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Abstract 

 

The essential nutrient choline is known to serve as a precursor for phospholipids and the 

neurotransmitter acetylcholine, and to feed into methylation pathways. The role and fate of choline 

in immune cells, however, is not yet fully elucidated. To act as a methyl group donor, choline must 

first undergo oxidation in mitochondria, a process which has long been thought to occur 

exclusively in the liver and kidney. The recent identification of choline transporters on the 

mitochondrial membrane has highlighted the possibility of mitochondrial choline oxidation in 

other cell types. Here, I show that choline transporters are present on the mitochondrial membrane 

of primary and immortalized mouse macrophages. The interaction of CTL2 with mitochondria is 

further augmented following pro-inflammatory polarization with the bacterial endotoxin 

lipopolysaccharide. I show that mitochondrial choline uptake occurs in macrophages using 

radiolabelled choline assays; however, it remains unclear whether this process is conducted 

through the identified transporters. Preliminary data suggest that mitochondrial choline oxidation 

to betaine was increased in LPS-stimulated macrophages, revealing a potential additional input 

into one-carbon metabolism in polarized macrophages. This project broadens the existing 

paradigm that choline oxidation occurs strictly in hepatic and renal tissue and suggests that choline 

oxidation may be a regulated process in macrophage polarization.  
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Introduction 

 

1.1 The Importance of Choline  

Choline is a quaternary amine and vitamin-like nutrient that has three main fates in 

eukaryotic cells (Figure 1). As a source of methyl groups, choline plays an important role in one-

carbon metabolism, as well as a critical component of membrane phospholipids and the 

neurotransmitter acetylcholine (Jacob et al., 1999; Tucek, 1985; Zeisel, 2012). Choline is a dietary 

requirement for mammals and can be found in foods such as soybeans, eggs, and liver (Sanders & 

Zeisel, 2007; Zeisel et al., 2003).   
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Figure 1: Structure of choline and betaine.  
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One of the first observations as to the importance of choline was made by Charles Best in 

the 1930s, who found that feeding dogs a raw pancreas, rich in choline, was able to correct a fatty 

liver (Best & Huntsman, 1935). Mice that have choline removed from their diet showed an 

increased risk of developing metabolic-associated fatty liver disease (MAFLD, formerly termed 

non-alcoholic fatty liver disease) (Corbin & Zeisel, 2012). Choline’s incorporation into membrane 

phospholipid phosphatidylcholine (PC), aids in the transport of lipids out of the liver. PC is an 

important component of very low-density lipoproteins (VLDL) and fat transport (Ghoshal et al., 

1983). When choline availability is limited, this creates a decrease in VLDL resulting in the 

decreased transport of triglycerides from the liver, which causes steatosis (Ghoshal et al., 1983). 

Since these initial investigations were made, several studies went on to uncover the biological 

consequences of disrupting choline in diet (Hartroft et al., 1952; Salmon & Copeland, 1954).  

Further animal models showed that perosis (leg deformities) of chickens is prevented when choline 

is supplemented (Jukes, 1940). In rats, choline deficiency increased the risk of pathogenesis in 

blood vessels (Hartroft et al., 1952). In humans, there is an important role in development, where 

placental transfer of choline enriches neonatal blood with choline compared to adults (Zeisel et al., 

1980). The human neonate demand of choline is further highlighted in how rich breast milk is in 

choline content. In light of this fact, most commercial infant formulas now include the required 

choline content (Zeisel, 2012). The research done over the past century displays the importance of 

the essential nutrient choline in a mammalian diet.  

1.2 The Role of Choline as a Precursor for Phospholipids 

Phospholipids are comprised of a polar head group and two fatty acid side chains esterified 

to a glycerol backbone (McMurray & Magee, 1972). The head region consists of a phosphate 

group that is conjugated to choline, ethanolamine, or serine to make PC, phosphatidylethanolamine 
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(PE) and phosphatidylserine (PS), respectively (Wirtz, 1997). PC is formed de novo or from 

recycling/modification of other phospholipids (Gibellini & Smith, 2010).  

Eugene Kennedy in 1956, described a pathway for the synthesis of choline and 

ethanolamine-containing phospholipids (Kennedy & Weiss, 1956). The Kennedy pathway 

describes two analogous branches of PC and PE synthesis (Gibellini & Smith, 2010), which 

produce cytidine 5'-diphosphocholine (CDP) -choline and CDP-ethanolamine, respectively. The 

two branches share transferase enzyme phosphatidylethanolamine N-methyltransferase (PEMT), 

which through the addition of three methyl groups converts PE to PC. This conversion of PE to 

PC occurs primarily in the liver (Gibellini & Smith, 2010). Once choline has entered the cell, 

choline kinase transfers a phosphate group from adenosine triphosphate, producing 

phosphocholine and adenosine diphosphate (Fagone & Jackowski, 2013). Next CTP 

phosphocholine cytidylyltransferase (CCT) adds CTP to produce CDP-choline and an inorganic 

phosphate (Kent, 1997). In the final step, choline ethanolamine phosphotransferase (CEPT) 

catalyzes the addition of diacylglycerol (DAG) (Figure 2).  

S-Adenosyl methionine (SAM) is a universal methyl donor. In the case of choline oxidation 

to betaine, which is known to occur in mitochondria of hepatic and renal cells (Grossman & Hebert, 

1989; Haubrich & Gerber, 1981), SAM allows for homocysteine demethylation to methionine 

where PEMT requires three methyl groups to PE to form PC (Kaplan et al., 1993). Pemt–/–  mice 

have a normal phenotype compared to controls (Stead et al., 2006; Zhu et al., 2003). However, 

when choline is removed from the diet, these mice develop NAFLD (Waite et al., 2002) (Vance & 

Vance, 2009). Therefore, PEMT helps maintain choline pools by de novo synthesis during choline 

depletion.  
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Figure 2: Fate of Choline in a Cell. The summarized outcomes of choline in a representative cell. 

(1) Betaine in the methylation pathway. (2) Phosphatidylcholine where CDP-Choline and CDP-

Ethanolamine illustrate the two branches of the Kennedy Pathway. (3) Acetylcholine. CK-choline 

kinase. DAG-diacylglycerol. PC-phosphatidylcholine. Pcyt1- Choline-phosphate 

cytidylyltransferase N-methyltransferase. PE-phosphatidylethanolamine. PEMT-

phosphatidylethanolamine.  SAM-S-adenosyl methionine.  
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1.3 The Role of Choline in Methylation 

Betaine (Figure 1) is produced during mitochondrial oxidation of choline to fuel methylation, 

one carbon methylation (Figure 3) (Kaplan et al., 1993). Choline oxidation primarily takes place 

in liver and kidney, within the mitochondrial matrix. Choline dehydrogenase (CHDH) resides in 

the mitochondrial inner membrane where it catalyzes the dehydrogenation of choline to betaine 

aldehyde (Lin & Wu, 1986). Betaine aldehyde dehydrogenase (BADH) then converts betaine 

aldehyde to betaine, which exits mitochondria to the cytosol (Brocker et al., 2010; Pietruszko & 

Chern, 2001). Betaine donates its methyl groups to homocysteine via betaine-homocysteine S-

methyltransferase (BHMT) to produce methionine, following which, can be demethylated by SAM 

(Kaplan et al., 1993). Despite choline flux being characterized in liver and kidney mitochondria, 

its transport in other tissues remains a knowledge gap. 
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Figure 3: One Carbon Metabolism. Choline is converted to betaine aldehyde by 

dehydrogenation via choline dehydrogenase (CHDH). Betaine aldehyde dehydrogenase (BADH) 

then converts betaine aldehyde to betaine, which exits mitochondria to the cytosol. Betaine donates 

methyl groups to homocysteine to produce methionine, which can be demethylated by SAM. S-

Adenosylhomocysteine (SAH).  
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Betaine is a zwitterionic amino acid derivative produced from choline or consumed in 

foods such as whole wheat, shellfish and spinach (Ueland et al., 2005). Betaine primarily acts as 

an osmolyte and methyl group donator (Arumugam et al., 2021; Obeid, 2013). In the context of 

methyl group pools, the relationship between choline, betaine, and folate have been well 

documented (Niculescu & Zeisel, 2002). Betaine’s methyl group can originate from choline or 

from the B vitamin folate, and be used to convert homocysteine to methionine (Ueland et al., 

2005). Folate is a necessary nutrient in mammals, which is required in increased levels during 

gestation (Willoughby & Jewell, 1966).  

Methyl groups are necessary to prevent neural tube defects, but in more general, DNA 

methylation and protein synthesis, which explains the increased demand in pregnancy (Obeid, 

2013; Solé-Navais et al., 2016). Betaine’s osmoprotectant properties confer protection against 

cellular stress, translating to beneficial health outcomes and therapeutic potential in obesity, 

diabetes, and cancer (Zhao et al., 2018). Mice fed a methionine- and choline-deficient die resulting 

in MAFLD, supplementing with betaine reduces disease progression and is accompanied by a 

reduction in oxidative stress and inflammation markers (Veskovic et al., 2019). Furthermore, mice 

deprived of methyl donors (including choline) that develop MAFLD or non-alcoholic 

steatohepatitis (NASH), can be rescued with betaine supplementation, highlighting their 

hepatoprotective role (Veskovic et al., 2019). 

1.4 Choline Transporters 

Since choline is cationic, it must be shuttled into the cell by a transporter. Three classes of 

transporters facilitate this process. The first class of transporter is the high affinity sodium- 

dependent choline transporter (CHT), found on cholinergic neurons (Lockman & Allen, 2002). 
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CHT moves choline into the cell by ATP-dependent active transport. The second class of 

transporter is the organic cation transporters (OCT), which are low affinity, ATP- and sodium-

independent transporters (Michel et al., 2006). The third group and the focus of this research, is 

the choline-transporter-like (CTL) family proteins that have intermediate affinity for choline 

(Traiffort et al., 2013). This specific family of transporter solute carriers (SLCs), are encoded by 

SLC44A1-5 transporter genes for the proteins CTL1-5 (Michel & Bakovic, 2009). The CTL1 

protein is the product of gene Slc44a1. The CTL1 protein was first observed when a yeast triple 

mutant strain, deficient in the transporter, increased choline transport when transformed with a 

CTL1 containing plasmid. The addition of exogenous CTL1 protein restored choline transport 

(O’Regan et al., 2000; Traiffort et al., 2013). The CTL1 protein structure is a nine transmembrane 

domain protein, containing an N-terminal intracellular domain and a C-terminal extracellular 

domain (Michel & Bakovic, 2009). 

Considerable insight into the role of CTL2 has come from hearing loss and thrombosis 

research. CTL2 (gene Slc44a2) was identified as a 10-1l transmembrane domain protein in 

humans, and was found to play a pivotal role in antibody-induced hearing loss in guinea pigs 

(Kommareddi et al., 2007; Nair et al., 2004). CTL2 antibodies have also been linked to 

autoimmune hearing loss in humans (Beyer et al., 2011). There are 2 isoforms of CTL2 present in 

seven different tissues types, each with a unique glycosylation pattern and expression, suggesting  

the potential for varying roles in different tissues (Kommareddi et al., 2010). Antibody-induced 

hearing loss has been reproduced in vivo through antigen binding of the cochlea (Nair et al., 2004). 

