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ABSTRACT 

SLC44A1 TRANSPORT OF CHOLINE AND ETHANOLAMINE IN DISEASE 

Adrian Taylor 

University of Guelph, 2019

Advisor(s): 

Marica Bakovic 

Choline and ethanolamine are important molecules required for the de novo synthesis 

of phosphatidylcholine (PC) and phosphatidylethanolamine (PE) via the Kennedy 

pathway. Additionally, these two molecules are vital for maintaining both muscular and 

neurological function. The goal of this thesis was to gain insight into PC and PE 

metabolism with the use of unique metabolic disturbances ranging from obesity and 

genetic mutations in neurodegenerative disease.   

Firstly, the protective effects of choline supplementation on muscular function were 

investigated within the Pcyt2+/- mouse model. In Pcyt2+/- mice, substrate flow through 

the CDP-ethanolamine branch of the Kennedy pathway was diminished resulting in 

triacylglycerol (TAG) accumulation and obesity. Supplemental choline improved muscle 

function by altering the expression of genes devoted to reducing TAG synthesis and 

restoring energy homeostasis.  

With this new insight about the role of choline in regulating metabolism, the cellular 

uptake mechanism of choline was then analyzed. Skin fibroblasts from two patients with 

homozygous mutations in the SLC44A1 gene suffering from Neurodegeneration with 



 

 

 

 

Brain Iron Accumulation (NBIA) were utilized. In these fibroblasts, SLC44A1 expression 

and choline uptake were drastically diminished. Moreover, PC levels were unaffected 

while PE levels were diminished relative to control, an indication of perturbed 

phospholipid homeostasis. Within this model of choline transport dysfunction, choline 

supplementation moderately improved phospholipid homeostasis. 

In the literature, there are data which suggest that the same transporter might facilitate 

choline and ethanolamine uptake. This prompted us to examine the role of SLC44A1 in 

ethanolamine transport. SLC44A1 was overexpressed in cells to understand its 

influence in ethanolamine uptake. Moreover, cells with defects in SLC44A1 mediated 

transport were utilized to characterize ethanolamine uptake kinetics. Additionally, 

choline and ethanolamine appeared to compete for uptake while antibody inhibition of 

SLC44A1 diminished PC and PE levels. Lastly, it was determined that ethanolamine 

uptake occurs in a pH dependent manner. SLC44A1 mediated uptake has previously 

been characterized as being pH dependent, which was further evidence implicating 

SLC44A1 in ethanolamine transport.  

This thesis solidifies the metabolic relationships between the CDP-choline and CDP-

ethanolamine pathways and the connection between choline and ethanolamine in 

regulating lipid homeostasis. 



iv 

ACKNOWLEDGEMENTS 

To begin, I would like to thank my advisor Dr. Marica Bakovic for the opportunity to work 

in her lab. I love how well you synthesize ideas and I appreciate the intensity that you 

demonstrate in your work. I am also thankful for the opportunity to assume a leadership 

role within the lab throughout my time as a graduate student.  

I would also like to thank my advisory committee Dr. David Ma and Dr. Kelly Meckling 

for their support and feedback throughout this journey. 

Also, thank you to my PhD qualifying examination committee, Dr. David Ma, Dr. Alison 

Duncan and Dr. Adronie Verbrugghe. This was a very enjoyable experience for me and 

you all helped me develop a stronger appreciation for the interplay between different 

fields within nutritional sciences. 

Thank you to the collaborators who made this thesis possible. This includes (but is 

definitely not limited to) Audric Moses of the Women and Children’s Health Research 

Institute at the University of Alberta, Michael Leadley of the Analytical Facility for 

Bioactive Molecules at the Hospital for Sick Children and Dr. Vern Dolinsky at the 

Children’s Hospital Research Institute of Manitoba for their lipidomics expertise. Also, a 

big thank you to Dr. Laila Schenkel for her help with the mouse project. This study 

definitely does not happen without you. Thank you to our collaborators Christina 

Fagerberg and Felix Distelmaier in Europe for sharing the skin fibroblasts with us and 

their contributions with the NBIA study. Also, thank you to the patients who served as 

the inspiration for the inspiration for the NBIA study. 



v 

 

 

 

Lab mates of the Bakovic lab! It’s incredibly heartwarming to say that the lab has 

developed a ‘family’ feel to it. I really appreciate that the lab is a place where everyone 

can freely discuss any issues, scientific or not so scientific. 

Thank you to everyone in HHNS! I’m thrilled to have been a part of a highly interactive 

department with intramural teams, outings to Blue Jays games, Christmas parties and a 

bunch of other things. A special thank you to my long-time house/apartment mates Elie 

Chamoun and Will Peppler for all the fun conversations and the life chats. 

Thank you Guelph! I first came here for the Biomedical Toxicology program in 

2008...and I stayed here until 2019. There are many good reasons for that and I feel 

blessed for that happening to me. 

Thank you to everyone back home. I appreciate your blue collar, ‘salt of the Earth’ 

ways. There’s never a bad time to hang out, which was music to my ears as I weaved 

my way through my grad school journey. 

To conclude, thank you to my girlfriend Carly for being smart and patient and witty and 

understanding all the way through grad school. Lastly, thank you to my mom and dad 

for the funny and thoughtful conversations around a dinner table. They’re honestly some 

of my fondest memories and it really made coming home for the holidays that much 

more awesome.



vi 

 

TABLE OF CONTENTS 

Abstract…………………………………………………………………………………………...ii 

Acknowledgements .........................................................................................................iv 

Table of Contents ........................................................................................................... ivi 

List of Tables ...................................................................................................................xi 

List of Figures ................................................................................................................. xii 

List of Abbreviations ...................................................................................................... xiv 

Studies .......................................................................................................................... xix 

CHAPTER 1: INTRODUCTION ....................................................................................... 1 

1.1 Significance of choline and ethanolamine .......................................................... 1 

1.2 Choline and ethanolamine formation and their implications in membrane 
phospholipid biogenesis .............................................................................................. 2 

1.3 Choline oxidation to betaine ............................................................................... 5 

1.4 Choline and betaine protect against fatty liver and insulin resistance ................ 8 

1.5 Phospholipids in skeletal muscle and mitochondrial function ........................... 12 

1.6 The role of choline and epigenetics in pregnancy and gestation ...................... 14 

1.7 Neuroprotective roles of choline ....................................................................... 17 

1.8 Interplay between fatty acids and phospholipids in modulating membrane 
biophysics .................................................................................................................. 19 

CHAPTER 2: HYPOTHESES, RATIONALE AND OBJECTIVES .................................. 21 

CHAPTER 3 RATIONALE ............................................................................................. 24 

CHAPTER 3: ADAPTATIONS TO EXCESS CHOLINE IN INSULIN RESISTANT AND 
PCYT2 DEFICIENT SKELETAL MUSCLE .................................................................... 25 

3.1 Abstract ............................................................................................................ 25

3.2 Introduction ...................................................................................................... 26 



xi 

 

 

 

3.3 Methods ........................................................................................................... 28 

3.3.1 Animals and choline treatments ................................................................. 28 

3.3.2 Analysis of phospholipids and cholesterol ................................................. 29 

3.3.3 Analysis of DAG and TAG ......................................................................... 30 

3.3.4 Analysis of muscle glycogen ...................................................................... 30 

3.3.5 Immunoblotting .......................................................................................... 31 

3.3.6 Analysis of gene expression ...................................................................... 32 

3.3.7 Statistical analysis ..................................................................................... 35 

3.4 Results ............................................................................................................. 35 

3.4.1 Choline affects membrane composition and reduces TAG accumulation in 
Pcyt2+/- muscle ....................................................................................................... 35 

3.4.2 Choline helps restore Pcyt2+/- muscle glycogen ........................................ 39 

3.4.3 Choline does not modify phospholipid gene expression ............................ 39 

3.4.4 Choline downregulates Pcyt2+/- muscle lipogenesis .................................. 40 

3.4.5 Choline improves AMPK activity and FA oxidation in Pcyt2+/- muscle 
glycogen ................................................................................................................. 42 

3.4.6 Choline improves nutrient signaling in Pcyt2+/- muscle .............................. 43 

3.5 Discussion ........................................................................................................ 47 

CHAPTER 4 RATIONALE ............................................................................................. 52 

CHAPTER 4:THE CHOLINE TRANSPORTER LIKE PROTEIN 1 IS INTEGRAL FOR 
MAINTAINING PHOSPHOLIPID AND FATTY ACID HOMEOSTASIS ......................... 53 

4.1 Abstract ............................................................................................................ 53 

4.2 Introduction ...................................................................................................... 54  

4.3 Methods ........................................................................................................... 56 

4.3.1 Whole exome sequencing and Sanger sequencing ................................... 56



viii 

4.3.2 Isolation and treatment of skin fibroblasts .................................................. 58 

4.3.3 RNA Isolation and RT-PCR ....................................................................... 59 

4.3.4 Immunoblotting .......................................................................................... 60 

4.3.5 Choline uptake ........................................................................................... 61 

4.3.6 Electron microscopy .................................................................................. 62 

4.3.7 Iron determination with ferrozine ............................................................... 63 

4.3.8 Pulse and pulse-chase radiolabeling with [3H]-choline and [14C]-
ethanolamine.......................................................................................................... 63 

4.3.9 Equilibrium radiolabeling with [3H]-glycerol and [14C]-(CH3)-methionine .... 64 

4.3.10 Phospholipase D activity assay ................................................................. 65 

4.3.11 Analysis of membrane phospholipids and fatty acids ................................ 65 

4.3.12 Data analysis ............................................................................................. 66 

4.4 Results ............................................................................................................. 66 

4.4.1 Clinical description ..................................................................................... 66 

4.4.2 Cerebral MRI scans ................................................................................... 70 

4.4.3 Genetic results ........................................................................................... 70 

4.4.4 Histological investigations .......................................................................... 72 

4.4.5 M1 mutant produces a truncated CTL1 protein while M2 mutant results in 
no protein being produced ..................................................................................... 74 

4.4.6 Choline uptake in mutant fibroblasts is reduced but improves with choline 
treatment ................................................................................................................ 75 

4.4.7 Altered expression of other choline transporters in mutant fibroblasts ...... 78 

4.4.8 Changes in phospholipid gene expression as a likely measure to preserve 
membrane PC ........................................................................................................ 80 

4.4.9 Increased expression of lipogenic genes and reduced expression of fatty 
acid oxidation genes as a response to deficiency in choline transport ................... 82



ix 

4.4.10 Preservation of mutant cell PC results in deficiency in other membrane 
phospholipids ......................................................................................................... 84 

4.4.11 Membrane phospholipid profiles are greatly modified in mutant cells ........ 88 

4.5 Discussion ........................................................................................................ 91 

CHAPTER 5 RATIONALE ............................................................................................. 96 

CHAPTER 5: THE NOVEL ROLE OF SLC44A1/CTL1 IN ETHANOLAMINE 
TRANSPORT ................................................................................................................ 97  

5.1 Abstract ............................................................................................................ 97  

5.2 Introduction ...................................................................................................... 98 

5.3 Methods ......................................................................................................... 100 

5.3.1 Maintenance of cell lines ......................................................................... 100 

5.3.2  Drug treatments in cancer cells ............................................................... 101 

5.3.3 Radiolabeling and PC and PE determination ........................................... 101 

5.3.4 Kinetics of ethanolamine transport .......................................................... 102 

5.3.5 Choline and ethanolamine uptake ........................................................... 102 

5.3.6 RNA extraction and RT-PCR ................................................................... 103 

5.3.7 Expression of Myc-tagged rSLC44A1 cDNA and SLC44A2 siRNA in 
fibroblasts ............................................................................................................. 104 

5.3.8 Immunoblotting ........................................................................................ 105 

5.3.9 Mitochondrial isolation ............................................................................. 105 

5.3.10 Lipid analysis ........................................................................................... 106 

5.3.11 Pcyt2 activity assay ................................................................................. 106  

5.3.12 Statistical analysis ................................................................................... 107  

5.4 Results ........................................................................................................... 107 

5.4.1 CTL1 inhibition with HC-3 and CTL1 antibody on PC and PE synthesis . 107 

5.4.2 Kinetics of ethanolamine uptake and effects of extracellular pH and Na+ on 
ethanolamine uptake  ........................................................................................... 108



x 

5.4.3 Effects of various compounds on CTL1 mediated uptake ....................... 112 

5.4.4      mRNA expression of CTL transporters and Kennedy pathway genes ..... 114 

5.4.5 Effects of CTL1 overexpression on ethanolamine uptake ....................... 116  

5.4.6 Effects of CTL2 knockdown on ethanolamine uptake .............................. 117 

5.4.7 Lipid analysis in Control and M2 cells ...................................................... 120 

5.5 Discussion ...................................................................................................... 121 

CHAPTER 6: INTEGRATIVE DISCUSSION ............................................................... 125 

6.1 Choline treatment in regulating lipid metabolism ............................................ 125 

6.2 Consequences of CTL1/SLC44A1 deficiency ................................................ 127 

6.3 Regulation of ethanolamine transport by CTL1/SLC44A1 .............................. 129 

6.4 Integration of CDP-choline and CDP-ethanolamine pathways ....................... 130  

6.5 Conclusion and future directions .................................................................... 132 

References .................................................................................................................. 134 

 

 

 

 

 

 

 

 

 

 

 

 



xi 

 

 

 

LIST OF TABLES 

Table 3.1: Primer sequences and melting temperatures (TM) for polymerase chain 

reaction (PCR) using mouse RNA. ................................................................................ 34 

Table 4.1: Primer sequences and melting temperatures (TM) for polymerase chain 

reaction (PCR) using human fibroblast RNA. ................................................................ 60 

Table 5.1: Primer sequences and melting temperatures (TM) for polymerase chain 

reaction (PCR) using human fibroblast RNA. .............................................................. 104 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xiv 

 

 

 

LIST OF FIGURES 

Figure 1.1: Choline and ethanolamine in the Kennedy pathway. .................................... 4 

Figure 1.2: Choline and the interplay between the de novo synthesis, transsulfuration 
and mitochondrial oxidative pathways. ............................................................................ 7 

Figure 3.1: Choline modifies muscle glycerolipid content. ............................................. 37 

Figure 3.2: Choline modifies muscle TAG and DAG content and glycogen storage. .... 38 

Figure 3.3: Choline positively affects the expression of genes involved in lipogenesis 
and lipolysis. .................................................................................................................. 41  

Figure 3.4: Choline has a positive effect on the expression of key players in fatty acid 
oxidation. ....................................................................................................................... 43 

Figure 3.5: Choline reduces PKCα and restored muscle insulin signaling. ................... 45 

Figure 3.6: Choline reduces mTOR activation and increases expression of key players 
in autophagy. ................................................................................................................. 46 

