifuged for 15 minutes at 13,000 rpm and the supernatant was decanted. The 

remaining pellets were then washed twice with 700 L of ethanol before another spin at 13,000 

rpm for 5 minutes. Pellets were re-suspended in TE buffer (10 mM Tris-HCl pH 8 and 1mM 

EDTA) and quantified with the microplate reader on a Take3 plate.  

Once samples were equalized, DNA was amplified by PCR using primers specific for 

the floxed, knockout, at wild type alleles (Supplementary Figure 5). Reactions were set up by 

adding 0.5 L of DNA template to 7.45 L of nuclease free water, 1 L of PCR buffer 

(Diamed), 0.2 L of dNTPs (Diamed), 0.25 L of each primer, and 0.1 L of DNA Taq 

polymerase (Diamed). Samples were set up to run on the thermal cycler according to 

manufacturer’s instructions (94C for 3 minutes, 36 cycles of 25 s at 94C, 25 s at 60C, and 

1 minute at 72C, followed by 72C for 5 minutes). DNA was then separated on an agarose 

gel (100 mL of TAE buffer, 1.5 g of agarose, and 5 L of RedSafe (FroggaBio)) and visualized 

using the ChemiDoc MP System (BioRad).  

 

 

 

5.13 Statistical Analyses 

 All statistical analyses were performed using Prism 6 (GraphPad Software Inc.). 

Choline uptake and incorporation data was analyzed using a two-way ANOVA comparing the 
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treatment group (LPS or IL-4) to the untreated control. Inflammatory cytokine gene expression 

was analyzed using an unpaired student’s t-test. Kinetic curves and values were generated 

using the Prism 6 non-linear regression Michaelis-Menten curve fit. HC-3 IC50 curve and 

values were fit using Prism 6 non-linear regression vs. response with variable slopes curve fit. 

CTL1 expression data and choline depleted cytokine uptake, incorporation, and cytokine 

secretion experiments were analyzed using a one-way ANOVA comparing the treatment 

groups to the control groups. Statistical analyses were not performed on CTL1-/- experiments 

due to a lack of sufficient biological replicates. Across all forms of analyses, statistical 

significance is noted as follows: * p< 0.05, ** p< 0.01, *** p< 0.001, **** p< 0.0001.   
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6.0 RESULTS 

 
 

6.1 Macrophage polarization increases choline uptake and incorporation 

 LPS has been previously shown to increase choline incorporation into PC; however, 

the role of macrophage polarization on choline uptake and metabolism is unknown. 

Macrophages were polarized for 48 hours with LPS or IL-4 prior to measuring choline uptake 

and metabolism. Polarization states of macrophages were verified by examining RNA 

expression of pro-inflammatory or anti-inflammatory markers (Figure 4). In response to LPS, 

the pro-inflammatory cytokines IL-6, TNF-, and IL-1  all increased significantly relative to 

the untreated control. Conversely, IL-4 increased the expression of the anti-inflammatory 

cytokines transforming growth factor  and cluster of differentiation 206. The ratio of iNOS 

to arginase expression, which is indicative of macrophage polarization, was also examined. 

LPS stimulated macrophages exhibited an increased iNOS/arginase ratio, while IL-4 treatment 

decreased the ratio relative to untreated cells. The induction of appropriate cytokines and the 

expected levels of arginase and iNOS expression demonstrate that LPS and IL-4 skewed cells 

towards an M1-like and M2-like state respectively.  
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Figure 4. LPS and IL-4 induce macrophage polarization in BMDM. 

 

 (A) Wild-type BMDM were treated with LPS (100 ng/mL) or IL-4 (20 ng/mL) for 48 hours 

prior to measuring choline uptake. RNA expression was measured by generating cDNA strands 

and performing qPCR using the QuantiNova™ qPCR kit.  The expression of, iNOS/Arginase 

(B), TNF α (C), IL-6 (D), and IL-1β (E) were measured in response to LPS. iNOS/Arginase 

(F), TGF-β (G), and CD 206 (H) were measured in response to IL-4. Expression was set 

relative to an untreated control using the delta delta Ct method. Statistical analysis was 

performed using an unpaired t-test (n= 3, * p<0.05, *** p<0.001, **** p<0.0001, ) 
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Once the polarization states of the macrophages were validated, the rate of choline 

uptake was examined. After being polarized, the rate of uptake of radiolabeled 3H-choline was 

measured at time points over a 30 minute interval (Figure 5). Choline uptake was increased 

under both classical and alternative activated conditions, with a significant increase in uptake 

at both the 20 and 30 minute time periods.  