In addition to roles in hearing, the presence of a specific epitope on CTL2 was protective against 

venous thrombosis. Additional work into thrombotic disease showed that compared to wild-type, 

Slc44a2–/– mice had longer bleed times and delayed thrombosis (Bennett et al., 2020), as well as 
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disrupted neutrophil function (Zirka et al., 2021). To determine why, Slc44a2–/– platelets were 

isolated and revealed to have dysfunctional mitochondria as noted by low oxygen consumption 

rates. This dysfunction resulted in lower ADP production, which is necessary for platelet 

activation. They evaluated if ROS production was altered, as activated platelets require ROS 

production. It was confirmed that indeed ROS production was affected in Slc44a–/– platelets 

compared to wild-type controls. The level of ROS produced by Slc44a–/– platelets matched that of 

basal cells (Bennett et al., 2020). These experiments showed that when mitochondrial choline 

demands were not met in Slc44a–/– mice, platelets stimulated with thrombin had defective 

activation (Bennett et al., 2020) 

1.5 Choline and Betaine metabolism of Macrophages 

Macrophages are a phagocytic member of the innate immune system. Macrophages survey 

tissue to remove, by phagocytosis, harmful foreign bodies and damaged cells in an organism and 

combat threats through the production of cytokines (Goerdt et al., 1999; Mosser & Edwards, 2008). 

Macrophages are also responsible for the clearance of infection, tissue repair, and homeostasis. 

The various roles of macrophages exist on a continuum, working in tandem with other cells, 

depending on the need of the host. Following monocyte recruitment and differentiation, 

macrophages recognize key structures of pathogens called pathogen-associated molecular patterns 

(PAMPs) and molecules with damage-associated molecular patterns (DAMPs) (Bianchi, 2007). 

Under classical activation, the well-known PAMP, LPS, stimulates surface Toll-like receptor 4 

(TLR4), which trigger a pro-inflammatory response (Martinez, 2011), such as cytokine production, 

immune cell recruitment, and immune cell activation. Lipopolysaccharide (LPS), tumor necrosis 

factor alpha (TNFα) and or interferon gamma (IFNγ), binding to their respective receptors, induces 

the production and secretion of pro-inflammatory cytokines interleukin (IL)-1β, IL-6 and TNFα in 
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macrophages (Martinez, 2011). M(LPS)s rely on glycolysis to increase ATP production, required 

for rapid production of reactive oxygen species (ROS) and nitrous oxide (NO) to combat 

pathogens. In contrast to pro-inflammatory macrophages, alternative interleukin-4 (IL-4) activated 

macrophages M(IL-4) can differentiate further depending on various humoral responses, needs, 

and tissue repair requirements (Goerdt et al., 1999). Overall, these cells activate under 

immunosuppressive conditions such as those conferred by IL-4, IL-13, IL-10, and transforming 

growth factor beta (TGF β) (Goerdt et al., 1999). M(IL-4) macrophages require the need for new 

metabolites and therefore favour beta oxidation and oxidative metabolism (Ley et al., 2007). 

Considering the prevalence of metabolic and inflammatory disease in Westernized societies, 

discovering new approaches to modulating inflammation has never been more crucial.   

In recent years, choline metabolism has been linked to specific immune cell types. Previous 

work has shown CTL1 to be the main choline transporter in macrophages on the cell membrane, 

and protein expression of CTL1 increases with LPS treatment (Sanchez-Lopez et al., 2019; Snider 

et al., 2018). Transport was increased under LPS stimulation in macrophages via an increase in the 

number of transporters (Meng & Lowell, 1997; Snider et al., 2018). LPS also resulted in increased 

PC production and an altered cytokine profile. When choline uptake was inhibited with 

hemicholinium (HC-3, competitive inhibitor of choline transport) or a CTL1 antibody, 

macrophages adopted an increased proinflammatory phenotype compared to controls in the 

presence of LPS (Snider et al., 2018). Complementary to this, another group showed a reduction 

in IL-1β in macrophages when CTL1 expression was inhibited (Sanchez-Lopez et al., 2019). 

Knockdown of CTL1 decreased choline uptake in macrophages along with mitochondrial ATP 

synthesis (Sanchez-Lopez et al., 2019).  
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When macrophages are stimulated with LPS, their activation drives a cascade of 

inflammatory changes, including cytokine production and an increase in cell volume. The 

osmolarity compensation required from the increase in volume is controlled in part through betaine 

(Warskulat et al., 1995; Zhang et al., 1996). Betaine was determined to be a key osmolyte in RAW 

264.7 macrophages (Warskulat et al., 1995) suggesting a requirement for betaine availability 

during activation. In rat livers, macrophage-like Kupffer cells (KCs) induce betaine uptake when 

exposed to hyperosmotic conditions (Zhang et al., 1996). The lack of choline oxidation enzymes 

in KCs suggests that choline oxidation to betaine may not occur in KC, suggesting a primarily 

osmotic role of betaine in these cells (Wettstein et al., 1998). 

1.6 Mitochondrial Dynamics 

Mitochondria are double-membraned organelles crucial for energy production of the cell. 

Their double membrane consists of an outer and an inner membrane, which are separated by the 

inner membrane space (Chinnery & Schon, 2003). Their structure allows for internal housing of 

protein complexes, which facilitate the production of ATP through oxidative phosphorylation but 

also other transporters elsewhere in the membrane (Chinnery & Schon, 2003). Key to choline 

metabolism, choline transporters sit on the outer membrane to allow choline to be shuttled from 

the cytosol into mitochondria (Pietruszko & Chern, 2001; Taylor et al., 2021).  In addition to 

energy production in macrophages, mitochondria are responsible for the production of ROS, nitric 

oxide, apoptotic signalling, lipid synthesis and one carbon metabolism (Schmidt et al., 2010; 

Ueland et al., 2005). The interplay between mitochondria production of ROS and NO to produce 

bactericidal species as an immune defense highlights a key relationship between macrophages 

activation and mitochondria. While betaine plays a known role in macrophage osmolarity, the role 
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of methyl group production in immune cells remains largely unknown. The role betaine plays as 

an osmolyte in BMDMs activation during cellular stress requires further research. 

Mitochondria structures are dynamic given the varying needs of the cell and to maintain 

mitochondrial health. As mitochondria house their own genome (mtDNA), mitochondrial fission 

and fusion maintain the health of mitochondria and the cell through metabolite sharing and mixing 

of mtDNA (Taanman, 1999). While mtDNA houses the genes that produce the machinery required 

for oxidative phosphorylation, a large portion of mitochondrial genes are located in the cell nucleus 

(Chinnery & Schon, 2003). Proteins required for one carbon metabolism and choline transporters; 

therefore, must be trafficked through the endoplasmic reticulum or recruited from the cytosol.  

An established role of innate immune cell signalling and mitochondrial-associated 

endoplasmic reticulum membranes (MAM) is known, where MAMs act as scaffolds to launch 

immune responses to viral infection (Horner et al., 2011). Pro-inflammatory cytokines trigger 

innate immune responses by activating the NOD-, LRR- and pyrin domain-containing protein 3 

(NLRP3) inflammasome. Co-localization of proteins to the MAM surface activate the pro-

inflammatory signalling pathway by controlling the release of cytokines that follow (Zhou et al., 

2011).  

When macrophages are activated with LPS (during various times in activation), the process 

of fission occurs more frequently than in naïve cells, which can create distinct fragmented 

mitochondrial phenotypes (Zezina et al., 2018). In mammals, mitochondrial fission is mediated by 

Dynamin related protein 1 (Drp1) which constricts mitochondria, collapsing both the inner and 

outer membrane. Depending on the demand of the cell, mitochondria can readily undergo fission 

and fusion. Fusion occurs via mitofusion 1 and 2 (Mfn1 and Mfn2) to fuse the outer membranes, 
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while optic atrophy 1 (Opa1) mediates connection of the inner membranes (Hoppins et al., 2007). 

ROS production causes cellular oxidative damage, triggering mitochondrial fission and autophagy 

to recycle damaged mitochondria (Kapetanovic et al., 2020). Given the demands of a 

proinflammatory macrophage and production of ROS, mitochondrial fragmentation is cell-

protective.  

1.7 Mitochondrial Choline Transport in Non-Classical Tissues 

 

Mitochondrial CTL1 has been identified in muscle tissue and shown to be sensitive to HC-3 

(Michel & Bakovic, 2009). This was the first time, choline transport into mitochondria of non-

classical tissue was shown. Recently, CTL2 deficient platelets exhibited impaired mitochondrial 

respiration (Bennett et al., 2020). Increased oxygen consumption and ATP levels were showed 

again to be linked to choline metabolism, whereby removal of CTL2 demonstrated impaired, not 

only ATP production, but ROS mediated platelet activation (Bennett et al., 2020). Being able to 

better understand the importance of choline uptake and metabolism in activated immune cells 

would enhance the field of immunometabolism. 

2.0 Rationale 

Mitochondrial CTL1 was identified in muscle cells (C2C12 myoblasts) and shown to be 

sensitive to choline uptake inhibition via HC-3, indicating choline transporters may occur in more 

tissues than originally believed (Michel & Bakovic, 2009). Another group determined CTL2 to be 

responsible for mitochondrial choline uptake and gatekeeper of activation in platelets (Bennett et 

al., 2020). Building on previous work in macrophages by Sanchez-Lopez et al., 2019 and Snider 

et al., 2018, which created the foundation for this work determining that limiting choline transport 

to M(LPS) alters the immune profile. I aim to establish what biological purpose mitochondrial 



18 

 

choline transport has in macrophages, to examine choline transport and uptake in isolated 

mitochondria from BMDM of C57Bl/6J mice and RAW 264.7 cells. This approach provides a 

robust and readily assessable model to further understand how mitochondrial choline metabolism 

impacts macrophage biology.  

3.0 Hypothesis 

Mitochondrial choline transport occurs in macrophages under the control of CTL2 and 

increases with LPS activation.  

4.0 Objectives 

 

4.1 Objective 1 - Interrogate mitochondrial choline transporter localization in macrophages. 

 

To confirm the presence of CTL1 and/or CTL2 on the mitochondrial membrane, pure 

mitochondrial fractionations were isolated to detect these proteins by Western blotting (Figure 4). 

Both BMDMs and RAW 264.7s treated ± LPS were used to detect choline transporter localization. 

Additional cell types were used as controls and troubleshooting models.  

4.2 Objective 2 - Characterize mitochondrial choline uptake. 

 

To determine if and how active choline transport is affected by inhibition with the known 

choline uptake inhibitor HC-3 and if the presence of immune stimuli are important, I sought to 

track mitochondrial choline uptake in isolated mitochondria in naïve and M(LPS)s. Mitochondria 

were isolated in a crude fractionation, allowing for transport to be tracked using radiolabelled 3H-

choline (Figure 4).  

4.3 Objective 3 - Decipher the downstream role of mitochondrial choline metabolism. 
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BMDMs from C57BL/6J mice were isolated and used to determine how different 

conditions affected metabolites up and downstream of one carbon metabolism (Figure 4). Targeted 

metabolomics was conducted on cells treated with the following four conditions: naïve, choline 

deprived (via media lacking choline or choline transport inhibition), LPS treated, and IL-4 treated. 

The aim was to be able to determine if challenging choline uptake alters the total pool of cellular 

betaine and other key metabolites.  
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Figure 4: Project experimental methodology. Analysis follows five experimental outputs. Three 

are from whole cell: epifluorescence microscopy, choline incorporation, and metabolomics. Two 

methods utilize isolated mitochondria: immunoblotting and choline uptake.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



22 

 

5.0 Methods 

 

5.1 Cell Culture and Mice 

 

Using male WT C57BL/6 on regular chow diet aged 15-30 weeks, bone marrow was 

isolated and cultured to produce bone marrow-derived macrophages. Mice were anesthetised using 

0.1 ml isoflurane gas and euthanized with cervical dislocation. The tibia and femur were isolated 

from surrounding tissue, dislocated at the hip and separated. Bones were placed in PBS on ice. 