Figure 4.1: Photos of the individuals, pedigrees and brain MRI studies. ....................... 71 

Figure 4.2: Ultrastructure and iron load of cultured skin fibroblasts. .............................. 73 

Figure 4.3: Topology and transport function of the native and mutated CTL1 proteins. 76  

Figure 4.4: Choline stimulates CTL1 transport and protein abundance in M1 cells. ...... 77 

Figure 4.5: mRNA expression of choline related transporters is dysregulated in mutant 
fibroblasts. ..................................................................................................................... 79 

Figure 4.6: mRNA expression of phospholipid genes is dysregulated in mutant 
fibroblasts. ..................................................................................................................... 81 

Figure 4.7: mRNA expression of fatty acid genes is dysregulated in mutant fibroblasts.
 ...................................................................................................................................... 83 

Figure 4.8: PC and PE de novo biosynthesis and turnover ........................................... 86 

Figure 4.9: Analysis of equilibrium phospholipid levels ................................................. 87 

Figure 4.10: Glycerolipid subclasses and fatty acid composition are modified in mutant 
cells ............................................................................................................................... 90 

Figure 5.1: CTL1 inhibition with HC-3 and CTL1 antibody on PC and PE synthesis ... 108



xiii 

Figure 5.2: Kinetics of ethanolamine uptake ............................................................... 110 

Figure 5.3: Effects of extracellular pH and Na+ on ethanolamine uptake .................... 111 

Figure 5.4: Effects of various compounds on CTL1 mediated uptake ......................... 113 

Figure 5.5: mRNA expression of CTL transporters and Kennedy pathway genes and 
Pcyt2 activity assay ..................................................................................................... 115 

Figure 5.6: Effects of CTL1 overexpression on ethanolamine uptake ......................... 117 

Figure 5.7: Characteristics of mitochondrial ethanolamine transport ........................... 119 

Figure 5.8: Lipid analysis in Control and M2 cells ....................................................... 121 

 

 

 

 

 

 

 

  



xiv 

 

 

 

LIST OF ABBREVIATIONS 

5,10-MTHF: N5, N10-methyleneTHF 

AA: arachidonic acid 

ACC: acetyl-CoA carboxylase 

Ach: acetylcholine 

AD: Alzheimer’s disease 

ADP: adenosine diphosphate 

AI: adequate intake 

Akt: protein kinase B 

AMPK: 5’ adenosine monophosphate-activated protein kinase 

ANT: adenine nucleotide translocase 

ATGL: adipose triglyceride lipase 

ATP: adenosine triphosphate 

BADH: betaine aldehyde dehydrogenase 

BHMT: betaine homocysteine methyltransferase 

CDP-choline: cytidine 5’-diphosphocholine  

CE: cholesterol ester 

CEPT: choline ethanolamine phosphotransferase 1 

CHDH: choline dehydrogenase 

CHT1: high-affinity choline transporter 

CK: choline kinase 

CoA: coenzyme A 

CPT1: carnitine palmitoyltransferase I 

CTL1: choline transporter-like 1



xvi 

CVD: cardiovascular disease 

DAG: diacylglycerol 

DGAT: diacylglycerol acyltransferase 

DHA: docosahexaenoic acid 

DMG: dimethylglycine 

DNA: deoxyribonucleic acid 

DTT: dithiothreitol 

EDTA: ethylenediaminetetraacetic acid 

EK: ethanolamine kinase 

ELOVL: fatty acid elongase 

EPA: eicosapentaenoic acid 

ER: endoplasmic reticulum  

ERG: electroretinography 

FA: fatty acid 

FAS: fatty acid synthase 

FC: free cholesterol 

FMO3: flavin monooxygenase 3 

GAPDH: glyceraldehyde-3-phosphate dehydrogenase 

GPC: glycerophosphocholine 

GSH: glutathione 

GSK3: glycogen synthase kinase 3 

HC-3: hemicholinium-3 

HFD: high fat diet 

Hcy: homocysteine 

HPLC: high performance liquid chromatography



xvii 

HSL: hormone sensitive lipase 

IR: insulin resistance 

IRS1: insulin receptor substrate 1 

LC3: microtubule-associated protein light chain 3 

LPL: lipoprotein lipase 

MAM: mitochondrial associated ER membranes 

MAT: methionine adenosyl transferase 

MPAN: mitochondrial membrane protein-associated neurodegeneration 

MRI: magnetic resonance imaging 

MTHFR: N5, N10-methyleneTHF reductase 

mTOR: mammalian target of rapamycin 

NAFLD: non-alcoholic fatty liver disease 

NBIA: neurodegeneration with brain iron accumulation 

NHANES: National Health and Nutrition Examination Survey 

NHE: sodium/proton exchanger 

OCTN: organic cation transporter 

PA: phosphatidic acid 

PBS-T: phosphate buffered saline-tween 20 

PC: phosphatidylcholine 

PCho: phosphocholine 

Pcyt1: choline-phosphate cytidylyltransferase 1 

Pcyt2: CTP:phosphoethanolamine cytidylyltransferase 2 

PDH: pyruvate dehydrogenase 

PE: phosphatidylethanolamine 

PEMT: phosphatidylethanolamine N-methyltransferase



xvii 

PG: phosphatidylglycerol 

PGC-1α: peroxisome proliferator-activated receptor gamma coactivator 1-alpha 

Pi: inorganic phosphate 

PI: phosphatidylinositol 

PI3K: phosphoinositide 3-kinase 

PKCα: protein kinase C alpha 

PLA: phospholipase A 

PLD: phospholipase D 

POTS: postural orthostatic tachycardia syndrome 

PPARα: peroxisome proliferator-activated receptor alpha 

PPARγ: peroxisome proliferator-activated receptor gamma 

PS: phosphatidylserine 

PSD: phosphatidylserine decarboxylase 

PSS1: phosphatidylserine synthase 1 

PSS2: phosphatidylserine synthase 2 

PUFA: polyunsaturated fatty acid 

SAH: s-adenosylhomocysteine 

SAHH: s-adenosylhomocysteine hydrolase 

SAM: s-adenosylmethionine 

SCD1: stearoyl-CoA desaturase-1 

SCP2: sterol carrier protein 2 

SHMT: serine hydroxymethyltransferase 

SIRT1: sirtuin 1 

SLC44A1: solute carrier family 44 subfamily A member 1 

SLC5A7: solute carrier family 5 subfamily A member 7



xviii 

SM: sphingomyelin 

SNP: single nucleotide polymorphism 

SREBP1: sterol regulatory element-binding protein 1 

T2D: type 2 diabetes  

TAG: triacylglycerol 

TCA: tricarboxylic acid 

THF: tetrahydrofolate 

TLC: thin layer chromatography 

TMA: trimethylamine 

TMAO: trimethylamine N-oxide 

VLCFA: very long chain fatty acids 

VLDL: very low density lipoprotein 

 

 

 

 

 

 

 

 

 

 

 

 



xix 

 

 

 

STUDIES 

This thesis is based on the following studies: 

 

Chapter 1: Taylor A, Michel V, Bakovic M. (2019). Metabolic and physiologic 

significance of choline formation and metabolism. 

 

Chapter 3: Taylor A, Schenkel, LC, Yokich M, Bakovic M. (2017). Adaptations to 

Excess Choline in Insulin Resistant and Pcyt2 Deficient Skeletal Muscle. Biochemistry 

and Cell Biology. DOI: 10.1139/bcb-2016-0105. 

 

Chapter 4: Fagerberg CR, Taylor A, Distelmaier F, Kibaek M, Wieczorek D, Schroder 

HD, Larsen, MJ, Jamra, RA, Gade, E, Markovic, L, Klee, D, Brady, L, Tarnopolsky, M, 

Agarwal, P, Dolinsky V, Bakovic M. (2019). A new type of Neurodegeneration with Brain 

Iron Accumulation is linked to the Choline Transporter Like 1 Protein. Submitted to 

Brain. 

 

Chapter 5: Taylor A, Grapentine, S, Ichhpuniani J, Bakovic M. (2019). The novel role of 

SLC44A1/CTL1 in ethanolamine transport.  



1 

 

 

 

CHAPTER 1: INTRODUCTION 

 

1.1 Significance of choline and ethanolamine 
 

Choline is an essential nutrient involved in membrane lipid formation, neurotransmission 

and one carbon metabolism. In addition to free choline, most dietary choline is produced 

from the phospholipid phosphatidylcholine (PC) (1). Choline Adequate Intake (AI) of 550 

mg/day for men, 425 mg/day for women, 450 mg/day for pregnant women and 550 

mg/day for lactating women and has been considered a required dietary nutrient by the 

US Institute of Medicine’s Food and Nutrition Board since 1998. However, numerous 

studies have reported that 4 in 5 Americans are not reaching the AI for choline. The 

Framingham Heart Study reported that Americans consumed on average 203 mg/day of 

choline whereas the Nurses’ Health Study and the Atherosclerosis Risk in Communities 

study reported 293 and 217 mg/day choline intake respectively, far below the AI value 

(2, 3, 4, 5). Choline is most abundant in eggs, meat and dairy products (6). To help 

improve choline intake, choline rich cereal based functional foods (7), milk (8) and goats 

(9) have been developed. 

Choline deficiency is implicated in fatty liver (10), insulin resistance (11) and muscle 

damage in humans (12) and rodents (13). Humans who have mutations in PCYT1A, the 

gene that encodes the rate limiting enzyme for PC synthesis via the CDP-choline 

pathway, have been shown to have severe insulin resistance and lipodystrophy (14). In 

mice, choline has been shown to be particularly important during fetal development as 

gestational deficiency leads to memory and learning deficits later in life (15). 
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Ethanolamine is essential for life and is typically found in circulation at a concentration 

of approximately 50 μM (16, 17). In addition, ethanolamine is a structural component of 

mammalian cell membranes as a constituent of the abundant membrane phospholipid 

phosphatidylethanolamine (PE) (16). Moreover, PE is critical for maintaining 

mitochondrial membrane morphology (18) by generating negative membrane curvature 

that allows cristae to have their long, tubular structure (19). Aside from mitochondrial 

biogenesis, the implications of ethanolamine are quite diverse: it has been used for 

cancer diagnostics (20), is likely involved in the pathophysiology of bipolar disorder (21) 

and modulates cell proliferation (22). Ethanolamine can also serve as a sole carbon and 

nitrogen source for bacteria (23) and is readily found in cosmetics as a wetting agent 

(24).  

 

1.2 Choline and ethanolamine formation and their implications in membrane 

phospholipid biogenesis 

Choline and ethanolamine are critical components of PC and PE respectively (25, 26, 

27). For the purposes of phospholipid biosynthesis, choline is transported into the cell 

via the choline transporter-like protein 1 (CTL1). The uptake mechanism for 

ethanolamine is unknown but past reports have found that choline and ethanolamine 

compete with one another for uptake (28, 29), hinting that CTL1 can facilitate 

ethanolamine uptake. De novo synthesis of PC and PE occur via the Kennedy pathway 

(Figure 1.1): Upon entry into the cell, choline and ethanolamine are quickly 
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phosphorylated in the cytoplasm by choline kinase (CK) and ethanolamine kinase (EK) 

to generate phosphocholine and phosphoethanolamine (PCho and PEtn). PCho is then 

coupled with CTP by the CTP:phosphocholine cytidylyltransferase (CCT/Pcyt1) to 

generate CDP-choline and Pi. PEtn is coupled with CTP by the 

CTP:phosphoethanolamine cytidylyltransferase (ECT/Pcyt2) to generate CDP-

ethanolamine and Pi. In the final step, CDP-choline and CDP-ethanolamine are 

condensed with diacylglycerol (DAG) by CDP-choline:DAG phosphotransferase and 

CDP-ethanolamine:DAG phosphotransferase in the endoplasmic reticulum (ER) to yield 

PC and PE. In the liver, PC is additionally generated from PE by a 3-step methylation 

with S-adenosylmethionine (SAM) catalyzed by phosphatidylethanolamine (PE) N-

methyltransferase (PEMT) (30). In mammals, the PEMT pathway is vital for PC 

formation to prevent the development of choline deficiencies when demands for choline 

are high, such as during embryonic development, pregnancy, and lactation (31). 

Moreover, PEMT is important for VLDL particle formation and secretion from the liver 

(32). PEMT formed PC is enriched with n-3 PUFA, which is crucial for providing fetuses 

with n-3 PUFA for proper developmental programming (33) and the optimal function of 

neurological tissues (34, 35, 36). 
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Figure 1.1: Choline and ethanolamine in the Kennedy pathway 

Choline and ethanolamine are released from PC and PE by phospholipases and by 

phospholipid exchange mechanisms. Degradation of PC and PE by phospholipases is a 

critical element of cell signaling and choline homeostasis (37). PC is converted into 

glycerophosphocholine (GPC), a prominent acetylcholine precursor and osmolyte via 

PLA2 (38) while PE is converted to glycerophosphoethanolamine. PLD1 and PLD2 

cleave PC and PE between the phosphate moiety and choline or ethanolamine head 

group to generate free choline or ethanolamine and phosphatidic acid (PA). In mice, PA 

has been shown to be utilized for DAG formation and directly regulates signaling 

pathways such as the mTOR pathway (39). Moreover, in genetic disorders with choline 

deficiencies such as postural orthostatic tachycardia syndrome (POTS), there is an 
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increase in PLD activity apparently in an attempt to generate more intracellular choline 

when choline transport is reduced (40). 

Free choline is also released at the mitochondria associated ER membranes (MAM) 

when PC is converted into phosphatidylserine (PS) by PS synthase 1 (PSS1) but the 

exact utilization of the choline formed at the MAM is not known. PE also exchanges its 

ethanolamine head group with serine to produce PS via PS synthase 2 (PSS2) (41). 

Mitochondrial PS can be decarboxylated to generate PE by PS decarboxylase (PSD) 

(41, 42). This newly made PE can be transported from mitochondria and further 

methylated by S-adenosylmethionine (SAM) in the liver by the PEMT pathway, to 

recycle PC (and intracellular choline) (43). As a result, the PE phospholipid head group 

exchange mechanisms and PS decarboxylation pathway also serve to generate 

additional pools of choline, the fate of which is not clearly established. 