The kinetics of choline uptake were also measured following macrophage polarization 

(Figure 6). Classical activation decreased the Km from 93.30 M to 57.78 M and increased 

the Vmax from 7.945 pmol/mg/min to 15.40 pmol/mg/min (Table 1). Alternative activation 

similarly altered the Vmax, increasing it to 16.78 pmol/mg/min, although the Km did not 

significantly change relative to control conditions. Both the rate and kinetic analysis of choline 

uptake show an increase in choline transport in polarized macrophages relative to their 

unstimulated counterparts.   
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Figure 5. Effect of macrophage polarization on the rate of choline uptake.  

Wild-type BMDM were treated with LPS (100 ng/mL, A in red) or IL-4 (20 ng/mL, B in blue) 

for 48 hours prior to measuring choline uptake. Choline uptake was measured relative to 

untreated control (black) over respective time intervals by incubating cells in a solution of 

KRH buffer containing 1 μCi/mL of 3H-choline chloride. Choline uptake was determined by 

measuring presence of the radiolabel in the cell lysate following uptake experiment. Statistical 

significance determined using Sidak’s multiple comparisons from a two way ANOVA (n=4-6, 

* p<0.05, ** p<0.01). A significant increase in uptake was observed in response to both LPS 

(p<0.0001, DF = 7, F = 42.71) and IL-4 (p<0.0001, DF = 7, F = 13.88).     
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Figure 6. Effect of macrophage polarization on the kinetics of choline transport.  

Wild-type BMDM were treated with LPS (100 ng/mL, A) or IL-4 (20 ng/mL, B) for 48 hours 

prior to measuring choline uptake. Choline uptake was measured over ten minutes by 

incubating cells in a solution of KRH buffer containing 1μCi/mL of 3H-choline chloride. 

Michaelis-Menten constants were determined using Graphpad Prism 6 non-linear regression 

analysis and are shown in Table 1 (n=4-6). 
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Treatment K
m

 (µM) V
max

 (pmol/mg/min) 

Control 93.30 ± 34.43 7.945 ± 1.340 

LPS 57.78 ± 18.54 15.40 ± 1.87 

IL-4 97.71 ± 75.71 16.78 ± 6.048 

Table 1. Michaelis-Menten values for choline uptake in stimulated macrophages 
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The final choline uptake experiment that was performed tested BMDM sensitivity to 

HC-3, a choline uptake inhibitor that prevents choline-specific transport. IC50 values for HC-

3 did not change in response to macrophage polarization relative to untreated controls (Figure 

7). Altogether, choline uptake studies following macrophage polarization revealed the rate and 

kinetics of choline uptake were increased in response to both classical and alternative 

activation, and that choline specific transport mechanisms remained responsible for the choline 

uptake under polarized conditions.  

Since most of choline’s metabolic functions are due to its incorporation into PC, it was 

next investigated whether macrophage polarization influences choline’s incorporation into 

lipids (Figure 8). Both classical and alternative stimulation increased choline incorporation 

across all time points, with significant increases in choline incorporation occurring after 8 

hours in LPS stimulated cells and at 4, 6, and 8 hours in IL-4 stimulated cells. These 

experimental findings confirm that the change in choline uptake in response to macrophage 

polarization is also observed at the PC level.  
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Figure 7. Effect of macrophage polarization HC-3 sensitivity.  

Wild-type BMDM were treated with LPS (100 ng/mL) or IL-4 (20 ng/mL) for 48 hours prior 

to measuring choline uptake (control shown in black). Choline uptake was measured over ten 

minutes by incubating cells in a solution of KRH buffer containing 1μCi/mL of 3H-choline 

chloride containing various concentrations of HC-3. IC50 curves were fit with GraphPad Prism 

6 non-linear regression analysis. Values for HC-3 IC50 are 141.1 µM for control, 170.4 µM for 

LPS, and 124.8 µM for IL-4 (n= 4-6). 
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Figure 8. Effect of macrophage polarization on choline incorporation into lipids.  

Wild-type BMDM were treated with LPS (A in red) or IL-4 (B in blue) for 48 hours (control 

shown in black). Following the 48 hour incubation, cells were incubated in media containing 

1μCi/mL of 3H-choline chloride for respective time interval. Cell were lysed with a freeze-

thaw cycle and a lipid extraction was performed. Choline incorporation was determined by 

measuring the presence of the 3H-choline radiolabel in the lipid phase. Statistical analysis was 

performed using Sidak’s multiple comparison’s test on a two-way ANOVA (n= 6; ** p<0.01, 

**** p<0.0001). A significant increase in uptake was observed in response to both LPS 

(p<0.0001, DF = 7, F = 23.78) and IL-4 (p<0.0001, DF = 7, F = 22.49).     
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6.2 Macrophage polarization increases CTL1 expression 

 With the substantial increase in choline uptake and PC incorporation observed in 

response to macrophage polarization, it was hypothesized that CTL1, the most widely 

expressed choline transporter may facilitate the observed increase in uptake. To investigate 

this hypothesis, RNA (Figure 9A CTL1, 9B CTL2) and protein expression (Figure 9C/D) were 

measured following the macrophage polarization induced in the choline metabolism 

experiments. Among all the choline transporters probed using qPCR (CTL1-5, OCT1-4, 