Bones were washed with 70% ethanol for 10 seconds and rinsed with PBS before cutting the distal 

ends of the bone to expose marrow. Bones were then placed distal end down in a 0.5-ml Eppendorf 

tube with a hole in the bottom punctured by an 18-gauge needle that was placed inside of a 1.5-ml 

Eppendorf tube. 100 μL of cell culture media (Dulbecco’s modified eagle medium (DMEM) 

[Multicell 1X MOD. #319-005-CL] with 10% FBS and 1% penicillin/streptomycin) was added to 

the tube. Tubes were spun at 1500 g for 5 min to pellet bone marrow. Pellet and supernatant were 

resuspended in cell culture media and pipetted over a 0.22 μm filter to remove contaminates. Cells 

were cultured in 20 mL of 20-25% L929 cell culture media on a 15-cm dish and allowed to 

differentiate and adhere for 6-7 days. On Day 3 post-isolation, cell culture dishes were topped up 

with 5ml of 20-25% L929 supplemented cell culture media. Dishes were incubated at 37°C and 

5% CO2. 

The bone marrow culture was supplemented with supernatant from L929 cells which 

produces growth factor, macrophage colony stimulating factor (M-CSF). Conditioned media was 

produced by culturing L929 cells in Dulbecco’s modified eagle medium for 10 days (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). Cells were 

spun out of culture at 3000 rpm and the resulting supernatant filtered (0.22 μm). Dishes were 
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washed once with room temperature PBS, then 10 mL of 4°C 10 mM EDTA in PBS was added to 

the dish and placed on a cold fridge shelf at 4°C for 8-10 min. Cells were lifted from the dish using 

a 10 ml pipette and repeating pipetting. Cells were added to a 15-ml Falcon tube and spun at 400 

g for 5 min to pellet cells. Cells were resuspended in cell culture media or washed once with 10ml 

of PBS to preform mitochondrial isolation assays.  

RAW 264.7 

Frozen stocks of RAW 264.7 (ATTC), a macrophage like mouse cell line, were stored in 

liquid nitrogen in 1 mL of 10% DMSO FBS were quick thawed by adding 1 mL of cell line media 

(DMEM with 10% FBS and 1% penicillin/streptomycin with 100ug/ml Normocin 37°C). Cells 

were resuspended in a total of 10 ml of cell culture media and spun at 400 g for 5 min to remove 

DMSO. The resulting cell pellet was resuspended in cell line media and placed in a 175 cm3 T-

flask until 75% confluent. Cells were checked every 24 h. If the culture exceeded 3 days, the 

culture was topped with 5 mL of cell culture media. Flasks and dishes were stored at 37°C and 5% 

CO2. Once 75% confluent, cells were split into 15-cm dishes for the remainder of the cell culture 

until 80% confluent. RAW 264.7s were lifted using a 25 cm scrapper. Dishes were washed with 

10 mL of room temperature PBS and scraped in 10 mL of PBS (for mitochondrial isolation) or cell 

line media for immunofluorescence (IF).  

C2C12 

Frozen stocks of C2C12s, an immortalized mouse myoblast cell line was stored in liquid 

nitrogen in 1 ml of 10% DMSO 50% FBS 50% supplemented DMEM were quick thawed by 

adding 1 ml of cell line media 2 (DMEM with 20% FBS and 1% penicillin/streptomycin with 

37°C). Cells were resuspended in a total of 10 ml of cell culture media and spun at 400 g for 5 min 
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to remove DMSO. The resulting cell pellet was resuspended in cell line media 2 and placed in a 

175 cm3 T-flask until 60-75% confluent. Cells were checked every 24 h. If the culture exceeded 3 

days, the culture was topped with 5 mL of cell culture media 2. Flasks and dishes ware stored at 

37°C and 5% CO2. Once 75% confluent, cells were split into 15-cm dishes for the remainder of 

the cell culture until 80%, at which point they were lifted for assays. C2C12s were lifted using 

trypsin (0.05%/EDTA 0.53 mM: Wisent 325-042-CL). Dishes were washed with 10 mL of room 

temperature PBS and lifted with 8-10 ml of trypsin. Flasks and dishes were incubated at 37°C for 

6 min and cells were lifted with repeat pipetting. Suspended cells were added to a 15-ml Falcon 

tube and spun at 400 g for 5 min for remove trypsin. Cells were resuspended in cell culture media 

for IF. 

Hepatocytes 

Hepatocytes were isolated from C57BL/6J mice. Mice were female, aged 24 weeks and 

fed a chow diet. Mice were anesthetized, the upper vena cava was clamped, the portal vein snipped, 

and the lower vena cave was clamped with a suture knot. Liver was perfused through the lower 

vena cava with 25 ml of EGTA at a flow rate of 7 ml/min. Following flushing, 25 ml of collagenase 

solution (Sigma; cat # C5138: 0.5 mg/mL Collagenase Type IV in HEPES buffer: 66.7 mM NaCl, 

6.7 mM KCl, 4.8 mM CaCl2
.2H2O and 0.1M HEPES) was perfused into the liver at a flow rate of 

6 ml/min. Liver was mechanically separated with scissors in a sterile Petri dish with 10 ml 

Williams’ Media E (Basal- no FBS, Antibiotics or L-Glut). Liver cells were released from capsule 

with fine forceps. Cells were transferred to a new 15-mL tube with a 100 μM cell strainer. Cells 

were split into 2 portions and spun at 400 g for 4-5 min. Supernatant was discarded and cells were 

resuspended in 10 ml of basal media, then spun at 400 g for 4-5 min. Final cell pellet material was 

resuspended in 10 ml of complete media (Williams’ media with 10% FBS and 1% 
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antibiotic/antimycotic mixture). Trypan blue exclusion method was performed to determine 

percent viability. Cells were plated at 55,000 cell per well on collagen (0.01% collagen in 0.2% 

acetic acid) pre-coated glass microscopy slides (ibidi: 81201). Cells were incubated for 3 h, washed 

with PBS to remove dead cells, and incubated overnight at 37°C and 5% CO2. This isolation was 

performed by Conor O’Dwyer. 

5.2 Mitochondrial Isolation 

Crude mitochondrial isolation 

 Cells were washed and pelleted in PBS and placed on ice for the remainder of the isolation. 

Cells were from culture unless otherwise specified where a freeze thaw cycle was performed prior 

to isolation. A minimum of 30x106 BMDMs or 20x107 RAW 264.7 cells were used per isolation. 

The cell pellet is resuspended in 1 mL of in house made Buffer A (Buffer B with 2 mg/mL BSA). 

The sample was then transferred to a glass-glass homogenizer (Kimble 15 ml tissue grinder: 

885300-0015) and the 4 mL Buffer A was added. A total of 15-20 strokes were performed with 

the loose pestle. A total of 60-75 (60 from frozen, 75 from fresh cell culture) strokes were 

performed with the tight pestle. Buffer B (220 mM mannitol, 70 mM sucrose, 20 mM HEPES (pH 

7.4), 1 mM EDTA, 1 Sigma protease cocktail inhibitor tablet [11083580001] per 250ml of buffer). 

This protocol was adapted from Yan Burelle’s group, University of Ottawa (Cuillerier et al., 2021). 

Crude mitochondria isolation version 2A 

Homogenate was transferred to a Nalgene (Thermo, Nalgene, Oak ridge centrifuge clear: 

3118-0050) centrifuge tube and resuspended in 30mL with Buffer A. Samples were spun twice at 

1000 g for 10 min at 4°C, discarding the pellet each time. The supernatant was transferred to a 

new Nalgene tube and spun at 10,000 g at 4°C for 10 min. The supernatant was discarded, and 
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pellet resuspended in 30 mL Buffer B. Samples were spun for 10 min, 10,000g at 4°C. The last 

two steps were repeated to wash the pellets. Final pellets were resuspended in 200 uL Buffer B. 

Crude mitochondria isolation version 2B  

All tubes were prewashed in Buffer B. Homogenate was transferred to 15-ml Falcon and 

topped to 15 ml of Buffer B. Samples were spun at 800 g for 5 min at 4°C. This step was performed 

twice more with the resulting supernatant to pellet out cell debris. The supernatant was transferred 

to a new Nalgene tube and spun at 10,000 g at 4°C for 10 min. The supernatant was discarded, and 

pellet resuspended in 30 mL Buffer B. Samples were spun for 10 min, 10,000g at 4°C. The last 

two steps were repeated to wash the pellets. Final pellets were resuspended in 200 uL Buffer B. 

Pure Percoll gradient  

 Ultracentrifuge tubes (Beckman Coulter #331372) were prepared by pouring 8 mL of 

Percoll solution into the tube (30% Percoll [sigma P4937], 225 mM mannitol, 25 mM HEPES [pH 

7.4], 1 mM EGTA). Crude mitochondria are layered on top of the Percoll solution, without mixing 

the two. 3 mL of mitochondrial reaction buffer (MRB:250 mM mannitol, 5 mM HEPES [pH 7.4], 

0.5 mM EGTA) was layered on top of crude mitochondria and volume completed to approximately 

3.5 ml of MRB after adjusting to precisely balance the tubes for centrifugation. The samples were 

spun at 95,000g (24,000 rpm) in a Beckman L-100XP ultracentrifuge with Beckman SW41Ti 

singing bucket rotor (09E100) for 30 min at 4°C, maximum acceleration. Top layers were removed 

with a P1000 pipette to remove contaminants. The mitochondria fraction corresponding to the thin 

line near the bottom of the tube was removed with a P200. Mitochondria were then transferred to 

a 1.5-mL Eppendorf tube and resuspended in 1.5-mL of MRB. Suspension was divided into 4 1.5-

mL tubes, topped to 1.5-mL and pipette mixed to wash out Percoll. Tubes were spun at 16,400 g 
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for 10 min at 4°C. Supernatant was discarded and resulting pellets were combined and washed 

with 1.5-mL of MRB then the previous spin was repeated. Supernatant was removed to 

approximately 25 μL and 25 μL of denaturing radio-immunoprecipitation assay (RIPA) buffer (25 

mM Tris-HCl pH 7.6, 150 mM NaCl, 5 mM EDTA, 1% NP-40 [IGEPAL CA 360], 1% sodium 

deoxycholate and 1 Sigma protease cocktail inhibitor tablet [04693159001]) was added to the 

sample. Bradford assay was performed, and samples stored at -20°C.  

5.3 Western Blotting  

Pure mitochondrial pellets were obtained from BMDM and RAW 264.7 (cells polarized 

with LPS [100 ng/mL] for 24 h prior to cell isolation. Mitochondrial pellets were suspended in 

50% MRB: 50% RIPA. A Bradford protein assay was performed to determine protein 

concentration. Denaturing loading dye was added to the sample and then boiled for 5-10 min at 

95°C. The sample was loaded into a 12% SDS-PAGE gel or BIO-RAD Mini-Protean TGX Gels 

4-20% where it ran for the specified amount of time (average 120 min) at 120V. Gel was then 

transferred onto a PVDF (polyvinylidene difluoride) membrane (19 min 1.3 A) using a Trans-

Blot® Turbo™ Transfer System (Bio-Rad) with Bjerrum Schafer-Nielsen buffer (48 mM Tris, 39 

mM glycine, 20% methanol) onto a PVDF membrane activated with methanol. The membrane 

was blocked for 1 h with 5% BSA. Membrane was cut at appropriate locations and the sections 

were placed with primary antibodies at 4°C overnight: CTL1 21: SLC44A1 Rabbit Polyclonal 

Antibody: 21279-100 (Cedarlane), CTL2: Anti-SLC44A2 Rabbit Antibody: A05467-1 

(Cedarlane), B actin: beta-Actin (13E5) Rabbit mAb HRP Conjugate 5125S (Cell Signalling 

Technology), Histone 3: Histone H3 (D1H2) XP (R) Rabbit mAb HRP Conjugate 16648S (Cell 

Signalling Technology), TOM20: AntiTOMM20 Mouse mAb H000009804-M01 (Abnova), and 

ATPase: Na, K-ATPase 1 Rabbit Ab 3010S (Cell Signalling Technology). Antibodies were 
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suspended at a dilution of 1/1000 in 5% BSA. The next day, membranes were washed four times 

in TBST (20 mM Tris, 150 mM NaCl, 0.05% Tween® 20). Membranes were then placed in 

secondary Anti-rabbit IgG HRP-linked Antibody (Cell Signalling Technology 7074S) or Anti-

mouse IgG HRP-linked Antibody (Cell Signalling Technology 7076S) as appropriate and then 

washed four times in TBST. Membranes were activated with Clarity™ Western ECL solution 

(BioRad) and protein bands visualised with LAS 4010 ImageQuant Imaging System (General 

Electric) or ChemiDoc™ MP Imaging System (BIO-RAD). Band contrast was adjusted using 

ImageJ software.  