 

1.3  Choline oxidation to betaine 

Aside from its role in PC synthesis, choline is oxidized to betaine, which is a prominent 

methyl group donor in one-carbon metabolism and SAM formation (Figure 2). In the 

liver and kidney, choline is oxidized to betaine by two poorly characterized enzymes, 

choline dehydrogenase (CHDH) and betaine aldehyde dehydrogenase (BADH), located 

within the mitochondrial matrix. Betaine remethylates homocysteine (Hcy) to generate 

methionine, and this reaction is carried out by betaine homocysteine methyltransferase 

(BHMT) when dimethylglycine (DMG) is released. Furthermore, it is important to note 
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that the betaine product DMG is also a methyl group donor for mitochondrial 

tetrahydrofolate (THF) methylation to 5 methyl-THF and the completion of the 

sarcosine-glycine-serine cycle (Figure 2) that takes part both in the mitochondria and in 

cytosol. As a result, the production and availability of betaine is important for optimal 

one carbon metabolism in three ways: i.) the methyl groups of betaine can be donated 

into the one carbon cycle for SAM production ii.) betaine also supports the folate cycle 

via mitochondrial methylation of THF to generate 5-methylTHF and iii.) betaine is also 

capable of supplying the methyl donor serine to generate N5, N10-methyleneTHF (5,10-

MTHF). Therefore, differently from folate, betaine is a direct provider of methyl groups 

for Hcy methylation to methionine. In the folate cycle, serine hydroxymethyltransferase 

(SHMT) catalyzes the donation of a methyl group from serine to synthesize 5, 10-MTHF 

from THF (44, 45, 46), which can then be reduced to 5-methylTHF by N5, N10-

methyleneTHF reductase (MTHFR). Paradoxically, the metabolic dependence of the 

folate cycle from mitochondrial choline/betaine metabolism is not well understood. 

Moreover, its significance is not well addressed when it comes to human nutrition and 

epigenetic consequences for human health. SAM is synthesized by the condensation of 

methionine and adenosine by methionine adenosyl transferase (MAT). SAM is the only 

methyl group donor implicated in multiple metabolic reactions including DNA 

methylation, neurotransmitter synthesis and PC synthesis (47). Due to the methylation 

reaction, SAM is converted into S-adenosylhomocysteine (SAH) which is then 

hydrolyzed to Hcy by SAH hydrolase (SAHH) (Figure 2). Hcy can also be converted into 
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cysteine via transsulfuration to be incorporated into glutathione (GSH) which is one of 

the most important intracellular reducing agents. 

 

 

Figure 1.2: Choline and the interplay between the de novo synthesis, transsulfuration and 

mitochondrial oxidative pathways 

 

In mice, methyl donor supplementation in vivo has also been shown to positively affect 

one carbon metabolism to correct perturbations in FA oxidation and energy balance 

which are evident in obesity. In mice with excess fat accumulation, 4 weeks of choline 

supplementation increased plasma glycerol and glycine, which are products of 

increased lipolysis and choline oxidation respectively (40). Moreover, plasma creatine 
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and sarcosine were reduced, further indicating an increase in homocysteine/methionine 

cycling to breakdown choline (40). In this model, SAM was more devoted to maintaining 

cellular PC balance, which is often perturbed in obesity, instead of guanidinoacetate 

methylation for creatine synthesis. In the skeletal muscle of mice, the main beneficial 

effects of supplemental choline included the reduction of energy stored as free FA, DAG 

and TAG and increasing energy utilization (76). Mice with excess fat accumulation 

supplemented with choline or supplemented for 8 weeks with betaine showed increased 

oxidative demethylation of these methyl donors (40). Oxidative demethylation of choline 

and betaine is beneficial as this requires energy in the form of reducing equivalents 

produced from succinate and α-ketoglutarate in the TCA cycle to be broken down (40). 

In essence, choline and betaine breakdown increased metabolic demand, thereby 

decreasing the propensity for energy to be stored as fat throughout the body.      

 

1.4  Choline and betaine protect against fatty liver and insulin resistance  

Non-alcoholic fatty liver disease (NAFLD) has become the most prominent chronic 

disease in humans and its prevalence has risen concomitant with insulin resistance, 

type 2 diabetes (T2D) and obesity over the past 30 years (48). NAFLD comprises a 

wide spectrum of pathologies, ranging from lipid droplets and simple steatosis to 

hepatitis to fibrosis and cirrhosis (49). Dietary factors such as high caloric intake, high 

fat intake (50), high fructose intake, refined grain and processed meat consumption 

have been positively correlated with NAFLD development (51). Though extensively 
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studied, the mechanism responsible for the pathogenesis of NAFLD remains poorly 

understood.  

Dietary choline is an important nutrient for maintaining optimal hepatic function. Choline 

deficiency has widespread effects on the one carbon metabolic system and lipid 

synthesis in the liver. In choline deficient mice, SAM concentrations were decreased by 

50% after the consumption of a choline deficient diet for 2 weeks (52). Due to this 

decrease in SAM concentration, there is a concomitant decrease in PEMT activity, and 

therefore PE derived PC phospholipid content (53). The PEMT enzyme is important for 

the synthesis of PC used in very low-density lipoproteins (VLDL), which is critical for 

TAG export from the liver (54). PC is a critical component of VLDL particles and a 

diminished capacity for the liver to synthesize PC via the PEMT pathway results in 

decreased lipoprotein secretion and TAG accumulation in hepatocytes (55). Hepatic 

steatosis resulting from choline deficiency is a hallmark feature of VLDL deficiency in 

species such as humans and cats (52, 56). Choline supplementation improves hepatic 

function in mice by normalizing the expression of genes involved in lipogenesis 

(SREBP1, FAS, SCD1) and lipolysis (ATGL, HSL, LPL), as well as FA oxidation 

(PPARα) and mitochondrial biogenesis (PGC-1α) (40). These changes result in a 

decrease in hepatic TAG (40, 57) and plasma acylcarnitines, which is an indication of 

improvements in mitochondrial fatty acid metabolism (40, 58). 

Betaine has been shown to be hepatoprotective in mice with respect to numerous toxic 

substances such as ethanol, lipopolysaccharide and dimethylnitrosamine (59, 60, 61). 

The liver injury resulting from these toxicants is largely due to altered sulfur amino acid 
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metabolism, and betaine has been shown to be beneficial in this regard (62, 63). 

Hepatocyte cell volume in mammalian systems is often altered during oxidative stress 

and these changes in cell volume activate signal transduction cascades in an attempt to 

allow the cell to respond to stress more effectively (64, 65). BHMT, CHDH and PEMT 

expression is increased in hypotonic conditions, indicating a coordinated response to 

increase cell volume and regenerate methionine from Hcy for eventual methyl group 

donation (66). Additionally, betaine is a lipotropic compound and also helps to increase 

the levels of SAM and GSH in the liver which are critical for maintaining proper 

methylation and redox states (67).  

Betaine has been shown in mice to reduce body weight induced by HFD consumption 

as well as hepatic and visceral fat mass by increasing AMPK activation (68). AMPK is a 

positive regulator of fatty acid oxidation and decreases the expression of genes such as 

SREBP-1c, ACC and FAS which promote lipogenesis (69). Furthermore, AMPK can 

directly phosphorylate PGC-1α to stimulate mitochondrial biogenesis (70). Betaine has 

also been shown to reverse increased serum insulin levels and improve glucose 

tolerance (71) while also reducing serum TAG and cholesterol levels. These findings 

are supplemented by the activation of insulin signaling in the liver as seen by increasing 

phosphorylation of IRS1 and activation of Akt (72).  

In mice, plasma acyl-carnitine levels are lowered substantially with choline and betaine 

supplementation, which is beneficial as an abundance of acyl-carnitines in the plasma is 

indicative of inefficient mitochondrial FA oxidation, a metabolic issue that often affects 

obese individuals (40, 57). As a result, acyl-carnitine levels can provide an indication of 
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the ability of the cell to oxidize FA (73) and to maintain optimal mitochondrial function 

(74). In mice, long chain acyl-CoA species are critical regulators of metabolism as they 

inhibit mitochondrial adenine nucleotide translocase (ANT), which regulates ATP/ADP 

exchange across the inner mitochondrial membrane (75). Additionally, malonyl-CoA is 

an allosteric inhibitor of CPT1, the rate limiting enzyme in the oxidation of long chain 

fatty acyl-CoA by facilitating its entry into the mitochondrial matrix. Moreover, choline 

supplementation, decreased expression of genes which are critical for fatty acid 

synthesis (FAS and ACC) while the expression of genes involved with FA oxidation was 

increased (PPARα and PGC-1α) (76). 

Supplementation of choline and betaine in vivo has been shown to ameliorate 

perturbations with lipid metabolism that arise in obesity. Choline and betaine 

supplementation in mice decreased liver and adipose tissue weight while also reducing 

lipid droplet size which is largely due to decreased FA incorporation into TAG (40). In 

addition, betaine supplementation significantly decreased plasma TAG content while 

choline supplementation reduced collagen deposition, indicating decreased 

inflammation and fibrosis throughout the liver (40). Membrane composition was also 

remodeled with choline supplementation as the ratio of important lipid raft components 

FC:SM was increased (76). The optimal balance between FA oxidation and lipogenesis 

was restored with choline supplementation by activating the main regulator of skeletal 

muscle FA oxidation AMPK (76, 77). Subsequently, mTORC1 activation was decreased 

which in turn facilitate a decrease in SREBP1c nuclear translocation for lipogenic gene 

transcription (76). With choline supplementation, glycogen content, which is often 
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depleted in insulin resistant skeletal muscle, was also restored, indicating an enhanced 

ability to store glucose taken up from the blood.   

Therefore, choline and betaine are critical for mitigating the development of NAFLD. 

Choline and betaine both decrease lipid accumulation in the liver while also decreasing 

hepatic fibrosis. Metabolism is impacted by stimulating TAG degradation by lipolysis to 

generate a fasted energy deficient state. Choline is the predominant phospholipid 

component of VLDL which is important for exporting TAG from the liver. Improving 

choline and betaine levels promote fatty acid oxidation by increasing AMPK activation 

and improving insulin signaling. 

 

1.5 Phospholipids in skeletal muscle and mitochondrial function 

Skeletal muscle is a major site for energy expenditure and fatty acid oxidation and 

muscle mass is inversely correlated with health ramifications such as falls, fractures and 

poor quality of life (78, 79, 80). Miyake et al. (2019) concluded that the preservation of 

skeletal muscle mass is negatively correlated with all-cause mortality in individuals 

suffering from type 2 diabetes mellitus (81). Additionally, Hou et al. (2019) found that 

protein supplementation helped mitigate losses in maintain muscle mass in elderly 

individuals (82). Mutations which is affect lipid oxidation and mitochondrial respiration 

are detrimental to skeletal muscle function, leading to severe muscle pathologies (83). 

In particular, loss of function mutations in genes that encode enzymes that help 

maintain phospholipid homeostasis can promote rhabdomyolysis, or rapid skeletal 
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muscle breakdown. An example is LPIN1, which encodes for a phosphatidate 

phosphatase to generate DAG required phospholipid synthesis. Additionally, Lipin1 can 

serve as a transcriptional co-activator of PPARα and PGC-1α (84), which are key for 

fatty acid oxidation and mitochondrial biogenesis. The link between mutations in LPIN1 

and rhabdomyolysis in children has not been elucidated but likely involves an 

overaccumulation of intramuscular phospholipids and sarcoplasmic reticulum stress 

(85).  

Skeletal muscle is an important site for mitochondrial fatty acid oxidation, and 

phospholipids are also integral to optimal mitochondrial function (86, 87, 88). 

Mitochondria have an atypical phospholipid composition whereby PE and cardiolipin 

(CL) comprise roughly 50% of the phospholipid content (89). The major reasons for this 

enrichment of PE and CL in mitochondria are two-fold: these lipids induce negative 

membrane curvature to give cristae their tubular shape (90) and to help anchor the 

complexes of the electron transport chain in the inner mitochondrial membrane (91). 

Additionally, fatty acid composition within these phospholipids plays an important role in 

mitochondrial function (92). Approximately 90% of mitochondrial cardiolipin species in 

skeletal muscle exist as tetralinoleoylcardiolipin (93), and alterations in cardiolipin 

configuration are often indicative of oxidative stress (94). Diminished PUFA content in 

mitochondrial phospholipids has been correlated with longevity (95), potentially due to a 

greater likelihood of these molecules to be peroxidized by reactive oxygen species (96). 

On the other hand, As stated in section 1.2, PSD is an enzyme specific to mitochondria 

which is important as PE created via CDP-ethanolamine does not substantially 
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contribute to mitochondrial PE content (97). Moreover, mitochondria from fibroblasts 

lacking the PSD enzyme appear swollen and fragmented and consequently and this is 

linked to the depression of electron transport chain function and ATP synthesis (97).  

   

1.6  The role of choline and epigenetics in pregnancy and gestation 

During pregnancy, maternal choline affects metabolic and physiological functions of the 

offspring through numerous inter-related mechanisms. Maternal choline is vital for 

optimal placental development and maintaining optimal fetal growth (98, 99). The 

increased requirement for choline during gestation is largely due to an increased use of 

betaine as a methyl group donor (100) and a higher demand for choline utilization for 

PC synthesis (101). This could lead to substantial depletion of choline derived methyl 

donors such as betaine and SAM in pregnant women (102, 103). A reduction in choline 

and betaine leads to elevated homocysteine and decreased SAM levels, thereby 

decreasing methyltransferase activity as SAM is a positive regulator of MAT (104). 

Genetic variants that increase choline requirements can leave an individual susceptible 

to choline inadequacy (105), and this effect can be magnified during reproduction (106). 

Some of these SNPs are located in genes such as PEMT (rs12325817), choline 

dehydrogenase (CHDH) (rs12676) and MTHFR (rs1801133) which are critical for proper 

functioning of the one carbon metabolic system (107, 108). In addition, estimations from 

the NHANES study estimated that only 1 out of 10 pregnant women in the US are 
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consuming adequate amounts of choline (109), which is a troubling statistic as choline 

is a vital nutrient for fetal development. 

The prenatal period is vital for the establishment and maintenance of the epigenome 

(110). The DNA methylation patterns of gametes are mostly abolished after conception, 

therefore de novo methylation is crucial for gene silencing (111). DNA methylation is 

closely linked to histone modification in order to facilitate time-sensitive alterations 

throughout fetal development (112). In addition, the fetal epigenome can be affected by 

numerous maternal environmental factors such as nutrition (113). During pregnancy, it 

has been determined that maternal choline supply has dramatic effects on the fetal 

epigenome (114). The fetuses of choline deficient mothers exhibited hypermethylation 

of the insulin growth factor 2 (IGF2) gene (115), which is critical for embryonic 

development (116). Additionally, choline deficient mothers exhibited hypomethylation of 

DNMT1 and this was correlated with the epigenetic and expression changes of IGF2, 

suggesting that maternal choline deficiency exerted its effects on IGF2 via DNMT1 

hypomethylation (115). 