CHT1), CTL1 and CTL2 were the only transporters expressed in BMDM. In response to 

chronic classical activation, CTL1 expression at the mRNA and protein level was significantly 

increased compared to untreated cells. CTL2 expression was increased at the RNA level 

following LPS induction, although its protein expression was not measured.  Alternative 

activation induced an increase in CTL1 protein expression, although RNA expression 

remained similar to control levels.  CTL2 transcript expression did not change in response to 

IL-4. These results suggest CTL1 may facilitate the increase in choline metabolism fueled by 

inflammatory stimulation.  
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Figure 9. LPS treatment increases CTL1 and CTL2 expression.  

Wild-type BMDM were treated with LPS (100 ng/mL, red) or IL-4 (20 ng/mL, blue) for 48 

hours. RNA expression was measured for CTL1 (A) and CTL2 (B) and was set relative to 

untreated control using the delta delta Ct method. Statistical significance was measured using 

a one-way ANOVA (n= 3; p<0.0001, F= 47.77). Multiple comparisons were performed using 

Dunnet’s test (*** p<0.001, **** p<0.0001). Other choline transporters were not expressed in 

BMDM (CTL3-5, OCT1-3, CHT1). Western Blot was performed on an 8% SDS-PAGE gel 

(C) and standardized to a β-actin internal control (Densitometry results shown in D). Statistical 

significance was measured using a one-way ANOVA (n= 3; p<0.05, F= 6.199). Multiple 

comparisons were performed using Dunnet’s test ANOVA (n=3; * p<0.05, *** p<0.001, **** 

p<0.0001).  
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6.3 CTL1 drives choline metabolism in BMDM 

 Although CTL1 and CTL2 were the only choline transporters detected in BMDM, their 

relative contributions to choline transport are unknown. In order to isolate the effects of CTL1 

on choline metabolism, a CTL1-/- mouse was generated by knocking out exon 3 of the CTL1 

gene. The excision of exon 3 was confirmed by the appearance of a knockout DNA fragment 

and the disappearance of the wild-type CTL1 band in CTL1-/- mice (Figure 11). Exon 3 

deletion substantially reduced CTL1 mRNA levels compared to littermate wild-type controls 

(Figure 11A). Choline metabolism was also evaluated by looking at 3H-choline uptake over 

ten minutes and 3H-choline incorporation into lipids over 48 hours. CTL1 deficient mice 

showed a marked reduction in choline uptake (11B) and choline incorporation into lipids 

(Figure 11C) relative to their wild-type controls. The reduced choline metabolism observed in 

CTL1-/-mice suggests that CTL1 is not only necessary for choline uptake but it is required for 

PC synthesis in BMDM.  
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Figure 10. Breeding and genotyping of CTL1-/- mice. 

(A) A female Cre positive mouse was bred with a male CTL1 floxed mouse (fl). This cross is 

denoted as the F0 generation. Females from the F0 cross were bred with male mice with two 

copies of the floxed CTL1 allele. Males from the F0 cross were bred with female mice with 

two copies of the floxed CTL1 allele. These crosses yielded CTL1-/- mice. (B) Genotyping 

results from the F1 pairings described above, with the CTL1-/-
 mice highlighted in the red 

boxes (wild-type; WT). 
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Figure 11. CTL1 knockout in BMDM reduces choline uptake and metabolism. 

In BMDM derived from CTL1 KO mouse, CTL1 mRNA expression was decreased (A). 

Choline uptake (B) was measured over ten minutes by incubating cells in a solution of KRH 

buffer containing 1μCi/mL of 3H-choline chloride. Incorporation of 3H-choline chloride into 

the lipid phase was also measured over 48 hours (C). Choline uptake and incorporation were 

both reduced in the CTL1 KO relative to wild-type cells (n=2).  
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6.4 Choline depletion alters LPS-induced cytokine secretion  

 The second objective of my research was to investigate the effect of choline depletion 

on cytokine secretion. Two different methods were used to induce choline depletion in wild-

type BMDM: pharmacological inhibition using choline uptake inhibitors, and antibody 

occlusion using CTL1 antibodies. HC-3 reduced acute choline uptake below 20% of control 

levels, while DMAE reduced uptake below 5% of control levels (Figure 12A). This change 

was also observed at the lipid level, with choline’s incorporation into lipids reduced to 

approximately 60% of control levels in HC-3 treated samples and to approximately 25% of 

control levels with DMAE treatment (Figure 12B). Antibody occlusion was performed using 

C-terminal and N-terminal CTL1 antibodies obtained from Dr. Marica Bakovic’s group at the 