5.4 Choline Uptake 

Whole cell choline uptake assays were performed with 3H-choline chloride (Perkin-Elmer). 

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) was filter sterilized (0.22 μM). 

3H-Choline solution was made to a final concentration of 1 μCi/mL in KRH buffer with 2% glucose 

(F/S KRH). BMDMs (day 6) were plated at a concentration of 2 million per 6 well dish, 24 hr 

before treatment. The following day, cells were washed with room temperature PBS and 300 μL 

of F/S KRH buffer was added to plates. Cells were incubated for 1 h at 37°C. KRH buffer was 

aspirated off, the 300uL of 1uCi/mL 3H-Choline solution was added and samples were incubated 

at 37°C for 30 min. 3H-Choline solution was removed, washed once with KRH buffer and 150 μL 

of NaOH was added and plates were frozen at -80°C for radiolabeled counting. 

Mitochondrial Uptake Method 1: Simple suspension 

Crude mitochondrial isolation was performed. The sample was suspended in mitochondrial 

uptake buffer (120 μM KCl, 5 μM HEPES/KOH, 1 μM EGTA, 5 μM KH2PO4, 0.5 μM MgCl2, 5 

μM L-glutamate, and 1.2 μM L-malate, pH 7.2) on ice. A portion of suspension was taken to 
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quantify protein via Bradford assay. Mitochondria were spiked with 10 μCi 3H-Choline/mL and 

Hemicholinium-3 (HC-3: Sigma H108-500MG, 50, 100, 250, and 500 µM) RSM932A (RSM: 

Cayman Chemicals, 1 and 5 µM) for 5 min at 22°C. Mitochondria were pelleted for 5 min at 

10,000g at 4°C. Sample was washed with 1 mL of uptake buffer and pelleted again. Supernatant 

was removed, and pellet was resuspended in NaOH and frozen for radioisotope counting.  

  Method 2: Oil layering 

Crude mitochondrial isolation was performed. The sample was suspended in mitochondrial 

uptake buffer 1.6 μM ADP. A portion of suspension was taken to quantify protein via Bradford 

assay. In 1.5 μL tubes, 100 μL of lysis buffer (250 mM sucrose with 2% Triton X-100) was added. 

350 μL of oil mixture (58% Dinonyl phthalate [Sigma] and 42% Silicon fluid DC550 [Sigma]) was 

layered on top. Mitochondria were suspended in experimental buffer (Mitochondrial uptake buffer, 

with ADP and 10 μCi/mL 3H-Choline) made to 100 μL of volume and added into oil mixture to 

create a bubble of buffer in the oil (Figure 12). Experiment was run in technical duplicates. Tubes 

were placed at 22°C for 5 min and then spun at 12,500g for 2 min to pellet mitochondria. A portion 

of the reaction bubble, oil layer, and all of the lysis buffer was collected for radiolabel counting. 

This protocol was adapted from Patten et al., 2021. 

Radiolabel Counting 

Samples were added to 4 ml of PerkinElmer ULTIMA GOLD™ MV scintillation fluid and 

read with a on PerkinElmer beta-scintillation counter (Tri-Carb 2910TR). Scintillation vials were 

vortexed at high speed to resuspend mitochondrial pellets into scintillation fluid and left overnight 

before samples were read. The amount of uptake was displayed as disintegrations per minute 

(DPM) per μg of protein. 
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5.5 Choline Incorporation 

BMDMs (day 6) were plated at a concentration 2 million per 6 well dish or 5 million for 

10 cm dish, 24 h before treatment. The following day, cells were washed with room temperature 

PBS and 1 μCi/ml of 3H-choline chloride (Perkin Elmer) was added as per time points (2, 4, 6, 8, 

and 24 h). Cells were washed with PBS and 2 mL of PBS was added to dishes and dishes were 

placed at -80°C. 

Bligh and Dyer assay was performed from 200 µL of cell suspension, homogenized in 750 

µL of chloroform:methanol (1:2). Samples were vortexed for 15 secs and incubated on ice for 20 

min. Next, 250 µL chloroform and 250 µL H2O were added and tubes shaken vigorously to ensure 

the phases were fully mixed. Tubes were centrifuged for 5 min at room temperature at 3,000 

rpm. The top aqueous phase or bottom lipid was removed and placed into a new tube. The aqueous 

phases were concentrated using nitrogen evaporation. Concentrate was resuspended in 50:50 

ethanol:water (aqueous) or 50:50 chloroform:water (lipid) and stored at -20°C.  

Using Millipore TLC Silica gel 60 (20 cm), 1.5 cm lanes were created using an 18-gauge 

needle. Scored plates were then baked for 1 h at 100°C or 30 min at 200°C and stored at room 

temperature until used. The aqueous solvent for thin layer chromatography (TLC) contained 

50:25:5 MeOH:saline:NH4OH and lipids solvent 65:32:4 CHCl3:MeOH: H2O for a total of 100 

ml. Solvent was added to the glass chamber while samples were loaded to plates. 25 µL of 

standard; Betaine (Sigma: 61962-50G), Phosphocholine (Sigma:P0378-5G), Phosphatidylcholine 

(Sigma: P3556-100MG), free choline (BioShop: CHO386), CDP-choline (Sigma:C0256) or the 

sample was added to each lane, spotted with a Hamilton Syringe. After all samples were spotted, 

the plates were allowed to full dry before placing them in the chamber. Plates were added to the 

chamber to form full horizontal contact with the solvent and plates were allowed to run until 5 cm 
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from the top of the plate and solvent front was marked. The plates air dried in a fume hood to 

evaporate off solvent, once dry, the plates were added to a new glass chamber with iodine for 

sample visualization.  

The silica pertaining to each sample was added to 4 ml of PerkinElmer ULTIMA GOLD™ 

MV scintillation fluid and read with a on PerkinElmer beta-scintillation counter (Tri-Carb 

2910TR). Incorporation displayed as DPM per μg of total cell lysate protein. 

5.6 Microscopy staining and fixation 

Microscopy method 1:  

Hepatocytes were plated in ibidi 12 Well chamber, removable slide (81201) at a 

concentration of 55,000 cells per collagen coated well. Wells were incubated at 37°C and 5% CO2. 

Fixation performed at room temperature. Wells were washed with filtered (0.22 µm) PBS three 

times. Then 300 µL of 4% paraformaldehyde in PBS (PFA) was added to each well and incubated 

for 20 min and washed twice. Cells were permeabilized for 5 min in permeabilization solution 

(0.1% Triton X-100 and 0.5% BSA in PBS). Wells were washed once with PBS. Cells were then 

blocked for 20 min with blocking solution (0.1% Triton X-100 and 5% BSA in PBS). The blocking 

solution was removed without washing and primary antibodies in permeabilization solution were 

added at a concentration of 1:100 [CTL1 21: SLC44A1 Rabbit Polyclonal Antibody: 21279-100 

(Cedarlane), CTL2: Anti-SLC44A2 Rabbit Antibody: A05467-1 (Cedarlane), and TOM20: 

AntiTOMM20 Mouse mAb H000009804-M01 (Abnova)]. The wells were washed twice and Anti-

Mouse IgG (H+L) Highly Cross-Adsorbed Alex Fluor 488 (Fisher Scientific A11001), and Anti-

Rabbit IgG (H+L) Highly Cross-Adsorbed Alex Fluor Plus 647 (Fisher Scientific PIA32733) 

secondary antibodies were added at a concentration of 1:1000 in permeabilization solution and 

incubated for 1 h. Wells were washed twice and DAPI was added at a concentration of 14.3 µM 



32 

 

in PBS for 5 min. Wells were washed once and all solutions were removed. The chamber divider 

was removed and 40 µl of Thermofisher Prolong Gold Antifade Mountant then a Corning 1.5 

Cover Glass 2980-245. The coverslip was sealed on the corners and let to stand for 10 mins. The 

edges of the coverslip were then sealed with clear nail polish and allowed to cure for 30 min. Slides 

were then stored at 4°C in the dark until image acquisition.  

Microscopy method 2:  

BMDMs were plated in chamber slides at a concentration of 55,000 cells per well on day 6 or 

7. Cells were allowed to adhere for 24 h before fixation in cell culture media with or without 100 

ng LPS treatment. RAW 264.7 (P.20) with or without 100 ng LPS treatment and C2C12s (P.14) 

were plated at 15,000 and 10,000 cells respectively in cell culture media and allowed to adhere for 

24 h. Wells were incubated at 37°C and 5% CO2 all treatments were conducted at 37°C until post 

fixation. Slides were placed on top of a T-75 flask filled with water and pre-warmed at 37°C until 

fixation. All washes were done with PBS. Wells were washed with filtered (0.22 µm) PBS three 

times. Wells received 300 µL of cell culture media with or without 150 nM MitoTracker™ 

CMXRos (Thermofisher), at which point wells were kept under aluminum to prevent light 

exposure for remainder of the protocol. 300 µL of 4% PFA was added to each well and incubated 

for 20 min and washed twice. Cells were permeabilized/blocked for 30 min in PB solution (0.5% 

Triton X-100, 1% BSA in PBS). PB solution was removed without washing and primary antibodies 

50% PB solution in PBS concentration of 1:100 was added to the wells for 1 h (C-term: Fullerton 

Lab Homemade CTL1 C-terminus-3 1.47 mg/mL (BioBasic), CTL1 14: SLC44A1 Rabbit 

Polyclonal Antibody: 146871-AP (Cedarlane), and CTL2: Anti-SLC44A2 Rabbit Antibody: 

A05467-1 (Cedarlane). Wells were washed three times then secondary antibody Goat Anti-rabbit 

Highly Cross-Adsorbed Oregon Green 488 (LifeTech O11038) was added at a concentration of 
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1:1000 in 50% PB solution in PBS and incubated for 1 h.  Wells were washed three times and 

DAPI was added at a concentration of 14.3 µM in PBS for 5 min. Wells were washed once and all 

solutions were removed. The chamber divider was removed and 40 µL of Thermofisher Prolong 

Glass Antifade Mountant then coverslip (Corning) was added. The coverslip was sealed on the 

corners and left to cure overnight. Slides were then stored at 4°C in the dark until image 

acquisition. Protocol was adapted from steps provided by Julia St-Pierre’s group at the University 

of Ottawa. 

5.7 Image acquisition and Processing 

Initial microscopy imaging was performed using the Zeiss Axio-Observer Z1 inverted 

widefield microscope driven by Zen 2.6. The microscope was outfitted with the Zeiss AxioCam 

HRmono camera, the X-cite Xylis LED light source and the plan Apochromat 63x/1.4 NA (used 

in combination with the Zeiss oil immersion 518F). The detection of the different fluorophores 

were sequential as follows: Mitotracker CMxROS: Filter: Ex 545/30 nm, FT570 nm, Em 620/60 

nm, exposure time: 250 ms, Light intensity: 15 ms Oregon green channel: Filter: Ex 470/40nm, 

FT 495 nm, Em 525/50 nm, exposure time: 200 ms, Light intensity: 15%. DAPI: Ex G365, FT. 