Maternal choline intake during pregnancy is critical for optimal cognitive function for a 

variety of reasons (116, 117).There is substantial evidence that adequate maternal 

choline levels during pregnancy are required for optimal hippocampal function, and 

therefore maintaining cognitive abilities (118, 119, 120). Choline deficiency during 

pregnancy has been shown to decrease hippocampal methylation of the cyclin 

dependent kinase inhibitor 3 (CDKN3) gene and increase the expression of kinase 

associated phosphatase (Kap), a known inhibitor of cell proliferation (121). Maternal PC 
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levels during pregnancy alter hippocampal cholinergic function of the offspring, which is 

associated with depression and anxiety later in life (122). This is because PC is 

important for ensuring adequate neuron density (123), propagation of intracellular 

signals (124) and optimal membrane configuration (125). PC can also be used for 

acetylcholine synthesis, and therefore cholinergic transmission (126). Choline intake is 

an important component of neurological development (127) as it has a large influence 

on structural integrity, function and cell signaling within the brain (128, 129). 

Additionally, choline supplementation in pregnant women has been shown to increase 

placental FATP4 content, which transports DHA to the fetus for neurological 

development (130). Moreover, maternal choline supplementation increases the levels of 

DHA-enriched PC (PC-DHA), which is mainly synthesized by the PEMT pathway (33). 

The PEMT pathway is especially important for fortifying phospholipids with DHA as this 

enzyme prefers PE-DHA as a substrate (131). This is in contrast to the CDP-choline 

pathway which predominantly synthesizes PC containing saturated medium length FA 

(120). With this in mind, maternal choline supplementation can serve as a dietary 

approach to supply the developing fetus with DHA. Umbilical cord choline content can 

be up to 5-fold higher than what is observed in maternal blood, further emphasizing the 

importance of choline in fetal development (96). Furthermore, the PEMT gene has an 

estrogen response element within its promoter region, meaning that its expression can 

be induced when estrogen is present (132). Estrogen is typically abundantly during 

pregnancy, and is therefore important for the fortification of the developing fetus with 

PC-DHA (132). In fact, women with SNPs in within the estrogen response element are 
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much more susceptible to developing choline deficiency (133). Prenatal omega-3 fatty 

acid supplementation in pregnant dams that consuming a diet low in folate and vitamin 

B12 normalizes global DNA methylation levels in the placenta and the brain (134). This 

implies that omega-3 fatty acids are involved in modifying methylation patterns (135). 

Taken together, choline and PC have critical roles with respect to pregnancy and fetal 

development. Choline is a critical molecule which can ultimately serve as a methyl 

donor within the one carbon metabolic system. As a result, choline deficiency has a 

negative impact on fetal development due to perturbed epigenetic regulation. In 

addition, choline deficiency has detrimental effects on hippocampal development, and 

can lead to cognitive deficiencies. Lastly, PC is an important molecule for fetal DHA 

enrichment and hormones (ie. estrogen) and enzymes (PEMT) help facilitate this 

process. 

 

1.7  Neuroprotective roles of choline 

Choline levels have been shown to be integral to maintaining optimal neurological 

function over time. As the number of older individuals in our population increases, the 

impact of choline deficiency on the health of these populations becomes more 

important. With aging, cerebral function becomes impaired through myelin degradation, 

decreased synaptic function and dysregulation of DNA methylation. Due to these 

pathologies, older adults experience cognitive decline and are increasingly affected by 

neurological disorders like Alzheimer’s disease (AD). Studies have established a 
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positive correlation between individuals carrying mutations which alter MTHFR activity 

and AD, linking choline metabolism and neurological function. Choline can act as a 

reserve methyl donor when MTHFR function is diminished but this will deplete choline 

pools that are required for various neurological functions. These functions include the 

integration of choline into the neurotransmitter acetylcholine and lipids like PC, which 

are associated with hallmark neurological perturbations of AD such as memory 

impairment and anxiety (136). Moreover, the quantity of lysoPC species, which are pro-

inflammatory lipid mediators, as well as sphingolipid breakdown products have been 

found to be markedly increased in AD patients (137, 138).  

The focus on nutrition has become increasingly important with regards to neurological 

disorders, largely because synaptic membranes require numerous nutrients to be 

synthesized. van Wijk et al. (139) report that cognitively impaired subjects had lower 

circulating levels of choline and folate, both of which are fundamental to membrane 

phospholipid synthesis. Mellott et al. (140) have shown that neonatal choline 

consumption can mitigate AD related cognitive decline later in life by attenuating 

amyloid plaque formation. As in other models, in utero choline supplementation has 

been shown to prevent a decline in hippocampal neurogenesis in adulthood while also 

rescuing cholinergic function, which are hallmarks of AD (140, 141). In mice, maternal 

choline supplementation has therapeutic potential by normalizing the expression of 

genes involved with synaptic plasticity in offspring. This is key for protecting basal 

forebrain cholinergic neurons mitigating decline in spatial cognition (142, 143). Cytidine 

5’-Diphosphocholine (citicoline), a PC precursor, has also been shown to improve 
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cognitive performance in AD patients as a safe and effective agent to increase PC 

levels in the brain (144, 145). 

 

1.8 Interplay between fatty acids and phospholipids in modulating membrane 

biophysics 

It is widely conceived that fatty acid esterification in critical for efficiently incorporating n-

3 fatty acids into the brain (146, 147), and that phospholipids are important carriers of n-

3 fatty acids (148). Esterified fatty acids are more readily absorbed into the body relative 

to fatty acids in TAG or unesterified fatty acids (149). Additionally, n-3 fatty acids are 

more resistant to oxidation when incorporated into phospholipids relative to TAG (150). 

Moreover, fatty acids esterified in phospholipids relative to TAG are more bioavailable 

(151), which is especially important in brain development (152, 153).  

An important role of n-3 fatty acids is their role in modulating biophysical properties 

within the cell membrane which play a role in signal transduction cascades (154, 155, 

156). For instance, Li et al. (2007) demonstrated that plasma membrane DHA content is 

integral for elevating eNOS activity by altering the lipid:protein interactions in caveolar 

microdomains, thereby facilitating the translocation of eNOS from the plasma 

membrane (157). Moreover, glucose transport has been shown to be modulated by the 

effects of n-3 fatty acids on its configuration within the membrane (158, 159, 160). 
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Imbalances in the activity of enzymes that maintain phospholipid homeostasis can 

facilitate pathological conditions resulting from membrane perturbations (161). 

Mutations in the PLA2G6 gene which encodes Ca
2+

 dependent phospholipase A2 

(iPLA2) have been linked to infantile neuroaxonal dystrophy which is characterized by 

motor and sensory impairment (162). iPLA2 works to breakdown PC, generating free 

fatty acids and lysoPC and serves as an antagonist to Pcyt1, which is a key enzyme in 

PC production (163). Imbalances between the activity of iPLA2 and Pcyt1 can lead to 

lipid imbalances which are detrimental for membrane integrity (164). One of the lipids 

that is most often liberated by iPLA2 is arachidonic acid (165), an eicosanoid precursor 

which can facilitate PLD activation leading to the activation of subsequent signaling 

cascades (166). Moreover, excessive iPLA2 mediated arachidonic acid release can lead 

to 4-hydroxy-2-nonenal (4-HNE) production (167). 4-HNE is a peroxidized product of 

arachidonic acid which can have a significant impact on cell functions by forming protein 

adducts and neuroaxonal dystrophy (168, 169). Additionally, a subset of individuals with 

mutations in the PLA2G6 gene develop brain iron deposits and abnormal EMG readings 

likely resulting from axonal swelling and deterioration (170, 171). The mechanism for 

brain iron accumulation is unclear but it is likely due to many factors from the 

dysfunction of proteins involved with iron transport and storage (172) and the ability for 

iron to participate in the Fenton reaction to generate free radicals from products of 

mitochondrial respiration (173). 
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CHAPTER 2: HYPOTHESES, RATIONALE AND OBJECTIVES 

 

The overall goal of this thesis was to shed light on PC and PE metabolism by utilizing 

unique genetic models linked to obesity and neurodegenerative disease. Dietary choline 

intake is critical for regulating metabolism and this thesis examines the role of choline in 

skeletal muscle lipid metabolism as this has not been extensively investigated. As 

choline is important for regulating metabolism, it was necessary to understand how 

choline is transported into the cell to be utilized. SLC44A1 deficient cells were utilized to 

further our understanding of cellular choline uptake. Additionally, choline and 

ethanolamine are similar in structure and are both used as substrates for de novo 

phospholipid biogenesis. However, the mechanism of ethanolamine uptake in humans 

has not been elucidated which prompted us to address this question.  

It was hypothesized that: 

 

I: Choline supplementation in insulin resistant Pcyt2+/- mice improves muscle 

function 

The development of insulin resistance, metabolic syndrome and type 2 diabetes is 

strongly correlated with increased DAG and TAG accumulation in skeletal muscle. 

Choline deficiency compromises muscle cell function by decreasing mitochondrial 

abundance, increasing TAG accumulation and perturbing phospholipid and FA 

metabolism. We postulated that choline supplementation will be important for mitigating 
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Pcyt2+/- muscle pathologies by restoring FA and energy homeostasis to improve insulin 

signaling in muscle. The primary objective was to analyze the effects of choline 

supplementation TAG accumulation and markers of energy metabolism in skeletal 

muscle of Pcyt2+/- mice exhibiting an obese phenotype. 

 

II: Dysfunctional CTL1/SLC44A1 is implicated in widespread disturbances in 

membrane composition  

We characterized two adolescent patients with a neurodegenerative disease caused by 

different homozygous frameshift mutations in the SLC44A1 gene. Our group postulated 

that these mutations have a severe effect on choline uptake, leading to downstream 

disturbances in phospholipid homeostasis. We analyzed the molecular mechanisms for 

this hypothesis in fibroblasts isolated from skin biopsies from the two patients. The 

primary objective was to establish how the SLC44A1 mutations lead to the widespread 

disturbances in membrane composition. 

 

III: CTL1 functions as an ethanolamine transporter 

PE is an important component of cellular membranes, yet little is known about how one 

of its constituents, ethanolamine, is transported into the cell. Through past experiments, 

we have seen that choline and ethanolamine seem to compete with each other for 

uptake into the cell. Moreover, we have seen that blocking the CTL1 transporter with an 
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antibody leads to diminished PE production. The primary objective was to determine if 

CTL1 has ethanolamine transport capacity, and if so to characterize uptake kinetics 

using a variety of cell lines.  
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CHAPTER 3 RATIONALE 

It is widely known that dietary choline consumption is strongly correlated with optimal 

health. Studies have shown that a diet deficient in choline is implicated in fatty liver (10) 

and cognitive impairment (15). However, little is known about choline supplementation 

on skeletal muscle lipid metabolism within the context of obesity in a mouse model. We 

utilized our Pcyt2+/- mouse model which has diminished substrate flow through the CDP-

ethanolamine branch of the Kennedy pathway. This was an adequate model to utilize 

because these mice gradually develop insulin resistance and obesity as well as DAG 

and TAG accumulation in skeletal muscle (40).  
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CHAPTER 3: ADAPTATIONS TO EXCESS CHOLINE IN INSULIN 
RESISTANT AND PCYT2 DEFICIENT SKELETAL MUSCLE 

 

3.1 Abstract 

It was hypothesized that choline supplementation in insulin resistant (IR) 

CTP:phosphoethanolamine cytidylyltransferase deficient (Pcyt2+/-) mice would 

ameliorate muscle function by reducing TAG accumulation and altering the expression 

of key players in energy metabolism. Pcyt2+/- mice either received no treatment or were 

allowed access to 2 mg/ml choline in drinking water for 4 weeks. Skeletal muscle from 

legs was harvested from choline treated and untreated mice. Lipid analysis and 

metabolic gene expression and signaling pathways were compared between untreated 

Pcyt2+/- mice, treated Pcyt2+/- mice and Pcyt2+/+ mice. The major positive effect of 

choline supplementation in muscle was the reduction of TAG accumulation and 

increased muscle glycogen storage. Choline reduced the expression of genes devoted 

to FA and TAG formation (Scd1, Fas, Srebp1c, Dgat1/2), upregulated the expression of 

genes devoted to FA oxidation (Cpt1, Pparα, Pgc1α) and had minor effects on genes 

devoted to phospholipid synthesis and lipolysis. Pcyt2+/- muscle had reduced protein 

content of key players involved with insulin signaling (IRS1), autophagy (LC3) and 

choline transport (CTL1) proteins that were restored by choline treatment. Additionally, 

AMPK and Akt phosphorylation were increased while mTORC1 phosphorylation was 

decreased. These data suggest that choline supplementation can play a role in 

improving muscle glucose metabolism by reducing lipogenesis and improving 
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mitochondrial and intracellular signaling for protein and energy metabolism in Pcyt2 

deficient mice. 

 

3.2 Introduction 

The nutrient choline is required for the formation of membrane phospholipids PC and 

sphingomyelin, the neurotransmitter acetylcholine (ACh) (174) and the methyl group 

donor betaine (175). Choline is a vital component of skeletal muscle function and 

choline deficiency is directly implicated in the development of muscular dystrophy (176). 

Choline specific transporter CTL1/SLC44A1 is abundantly present in skeletal muscle 

(177) and upregulated in numerous mitochondrial and muscular myopathies (178). 

Inherited mutations in choline kinase beta result in the development of muscular 

dystrophy in both mouse and humans (176, 177). ACh is essential for muscle 

contraction (178) and both neuron-specific (179) and ubiquitous choline transporters 

(180) supply choline for muscle ACh synthesis (181). Choline deficiency compromises 

muscle cell function by decreasing mitochondrial abundance, increasing TAG 

accumulation and perturbing phospholipid and FA metabolism (182).  

The ATTICA study (183) as well as the Nurses’ Health Study (184) demonstrated that 

diets rich in choline and betaine could reduce inflammatory biomarkers, including C-

reactive protein, interleukin-6 and tumor necrosis factor alpha. Adequate intakes of 

choline and betaine have been frequently associated with lower plasma Hcy, an 

independent risk factor for cardiovascular disease. In both animal models and humans, 
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choline deficiency results in the formation of non-alcoholic fatty liver and an increased 

sensitivity to inflammation (185). Choline and betaine are lipotropic dietary agents as 

they can reduce the accumulation of TAG in the liver. Betaine has been shown to curb 

liver fat accumulation and it has been broadly recognized as a safe and effective 

therapy for alcoholic fatty liver disease (186). The beneficial role of choline and betaine 

was also clearly observed with respect to non-alcoholic steatohepatitis (which develops 

in obesity) when oral supplements improved homocysteine levels, lipid profile 

(attenuation of fatty liver and proper export and formation of triglycerides and VLDL), 

steatosis, inflammation and fibrosis (71). Therefore, it is clear that a diet enriched in 

choline is beneficial in the prevention and treatment of obesity related disorders. 

However, it is not known if dietary choline could regulate muscle function and mitigate 

lipotoxicity.  