University of Guelph (see methods for specifications). An IgG control was also used to 

eliminate any non-specific effects. Antibody occlusion at both the N-terminal and C-terminal 

end of CTL1 facilitated choline depletion, with N-terminal occlusion exhibiting more drastic 

effects. C-terminal antibody treatment reduced choline uptake to below 50% of the untreated 

control, with the N-terminal antibody reducing choline uptake below 20% of control levels 

(Figure 12C). Similar effects were observed examining choline’s incorporation into lipids, 

with the C-terminal and N-terminal antibodies reducing choline incorporation to roughly 58% 

and 22% of control levels respectively (Figure 12D). The results from both choline uptake 

inhibitor and the antibody treatments validate their ability to induce choline deficiency in 

BMDM.  
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Figure 12. Choline uptake inhibitors and CTL1 antibody treatment decrease choline 

uptake and incorporation into lipids. 

 Effect of pharmacological inhibition with choline uptake inhibitors HC-3 and DMAE on 

choline uptake (A) and incorporation into lipids (B) was measured using radiolabeled 3H-

choline chloride (1μCi/mL). Uptake was measured over ten minutes in the presence of either 

HC-3 (250 μM), DMAE (500 μM), or a vehicle control while incorporation was measured over 

48 hours in the presence of the inhibitors. Choline uptake was determined by measuring the 

presence of the 3H radiolabel in the cell lysate.  Statistical analysis was performed using a one 

way ANOVA (n= 4; p<0.01 and F= 8.076 for incorporation, p<0.001 and F= 19.67). Multiple 

comparisons were performed using Dunnett’s test (** p<0.01, **** p<0.0001). Effect of CTL1 

antibody occlusion on choline uptake (C) and incorporation (D) was also measured. Antibody 

treatments (1/100 dilution of stock) were applied for 1 hour prior to uptake and applied during 

incubation with the radiolabel. Choline incorporation was determined by measuring the 

presence of the 3H radiolabel in the lipid phase following a lipid extraction. Statistical analysis 

was performed using a one way ANOVA (n= 4; p<0.01 and F= 10.74 for incorporation, 

p<0.001 and F= 13.57). Multiple comparisons were performed using Dunnett’s test (* p<0.05, 

** p<0.01, **** p<0.0001). 

  



 61 

 

 

 

  

C o n tro l Ig G C -te rm  N -te rm

0

5 0

1 0 0

1 5 0

C
h

o
li

n
e

 u
p

ta
k

e
 (

%
 c

o
n

tr
o

l)

* *

C o n tro l Ig G C -te rm  N -te rm

0

5 0

1 0 0

1 5 0

C
h

o
li

n
e

 I
n

c
o

r
p

o
r
a

ti
o

n
 (

%
 c

o
n

tr
o

l)

* * * *

*

A 

B 

C o n tro l H C -3 D M A E

0

5 0

1 0 0

1 5 0

C
h

o
li

n
e

 u
p

ta
k

e
 (

%
 c

o
n

tr
o

l)

* *
* * * *

C 

D 

Control HC-3 DMAE
0

50

100

150

C
h

o
li

n
e

 i
n

c
o

rp
o

ra
ti

o
n

 (
%

 c
o

n
tr

o
l)

**



 62 

Following their validation, both methods of choline depletion were used to measure 

the effects of choline depletion on cytokine secretion. For the antibody occlusion experiment, 

only the C-terminal CTL1 antibody was used due N-terminal antibody occlusion significantly 

reducing total protein, therefore possibly effecting cell viability. Choline deficiency increased 

the secretion of TNF- across all choline depleted treatments relative to control LPS treated 

cells (Figure 13A). DMAE and HC-3 both showed considerable increases in TNF- secretion, 

while C-terminal antibody treatment showed a modest increase relative to wild-type. IL-10 

secretion was also altered following choline depletion (Figure 13B). HC-3 and C-terminal 

antibody treatment reduced IL-10 secretion; while DMAE induced choline deficiency 

increased cytokine secretion. IL-6 secretion was not significantly different from LPS treated 

control cells in response to choline depletion via the choline uptake inhibitors DMAE and HC-

3 (Figure 13C). However, CTL1 occlusion using the C-terminal antibody showed a significant 

decrease in IL-6 secretion.  IL-1 secretion was also measured; however no response to LPS 

was observed (data not shown). These results indicate that choline depletion alters cytokine 

secretion and differentially alters pro-inflammatory and anti-inflammatory cytokines.  
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Figure 13. Effect of choline depletion on cytokine secretion.  