395 nm, Em 420 nm LP, exposure time: 20 ms, Light intensity: 12%. Original images were 

processed with Zen 2.6 (Blue Edition) Fast Iterative deconvolution (strength 4.03), 6 iterations per 

channel, with bad pixel and background corrections applied. Hepatocytes were imaged with 

similar settings, but exact channel settings not shown here. 

To improve resolution, microscopy was performed on a Zeiss Axio-ObserverZ1-LSM 880-

AiryScan confocal microscope driven by the Zen Black 2.3 software. The Laser Scanning 

microscope is outfitted with a Plan Apochromat 63x objective, used in combination with the Zeiss 

Immersion oil 518F. High resolution images were captured using the AiryScan detector 
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(sequential, unidirectional scanning at a frame rate of 3.6 s, pixel size of 0.05 mm, z-stack of 0.2 

mm slice thickness). DAPI, Oregon Green (CTL1 or CTL2) and MitoTracker™ CMXRos, were 

excited using the diode laser 405 nm (1.5%), the Argon laser at 488 nm (3%) and the diode laser 

561 nm (3%) respectively. The fluorescence from DAPI and Oregon Green, was detected using a 

BandPass (BD) filter of BP420-480 + BP495-550 and setting the master gain of the detector at 

700 and 800 respectively. MitoTracker fluorescence was filtered by a BD filter BP570-620 + 

LP645 before being detected by the AiryScan with a master gain set at 800. Raw images went 

through Airyscan processing before being used for the surface rendering. 

Surface rendering was performed using Imaris 9.9.1 (Bitplane, Oxford Instruments), with the 

following settings: Background subtraction LS (Diameter of the Largest Sphere) set at: 0.25 mm, 

without smoothing, objects smaller than 30 voxels were filtered out. Object-Object statistics option 

was selected from the beginning, providing the volume of the overlapping voxels (unit in 3D) 

between mitochondria and the protein of interest (CTL1 or CTL2). Overlapping voxel were 

displayed in yellow and the ratio between the volume of mitochondria containing CTL signal to 

mitochondrial volume shown. 

Statistical analysis was performed using GraphPad 9. The ratio of colocalization to 

mitochondrial volume was analyzed using a two-way ANOVA with Sidak’s multiple comparisons 

test which compared antibody stain to treatment. Statistical significance is noted as follows: * p< 

0.05, and **** p< 0.0001, 95% confidence interval. 

 

5.8 Metabolomics 

  

BMDMs were cultured following cell culture methods for 6 d in 15 cm dishes and then isolated 

or added to 10 cm dishes on day 6. Dishes were washed with 5 mL of room temperature PBS and 



35 

 

then treatments were added in 20 mL of cell culture media and incubated at 37°C and 5% CO2 for 

24 h. Choline-free media was prepared with DMEM w/o choline (US Biologicals: D9809), 

supplemented L-methionine (Sigma: M5308), D-pantothenic acid hemi-calcium salt (Sigma: 

P5155), myo-inositol (Sigma: I7508), sodium pyruvate (Sigma: P2256), and 2 mM Glutamax 

(ThermoFisher: 35050-061), and sodium bicarbonate to match our standard DMEM formulation, 

then adjusted to pH 7.1-7.2. Solutions made with sterile molecular biology grade water. Media 

was filtered using Nalgene™ Rapid-Flow™ Sterile Filter Storage Bottles (ThermoFisher:455-

0500) with Nalgene™ Rapid-Flow™ Sterile Disposable Bottle Top Filters with PES Membrane 

(ThermoFisher:09-741-07). Treatments included choline-free media, hemicholinium-3 (HC-3, 

Sigma H108-500MG, 250 µM), LPS (from E. coli:B4, Sigma-Aldrich, 100 ng/ml), and IL-4 

(mouse recombinant IL-4, R&D, 20 ng/mL) for 24 hr.  

Two separate experiments were performed on separate days and samples pooled together for 

metabolic profiling. Dishes were removed from the incubator and placed on ice following washing 

with all reagents and tubes on ice or from the freezer. The media was removed, and dishes were 

washed three times with at least 3 ml of ice cold 150 mM ammonium formate solution (150 mM 

ammonium formate, pH was adjusted at 4°C to 7.4 using NH4OH). This was followed by the 

addition of 400 µL of 50% MeOH/ 50% LC/MS-grade water solution. The dishes were scraped 

and added to a pre-chilled 2 mL bead beater tube (Eppendorf Cat# 022363352) with 6-7 washed 

ceramic beads inside (1.4 mm Omni International, PN: 19-645-3). The dish was washed with 

200 µL of 50% MeOH/50% water solution and added to the tube. Tubes were vortexed for 10 s, 

followed by the addition of 220 µL of acetonitrile and vortexed once more and stored on dry ice. 

The samples were homogenized using the Roche MagNA Lyser at 2000 rpm for 60 s, the plate 

and samples were placed on dry ice for 1 min and then repeated. 600 µL of ice-cold 
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dichloromethane and 300 µL of ice-cold H2O were then added to the tubes and vortexed for 30 s 

and left to partition on ice for 10 min. The samples were spun at 4,000 g at 1°C. The upper water-

soluble metabolites were collected in a new tube on dry ice and dried using a refrigerated 

CentriVap Vacuum Concentrator at -4°C (LabConco Corporation, Kansas City, MO). Samples 

were stored at -80°C until ready for LC-MS/MS data collection. This protocol was provided by 

the University of Ottawa Metabolomics core.  

Choline pathway metabolites were quantified by Dr. Shama Naz who optimized the 

quantification acquisition method using liquid chromatography coupled to mass spectrometry 

(LC-MS). All samples were temperature-controlled and all MS-grade solvents pre-equilibrated to 

-20°C. Samples were resuspended with 75% acetonitrile, cleared by centrifugation and then run 

on an Agilent 6545B Q-TOF mass spectrometer equipped with a 1290 Infinity II ultra-high 

performance LC (Agilent Technologies). Continuous internal mass calibration was executed using 

signals from purine [12,000 full width at half maximum (FWHM) resolution] and hexakis (1H, 1H, 

3H-tetrafluoropropoxy) phosphazine (24,000 FWHM resolution). All study samples were 

randomized before analysis and run using both high and low pH hydrophilic interaction 

chromatography (HILIC-Z) in negative and positive ionization mode respectively.  HILIC 

separation was obtained using the Poroshell 120 HILIC-Z column (2.1, 100 mm, 2.7 mm; Agilent). 

The chromatographic conditions and mass spectrometry acquisition parameters were performed as 

previous described (Menzies et al., 2021). Metabolite identification was confirmed by exact mass, 

retention time and subsequent MS/MS fragmentation of metabolite standards. The metabolites 

were quantified (relative quantification) by external standard calibration curves with Mass Hunter 

Quant (Agilent). Metabolite concentrations were recorded as µM per million cells.  
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6.0 Results 

 

6.1 Detection of CTL Proteins in Mitochondrial Fractions 

 

To determine if CTL1 or CTL2 could be detected on the mitochondrial membrane, I first 

sought to determine if the proteins were present in pure mitochondrial fractions. Several different 

centrifugation techniques were trialed using BMDMs and immortalized macrophages. These 

techniques were optimized to strive for a “pure” fraction. While a completely pure fraction is rather 

challenging to obtain, some trials of the ultracentrifugation in RAW 264.7 which started with 

higher cell numbers and had more effective initial contaminant removal, proved to be more 

effective than other methods. As CTL1 is known to be present on the plasma membrane of 

macrophages, a cell membrane (Na+/K+ ATPase) marker was used to identify the purity of the 

mitochondrial fraction post-centrifugation. Additionally, cytosolic and nuclear contamination was 

monitored with β-Actin and Histone-, respectively. A marker of translocase of outer mitochondrial 

membrane 20 (TOMM20) was used to probe for mitochondrial enrichment of isolated fractions. 

While one trial of isolating a pure mitochondrial fraction from RAWs was devoid of cytosolic, 

nuclear, and cell membrane contaminants (Supplementary Figure 1), following trials failed to 

demonstrate this level of purity in either BMDM or RAW (Figure 5 and 6). The initial pilot probing 

for CTLs in C2C12s using the current centrifugation methods additionally provided to be 

inconclusive (data not shown).  

CTL2 was detected in both the whole cell lysate and the mitochondrial fraction in RAW 264.7s 

treated ± LPS (Figure 5). These fractions were enriched for mitochondria compared to whole cell 

lysate as determined by TOMM20, but a notable presence of cytosolic contamination and some 

cell membrane contamination was detected. All mitochondrial fractions were devoid of nuclear 

contamination (Figure 5). In Figure 6, lanes 2 (NT) and 8 (LPS) show the presence of CTL2 and 
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TOMM20, with reduced cytosolic contamination and elimination of cell membrane or nuclear 

contaminants in mitochondrial fractions from BMDMs (Figure 6). Detecting CTL1 by Western 

blotting has proved challenging. The Fullerton lab found previously that antibody detection is 

optimal under non-denaturing conditions; however, this was not conducive to this experimental 

design. While faint bands in RAW 264.7s (Figure 5) that may correspond to CTL1 are apparent in 

the whole cell lysate and mitochondrial fraction, we can draw no conclusion from this. There was 

no CTL1 detection in BMDMs with the method and antibody used for Figure 6. In the cells that 

were treated with LPS, there is marked increase in TOMM20, which is in keeping with the 

literature as LPS activation of macrophages has been previously shown to increase mitochondrial 

content in BMDMs and RAWs (Ji et al., 2021; Kasahara et al., 2011).   
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Figure 5: Detection of CTL1/2 in mitochondrial enriched fraction. Samples are from 

approximately 2x108 RAW 264.7s (P.17 and P.18) in denaturing buffer boiled at 95℃ for 5 min. 

Samples were run on a precast 4-12% SDS gel at 120V for 132 min (left), 129 min (right). CTL1 

(75 kDa), CTL2 (65 kDa), β-Actin (45 kDa), TOM20 (20kDa), and Histone3 (15kDa). Whole cell 

lysate (WCL) was removed prior to mitochondrial isolation version 2B. WCL and mitochondrial 

sample (MITO) were loaded with 5 µg of protein from pure Percoll gradient isolation. N=2, each 

replicate shown as individual panel.  
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Figure 6: Detection of CTL2 in mitochondrial enriched fraction. Samples are from a 

minimum of 5x107 day 7 BMDMs treated with (right) or without (left) LPS in denaturing buffer 

boiled at 95℃ for 5 min. Samples were run on a precast 4-12% SDS gel at 120V for 125min. 

CTL2 (65 kDa), β-Actin (45 kDa), TOM20 (20kDa), and Histone3 (15kDa). Whole cell lysate 

(WCL) was removed prior to mitochondrial isolation. WCL and mitochondrial sample (MITO) 

were loaded with 5 µg of protein from pure Percoll gradient isolation using mitochondrial 

isolation version 2B. Samples were frozen prior to isolation. N=3, bone marrow from two mice 

per biological replicate pooled. Red boxed denote lanes of key interest.   
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6.2 Visualization of CTL transporters  

 

 To build on preliminary evidence from organelle fractionation and Western blotting, I next 

turned to microscopy to investigate potential interaction of CTL1/2 with the mitochondrial 

membrane. Given the rationale that mitochondrially-localized choline transporters have been 

identified in non-hepatic cells, I first aimed to validate that these transporters were present in 

primary hepatocytes. While the cells demonstrated typical binuclear morphology, stains for CTL1 

and CTL2 did not reveal colocalization with mitochondria (Supplementary Figure 2).  