It has becoming increasingly evident that skeletal muscle phospholipids are important 

mediators of insulin sensitivity and muscle contraction. Muscle-specific knockout models 

for CTP:phosphoethanolamine cytidylyltransferase/Pcyt2 (187) and 

choline/ethanolamine phosphotransferase 1/CEPT1 (188) have been recently 

developed. These enzymes catalyze the rate-limiting step and the final step respectively 

in the CDP-ethanolamine (Kennedy) pathway for PE biosynthesis. The two knockout 

models established that impaired PE biosynthesis has a direct impact on muscle lipid 

metabolism and function (187, 188). The muscle-specific knockout (187) accumulated 

TAG and DAG but did not develop IR, probably because of upregulated mitochondrial 

FA oxidation. On the other hand, CEPT1-deleted muscle (188) was protected from high-
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fat diet induced IR but was exercise intolerant, which has been attributed to PE 

dependent regulation of endoplasmic reticulum calcium handling. We have generated a 

heterozygous Pcyt2 mouse (Pcyt2+/-) which has systemically reduced PE biosynthesis 

(189). Young Pcyt2+/- mice are asymptomatic but begin to become more insulin resistant 

and gain weight more readily than their wildtype counterparts after 20 weeks of age. 

Moreover, TAG and DAG accumulate in the skeletal muscle of these older Pcyt2+/- mice 

(40, 190). Choline treatment reduced Pcyt2+/- mediated weight gain and TAG 

accumulation in the liver (191). Here, we hypothesize that choline will also aid in 

mitigating Pcyt2+/- muscle pathologies by reducing TAG accumulation, which is likely 

beneficial in improving the expression of key players in insulin signaling and 

mitochondrial function in muscle. 

 

3.3 Methods 

3.3.1 Animals and choline treatments 

Generation of Pcyt2 deficient (Pcyt2+/-) mice and genotyping were described previously 

(189). All procedures were approved by the University of Guelph's Animal Care 

Committee and were in accordance with guidelines of the Canadian Council on Animal 

Care. Mice were exposed to a 12-h light/12-h dark cycle beginning with light at 7:00 

a.m. Mice had ad libitum access to a standardized chow diet (Harlan Teklad S-2335, 

50% calories from carbohydrate, 30% calories from fat, 20% calories from protein) and 

water. Pcyt2+/- mice progressively develop gain weight and develop insulin resistance 
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starting at 20 weeks of age (190). In the present study, 8-10-month old mice were 

divided into three groups (n = 6 - 10 in each group): Pcyt2+/- treated (Pcyt2+/- CHO), and 

untreated (Pcyt2+/-) with choline, and wildtype littermate controls (Pcyt2+/+). Treated 

mice were kept in separate cages and had free access to water containing 2 mg/ml 

choline (Sigma) for 4 weeks. Choline supplementation did not influence food and water 

intake, as determined on a daily basis. The choline intake from drinking water was ~240 

μg/g/day as determined from the choline concentration (2 mg/ml), water intake (5 

ml/day/mouse), and mouse weight (191). Thus, in addition to 17 mg/day obtained from 

diet, the Pcyt2+/- CHO group obtained 10 mg supplemental choline/day (or 37% of total 

choline ingested) in water. Mice were sacrificed by CO2 asphyxiation and total leg 

skeletal muscle was harvested for future analyses. 

 

3.3.2 Analysis of phospholipids and cholesterol 

The analysis of muscle phospholipids and cholesterol was performed by HPLC (Agilent 

Technologies, Santa Clara, CA, USA) as previously described (40). Briefly, 1 mg of 

skeletal muscle homogenates from Pcyt2+/- CHO, Pcyt2+/- and Pcyt2+/+ mice (n = 4) was 

extracted in the presence of an internal standard (50 mg dipalmitoyl-phosphatidyl 

dimethyl ethanolamine) using the method of Folch et al. (192). The extracted lipids were 

dried, resuspended in chloroform:isooctane (1:1) and separated by HPLC using a 3-

solvent gradient and a normal phase column (Onyxmonolithic silica; Phenomenex 

Incorporated, Torrance, CA, USA). The amounts of PC, PE, phosphatidylinositol (PI), 
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sphingomyelin (SM), cholesterol (FC), cholesterol ester (CE) and free fatty acids (FFA) 

were determined using appropriate standards and expressed in mg of lipid/mg of 

protein. 

 

3.3.3 Analysis of DAG and TAG 

Muscle samples (50 mg, n = 4 per group) were homogenized in 200 μl 5% PBS-T, the 

homogenates were twice heated to 100°C, cooled to room temperature and centrifuged 

to remove protein debris. Total TAG content (μg TAG/mg of muscle) was determined 

using the Wako Diagnostics Kit (Mountain View, CA, USA). In addition, 50 mg muscle 

samples (n = 3 per group) were extracted by the method of Bligh and Dyer (193). The 

lower organic phase was dried and resuspended in 100 μl of chloroform. DAG and TAG 

were resolved by TLC using a solvent system of heptane/isopropyl ether/acetic acid 

(60:40:3). Authentic standards were spotted in parallel to the samples, the plates were 

dried and exposed to iodine vapour for visualization. DAG and TAG spots were scanned 

and quantified with densitometry (190).     

 

3.3.4 Analysis of muscle glycogen 

Skeletal muscle samples (50 mg; n = 4 per group) were hydrolyzed in 500 μl 30% KOH. 

Homogenates were heated to 100°C for 30 min with frequent vortexing. Glycogen was 

precipitated with 600 μl of 95% ethanol, kept on ice for 45 min and centrifuged at 840 x 
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g for 30 min. The glycogen pellet was dissolved in 1 ml of water by vortexing. The 

glycogen solution was mixed with 1 ml of 5% phenol and 5 ml of 98% sulfuric acid was 

then added and kept at room temperature for 10 min. Samples were cooled on ice for 

30 min and developed colour which was determined spectrophotometrically at 490 nm. 

A standard curve was generated using pure glycogen (Roche) (194).    

 

3.3.5 Immunoblotting 

Muscle samples (50 mg; n = 3 per group) were homogenized in cold lysis buffer (10 mM 

Tris-HCl (pH 7.4), 1 mM EDTA and 10 mM NaF) containing protease (1/10) and 

phosphatase (1/100) inhibitor cocktails (Sigma). The lysates were centrifuged for 20 

minutes at 10,000 x g at 4oC to remove cell debris and 50 µg of lysate was used for 

analysis. For CTL1 protein detection, the lysates were mixed with a non-denaturing 

loading buffer (62 mM Tris-HCl and 0.01% bromophenol blue in 10% glycerol) and 

resolved with an 8% native gel at 90 V for 2 h. All other proteins were analyzed under 

denaturing conditions with a loading buffer comprised of 400 mM Tris-HCl, 50% 

glycerol, 10% SDS, 0.25% (w/v) bromophenol blue and 3% (w/v) DTT. AMPKα, 

pAMPKα, ACC, pACC, PKCα, PI3K, IRS-1, Akt, p308Akt, p473Akt, mTORC1 and 

p2443mTORC1 were resolved with a 10% denaturing gel. LC3 I and LC3 II were resolved 

with a 15% denaturing gel. All proteins were transferred to PVDF membranes (VWR). 

Membranes were blocked with 5% skim milk in PBS-T and incubated with the C-

terminal CTL1 antibody (ENS-627; 1:500). Membranes were also incubated with 
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AMPKα, pAMPKα, PI3K, Akt, p308Akt, p473Akt, mTORC1 and p2443mTORC1 (Cell 

Signaling), LC3 I/II (Abcam), IRS-1 (Millipore) antibodies as a 1:1,000 dilution with 5% 

BSA in PBS-T overnight at 4oC. Membranes were washed 2 times with PBS-T and 

incubated with horseradish peroxidase-conjugated anti-rabbit IgG secondary antibody 

(NEB) (1:5,000) in 5% skim milk in PBS-T for 1 h. After washing with PBS-T, the 

proteins were visualized using a chemiluminescent substrate (Sigma). β-tubulin (Sigma) 

was used as a loading control. 

 

3.3.6 Analysis of gene expression 

mRNA was extracted from 50 mg of Pcyt2+/- CHO, Pcyt2+/- and Pcyt2+/+ skeletal muscle 

(n = 5-8 per group) using TRIzol reagent (Invitrogen). cDNA was prepared from 2 µg of 

total mRNA using a 3-AP primer and SuperScript II reverse transcriptase (Invitrogen). 

For the phospholipid biogenesis pathways, the expression of the choline transporter like 

protein 1 (Ctl1), CTP:phosphocholine cytidylyltransferase (Pcyt1), phosphatidylserine 

synthase 1 and 2 (Pss1 and Pss2) and phosphatidylserine decarboxylase (Psd) was 

quantified. The expression of genes involved in FA and TAG synthesis including sterol 

regulatory binding protein 1c (Srebp1c), FA synthase (Fas), stearoyl-CoA desaturase 1 

(Scd1), and diacylglycerol acyltransferase 1 and 2 (Dgat1 and Dgat2) was analyzed. 

The expression of genes devoted to lipid degradation such as lipoprotein lipase (Lpl), 

hormone-sensitive lipase (Hsl) and adipocyte triglyceride lipase (Atgl) was also 

analyzed. The expression of the mitochondrial regulatory genes peroxisomal 
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proliferation activation receptor α (Pparα), Ppar gamma coactivator 1α (Pgc1α), and the 

FA genes acyl CoA carboxylase (Acc) and carnitine palmitoyltransferase 1 (Cpt1) was 

analyzed. Glyceraldehyde-3-phosphate dehydrogenase (Gapdh) mRNA was used as a 

control. The primers and PCR conditions are in Table 3.1 and as described (40, 189, 

191). 

 

 

 

 

 

 

 

 

 

 

 



34 

 

 

 

Table 3.1: Primer sequences and melting temperatures (TM) for polymerase chain 

reaction (PCR) using mouse RNA 

Gene Forward Primer 5’-3’ Reverse Primer 5’-3’ TM (OC) Size (bp) 

Gapdh ACCACAGTCCATGCCATCAC TCCACCACCCTGTTGCTGTA 57 452 

Pss2 GAGTGGCTGTCCCTGAAGAC TCGTAGATCTCACGCATGGC 59 305 

Atgl CAACGCCACTCACATCTACGG GGACACCTCAATAATGTTGGCAC 57 106 

Hsl ACGCTACACAAAGGCTGCTT TCGTTGCGTTTGTAGTGCTC 59 125 

Lpl GCTCGCACGAGCGCTCCATT CCTCGGGCAGGGTGAAGGGAA 59 351 

Pgc1α TTGACTGGCGTCATTCGGG GAAGGACTGGCCTCGTTGTC 59.5 396 

Fas AGATGGAAGGCTGGGCTCTA GAAGCGTCTCGGGATCTCTG 59 268 

Ctl1 GAACGCTCTGCGAGTGGCTGC CGGCTTTAGCTCTCGGGCGT 49 376 

Pcyt1 ATGCACAGAGAGTTCAGCTAAAG GGGCTTACTAAAGTCAACTTCAA 50 170 

Pss1 CTGTTGTGCAATGGTGGTGG GGCTGGCTTGGAACACAAAG 59.5 283 

Psd GTTTGCTGTCACGTGCCTGTG CAGTGCAAGCCACATACGGG 59.5 205 

Dgat2 GGCGCTACTTCCGAGACTAC TCTTTAGGGTGACTGCGTTC 58.5 255 

Ssd1 CGCATCTCTATGGATATCGCCCC CTCAGCTACTCTTGTGACTCCCG 57 279 

Dgat1 

Cpt1 

Pparα 

Srebp1c 

Acc 

Scd1  

ATCCAGACAACCTGACCTACCG 

CCCATGTGCTCCTACCAGAT 

CGCATGTGAAGGCTGTAAGGGC 

TCACAGGTCCAGCAGGTCCC 

CGCATCTCTATGGATATCGCCCC 

CGCATCTCTATGGATATCGCCCC 

GACCGCCAGCTTTAAGAGACGC 

GGTCTCATCGTCAGGGTTGT 

GGCTTCGTGGATTCTCTTGCCC 

GGTACTGTGGCCAAGATGGTCC 

CTCAGCTACTCTTGTGACTCCCG 

CTCAGCTACTCTTGTGACTCCCG 

57 

57 

57 

57 

57 

57 

257 

396 

289 

438 

295  

279 
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3.3.7 Statistical analysis 

Data are represented as mean ± SEM. One-way ANOVA with post-hoc Tukey’s test 

was performed to compare means between WT, Pcyt2+/- and Pcyt2+/- CHO groups. A 

difference at 95% confidence interval (p ≤ 0.05) was considered as significant. All 

statistical tests were performed with GraphPad Prism 4 software. 

 

3.4 Results 

3.4.1 Choline modifies membrane composition and reduces TAG accumulation in 

Pcyt2+/- muscle 

The analysis of the membrane lipids in choline treated and control muscle was shown in 

Figure 3.1. The content of the major phospholipids PE and PC in the Pcyt2+/- muscle 

was similar to the content in the Pcyt2+/+ muscle. The Pcyt2+/- muscle however had 

reduced levels of phosphatidylinositol (PI) and the ‘lipid raft’ free cholesterol (FC), which 

are important molecules for signal transduction. Choline treatments did not affect PI 

content but significantly increased PC, SM and FC to levels similar to control muscle. 

Additionally, free FA content was dramatically reduced (60%) by choline treatment 

(Figure 3.1). Overall, choline treatment increased the membrane phospholipid ratio 

(PC:PE, Figure 3.1) but did not alter the ‘lipid rafts’ ratio (SM:FC, Figure 3.1).   

The levels of Pcyt2+/- muscle TAG were elevated relative to control muscle but were 

reduced by choline treatment. Pcyt2+/- muscle had 60% (Figure 3.2) more TAG than the 
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control muscle and choline reduced muscle TAG by 40%. A similar trend was observed 

in TAG and DAG relative ratios (Figure 3.2); Pcyt2+/- muscle DAG was elevated by 30% 

relative to control Pcyt2+/+ muscle and choline (Pcyt2+/- CHO) returned the elevated 

Pcyt2+/- DAG to the control levels. Taken together, the lipid analysis demonstrated that a 

choline enriched diet can help increase choline containing membrane phospholipids 

(PC and SM) while reducing DAG and TAG content in Pcyt2+/- muscle. 