BMDM were choline depleted for 48 hours  by either treating with choline uptake inhibitors (HC-3 – 

250 μM, DMAE - 500 μM) or by incubating with a C-terminal CTL1 antibody (refer to Methods for 

specific antibody information). Following choline depletion cells were treated with 100 ng/mL LPS for 

6 hours. Concentrations of TNF α (A), IL-10 (B), and IL-6 (C) in the media were measured using R&D 

systems Duoset ELISA kits. Statistical analysis was performed using Dunnet’s multiple comparison’s 

test on a one way ANOVA (n= 3-11; ** p<0.01). 
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7.0 DISCUSSION 

 

As an innate immune cell that acts as one of the first lines of defense against pathogenic 

infection, macrophages play a pivotal role in regulating host cell immunity. With recent 

evidence implicating the metabolic status of cells as key mediators in the regulation of the 

inflammatory response, this study looked to investigate the link between choline metabolism 

and inflammation (Galvan-Pena and O'Neill, 2014; Peyssonnaux et al., 2005; Tian et al., 2008) 

.  

During my initial attempts to determine the relationship between choline metabolism 

and inflammation, I examined choline uptake in RAW 264.7 macrophages (Supplementary 

Figure 6). As an immortalized cell line, RAW 264.7 macrophages provided the ability to 

conduct higher throughput experiments and the potential for genetic manipulation, making 

them advantageous over primary cells. However, their rapid proliferation made it difficult to 

standardize biological replicates and potentially masked effects of polarization on choline 

metabolism due to a naturally high requirement for PC. Also, the development of the CTL1-/-

mouse provides a better model for the study of CTL1 knockout, eliminating the benefits of the 

genetic manipulation of RAW 264.7. For these reasons, the cell line for my research from 

RAW 264.7 cells to primary BMDMs.  

7.1 Macrophage polarization increases choline uptake and metabolism 

 

Although it had been established that acute LPS induction increases the incorporation 

of choline into PC, the influence IL-4 on choline incorporation and the effect of polarization 

on choline uptake was unknown. In this study, IL-4 stimulation caused an increase in choline 

incorporation into PC, while LPS exhibited similar effects on choline incorporation as 
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described previously (Fig 8). The observed increase in the rate of choline uptake when 

macrophages are both classically and alternatively polarized suggests that the increase in 

incorporation into PC is facilitated by an increase in choline uptake (Figure 5). No change in 

HC-3 sensitivity suggests that the type of transporter responsible for choline transport remains 

unchanged following macrophage polarization (Figure 7).  

The observed change in choline metabolism appears to be driven by changes in 

transport kinetics which is supported by the Michaelis-Menten curves (Figure 6). Both LPS 

and IL-4 increase the apparent Vmax of choline transport, however each has a different impact 

on the apparent Km, with LPS decreasing the apparent Km and IL-4’s Km remaining unchanged. 

The difference in Km values measured may be due to the fit of the IL-4 Michaelis-Menten 

curve. Due to the high standard error and the limited amount of points on the curve, the Km 

value is volatile. Repetition of the IL-4 induced choline kinetic experiments will help reduce 

the standard error and provide a better fit to determine whether the observed difference 

between LPS and IL-4 stimulated conditions were real or erroneous. Despite the different Km 

values under LPS and IL-4 stimulated conditions, both macrophage polarization states show 

an increased capacity to take up choline. One possible explanation for could be an increase in 

the biosynthetic flux through the Kennedy pathway. Although there is limited data surrounding 

IL-4’s effect on the enzymes of the CDP-choline pathway, previous findings have shown LPS 

increased the expression of both CCT and CPT, the final two enzymes in the Kennedy 

pathway. In B cells, LPS increased the transcription of CPT and decreased CCT degradation 

in response to LPS (Fagone et al., 2007). Another study performed in macrophages revealed 

increased expression of both CPT and CCT under LPS stimulated conditions (Tian et al., 

2008). The findings in these studies prove that Kennedy pathway enzymes respond to 
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inflammation, providing a possible mechanism for the observed increase in choline 

metabolism.  

7.2 Increased CTL1 expression may facilitate increased choline metabolism following  

macrophage polarization 

Although Kennedy pathway enzymes are increased in response to LPS, which could 

explain the increase in uptake observed in the rate and kinetic analyses, previous research has 

shown that CCT-/- mouse are still able to increase choline metabolism when challenged with 

LPS. This may suggest that multiple mechanisms facilitate increased choline uptake in 

polarized macrophages. Another possible mechanism inflammation could mediate increased 

choline metabolism is by increasing the expression of choline transporter. Since choline-like 

transporters mediate the majority of choline transport in BMDM, I next investigated whether 

CTL1 and CTL2 expression change in response to inflammation. Following macrophage 

polarization, LPS increased mRNA and protein expression of CTL1, while IL-4 increased the 

amount of CTL1 protein.  This suggests LPS induces increased CTL1 through transcriptional 

activation whereas IL-4 increases CTL1 levels post-transcriptionally. In the initial 

characterization of the CTL1 promoter, it was discovered that CTL1 contained a binding site 

for NFB, which was validated by gel mobility shift assays (Yuan et al., 2006). This binding 

sight may provide a mechanism for increased CTL1 expression in response to LPS induction. 