Four CTL1 antibodies were tested to troubleshoot a protocol appropriate to detect CTL1 

and CTL2 in macrophages. While CTL1 “C-term” antibody had been successfully used by others 

to stain CTL1 in various cells (Michel & Bakovic, 2009), improved visualization was observed 

with the CTL1 “C14” antibody, which was obtained commercially from Abcam. Therefore, this 

(CTL1-C14) antibody was used for most of the microscopy involving CTL1. A comparison 

between CTL1-C14 and C-term are noted in (Supplementary Figure 5). Since CTL1 is a validated 

plasma membrane protein, it was unexpected that staining highlighted a filament-like pattern in 

three separate cell types (BMDMs, RAW 264.7s, and C2C12s) (Figures 9-10 and Supplementary 

Figure 5). 

To specifically test the main hypothesis of this project, I next determined the localization of 

CTL1 or CTL2 within macrophage cells. BMDMs and RAW 264.7s were treated ± LPS 

stimulation for 24 h before fixation and staining (Figure 7 and 8). Given previous reports, C2C12 

cells were also used to identify a positive control (Supplementary Figure 5). In cells that were 

treated with LPS, there is no visual change to co-localization of CTL1 to MT detected in either 

BMDMs and RAW264.7s cells (Figures 9-10). In BMDMs, CTL2 co-localizes with mitochondria 

as seen in yellow in control and treated cells (Figure 7-F and I). In RAW 264.7s there appears to 
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be an increase in co-localization in LPS-treated cells compared to non-treated in Figure 8 (panels 

F and I).  
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Figure 7: Detecting co-localization of BMDM mitochondria and CTL proteins. 55,000 WT 

BMDMs were plated on day 6 and received no treatment (NT) or 24 h LPS stimulation and were 

fixed at 37℃ with 4% PFA on day 7 using microscopy method 2. Images were captured on a 

Zeiss Axio-Observer.Z1-LSM 880-AiryScan confocal microscope on a chamber slide (1.5mm 

coverslip) 63x objective, using the AiryScan detector. CTL1/2 (Green: Oregon Green 488), MT 

(Red: MitoTracker™ CMXRos), and DAPI (Blue: nuclear stain). Red-green overlap shown in 

yellow. One image was taken for a single biological replicate. See Figure 9 for cell size.  
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Figure 8: Detecting co-localization of RAW 264.7 mitochondria and CTL proteins. 15,000 

RAWs P.20 no treatment (NT) or 24 h LPS stimulation and were fixed at 37℃ with 4% PFA on 

day 7, using microscopy method 2. Images were captured on a Zeiss Axio-Observer.Z1-LSM 

880-AiryScan confocal microscope on a chamber slide (1.5mm coverslip) 63x objective, using 

the AiryScan detector. CTL1/2 (Green: Oregon Green 488), MT (Red: MitoTracker™ 

CMXRos), and DAPI (Blue: nuclear stain). Red-green overlap shown in yellow. One image was 

taken for a single biological replicate. See Figure 10 for cell size.  
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 To further investigate if and how CTL1 and CTL2 interact with the mitochondrial 

membrane, high-resolution microscopy and computational analyses were used to confirm and 

quantify co-localization (Figure 9 and 10). Initially, widefield images were taken to develop 

microscopy staining and fixation protocols; however, the resolution this microscope provided was 

not high enough, nor were the images clear enough, even post deconvolution, to remove optical 

blur and non-specific fluorophore pixel assignment (Supplementary Figure 3). As such, final 

microscopy images were taken using super-resolution microscopy method AiryScan to better 

represent fluorophore location. These images were processed using a surface rendering program 

called Imaris 9.9.1, to quantify co-localization. Correction for background of AiryScan performed, 

resulting control stains images shown in Supplementary Figure 4. After using Imaris 9.9.1, it was 

revealed, that there is colocalization of both CTL1/2 and MT, in control and treated BMDMs and 

RAW 264.7s (middle panels, Figures 9 and 10, yellow). CTL1/2 proteins seem to interact in and 

around mitochondria and mitochondrial networks as shown in Figure 9-N and 10-N. Given the 

rapid division seen in RAW 264.7s, dividing cells were included in captured images for 

quantification of co-localization. These cells exhibit a high degree of co-localization (Figure 10-

P). 
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Figure 9: 3D voxel visualization of BMDM CTL overlap with mitochondria. Images were 

captured as per Figure 9. Surface rendering was performed using Imaris 9.9.1 with Background 

subtraction LS, without smoothing, objects smaller than 30 voxels were filtered out. Object-

Object statistics option, providing the volume of the overlapping voxels (yellow) between the 

mitochondria and the protein of interest (CTL1 or CTL2).   
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Figure 10: 3D voxel visualization of RAW 264.7 CTL overlap with mitochondria. Images 

were captured as per Figure 10. Surface rendering was performed using Imaris 9.9.1 with 

Background subtraction LS, without smoothing, objects smaller than 30 voxels were filtered out. 

Object-Object statistics option, providing the volume of the overlapping voxels (yellow) between 

the mitochondria and the protein of interest (CTL1 or CTL2).  
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Three-dimensional renderings of cells revealed volumes of mitochondria and CTL1/2. 

Where a fluorophore was detected from both proteins, created an overlapped (co-localization) 

volume (middle panels, Figure 9 and 10, yellow). The ratio between volume of co-localization 

compared to the volume of mitochondria was calculated, revealing an increase in CTL2 interaction 

with the mitochondria determined by co-localization in BMDMs treated with LPS (Figure 11-A). 

A similar level of CTL1/2 interaction was found in both untreated and treated RAW 264.7s (Figure 

11-B).  
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Figure 11: Quantification of volume of mitochondrial overlap of CTL proteins in 

macrophages. Data shown from Figure 9 BMDMs (A) and 10 RAW 264.7s (B). The ratio of 

overlapping colocalized voxels to the volume of mitochondria containing CTL signal shown. At 

least 3 frames of cells were taken for each stain and averaged. Statistical significance determined 

using Sidak’s multiple comparisons from a two-way ANOVA (n=3-13 technical replicates per 

condition, * p<0.05, **** p<0.0001). Colocalization is the area where CTL and mitochondria 

overlap (coloc). 
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6.3 Determining if choline is taken up into isolated mitochondria 

 

 As the presence of CTL1/2 on the mitochondrial membrane indicated the potential for 

choline to be transported into the mitochondria of macrophages, the next step was to determine if 

this uptake could be detected and characterized. The Fullerton lab has previously performed 

choline uptake assay in BMDMs (Snider et al., 2018), but this has not been shown before in 

mitochondria isolated from macrophages. While whole cell uptake of choline, determined using 

tritiated choline (3H-choline) in the presence of the inhibitors HC-3 and RSM-932a (an inhibitor 

of choline kinase) was re-validated (Figure 12-B), results for isolated mitochondria were variable, 

indicating the mitochondrial conditions may not have been ideal and required improvement. As 

noted in Figure 12, there was choline uptake into whole cells and mitochondria during a 30 min 

(A and B) or 5 min (C) uptake. While these data are displayed together, total DPM/mg values can 

not be compared between cells and mitochondria due to differences of cell to organelle surface 

area. These uptake assays were performed using crudely isolated mitochondria, maintained in a 

whole cell specific buffer with a simple uptake assay performed as an initial test (Figure 12-A and 

B). When crudely isolated mitochondria were tested in the presence of inhibitors (Figure 12-B), 

there was no inhibition of choline uptake, as would be expected if there was CTL1/2-mediated 

transport, as there was with the cells.  
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Figure 12. LPS Challenged 3H-choline uptake assays. DPM/µg of protein and measured by 

liquid scintillation. The mitochondria from approximately 1x106 cells were used for each replicate. 

(A)Technical triplicate of WT BMDM and isolated mitochondria. Choline uptake was measured 

after 30 min at 37℃ of treatment with tritium labelled choline chloride. Mitochondrial uptake 

assays utilized simple suspension method. N=2 (B) Technical triplicate replicates of and N=1, 

were spiked with treatment in KRH as incubated for 25 min, allowing for a 5 min spin to remove 

the inhibitor. Cells were then incubated at 37℃ for 30 min with tritium-labelled choline chloride, 

after 24 h incubation. Mitochondrial uptake assays utilized simple suspension method (C) 

Technical duplicates of an N=1 from mitochondria crudely isolated from BMDM stimulated ± 

LPS for 24 h. Samples were acquired from oil layering assay. (D) Illustration of oil layering assay. 

Isolated mitochondria are spiked 3H-choline in uptake buffer (red) which form a hydrophobic 

bubble in oil (green) on top of lysis buffer (blue). Following centrifugation, mitochondria migrate 

out of the bubble through the oil (washing step), removing external spiked 3H-choline and lyse and 

pellet in the lysis buffer (purple). 
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As the protocol in Figure 12-A and B was not optimized for mitochondria and given the 

ability to maintain healthy mitochondria in suspension (approximately 1 h), a new approach was 

introduced. With the simple suspension uptake protocol, there was cause for concern with 

background contamination and continual uptake during pelleting steps. The new method of oil 

layering provided a method in which the microfuge tube has lysis buffer added first, followed by 

an oil layer and then assay buffer to provide an upper compartment for loading and uptake to occur. 

Following the uptake period, a brief centrifugation moves the mitochondria through the oil layer, 

effectively washing away excess 3H-choline before entering the lysis buffer, which provides the 

organelle-specific 3H-choline (Figure 12-D). This assay was performed in duplicate with a 

mitochondrial specific buffer, on mitochondria from at least 1 million cells (Figure 12-C). Cells 

were stimulated with LPS for 24 h before isolation. The new assays were performed for 5 min to 

provide a snapshot of uptake and to take into consideration the time restraint of isolating 

organelles. To confirm if mitochondria were intact post-isolation, a dye was used to determine the 

presence of active membrane potential of mitochondrial (data not shown), though further health 

assays may be warranted. Figure 12 shows that mitochondria isolated from macrophages uptake 

choline. However, these experiments need to be repeated to make a robust conclusion.  

6.4 Choline incorporation into betaine 

 

 The observation that both CTL1/2 interact with the mitochondria and the preliminary 

finding that mitochondria uptake choline, I next sought to understand how. To determine if 

mitochondria oxidized choline into betaine, BMDMs were cultured under naïve conditions or with 

LPS for 24 h (Figure 13). These cells were then treated with 3H-choline for 2, 4, 8 h. Metabolites 

from these cells were isolated and samples were run with TLC to detect PC, phosphocholine 

(Phos), free choline (Free), CDP-choline (CDP) and betaine (Figure 13-A). Samples were 
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visualized on the TLC plate using standard controls and radiation was determined with liquid 

scintillation. The incorporation of 3H-choline into lipid and metabolite pools was shown relative 

to the amount of protein (Figure 13). The majority of labeled choline taken up was incorporated 

into PC (Figure 13-A) at the time points measured. The remaining four metabolites also showed a 

pattern of increasing incorporation over time. There were no differences between naïve and LPS-

treated macrophages; however, more replicates are required to make conclusions. Importantly, this 

provides preliminary but novel evidence of choline conversion into betaine in macrophages. To 

build on these findings, cells were cultured for 8 and 24 h in the presence of 3H-choline ± the 

choline uptake inhibitor HC-3 (Figure 13-B). While this data included four biological replicates, 

the variability of measured 3H-betaine precluded robust conclusions. However, these data suggest 

that choline is converted to betaine in macrophages, and this may be sensitive to immune 

regulation. 
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Figure 13: BMDM incorporation of 3H-choline into choline metabolites overtime. DPM/ug of 

protein and measured by liquid scintillation. (A) Day 6 Naïve BMDMs were treated with 3H-

choline for 2, 4, and 8 h. A Bligh and Dyer was performed to extract lipid (PC) and aqueous (Free: 

free choline, Phos: phophocholine, CDP: CDP-choline and Betaine) metabolites. N=1 (B) Day 6 

BMDMs were treated +/- LPS for 24 h, washed then treated +/- HC-3 [250 µM] and 3H-choline 

for 8 and 24 h. A Bligh and Dyer was performed to extract aqueous metabolites, betaine standard 

used to isolate for betaine. N=4 
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6.5 Piloting metabolomics to characterize one carbon metabolism in macrophages 

 

 To continue to investigate the potential role(s) mitochondrial choline uptake may play in 

macrophage biology, I was assisted by the University of Ottawa Metabolomics Core Facility. In a 

pilot study, we sought to measure the levels of choline-related metabolites in BMDMs treated for 

24 h with LPS, IL-4 or choline-free media. LPS and IL-4 provide two ends of macrophage 

polarization. While the immune profile of LPS and IL-4 stimulated macrophages is well 

characterized, how one carbon metabolites change under these conditions, remains unknown. 