While not presented in this particular study, the Pcyt2+/- mice exhibited a reduction in 

whole body weight gain, adipose weight and adipose cell size and liver weight with 

choline treatment. Moreover, liver TAG and plasma TAG content were diminished in 

Pcyt2+/- mice supplemented with choline. Choline treatment also had a beneficial impact 

on PC remodeling and plasma acylcarnitine levels in Pcyt2+/- mice (191 Laila liver 

paper). 
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Figure 3.1: Choline modifies muscle glycerolipid content. (A) Choline supplementation modified 

choline-containing phospholipid and cholesterol content. (B) The relative phospholipid ratio of PC:PE 

increased with choline supplementation, and (C) the relative SM:FC ratio was not affected with choline 

treatment. *p < 0.05 compared to Pcyt2+/+ and #p < 0.05 compared to Pcyt2+/-. 
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Figure 3.2: Choline modifies muscle TAG and DAG content and glycogen storage. (A, B) Choline 

reduced muscle TAG and DAG. (C) Choline increased muscle glycogen content. *p < 0.05 compared to 

Pcyt2+/+ and #p < 0.05 compared to Pcyt2+/-. 
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3.4.2 Choline helps restore Pcyt2+/- muscle glycogen 

Choline treatment helped increase Pcyt2+/- muscle glycogen levels (Figure 3.2). 

Glycogen was reduced in Pcyt2+/- muscle relative to Pcyt2+/+ wildtype muscle by 50%. 

One month of dietary choline supplementation was able to increase Pcyt2+/- muscle 

glycogen levels by 60% (p < 0.05).  Taken together, the data in Figure 3.2 demonstrated 

that choline can influence the remodeling of Pcyt2+/- muscle TAG and glycogen content 

to be more similar to the lean phenotype of Pcyt2+/+ muscle. 

 

3.4.3 Choline does not modify phospholipid gene expression 

Choline is incorporated into PC via the CDP-choline (Kennedy) pathway. The mRNA 

expression of the choline transporter (Ctl1/Slc44a1) and the main regulatory gene for 

PC synthesis (Pcyt1) did not differ among the three groups. The expression of Pss1, 

which catalyzes the degradation of PC and the formation of PS from PC, was 

decreased by 15% (p < 0.05) with choline treatment. A 20% reduction was also 

observed with the expression of Pss2, which catalyzes the formation of PS from PE (p < 

0.05). The expression of Psd, which catalyzes the formation of PE from PS in 

mitochondria, was also not altered with choline treatments and it was similar across the 

three groups (Figure 3.3). Taken together, these data demonstrated that dietary choline 

did not significantly modify the expression of genes devoted to phospholipid synthesis in 

muscle. 
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3.4.4 Choline downregulates Pcyt2+/- muscle lipogenesis 

Since choline treatment reduced FA, DAG and TAG levels in muscle of obese mice 

(Figure 3.3), we then investigated the effect of choline on the expression of genes 

involved in FA and TAG synthesis (Figure 3.3). The expression of major regulators of 

lipogenesis, Srebp1c, and its target genes Fas and Scd1 was elevated in Pcyt2+/- 

relative to Pcyt2+/+ control muscle and they were reduced by choline treatment (25%, 

15% and 15% respectively, p < 0.05), to become similar to the expression observed in 

the wildtype muscle. The expression of Dgat1 and Dgat2, which catalyze the formation 

of TAG from FA and DAG, were elevated in Pcyt2+/- relative to Pcyt2+/+ muscle and both 

decreased with choline treatment (20% and 35% respectively, p < 0.05). Reduced 

muscle lipolysis is linked to IR and obesity (195). Choline supplementation modestly 

increased the expression of Lpl (10%, p < 0.05). Hsl and adipose triglyceride lipase 

(Atgl) were only slightly different from wildtype muscle and unaffected by choline 

treatments. Taken together, the gene expression data and the metabolic analysis in 

Figures 3.1 and 3.2 implicate that in Pcyt2+/- muscle, choline supplementation primarily 

reduced the mRNA expression of key players in de novo FA synthesis and lipogenesis 

while having a minor effect on the key players that facilitate DAG/TAG degradation by 

lipolysis.  
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Figure 3.3: Choline positively affects the expression of genes involved in lipogenesis and 

lipolysis. (A) mRNA expression of genes devoted to PC synthesis and PC breakdown. (B) mRNA 

expression of key players in lipogenesis. (C) mRNA expression of key players in lipolysis. *p < 0.05 

compared to Pcyt2+/+ and #p < 0.05 compared to Pcyt2+/-. 
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3.4.5 Choline improves AMPK activity and FA oxidation in Pcyt2+/- muscle 

As shown in Figure 3.4, AMPK activity (pAMPK:AMPK) was dramatically reduced in 

Pcyt2+/- muscle relative to the wildtype muscle (3-fold, p < 0.05). AMPK activity was 

significantly increased (2-fold) by choline treatment, indicating improvements in protein 

signaling with respect to mitochondrial energy production in Pcyt2+/- mice. Additionally, 

ACC phosphorylation (pACC:ACC), which was diminished in Pcyt2+/- mice (2-fold, p < 

0.05), was increased with choline supplementation (2-fold, p < 0.05), indicating that 

choline helped inhibit the first committed step in de novo FA synthesis (Figure 3.4). In 

addition to decreasing the expression of key players in FA synthesis and increasing 

pAMPK activity, there was an increase in the expression of genes devoted to FA 

oxidation with choline treatment. The expression of genes involved in FA oxidation - 

Pparα, Cpt1 and Pgc1α (Figure 3.4) were reduced 20-35% in Pcyt2+/- muscle relative to 

Pcyt2+/+ control muscle. Choline (Pcyt2+/- CHO) increased their expression by 20-25%, 

back to the levels observed in the control muscle. Acc mRNA expression was similar 

between the groups, however the inhibition of ACC activity through increased 

phosphorylation (AMPK activation) was described in Figure 3.4. 
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Figure 3.4: Choline has a positive effect on the expression of key players in fatty acid oxidation. 

(A, B) Increased AMPK phosphorylation and (B) ACC phosphorylation with choline treatment. (C) 

Representative immunoblots of AMPK and ACC. (D) mRNA expression of key players in fatty acid 

oxidation and mitochondrial biogenesis. *p < 0.05 compared to Pcyt2+/+ and #p < 0.05 compared to 

Pcyt2+/-. 

 

3.4.6 Choline improves nutrient signaling in Pcyt2+/- muscle 

To support alterations in gene expression with regards to FA formation (Figure 3.3) and 

mitochondrial oxidation (Figure 3.4), we then assessed the effect of choline on key 

components of insulin signaling. As shown in Figure 3.5, the most dramatic effect of 
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choline was the restoration of IRS1 protein content and Akt phosphorylation (Figure 

3.5). The amount of IRS1 in Pcyt2+/- muscle was diminished by 80% and choline 

recovered IRS1 protein to the control levels (Figure 3.5). Downstream from IRS1, the 

most affected was the phosphorylation of Akt at Ser473 (p473Akt:Akt). Pcyt2+/- p473Akt 

was reduced 50% and choline increased p473Akt levels 3-fold (Figure 3.5E). 

Interestingly, Akt phosphorylation at Thr308 (p308Akt:Akt, Figure 3.5D) was not modified 

by Pcyt2 deficiency or affected by choline treatment. Finally, choline dramatically 

reduced (50%) PKCα content (Figure 3.5), a well-established inhibitor of muscle insulin 

signaling (196).  

As choline improved Pcyt2+/- muscle AMPK activity and insulin signaling, we also 

probed the regulation of mTORC1 (protein synthesis) and LC3 (autophagy), 

downstream of both AMPK and insulin signaling (Figure 3.6). Indeed, there was a 60% 

increase in mTORC1 phosphorylation at Ser2448 in Pcyt2+/- muscle with respect to 

wildtype muscle, and choline largely mitigated this increase in phosphorylation 

(p2448mTORC1:mTORC1 in Figure 3.6). Since mTORC1 is a negative regulator of 

autophagy, we also probed the level of lipidation of the autophagy marker LC3 (LC3 

II:LC3 I in Figure 3.6). The lipidation of LC3 was reduced in Pcyt2+/- muscle and choline 

increased LC3 lipidation to the level present in the control muscle. As there are 

alterations in autophagy occurring with choline treatment, it was also of interest to 

determine the protein content of the choline transporter CTL1. It has previously shown 

to be degraded by the autophagosomal-lysosomal pathway in palmitate treated muscle 

cells (198). CTL1 protein content as well as the total LC3 protein content were however 
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dramatically reduced (by 70%) in Pcyt2+/- muscle and almost completely recovered by 

choline treatment, implying elevated proteosomal degradation in Pcyt2+/- muscle (Figure 

3.6). Taken together, the above data implicate a beneficial role for choline in regulating 

insulin signaling as well as protein synthesis and turnover in Pcyt2+/- muscle.   

 

Figure 3.5: Choline reduces PKCα and restores muscle insulin signaling. (A - F) Representative 

immunoblots showing differences in expression of key players in insulin signaling. Each experiment was 

repeated 3 times with n = 3 per group; one-way ANOVA: *p < 0.05 compared to Pcyt2+/+ and #p < 0.05 

compared to Pcyt2+/-. 
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Figure 3.6: Choline reduces mTORC1 activation and increases expression of key players in 

autophagy. (A) Representative immunoblots for mTORC1, p2448mTORC1, LC3 I, LC3 II, CTL1, and β 

tubulin in choline treated and untreated groups. (B) Choline treatment reduces muscle mTORC1 protein 

phosphorylation. (C) Choline increases expression of key players in autophagy. (D) Choline restores 

CTL1 protein content. Each experiment was repeated 3 times (n = 3 per group); one-way ANOVA: *p < 

0.05 compared to Pcyt2+/+ and #p < 0.05 compared to Pcyt2+/-. 
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3.5 Discussion 

The effects of dietary choline on Pcyt2+/- muscle were assessed in this study. Choline 

decreased muscle TAG accumulation largely by reducing the expression of FA and 

TAG biosynthetic genes while increasing the expression of genes devoted to energy 

utilization. Choline helped facilitate increased muscle glycogen levels and restored the 

activity of the metabolic regulators AMPK, Akt and mTORC1. Overall, choline improved 

glucose and lipid balance and insulin signaling in Pcyt2+/- muscle. 

One month of choline supplementation in Pcyt2+/- mice increased the content of choline-

containing phospholipids (PC and SM) and cholesterol (FC). This increased the 

membrane phospholipid ratio but did not modify the lipid raft ratio in skeletal muscle.  

The major effect of choline supplementation was the reduction in FA, DAG and TAG 

content that were otherwise elevated in the Pcyt2+/- muscle. Based on previous studies 

(197), one might have anticipated that choline facilitated TAG degradation by lipolysis 

but this was not the case. Choline mediated effects were primarily by reducing the 

expression of genes devoted to FA synthesis via lipogenesis and FA esterification/TAG 

formation regulated by Srebp1c and Dgat1/2 respectively. The expression of Srebp1 

and its target genes Fas and Scd1 as well as Dgat1/2 were significantly reduced while 

the lipolytic genes Lpl and Atgl were not affected by choline treatment. Srebp1 was 

positively regulated by insulin signaling and downstream mTORC1 but it is not known 

how it becomes upregulated in IR states to cause elevated lipogenesis and an 

accumulation of TAG in the liver and perhaps other tissues. On the other hand, Liu et al. 

(2012) showed that AMPK mediated mTORC1 inhibition decreases the ability for 
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SREBP1c to localize to the nucleus in IR skeletal muscle (198). Here we established a 

relationship with impaired insulin signaling whereby mTORC1 was upregulated and 

AMPK was down regulated in Pcyt2+/- muscle. Choline supplementation improved 

insulin signaling, upregulated AMPK activation and downregulated mTORC1 activation, 

consequently reducing the expression of Srebp1c and lipogenesis. 

We previously established through metabolomic studies that the majority of choline 

supplied to Pcyt2+/- mice becomes oxidized to betaine, which enters the one carbon 

cycle and stimulates mitochondrial oxidation. The increased flux through the one-carbon 

cycle prevents the accumulation of choline and betaine in the circulation (40). Plasma 

acyl-carnitine composition after choline supplementation to Pcyt2+/- mice further 

supports this possibility (40). Therefore, the main positive effect of choline on Pcyt2+/- 

muscle can likely be attributed to its action as a methyl group donor, and a potential 

stimulation of mitochondrial FA oxidation. High dietary choline and betaine intakes are 

significantly associated with favorable body composition in humans (199, 200, 201), 

demonstrating that choline supplementation lowers oxidative stress during exercise. In 

young adult male athletes, 600 mg per day of supplemental alpha 

glycerylphosphorylcholine has recently been demonstrated to improve strength (202). In 

addition, betaine has been used as an ergogenic agent to improve muscle performance 

and to increase lean body mass in humans (203), possibly by increasing circulating IGF 

levels leading to increased PI3K/Akt signaling (204). More recently, Ejaz et al. (2016) 

has demonstrated in mice that betaine supplementation reduces obesity and systemic 

IR by upregulation of Fgf21 (205). 
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In addition to the effects on muscle FA oxidation through the betaine/one carbon cycle, 

choline could have influenced acetylcholine signaling, which is essential for muscle 

contraction. Reduction in acetylcholine production has a marked influence on muscle 

performance and most sport nutrition products are supplemented with choline to 

maintain acetylcholine levels (192). In mice, the mechanism of muscle contraction after 

acetylcholine stimulation primarily depends on AMPK activation and is independent of 

insulin (206). IR is associated with muscle weakness and exercise ameliorates IR via 

AMPK activation and Ca2+ signaling (207, 208). Therefore, the activation of AMPK (208) 

by choline supplementation likely improved the metabolic condition of Pcyt2+/- muscle. 

The question remains if muscle Ca2+ signaling is also activated by choline 

supplementation and will require further investigation. 

The general role of AMPK is to stimulate FA oxidation and to diminish TAG synthesis by 

lipogenesis, and these processes are likely both in effect in choline supplemented 

Pcyt2+/- muscle. Deactivation of ACC with choline treatment can be beneficial because 

ACC catalyzes the formation of malonyl-CoA, the rate limiting step in FA biosynthesis. 

Additionally, choline increased the mRNA expression of the mitochondrial regulators 

Pparα, Pgc1α and Cpt1. Pparα stimulates FA oxidation and Pgc1α regulates 

mitochondrial biogenesis, while Cpt1 is the rate limiting step in FA transport in the 

mitochondria.  

Choline supplemented Pcyt2+/- muscle demonstrated improvements in insulin signaling. 