Although an increase in total CTL1 protein provides a logical explanation for the observed 

increase in choline uptake, flow cytometry experiments be needed to demonstrate that 

increases in CTL1 protein induced by LPS and IL-4 alters the surface expression of CTL1.  

These results are at odds with the disappearance of CTL1 from the cell surface of THP-

1 monocytes-derived macrophages (Fullerton et al., 2006). However, THP-1 macrophages are 
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induced with phorbol ester treatment, which could interfere with normal cellular expression. 

Also, the comparison of human and mouse cells adds a level of complexity that warrants 

further consideration. In addition, the CTL1-/- mouse provides an additional means to test 

CTL1’s role in facilitating an inflammatory mediated increase in choline metabolism. 

Observing no increase in choline uptake in response to macrophage polarization in CTL1-/- 

BMDM could provide conclusive evidence that CTL1 causes this inflammatory mediated 

response.  

7.3 Increased choline uptake may accommodate increased protein trafficking 

Increased choline uptake and metabolism independent of the nature of inflammatory 

stimulus may suggest that PC is necessary to accommodate an increased burden of secreting 

and trafficking inflammatory proteins. Cytokines are trafficked from the endoplasmic 

reticulum through the trans Golgi network (TGN) in response to LPS much in the same way 

proteins are trafficked intracellularly (Manderson et al., 2007; Murray and Stow, 2014). 

Several studies have associated a reduction of PC levels with ER and Golgi dysfunction. The 

Chinese hamster ovary cell line MT58 provides an excellent model to study PC depletion due 

to a thermosensitive mutation in their CCT gene. At the restrictive temperature which induces 

CCT inactivity and PC depletion, an increase in CCAAT/enhancer-binding protein 

homologous protein (CHOP) is observed (van der Sanden et al., 2003). CHOP is a transcription 

factor that is activated by the unfolded protein response triggered by ER stress and can lead to 

apoptotic cell death (Marciniak et al., 2004; Nishitoh, 2012). Apoptosis in MT58 cells is 

rescued by lyso-PC treatment, suggesting PC may be the trigger to ER stress induced apoptosis 

(van der Sanden et al., 2003). In a separate study involving the same thermosensitive cell line, 

ER and Golgi structure and function was examined under thermorestrictive conditions. PC 
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depletion led to structural abnormalities in the ER, with the appearance of spherical like ER 

structures rather than its normal tubular like structure (Testerink et al., 2009). Normal ER 

structure was observed upon PC rescue with lyso-PC treatment (Testerink et al., 2009). No 

structural abnormalities were observed in the Golgi; however PC depletion did cause a 

reduction of protein secretion through the Golgi body, which was also rescued with lyso-PC 

treatment (Testerink et al., 2009). These studies support that PC may play a role in ER and 

Golgi dysfunction and reduction of PC could alter protein trafficking though the TGN, thus 

also affecting cytokine release.  Similar defects in protein trafficking are observed in cytokine 

secretion in macrophages lacking CCT. Inhibition of de novo PC synthesis reduced the 

secretion of TNF and IL-6 into the media. Fluorescently tagged proteins revealed that both 

TNF and IL-6 aggregated intracellularly in CCT deficient cells following LPS stimulation 

while wild-type cells showed efficient release of both cytokines. Lyso-PC treatment restored 

normal TNF secretion (Tsao et al., 2014).  

7.4 Choline deficient conditions promote pro-inflammatory state 

Both the CCT knockout experiments and the MT58 thermosensitive CCT 

experiments suggest that increased choline uptake could help provide additional PC which 

supports normal protein trafficking that is important to the inflammatory response in both 

classically and alternatively activated macrophages. This theory is supported by the choline 

depleted cytokine secretion experiments above, which reveal altered cytokine secretion under 

choline deficient conditions (Figure 13). Each treatment to induce choline deficiency had 

differing effects on cytokine secretion. HC-3, which is a competitive inhibitor of choline 

transport, increased TNF- secretion, decreased IL-10 secretion, but did not change IL-6 

secretion. HC-3’s ability to augment the secretion of TNF- suggests that inducing choline 
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deficiency by inhibiting choline uptake with HC-3 is not sufficient to significantly inhibit 

protein trafficking and is counter to previous results from CCT null macrophages (Tian et 

al., 2008). This is further supported by the CTL1 antibody and DMAE data, which both show 

increased TNF- secretion relative to untreated cells (Figure 13A). Intact protein trafficking 

may be in place due to compensatory effects of other PC metabolic pathways. During choline 

deficiency induced by CCT inactivity, exogenous lysophosphatidylcholine is capable of 

rescuing cells, indicating the Lands pathway may be able to provide sufficient levels of PC 

(Esko et al., 1982). Further increased fatty acid remodeling is observed during CCT deficiency, 

which could be indicative of increased Lands cycle activity (Caviglia et al., 2004). 