These cells were pooled from two separate days and a panel of 20 metabolites involved in choline 

metabolism were reported in µM/million cells. Eight metabolites are reported in Table 1, to 

highlight choline metabolites relevant to the current project. Choline and betaine levels required a 

higher dilution given their apparent abundance and are not reported here. Though no conclusions 

can be drawn from such a simple pilot experiment, cells treated with LPS showed increased levels 

of 7 out of the 8 metabolites compared to naïve cells. These potential effects will be validated in 

future metabolomics experiments. Here, I show preliminary evidence that mitochondrial choline 

metabolism may play a role in macrophage biology.  
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Table 1: Metabolomics choline metabolites. Day 6 BMDMs were cultured with choline free 

media or HC-3 (250 μM), LPS (100 ng/ml), and IL-4 (20 ng/ml) for 24 h. Two separate 

experiments were performed on separate days and samples were pooled together for metabolic 

profiling with quantification using LC-MS. Metabolite concentration recorded as μM per million 

cells. 
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Metabolite Treatment (µM/million cells) 

 NT LPS IL-4 Choline free 

Betaine-aldehyde 9.4x10-4 1.2x10-3 7.8 x10-4 

 

7.8x10-4 

 

Methionine 

 

51.67 

 

99.57 

 

39.68 

 

104.52 

 

DMG 

 

0.03 

 

0.06 

 

0.03 

 

0.06 

 

SAM 

 

13.43 

 

23.88 

 

13.92 

 

18.64 

 

SAH 

 

6.7x10-3 

 

8.3 x10-3 9.7 x10-3 

 

8.0 x10-3 

 

Folic acid 0.07 

 

0.16 

 

0.05 

 

0.16 

 

CDP-choline 

 

0.05 

 

0.03 

 

0.04 

 

0.07 

 

PC 460.38 

 

737.91 

 

564.55 

 

579.50 
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7.0 Discussion 

 

While CTL1 has been identified to have a distinct role in macrophage immunometabolism 

(Snider et al., 2018), the role of CTL2 has yet to be identified. Research continues to allude to a 

relationship between the mechanism of choline oxidation and the activation of macrophages. I 

aimed to determine if choline transporters were present on the mitochondrial membrane of 

macrophages, whether choline uptake occurred, and how the choline incorporated through 

mitochondria was utilized by LPS activated macrophages. 

7.1 CTL1 and CTL2 interact with the mitochondrial membrane of BMDMs 

 

Building on the work done by Snider et al., 2018, I show evidence of CTL1 and CTL2 

interacting with the mitochondria membrane in BMDMs and RAW 264.7s (Figure 9 and 10). 

While immunoblotting of CTL1 was inconclusive, CTL2 was found to be in mitochondrial 

enriched fractions (Figure 5 and 6). Snider et al 2018, confirmed that CTL1/2 but not organic 

cation transporters or the high-affinity choline transporter were present in macrophages. 

Interestingly, while the transcript expression of CTL2 increased with LPS stimulation, the total 

protein expression did not yield the same result (Snider et al., 2018). While CTL2 protein 

expression does not increase with LPS stimulation, I have shown that LPS stimulation increases 

the proportion of CTL2 interacting with the mitochondria compared to naïve treated cells, which 

showed a significant difference to naïve treatment (Figure 11-A). While IF staining was originally 

conducted to provide more support of CTL1/2 detection in the mitochondria, initial attempts to 

determine co-localization of CTL1/2 to the mitochondria proved to require higher resolution. 

Imaris 9.9.1. software did reveal that CTL1/2 interacts with the mitochondria and considering the 

level of volume of overlap, this is believed to be indicative of co-localization (Figure 9 and 10). 
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This data should be compared to cryo-immunogold electron microscopy (EM), which would allow 

for increased precision to determine co-localization (Wolff et al., 2014; Yi et al., 2015).  

7.2 Mitochondrial choline uptake occurs in BMDMs 

 

While choline transporters were detected in mitochondria, this does not prove that choline 

uptake can occur; therefore, I next assessed if functional choline uptake into mitochondria was 

occurring. While crudely isolating mitochondria to preform radiolabelled uptake assays has been 

done for several years, these studies use cellular systems involving high cell number (yeast) or 

highly metabolically active tissue (liver, kidney, and muscle), which provide robust mitochondrial 

biomass (O’Donoghue et al., 2009; Soetens et al., 1998). Several different approaches were taken 

to extract intact mitochondria from BMDMs. A dye was used to indicate membrane potential to 

determine levels of intact mitochondria post isolation, but mitochondrial protein output was 

limited. I have been able to show that choline uptake occurs in isolated mitochondria at 5 and 30 

min assays (Figure 12-A-C).  

7.3 Exploring the role of choline oxidation to betaine 

 

For the first time, I have been able to show that not only does uptake of choline occur, but 

choline is metabolized to betaine and this process may increase in M(LPS) BMDMs (Figure 12). 

While the last incorporation study was not consistent, the data trends suggest that 3H-choline can 

be converted to betaine. This experiment will need to be repeated with choline uptake inhibitors 

and LPS treatment to establish how incorporation is altered in activated macrophages when cells 

are deprived of choline.  

In the presence of PC, macrophages produce IL-1β and ROS (Sanchez-Lopez et al., 2019; 

Xia et al., 2018). In the absence of PC, macrophages engage in mitophagy to prevent ROS 
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production. When this does not occur, metabolism of the cells shift to mediate cell damage by 

inducing mitophagy to prevent ROS (Sanchez-Lopez et al., 2019). Therefore, choline uptake helps 

maintain LPS activated macrophage mitochondria. LPS-stimulation induces a cell-damaging state 

that must be compensated by protective mechanisms to maintain cell integrity. Future research 

should evaluate the shift in cytokines and ROS species production shown to be influential when 

inhibiting choline metabolism. Mitochondrial fragmentation seems to be a compensatory, cell-

protective mechanism occurring during macrophage activation, which protects damage to the 

mitochondria (Zezina et al., 2018). However, in the case of palmitate induced macrophages, the 

pro-inflammatory signals produced by the cell was hindered by fragmentation, in the case of lipo-

toxicity, mitochondria undergo fragmentation to prevent an increase in inflammation 

(Samokhvalov et al., 2009). Without choline, macrophage mitochondria would sustain more 

damage and lead to immune dysfunction, which carries implications for immune-mediated 

diseases. Future research should explore the role of mitochondrial fragmentation in the context 

CTL2-mediated choline uptake. 

Sanchez-Lopez et al., 2019 saw a similar affect of what happens when you increase betaine, 

when you inhibit choline uptake. This group determined that mitochondrial changes aggravated 

AMP-activated protein kinase (AMPK) to induce mitophagy and deactivate the NLRP3 

inflammasome, which attenuated IL-1β levels (Sanchez-Lopez et al., 2019). Previously, work 

which had also explored choline’s importance in macrophages was conducted by Snider et al., 

2018. LPS treatment was shown to increase PC synthesis and choline uptake (Snider et al., 2018). 

Inhibition of choline uptake, affected LPS treated macrophages, causing an increase in TNFα and 

IL-6, and a decrease of IL-10. These effects were rescued in BMDMs treated with HC-3 when 
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provided excess choline. These findings indicate cell membrane localized CTL1 is responsible for 

choline uptake into macrophages. 

Evidence for CTL2 mediated choline uptake into mitochondria is seen from Bennett et al., 

2020. They showed that when comparing CTL2-/- platelets to CTL2 controls platelet, 

mitochondrial choline uptake and DMG levels are diminished, indicating a potential link to OCM. 

The authors emphasized that activated platelets require increased generation of ROS, 

mitochondrial oxygen consumption, and ATP production, which were hindered in CTL2-/- 

platelets. This evidence suggests that choline metabolism is a necessary part of platelet activation. 

They hypothesized, similar to my current study, that choline conversion to betaine is imperative, 

and that choline conversion to betaine is necessary for LPS-activated macrophages to generate 

ROS and ATP. Their metabolomics study also indicated a potential link to CTL2 mediated OCM.  

7.5 Limitations of the study 

 

Purity of sub cellular fractions is a known limitation of mitochondrial isolation. While 

gentler methods may be used for crude isolation, pure fractions are far harsher and generate a low 

proportion of mitochondrial output to cell input (Azimzadeh et al., 2016). The most successful run 

allowed for crude isolation where cell membrane, cytoskeletal proteins and nuclei were pelleted 

out at 1000 g (Appendix Figure 1). The method used to obtain this fraction in RAW 264.7s greatly 

reduces mitochondrial yield and therefore requires larger cell input than what can be provided from 

BMDMs from one mouse. While troubleshooting was performed in RAW 264.7s, the rapid cell 

proliferation of this cell line could mask biological relevance. THP-1s could provide another model 

of a human cell line of monocytes. While the AiryScan images captured in Figures 9 and 10 renders 

a relatively precise location of proteins, fluorophore signal from diffracted light provides 

limitations around a conclusion about transporter localization vs interaction.  
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Assessing uptake in isolated organelles requires high cell input and removes mitochondrial 

interaction with MAMs. While isolating mitochondria to determine if uptake is valid, this uptake 

occurs post stimulation only. Influencing mitochondrial uptake during ongoing stimulation should 

be considered. The simple suspension method provides a more rapid approach to determine if 

uptake occurs. Disadvantages of this method include: more disturbance of the mitochondria with 

washing and repeat pelleting, potential washing out of 3H-choline, and continual metabolism of 

3H-choline during centrifugation with runs 2-5 min long. To control for these potential limitations, 

the experiments will need to include more controlled conditions. Samples kept at 4°C will slow 

metabolism, therefore samples should be maintained at 4°C following 22°C uptake. Background 

contamination remaining after washing during the simple suspension method can be determined 

with time zero trials. While choline transport might also be impacted by loss of membrane potential 

as this has not been assessed, including deactivated mitochondria would also serve as a no uptake 

control. Therefore, controls should include FCCP treated mitochondria to affect membrane 

potential) and snap freeze thawing (-80°C), where mitochondria are small enough to avoid lysis 

by ice crystals with intact structure but will become metabolically inactive/damaged. Health of the 

mitochondria following any damage from disturbance of resuspension and washing should be 

determined from using either the oil layer or simple suspension method. There is a limitation in 

determining how inhibiting mitochondrial choline uptake affects whole cell biology, as we are 

unable at present time to inhibit solely mitochondrial choline uptake in vitro. However, 3H-Choline 

assay provided insight into choline uptake and metabolism outside of direct transport.  

The oil layer method, while alleviates some of the above limitations, is challenging to 

prevent technical variation. Loading the sample into a hydrophobic oil bubble tends to result in 

multiple bubbles forming, and mitochondria being retained inside bubbles post centrifugation. This 
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results in an uneven amount of mitochondrial pelleting, which contributes to high technical 

variance. Future experiments should include transporter inhibition from WT BMDMs and isolated 

mitochondria from CTL1/2KO models. Acquiring these models would determine if mitochondrial 

choline transport is facilitated by CTL1/2, which are the only choline transporters known to exist 

in macrophages. Since we now know choline is up taken into the mitochondria and converted to 

betaine, something must facilitate transport, and if not CTL1/2, there could be another point of 

entry not yet identified.  