There was an increase in IRS1, an increase in p473Akt (mTORC2 site) and increased 

muscle glycogen content with choline treatment. Glycogen synthesis and content are 
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typically decreased in IR. Liu et al. (2015) have shown that this can occur because 

elevated GSK3 phosphorylation leads to the inhibition of glycogen synthase activity 

(209). Furthermore, Stretton et al. (2015) have shown that GSK phosphorylates Raptor, 

an mTORC1 associated scaffold protein, which is important in mTORC1 activation 

(210). 

mTORC1 was hyperactivated in Pcyt2+/- muscle and there was a decrease in activation 

with choline treatment. mTORC1 is a regulator of protein synthesis (211), and the 

activation of this protein was normalized with choline treatment. AMPK activation has 

been shown by Hong-Brown et al. (2010) to inhibit the activation of mTORC1 (212) and 

is likely most responsible for the normalization of protein turnover in choline 

supplemented Pcyt2+/- muscle. Why might mTORC1 have been more active in Pcyt2+/- 

muscle? Um et al. (2004) demonstrated that chronic mTORC1 activation can promote 

insulin resistance via S6K-dependent phosphorylation of IRS1 leading to its degradation 

and the inhibition of the insulin signaling pathway (213). Typically, mTORC1 is activated 

via Akt phosphorylation but this is not the case in IR muscle. mTORC1 hyperactivation 

was likely a consequence of increased nutrient availability/elevated proteolysis in 

Pcyt2+/- muscle, and choline supplementation helped to restore this balance (214). 

Choline supplementation has shown a capacity to affect muscle metabolism and 

improve insulin signaling. The mechanisms that link choline with improvements in 

muscle insulin signaling and energy metabolism involve multiple parameters. These 

include the normalization of gene expression to favour less FA formation and more FA 

oxidation. In turn, this can be linked with a depression of lipogenesis, increases in 



51 

 

 

 

muscle glycogen and activation of AMPK. These data suggest that a choline enriched 

diet can help normalize muscle FA and TAG homeostasis. 

Mouse husbandry and study design: L.C. Schenkel, M. Bakovic, experimental work: A. 

Taylor, M. Yokich, manuscript preparation: A. Taylor, M. Bakovic. Thanks to Audric 

Moses for assistance with phospholipid and cholesterol analysis. 
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CHAPTER 4 RATIONALE 

With additional knowledge regarding how choline modulates metabolism from Chapter 

3, it also became important to shed light on how choline is transported into the cell to be 

utilized. In Chapter 4, we wanted to analyze how mutations within the coding region of 

SLC44A1 in human skin fibroblasts affect phospholipid and fatty acid homeostasis. In 

addition, the individuals with mutations in SLC44A1 exhibit a wide array of motor and 

cognitive difficulties with brain iron accumulation, which potentially implicates SLC44A1 

in human disease. 
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CHAPTER 4: THE CHOLINE TRANSPORTER LIKE PROTEIN 1 IS 
INTEGRAL FOR MAINTAINING PHOSPHOLIPID AND FATTY ACID 

HOMEOSTASIS 

 

4.1 Abstract 

Cerebral choline metabolism is crucial for normal brain function, and its homoeostasis 

depends on carrier mediated transport. Here, we report on two adolescent individuals 

with neurodegenerative disease and homozygous mutations, Asp517Metfs*19 and 

Ser126Metfs*8 respectively, in the SLC44A1 gene encoding the choline transporter-like 

protein 1, CTL1. The progressive symptoms were ataxia, tremor, cognitive decline, 

dysphagia, opticus atrophy, poor speech and dysarthria. Cerebral MRI showed changes 

compatible with Neurodegeneration with Brain Iron Accumulation, NBIA. Cultured 

fibroblasts demonstrated ultrastructural changes of plasma membrane, increased 

number of vacuoles, and abnormal mitochondria. Iron uptake in mutated fibroblasts was 

increased, and iron accumulated in mutated cells indicating that CTL1 deficiency is 

indeed a subtype of NBIA. Functional studies of skin fibroblasts showed diminished 

choline transport yet the membrane PC content remained unchanged. As part of the 

mechanism to preserve choline and phosphatidylcholine the SLC44A1 mutations cause 

impairments to very long chain fatty acid and membrane phospholipid homeostasis. In 

conclusion, we outlined a new type of NBIA highlighted by CTL1 deficiency with 

autosomal recessive inheritance.   
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4.2 Introduction 

The choline transporter-like protein 1 (CTL1) is a highly conserved Na+-independent, 

intermediate-affinity transporter of choline (215, 216, 217). It is present as a major 3.5 

kb transcript which is broadly expressed in different regions of the brain including the 

striatum, cerebral cortex, hippocampus, hypothalamus, olfactory bulbs and spinal cord 

(218, 219). CTL1 is considered an important mediator of choline transport across both 

the plasma membrane and the mitochondrial membranes (216). The CTL1 protein is 

encoded by the SLC44A1 gene (215, 216, 217); no association with human disease has 

been reported so far.  

Choline is vital for protecting the brain from neuropathological changes associated with 

Alzheimer's disease as well as neurological damage associated with epilepsy, fetal 

alcohol syndrome and inherited conditions such as Down and Rett syndromes (220). 

Choline is a precursor of membrane phospholipid PC (221) and the neurotransmitter 

acetylcholine (222). The oxidation of choline to betaine is important for the production of 

the methyl group donor S-adenosylmethionine (223). As choline is a cationic species, its 

uptake is dependent on carrier mediated transport. Choline transporters are categorized 

into three transporter families according to their affinity for choline (215, 224): 1) The 

high affinity choline transporter CHT1, encoded by the SLC5A7 gene, is unique for 

cholinergic neurons and has been implicated in autosomal dominant distal hereditary 

motor neuropathy associated with vocal cord paralysis (DHMN7A). This is in addition to 

autosomal recessive inherited diseases in a spectrum of severe muscle weakness 

ranging from a lethal antenatal form of arthrogryposis and severe hypotonia to a 
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neonatal form of congenital myasthenic syndrome with episodic apnea and/or early 

infantile lethality (225, 226); 2) three different organic cation carriers are known (OCT1-

3, encoded by the SLC22A1-3 genes) recognizing a multitude of exogenic organic 

cations. OCT1 and OCT2 accept choline as a substrate with a relatively low affinity, 

while OCT3 does not recognize choline as a substrate (215); 3) the CTL transporters 

include CTL1-5 (encoded by SLC44A1-5) and have an intermediate affinity for choline. 

CTL2 is present in two isoforms of which CTL2-P2 exhibits detectable transport activity 

of choline in humans (227). CTL2 has been associated with an increased susceptibility 

to venous thromboembolism (228) and has been linked to progressive sensorineural 

hearing loss in mice (229). The functions of CTL3-CTL5 at the molecular level are still 

unclear (224) however, CTL4 has been suggested to be a locus conferring increased 

susceptibility to age-related macular degeneration (230). So far, CTL1 has not been 

associated with human disease, but CTL1 has been implicated in the formation and/or 

maintenance of the myelin sheath. It has also been suggested that malfunction of this 

transporter could have important implications in nervous system development and 

repair following injury and in neurodegenerative disease (27). 

NBIA is a group of brain iron deposition diseases that lead to mixed extrapyramidal 

features and progressive dementia. Today, ten genes are thought to be implicated in 

NBIA: PANK2, PLA2G6, C19orf12, COASY, FA2H, ATP13A2, WDR45, FTL, CP, 

DCAF17, SCP2 and GTPBP2 (231), but a significant proportion of patients remain 

without genetic diagnosis (232). Some of these genes are directly involved in iron 

metabolism, while the rest are involved in a variety of other functions including CoA 
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synthesis, lipid metabolism, autophagy and membrane remodeling (232, 233). Some 

subgroups of NBIA highlight a link between neurodegeneration and alteration of 

sphingolipid metabolism, mitochondrial morphology and membrane remodeling (233).  

We outlined two adolescent individuals with a neurodegenerative disease caused by 

homozygous mutations in the SLC44A1 gene. We demonstrated that this disease is a 

new subtype of NBIA and described the consequences of the genetic defect on a 

cellular level.    

 

4.3 Methods 

4.3.1 Whole exome sequencing and Sanger sequencing 

Whole exome sequencing, WES, for individual A-II-2 was performed on data delivered 

from Dep. Genetics & Pharmacogenomics, Merck Research Labs, Boston. Average 

sequencing depth was 105x, 94 % of the exome was covered at least 10x, and 92 % 

was covered at least 20x. Raw reads were processed using the Burrows-Wheeler 

Alignment tool (BWA-MEM) v. 0.7.12 (Li, 2013) and the GATK Best Practice pipeline v. 

3.3-0 was used for variant calling (234). Variant annotation and filtering were performed 

using VarSeq (Golden Helix). As autosomal recessive inherited disease was suspected 

due to parental consanguinity, only rare homozygous variants in the protein coding 

region were considered (minor allele frequency <1%, ExAc). In silico functional 

prediction algorithms (Polyphen2, SIFT and MutationTaster) were applied to evaluate 

the significance of identified missense variants. Sanger sequencing of members of 



57 

 

 

 

family A on SLC44A1, exon 13 (RefSeq: NM_080546.4) was analyzed by bidirectional 

sequencing using the BigDye Terminator v. 3.1 cycle sequencing kit and an ABI3730XL 

capillary sequencer (Applied Biosystems). Primers used were SLC44A1e13F: 

AGGGTGCCATGTGTTTGACT and SLC44A1e13R: 

AAAATACTTGGTTTTACCTTGCCA. 

WES of individual B-II-1 was performed on an Illumina HiSeq 2500 (Illumina, San 

Diego, CA, USA) after enrichment with the SureSelect Human All Exome 50 Mb Kit 

following standard manufacturer protocol (Agilent, Santa Clara, Ca, USA) and as 

described previously (235). After calling of variants and calculating coverage 

parameters, filtering of candidate variants consisted of three steps: (i) common (minor 

allele frequency > 1%) genetic variants (by public databases (ExAc, ESP, 1000G) and 

in-house database of more than 1000 exomes) were excluded, (ii) under the 

assumption of an autosomal recessive phenotype due identical by descent homozygous 

variants, only these were selected, and (iii) variants were then checked for quality 

(manual checking of the aligned reads, and Sanger sequencing where needed), 

pathogenicity (based on minor allele frequencies in different populations, on in silico 

predictions and conservation) and causality (gene functions and disease associations). 

PCR and Sanger sequencing were used to exclude technical artefacts and validate 

segregation. Although the parents are related, and the probability of an autosomal 

recessive phenotype is high, we also have considered that the inheritance may be of 

different modus since there is only one affected boy in the family. Thus, we have 

repeated the sequencing of the index and of his parents in the sense of a trio analysis. 
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Using the available data, we (a) repeated the analysis for homozygous variants (and 

achieved similar results as in the first experiment), (b) performed analysis for autosomal 

recessive compound heterozygous variants based on the same three steps of filtering, 

(c) performed analysis for X chromosomal recessive inheritance based on the same 

three steps of filtering and (d) performed analysis regarding a de novo mutation using 

the same three steps of filtering with modified MAF of a maximum of one heterozygous 

case in each of the available databases. 

 

4.3.2 Isolation and treatment of skin fibroblasts 

Skin biopsies from individual A-II-2 (M1 patient) and individual B-II-1 (M2 patient) were 

minced into small pieces and grown in minimum essential medium (MEM, Fisher 

Scientific), supplemented with 20% fetal bovine serum and 1% penicillin/streptomycin. 

Flasks were kept in a humidified atmosphere at 37
o
C and 5% CO2. After 3 weeks, 

fibroblast cells began to grow out from the skin pieces, and once they reached 

confluency, cells were trypsinized and transferred to a new flask. Cells were kept in 

culture for 10 days before passage and media was changed every 3 days. An aliquot of 

cells was kept frozen in liquid nitrogen. Control skin fibroblasts (ie. no mutations in 

SLC44A1) from a healthy teenage female were maintained under the same conditions.  

For treatments with choline, fibroblasts were grown for 21 days with 2.5 and 5 mg/L 

choline chloride (Sigma Aldrich, Oakville, ON, Canada) added to the media and 
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compared with fibroblasts grown without choline. During the 21-day treatment, the cells 

were passaged every 3-4 days at 3.0 x 105 cells/ml. No differences in cell number or 

growth rate were observed. After treatment, cells were washed with PBS and used for 

future analyses. 

 

4.3.3 RNA Isolation and RT-PCR 

Total RNA from choline treated M1, M2 and control fibroblasts and untreated M1, M2 

and control fibroblasts was isolated with TRIzol (Invitrogen, Life Technologies 

Incorporated, Burlington, ON, Canada). DNase I was used to eliminate genomic DNA 

and cDNA was then synthesized from 2 μg RNA using a 3-AP primer and SuperScript III 

reverse transcriptase (Invitrogen, Life Technologies Incorporated). Expression of 

SLC44A1, SLC44A2, SLC44A3, SLC44A4, SLC44A5, SLC22A1, SLC22A2, SLC22A3, 

SLC22A4, SLC22A5, CHT1, Pcyt1, Pcyt2, PLD1, PLD2, CK, EK, PSS1, PSS2, PSD, 

PEMT, DGAT1, DGAT2, LPIN1, FAS, SREBP-1c, PGC-1α, PPARα, CPT1, ELOVL1, 

ELOVL2, ELOVL3, ELOVL4, ELOVL5, ELOVL6 and ELOVL7 was determined by PCR 

using the primers and conditions outlined in Table 4.1. Reactions were standardized by 

amplifying glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and relative band 

intensity was quantified using ImageJ software (NIH, Bethesda, MD, USA). 
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Table 4.1: Primer sequences and melting temperatures (TM) for polymerase chain 

reaction (PCR) using human fibroblast RNA 

Gene  Forward Primer (5’-3’)  Reverse Primer (5’-3’)  TM 
(oC)  

Size 
(bp)  