Experiments specifically examining total PC content will complement the chronic 

radiolabeling experiments used here to assess PC levels. 

 In both the HC-3 and CTL1 occluded treatments, macrophages showed increased 

secretion of TNF- and decreased secretion of IL-10. DMAE showed an increase in TNF- 

as observed with the other treatments, but also showed an increase in IL-10 secretion. The 

results in the DMAE trials were quite divergent between biological replicates and require 

further repetition before significant conclusions can be made on the data. As a means to rescue 

the competitive inhibition of HC-3, experiments could use an excess of choline in the presence 

of the inhibitor. In this case choline supplementation may attenuate the increase in TNF, 

assuming that the excess of choline in isolation did not have adverse effects.  

 The increased TNF- and decreased IL-10 secretion may be indicative of a shift in 

polarization state of the cells towards a more pro-inflammatory phenotype. In a whole body 

context, such a shift could have a negative effect on immunometabolic outcomes. Pro-

inflammatory signaling can increase macrophage localization to adipose tissue and increase 
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adipose tissue inflammation (Gao et al., 2002; Hotamisligil et al., 1993; Weisberg et al., 2003). 

Pro-inflammatory signaling can also directly impact insulin signaling, with NF-B activation 

leading to the phosphorylation and inactivation of insulin receptor substrates (Gao et al., 2002; 

Ueki et al., 2004). The inflammatory profile observed the choline deficient model generated 

through HC-3 and CTL1 occlusion has the potential to initiate a similar metabolic response, 

which leaves the possibility that choline availability alter the progression of metabolic disease.  

7.5 Possible mechanisms of altered cytokine secretion under choline deficient conditions 

Certain disturbances to lipid metabolism that may occur under choline deficient 

conditions could explain the alteration to the macrophage inflammatory profile in response to 

LPS. Sphingomyelin, a sphingolipid embedded in the plasma membrane, can be broken down 

into ceramide and phosphocholine by phospholipase C. Choline deficiency has been shown to 

decrease sphingomyelin and increase ceramide levels intracellularly (Yen et al., 1999). Under 

normal cellular conditions, this lipid signaling pathway helps initiate apoptosis through NF-

B activation, which could initiate a pro-inflammatory response (Schutze et al., 1992). 

Another possible mechanism for altered inflammatory signaling mediated by choline 

deficiency could be increased concentrations of DAG. Under choline deficient conditions, 

inadequate CDP-choline concentrations leads to an accumulation of diacylglycerol (Yen et al., 

1999). DAG is a potent activator of protein kinase C (PKC), which increases signal 

transduction through the NF-B pathway (Asehnoune et al., 2005; Zhou et al., 2006). In 

addition, treatment of macrophages with a PKC inhibitor reduces LPS-induced inflammatory 

signaling (Asehnoune et al., 2005; Zhou et al., 2006). An accumulation of DAG under choline 

deficient conditions could potentially lead to PKC activation and increased signal transduction 

through the TLR4 pathway, causing an increase in pro-inflammatory signaling. Future work 
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should aim to specifically measure lipid species (sphingomyelin, ceramide, and DAG) to 

determine the potential influence of these pathways.  

Although increased NF-B activation by ceramide signaling or PKC activation could 

be the underlying mechanism causing altered cytokine secretion under choline deficient 

conditions, it cannot exclusively account for the differential secretion of TNF- and IL-10. 

Also, IL-6 secretion was significantly inhibited in CTL1 antibody treated samples but not in 

HC-3 or DMAE treated samples. IL-1 secretion was also investigated, but no inflammatory 

response was observed. Further experiments examining cytokine expression at the RNA and 

protein level as well as examining a wider panel of cytokines could help elucidate the 

importance of choline availability in cytokine secretion.   

7.6 CTL1-/- mouse as a model of choline deficiency 

Although pharmacological inhibition and antibody occlusion provide models of 

choline deficiency, they have the possibility of producing off-target effects and are likely 

limited to in vitro studies. The CTL1-/- mouse will provide a necessary tool for studying the 

immunometabolic implications of choline deficiency in macrophages. Although the functional 

studies will need to need to be substantiated and replicated, it appears that CTL1-/- 

macrophages have substantially reduced choline uptake and incorporation into lipids (Figure 

11). This goes a long way towards clarifying the role of CTL1. Subsequent studies in BMDM 

will need to establish how other metabolic pathways that could compensate for reduced choline 

metabolism are influenced by CTL1 knockout, and how CTL1 knockout influences total PC 

levels. Once established as a model for choline deficiency, CTL1-/- BMDM will provide the 

optimal in vitro model for determining the influence of choline deficiency on cytokine 
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production. Future studies should aim to address the potential consequence of disrupting 

macrophage choline uptake and subsequent choline metabolism with this model during obesity 

To date, there is limited knowledge on how choline transport can influence lipid 

metabolism in vivo due to the lack of an appropriate model for its study.  Currently, the most 

thoroughly studied model of impaired choline metabolism in vivo is the PEMT-/- mouse. 