7.4 Future directions 

 

Inflammatory diseases are closely linked to the ability of the cell to produce lipids and 

maintain metabolism through osmolarity and one carbon metabolism. Choline uptake is central to 

these alterations, as shown in the body of evidence surrounding the relationship between choline-

betaine and cancer cell metabolism (Du et al., 2017; Friso et al., 2017; Han et al., 2019). Future 

studies are needed to identify the precise mechanism crucial to these relationships as perturbing 

choline is related to disease. Epigenetic changes which result from histone modifications under the 

control of SAM should be evaluated in macrophages (Newman & Maddocks, 2017). Establishing 

how gene expression or histone methylation is affected when mitochondrial choline uptake is 

inhibited in M(LPS), would provide a logical next step for the current research. This may elucidate 

why CTL2 interaction with the mitochondria are increased in M(LPS) (Figure 11) 

Altering human consumption of choline has been shown to influence the prognosis of 

cancer. Increasing choline consumption lowered the risk of colorectal cancer, while leukemia cells 

in adolescents were diminished through decreasing choline availability (Lu et al., 2015; Newman 

& Maddocks, 2017). These opposing demands of choline introduce potential avenues of drug 
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inhibition to treat cancer, but while denying cancer cells of one carbon metabolites to enable their 

proliferation would be advantageous, doing so risks the adverse effects of dampening OCM. 

Further microscopy work assessing CTL1/2 localization in macrophages would benefit 

from an ER marker, as transporter localization to MAM contact sites and ER interaction are 

possible. Given how CTL1 in Figures 9-11 produce an uncharacteristic CTL1 stain, additional 

validation with CTL1KO fibroblasts and alternative co-localization to other cellular membranes 

should be preformed. It may be worthwhile to examine how limiting CTL1-mediated choline 

uptake through antibody blocking, or through CTLKOs, might change BMDM LPS-induced 

migration (Davidson & Wood, 2020). The current study would benefit from confirming findings 

with a second CTL2 antibody (Bennett et al., 2020; Ishikawa et al., 2020). Taken together, 

immunoblotting and IF indicate that mitochondrial choline transporters are present in 

macrophages. In addition to the continuation of work in macrophages, other immune cell types 

should be explored. Specifically, CTL1/2 gene expression has been found in B cells, T cells, and 

neutrophils, but not the proteins themselves (Karlsson et al., 2021; Thul et al., 2017).  

Further assays will need to continue to explore how uptake is affected in mitochondria 

treated with inhibitors, antibodies or in CTL1/2 deficient cells. Specific inhibition of CTL2 would 

allow for cells to be permeabilized and block transport in vitro without removing the signals, 

contact sites and networks of mitochondria pertinent in whole cells verse fragmented isolated 

mitochondria. While the presence of 3H-choline indicates that choline uptake into mitochondria 

still occurs after being isolated, isolated organelles may be more sensitive to inhibitor treatment 

(mitochondrial toxicity) and biological relevance may be masked. 

 All data to date indicate that indeed mitochondrial choline transport occurs in mitochondria 

and is converted to betaine, but what purpose this would have in macrophages and potential 
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relevance to activated macrophages remains unknown. While choline is oxidized to betaine in liver 

and kidney tissue to fuel OCM, betaine may play a role in controlling cellular stress after 

undergoing the metabolic changes required for activation. There is an established role of betaine 

as an osmolyte in RAW 264.7s and these cells do not process some OCM enzymes. Therefore 

betaine uptake may not be related to methyl donor requirements (Wettstein et al., 1998; Zhang et 

al., 1996). While not reported in this study, betaine was present in all cells at a level beyond the 

detectable range for the metabolomics pilot, indicating that betaine was present in large quantities 

of the cells. As such, this indicated that betaine is acquired externally from the cells and is not 

maintained from incorporation as stem cells.  

Evaluating how reducing choline transport alters cellular biology continues to provide new 

insight into human disease. Fagerberg and colleagues characterized a neurodegenerative disease 

phenotype in human patients found to have homozygous frameshift mutations in the gene which 

codes for CTL1 (Fagerberg et al., 2020). In a fibroblast immortalized cell line developed from 

these patients, cells showed recovery of changes to organelles caused by the deletion of CTL1, 

when cells were treated with choline. How choline uptake could be recovered in CTL1–/–   

fibroblasts was answered by Taylor at al., 2021. The CTL1–/–  fibroblasts were furthered revealed 

to have CTL2 on the plasma and mitochondrial membranes, allowing for compensation of choline 

uptake when CTL1 is not present (Taylor et al., 2021). Of note, CTL2 expression does not increase 

and therefore, cannot fully compensate for the loss of choline transport via CTL1, explaining why 

a disease phenotype would present itself when partial compensatory mechanisms are in place.  Not 

only was CTL2 identified to uptake choline in these cells, but was revealed to be an ethanolamine 

transporter as well. (Taylor et al., 2021).  
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The current work aimed to further characterize the role of mitochondrial choline 

transporters in LPS stimulated macrophages. Repeating these assays in CTL1 or CTL2 deficient 

models would provide further insight into the potential role that the transporters play in 

mitochondrial choline uptake. This is body of preliminary work requiring more robust assessment 

of multiple biological replicates and more stringent treatments with immune challenge. Further 

work should explore other immune cells, cautious to the availability of limited cell number.  

8.0 Conclusion 

 

Choline is crucial to cell homeostasis. Understanding the metabolism of this molecule 

allows us to better understand and strengthen the link between metabolism and immunity. To 

identify if OCM plays a role in macrophages, this work presents evidence that CTL2 is the main 

choline transporter that interacts with the mitochondria and that this is increased when cells are 

polarized with LPS. Moreover, I also show preliminary evidence that there is functional choline 

uptake into the mitochondria and conversion to betaine. The immunometabolic significance of this 

process has yet to be determined; however, it may be that mitochondrial choline metabolism is a 

regulated process that may sustain specific macrophage programs, both in culture and in vivo.  
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11.0 Appendix 

 

Supplementary Figure 1: Obtaining a pure mitochondrial fraction in RAW 264.7s. Samples 

isolated using crude mitochondrial isolation version 2A were diluted in RIPA lysis buffer boiled 

at 95℃ for 10 min. 8ug of sample was run at 120V for 120 min. CTL2 (65 kDa), β-Actin (45 kDa), 

TOM20 (20kDa), and Histone3 (15kDa). Whole cell lysate (WCL) was removed prior to 

mitochondrial isolation.  
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Supplementary Figure 2: Primary Hepatocytes from WT Mice. Approximately 55,000 

hepatocytes were plated on a collagen coated 12 well chamber slide 24 h before fixation. Images 

were captured on the Z1 epifluorescence widefield microscope at 63X with an LED filter set, then 

processed through Zen deconvolution. CTL1 (C 21) [top] or CTL2 [bottom] (Red: Alexa 

fluorophore 647), TOM20 (Green: Alexa fluorophore 488), and DAPI (Blue: nuclear stain). 

Background stain removal not performed. 
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Supplementary Figure 3: Widefield IF images of BMDMs ± LPS processed with 

deconvolution. 55,000 WT BMDMs were plated on day 6 and received (left) no treatment (NT) 

or (right) 24 hr LPS stimulation and were fixed at 37℃ with 4% PFA on day 7. Images were 

captured on a Zeiss Axio-Observer Z1 inverted widefield microscope on a chamber slide (1.5mm 

coverslip) with the 63X objective and LED filter set, then processed through Zen fast iterative 

deconvolution. CTL2 (Green: Oregon Green 488), MT (Red: MitoTracker™ CMXRos), and DAPI 

(Blue: nuclear stain). 
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Supplementary Figure 4: Background stain removal. Individual stains of CTL1, CTL2, and 

MT taken with background removal applied to Figures 9-11. Each well was stained with indicated 

stains only.  
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Supplementary Figure 5: C2C12 Voxel Visualization. (A) Imaris 3D rendering performed on 

C2C12s. (B) Quantification displayed as ratio between volume of overlap between CTL1-MT to 

volume of mitochondria.  
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Supplementary Figure 6: Detecting co-localization of C2C12 mitochondria and CTL 

proteins. 10,000 C2C12s P.14 allowed to adhere for 24 h were fixed at 37℃ with 4% PFA. Images 

were captured on a Zeiss Axio-ObserverZ1-LSM 880-AiryScan confocal microscope on a 

chamber slide (1.5mm coverslip) 63x objective, using the AiryScan detector. CTL1/2 (Green: 

Oregon Green 488), MT (Red: MitoTracker™ CMXRos), and DAPI (Blue: nuclear stain). Red-

green overlap shown in yellow. CTL1 14 (C 14).  
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Supplementary Table 1: Individual values used to report the ratio of colocalization in 

BMDMs. Various replicates were taken from different cells of the same well for an N=1.  
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Volume of CTL Co-Loc Volume of Mito Ratio 

CTL1 NT 

15.78 168.94 0.0934 

13.15 68.44 0.1921 

4.30 52.51 0.0819 

16.67 109.74 0.1519 

10.58 75.93 0.1393 

7.67 125.11 0.0613 

CTL1 LPS 

13.34 92.76 0.1438 

16.80 94.92 0.1767 

28.60 302.34 0.0946 

22.67 108.04 0.2098 

38.67 243.61 0.1587 

19.78 145.66 0.1358 

16.51 174.81 0.0944 

15.24 189.12 0.0806 

18.91 120.34 0.1571 

39.31 292.09 0.1346 

40.31 235.00 0.1718 

27.76 278.11 0.0998 

CTL2 NT 

15.55 49.03 0.3172 

35.34 183.03 0.1931 

7.16 174.45 0.0410 

24.19 169.91 0.1424 

8.71 135.71 0.0642 

3.91 70.13 0.0558 

CTL2 LPS 

37.49 96.09 0.3902 

74.63 207.93 0.3589 

76.23 236.28 0.3226 

93.33 237.08 0.3937 

67.45 166.28 0.4056 

72.73 273.58 0.2658 

73.17 259.78 0.2816 

80.31 151.90 0.5287 

33.31 150.39 0.2215 
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Supplementary Table 2: Individual values used to report the ratio of colocalization in 

RAW47s. Various replicates were taken from different cells of the same well for an N=1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



104 

 

Volume of CTL Co-Loc Volume of Mito Ratio 

CTL1 NT 

28.24 64.11 0.4405 

50.85 112.92 0.4503 

57.52 150.03 0.3834 

104.51 254.10 0.4113 

CTL1 LPS 

83.28 300.63 0.2770 

65.63 233.8 0.2807 

69.20 225.81 0.3065 

102.59 313.01 0.3278 

94.98 289.76 0.3278 

CTL2 NT 

26.26 93.53 0.2808 

81.99 245.49 0.3310 

59.57 119.93 0.4967 

CTL2 LPS 

107.64 236.92 0.4543 

103.48 225.14 0.4596 

96.66 281.18 0.3438 

56.91 178.04 0.3196 

63.60 141.08 0.4508 
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Supplementary Table 3: Individual values used to report the ratio of colocalization in 

C2C12s. Various replicates were taken from different cells of the same well for an N=1.  
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Volume of CTL Co-Loc Volume of Mito Ratio 

CTL1 C14 

35.36 341.12 0.1037 

28.74 181.14 0.1587 

27.28 141.00 0.1935 

61.11 554.73 0.1102 

CTL1 C Term 

48.93 244.07 0.2005 

45.32 266.75 0.1699 

CTL2 

280.25 706.61 0.3966 

44.86 469.91 0.0955 

105.58 590.70 0.1787 

 

 

 

 

 

 

 

 

 

 

 