Although PEMT only contributes to approximately 30% of hepatic PC, PEMT-/- mice show 

hepatic steatosis, increased accumulation of hepatic triglycerides, and decreased very-low 

density lipoprotein secretion in the liver (Zhao et al., 2009; Zhu et al., 2003). Although PEMT-

/- mice have contributed to the significantly to the study of choline metabolism, studies are 

limited to liver and adipose tissue due to PEMT’s cell specific expression. CTL1’s ubiquitous 

expression allows for the study of choline deficiency using CTL1-/-mice in whole-body 

context.  On top of investigating whether the CTL1-/- mice recapitulate the phenotype observed 

in PEMT-/- mice, it will be interesting to see how CTL1-/- mice respond to metabolic stress. My 

research has shown that CTL1 promotes a more pro-inflammatory response in response to an 

acute dose of LPS (Figure 13). This raises the question whether CTL1-/- mice exhibit a greater 

degree of pro-inflammatory signaling under obsess conditions.  Challenging CTL1-/- mice with 

a high-fat diet could provide valuable insights into whether CTL1 plays an important role in 

regulating the immunometabolic response.  Another future direction to take the CTL1-/- mice 

is the study of choline metabolism in an atherogenic context. It is well established that choline 

deficiency protects against atherosclerosis development by decreasing hepatic VLDL secretion 

(Zeisel et al., 1991; Zhao et al., 2009). Of particular interest in the CTL1-/- mice is whether 

cholesterol efflux is maintained in foam cells in atherosclerotic lesions. Once it is fully 

validated as a model for choline deficiency, the CTL-/- presents many future avenues of 

research.  
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8.0 CONCLUDING REMARKS 

 

In conclusion, this research has shed light on the reciprocal link between choline 

metabolism and inflammation. Macrophage polarization increased choline metabolism in 

macrophages, which may provide PC necessary for the packaging and secretion of cytokines. 

This process may be mediated by CTL1, with its expression increasing following macrophage 

polarization. Conversely, choline deficiency altered acute cytokine secretion in response to 

endotoxin treatment. Although the results were variable depending on the inhibitor treatment, 

choline deficiency generally skewed macrophages towards a more pro-inflammatory 

phenotype that is associated with poorer metabolic outcomes. This study validates the 

importance of the interplay that exists between inflammation and metabolism and provides a 

viable model in the CTL1-/- mouse to investigate choline deficiency in an in vivo system. 
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11.0 APPENDIX 

 
Supplementary Figure 1. Acetylcholine synthesis in cholinergic neurons 

ChAT – choline acetyltransferase 
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Supplementary Figure 2. Mitochondrial betaine synthesis in the liver and kidney. 
 
BHMT – betaine-homocysteine-S-methyltransferase; SAM – S-adenosylmethionine; SAH – S-

adenosylhomocysteine; DMG - dimethylglycine 
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Supplementary Figure 3. Classical activation through TLR4 
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Supplementary Figure 4. Alternative activation through the JAK/STAT pathway. 
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Supplementary Figure 5. Primers for CTL1-/- genotyping 

 

When PCR is run with primers 10 and 12, the size of the band indicates the presence of a 

floxed or wild-type CTL1 allele. Polymerization with primers 11 and 17 indicates exon 3 of 

CTL1 has been knocked out. 
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Supplementary Figure 6. Effect of classical activation on choline uptake in RAW 264.7 

macrophages.   

 

Rate of choline uptake (A), kinetics of choline uptake (B), and HC-3 IC50 (C) experiments 

were conducted in the same manner as the BMDM experiments, which are described in detail 

in the methods.  
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Supplementary Table 1. List RT-PCR primers 

Gene TaqMan Primer  

TNF α Mm00443258_m1 

TGF β Mm01178820_m1 

iNOS Mm00440502_m1 

Arginase Mm00475988_m1 

IL-6 Mm00446190_m1 

IL-1β Mm00434228_m1 

β- actin Mm00607939_s1 

CD 206 Mm00485148_m1 

TATA binding protein  Mm00446973_m1 

CTL1 Mm01350815_m1 

CTL2 Mm00507664_m1 

CTL3 Mm000520420_m1 

CTL4 Mm00469893_m1 

CTL5 Mm01317372_m1 

OCT1 Mm00456303_m1 

OCT2 Mm00457295_m1 

OCT 3 Mm00488294_m1 

OCT 4 Mm00436615_m1 

CHT 1 Mm00452075_m1 

 