GAPDH  ACCACAGTCCATGCCATCAC  TCCACCACCCTGTTGCTGTA  58  452  
SLC44A1 5’ probe  ACGTAGCTGGCAAGGTCTTC  GATCCAAATCAGGCCCACCA  55  221  
SLC44A1 3’ probe (M1)  TCAACAGCACCAACTTCTGC  ACAGGAAGCAATGAGCGACT  55  246  
SLC44A1 5’ probe (M2)  CTCTTCTGCATTGGGATGGGA  CTTGGACACGCTGCTACACA  57  248  
PLD1  CGTCCAGTGAGTCTGAGCAA  GGCGTGGAGTACCTGTCAA  56  198  
PLD2  CATCTGCGGGCTTCGTACAC  TCCGCAGACTCAAGGCAAAC  57  248  
Pcyt1  CCCTCTTTCCGATGGCCCTT  TGTTTGGGTTCCCCCAGTCC  53  267  
Pcyt2  ACATCATCGCGGGCTTACAC  TGACACACCAGGTCCACCTT  53  190  
CK  GAGTTCCACATCAGTGTCATCAGA  ATGGCCTCAGCCCCTTGAAAT  57  203  
EK  AATGGTGCCGGGAGTACTTG  CCCTCTGGGAAGACTCCGTA  57  274  
PSS1  CGTTCACTCGACCTCATCCA  GATTGTCCAGCAGAGACCGT  56  302  
PSS2  ATGCACCGCACACCCTTTA  TCTTGGTGTTGTAGGCCGTG  57  457  
PSD  TTAGGTGGGGAGTAGCCACA  GCTTCCGTAAGGGCTGTAGG  57  273  
DGAT1  ACTACCGTGGCATCCTGAAC  GCTGGGAAACACAGAATGGT  56  289  
DGAT2  AGTGGGTCCTGTCCTTCCTT  TCACTTCTGTGGCCTCTGTG  55  321  
LPIN1  TAGCCGGCCAGGTGTTTGTC  TGTCAACCACTTTCTCTCGGG  55  180  
SREBP-1c  TTTCCGAGGAACTTTTCGCC  AAAGTGCAATCCATGGCTCC  55  343  
PGC-1α  TGCCCAAGTCAGGACGAAC  GCGGCTGTTACTCTCTCTCC  56  495  
PPARα  TCATCACGGACACGCTTTCA  CATCCCGACAGAAAGGCACT  56  299  
FAS  CAGAGCAGCCATGGAGGAG  TCCTCGGAGTGAATCTGGGT  56  316  
CPT1  GTTTCTGGCTCGTTGGATGC  TGACCACGTTCTTCGTCTGG  56  428  
PEMT  AGGTAACGAACAGCTCGGTG  GGGTCTTGTGTTCCCATCGT  56  201  
SLC44A2  CCACGCCTACAAGGGTGTCC  CCATGGCAATGACCAGGCCT  58  203  
SLC44A3  TTCTTCTGGGTCCTCTGGGT  GGTACCTGGACAATGCACCA  56  397  
SLC44A4  ATCACTCCGGAGACTGAGCCA  CCCTGGCAGACAAAAGTTCCT  58  473  
SLC44A5  TTGCAGTGATTCAGGCCTACTT  AGGTTTAGCAACACGGAGGG  56  372  
SLC22A1  CTGCCCACCTTCCTCTTCC  GTGCGGAACAGGTCTGCAA  55  212  
SLC22A2  TCTGCCCTGGTTGAATTCCC  GAGCCGGTAGACCAGGAATG  55  318  
SLC22A3  TTTTTGCTGCTGTGCCTGAC  GTTCAGGATGGCTTGGGTGA  56  423  
SLC22A4  CTCCCTGTTCTTCGTAGGCG  AGTGGCAGCAGCATATAGCC  55  306  
SLC22A5  AGGATGGGAAAGAAGCCTGC  GAGATCTGGCCCATGCCTAC  58  272  
SLC5A7  GCAGACGACTTGACTTGGGA  AGATCCTTCCACAGAGGGCT  55  383  

 

4.3.4 Immunoblotting 

All fibroblasts were washed 3 times with 1X PBS (Fisher Scientific) and subjected to a 

lysis buffer (25 mM Tris, 15% glycerol, 1% Triton X-100, 8 mM MgCl2, 1 mM DTT, 

protease inhibitor cocktail and phosphatase inhibitor cocktail) at 4oC for 30 minutes and 

scraped into 1.5 ml tubes. Cell debris was removed by centrifugation at 13,500 g for 20 

minutes at 4oC. Protein concentration was determined with bicinchoninic acid (BCA; 
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Pierce, Rockford, IL, USA). The LV58 (N-terminus) and ENS627 (C-terminus) 

antibodies were previously developed by our laboratory and were shown to detect the 

72 kDa SLC44A1 protein under native (non-denaturing) conditions. The LC3 I/II 

antibody (Abcam) detects proteins at 14 and 16 kDa under denaturing conditions. 

Samples were mixed with loading buffer (62 mM Tris-HCl, 0.01% bromophenol blue and 

10% glycerol) and separated by PAGE at 100 V for 1.5 h. CTL1 was resolved on an 8% 

native gel and LC3 I/II were resolved on a 15% denaturing gel. Proteins were 

transferred onto PVDF membranes (Pall Canada, Mississauga, ON, Canada) by a 

semi-dry transfer system and stained with Ponceau S. Membranes were blocked in 5% 

skim milk in Tris Buffered Saline-Tween 20 (TBS-T) solution and then incubated with 

either one of the SLC44A1 antibodies (1:500 in 5% skim milk in TBS-T) or the LC3 I/II 

antibody (1:1,000 in 5% skim milk in TBS-T) overnight at 4oC. Membranes were washed 

with TBS-T and then incubated with an anti-rabbit horseradish peroxidase conjugated 

secondary antibody (New England Biolabs, 1:5.000 in 5% skim milk in TBS-T) for 2 h. 

Membranes were washed in TBS-T and proteins were visualized using a 

chemiluminescent substrate (Sigma Aldrich, Oakville, ON, Canada). 

 

4.3.5 Choline uptake 

Choline uptake was measured according to our standardized protocols (216). Briefly, 

cells were washed with KRH buffer (130 mM NaCl, 1.3 mM KCl, 2.2 mM CaCl2, 1.2 mM 

MgSO4, 1.2 mM KH2PO4, 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
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(HEPES) (pH 7.4) and 10 mM glucose and incubated with 0.5 μCi/ml [3H]-choline 

(American Radiolabeled Chemicals, St. Louis, MO, USA) with or without 100 μM 

hemicholinium-3 (HC-3) for 15 min at room temperature. Cells were then washed in ice 

cold KRH buffer containing 1 mM ‘cold’ choline to stop the uptake and remove the 

radiolabeled choline from the cell surface. Cells were then lysed in 500 μl ice cold lysis 

buffer (10 mM Tris-HCl, 1 mM EDTA and 10 mM NaF), and [3H]-choline was analyzed 

by liquid scintillation counting. The rate of choline uptake was calculated as DPM/mg at 

15 min. Protein was quantified using the BCA protein assay (Thermo Fisher, 

Mississauga, ON, Canada). 

 

4.3.6 Electron microscopy 

Cultured cells were fixed in 2% glutaraldehyde in 0.04M phosphate buffer, washed in 

buffer and centrifuged to form pellets. The pellets were further post fixed in osmium 

tetroxide for 1 hr. The specimens were dehydrated in graded alcohols and propylene 

oxide and infiltrated with epoxy resin. The epoxy was polymerized at 60°C. Ultrathin 

sections, 60 μm, were cut and the sections were stained on the grids with uranyl acetate 

and lead citrate. The sections were analyzed with a JEOL2100 electron microscope. 
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4.3.7 Iron determination with ferrozine 

Total iron content was determined as described (236, 237). Briefly, fibroblasts were 

cultured 24 h in serum free DMEM in the presence and absence of 100 μM ferric 

ammonium citrate (FAC) and lysed with 50 mM NaOH for 2 h with rocking. A standard 

curve was generated using 0-50 μM FAC in 10 mM HCl, 50 mM NaOH, iron releasing 

agent and iron detecting agent. Iron-releasing agent: 1.4 M HCl:4.5% (w/v) KMnO4 in 

H2O. Iron-detecting agent: 6.5 mM ferrozine, 6.5 mM neocuproine, 2.5 M ammonium 

acetate, 1 M ascorbic acid. Iron-releasing agent was added to lysate and the mixture 

was incubated for 2 h at 60oC. After cooling to room temperature, 60 μL of the iron-

detecting reagent was added to lysate. After 30 minutes, the lysate was transferred into 

96 well plate and the absorbance measured at 550 nm. The iron concentration was 

normalized against the protein content of the sample. 

 

4.3.8 Pulse and pulse-chase radiolabeling with [3H]-choline and [14C]-

ethanolamine 

For pulse experiments, M1, M2 and control cells were incubated for 1-3 h with 0.5 μCi 

[3H]-choline chloride or [14C]-ethanolamine (ARC, St. Louis, MO), washed with PBS and 

then chased 1-3 h with an excess of unlabeled choline or ethanolamine. At each time 

point, cells were washed 2X with PBS and total lipids were extracted with the method of 

Bligh and Dyer (194). The water soluble CDP-choline metabolites (choline, P-choline 

(P-Cho) and CDP-choline) were separated in ethanol:water:ammonia (48:95:7) and 
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visualized with 0.5% phosphomolybdic acid in ethanol:HCl (19:1). The radiolabeled PC 

was isolated from the lipid phase after TLC separation with chloroform:methanol:acetic 

acid:water (40:12:2:0.75) and staining with 15% sulfuric acid and 0.5% K2CrO7. Specific 

bands were scraped from plates and radioactivity was determined with LSC. The water 

soluble CDP-ethanolamine metabolites (ethanolamine-Etn), P-ethanolamine (P-Etn) 

and CDP-Ethanolamine (CDP-Etn) were separated in methanol:0.5% NaCl:ammonia 

(50:50:5) and visualized with 0.8% ninhydrin in 95% ethanol. Specific bands were 

scraped from plates and radioactivity was determined with LSC. 

 

4.3.9 Equilibrium radiolabeling with [3H]-glycerol and [14C-(CH3)]-methionine 

To establish PC, PE and PS equilibrium pools, cells with and without supplemental 

choline were incubated for 24 h with 0.5 μCi [3H]-glycerol (ARC, St. Louis, MO). 

Additionally, to measure the PC pool produced from PE methylation, M1, M2 and 

control cells with and without supplemental choline were incubated for 24 h with 0.5 μCi 

[14C-(CH3)]-methionine (ARC, St. Louis, MO). In both scenarios, cells were washed 2X 

with PBS and total lipids were extracted with the method of Bligh and Dyer (194). An 

aliquot of cells was used to measure the protein concentration. The radiolabeled PC, PE 

and PS were isolated from the lipid phase by TLC separation with 

chloroform:methanol:acetic acid water (40:12:2:0.75) and staining with 15% sulfuric acid 

and 0.5% K2CrO7. Specific bands were scraped from plates and radioactivity was 

determined with LSC. 
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4.3.10 Phospholipase D activity assay 

This assay was conducted as previously described (40). In brief, cells were labeled for 

24 h with 5 μCi/ml [3H]-myristic acid and then incubated with 0.5% ethanol for 30 mins 

at 37oC. Cells were solubilized in 0.2% SDS and 5 mM EDTA and protein concentration 

was determined with the BCA assay. Lipids were extracted with 

chloroform:methanol:lysate:acetic acid (1:2:0.8:0.08 v/v). The radiolabeled phosphatidic 

acid (PA) and phosphatidylethanol were separated by TLC using ethyl 

acetate:chloroform:acetic acid:water (65:15:10:50 v/v) and visualized in iodine vapor. 

Bands were scraped from plates and radioactivity was determined with LSC. 

 

4.3.11 Analysis of membrane phospholipids and fatty acids 

The lipid analysis was conducted as previously described (40, 189). Prior to experiment, 

samples were spiked with internal standards 17:0 – 14:1 PS, 12:0 – 13:0 PE and 17:0 – 

14:1 PC. Volume was adjusted to 1 ml and lipids were extracted by the method of Bligh 

and Dyer (194). Organic phases were evaporated under nitrogen gas and reconstituted 

in a methanol:chloroform mixture. Mass spectrometry was performed by direct infusion 

into an AB SCIEX QTRAP 5500 (Framingham, MA) in both positive and negative ESI 

modes. Samples were infused at a constant rate of 5 µl/min and data were acquired by 

precursor ion and neutral loss scans. Results were based on the peak area and 

expressed as frequency (%) of each species in the total lipid identified.  
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Lipidomic clustering of individual phospholipid species was done to partition the data 

into K=3 groups such that the sum of squares from points to the assigned cluster 

centers was minimized. Using “clusplot” function, a bivariate cluster plot was made with 

default method where all the observations were represented by points in the plot, using 

the principal components. Then, the hierarchical cluster analysis was performed using 

“hclust” function where distance was calculated using “Pearson” method and linkage 

method used was “Complete”. “Heatmap.2” function was used to make the heatmaps. 

This analysis was performed for all the three clusters generated by k-means analysis. 

 

4.3.12 Data analysis 

All measurements are expressed as means from quadruplets ± SEM. Statistical 

analysis was performed using GraphPad Prism 4.0 software (GraphPad, Inc.). Data 

were subjected to students T-test and one way-ANOVA tests. Differences were 

considered statistically significant at *p < 0.05. 

 

4.4 Results 

4.4.1 Clinical description 

The family of the M1 patient is Danish but of Turkish origin. The parents are healthy 

non-consanguineous parents from the same small village in Turkey. The M1 patient is 
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an 18-year-old girl. She was born at term with birth weight 3522 g (median), birth length 

53 cm (+1.5 SD) and head circumference 37 cm (+2 SD). At 2 months, she was 

hospitalized with liver affection of unknown cause, it resolved spontaneously on 

prednisolone and nutritional supplements. Language development was delayed, and 

she did not speak sentences before age 3-4 years. At 7.5 years of age, she was 

diagnosed with tremor, hypertonia and ataxia, retrospectively gross motor problems and 

hand tremor was present since 5 years of age. She had a broad forehead and 

macrocephaly (head circumference 54.5 cm, > 97th percentile). EEG showed an 

epileptiform pattern, but no seizures was present. At 15 years of age, a PEG-tube was 

inserted because of increasing problems with swallowing. She had then almost stopped 

speaking, was increasingly hyperactive, and had problems with sleeping. Melatonin was 

introduced with some effect. Growth was initially normal with height following -1 SD but 

decreasing to 152 cm (< -2 SD) at age 15 years of age. Ophthalmologic investigation at 

8.5 years of age showed hyperopia +3.5 diopter, visual acuity 0.5 bilaterally, full-field 

ERG was normal, but pattern and flash visual evoked potentials was with delayed 

latency. At 14.5 years of age visual acuity had decreased to 0.1 in both eyes, optic 

nerves were atrophic and optical coherence tomography (OCT) showed thinning of 

retinal nerve fiber layers secondary to optic atrophy. Eye movements, both saccades 

and smooth pursuits were progressively affected. She had a reduced blinking rate 

causing dry eyes. A cognitive decline was evident as demonstrated by performance 

tests: WISC-III at 8 years of age showed an overall IQ score 40 (verbal comprehension 

score: 58, performance IQ:45); RIAS test at 13 years of age showed an overall IQ score 
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of 36 (verbal intelligence index 42, nonverbal intelligence index 32); and a WPPSI-R 

test at 15 years of age showed that she performed as 3 year old child. At her current 

age, she has ataxia, tremor, dystonic movements, and reduced facial mimicry. She gets 

water through gastric tube but eats most food by herself; she has a tendency of 

drooling. She has dysarthria and can say single words and short sentences. She has 

urinary incontinence (since 13.5 years of age). She can walk short distances without 

support. Through time, a wide range of other biochemical, metabolic, and genetic 

investigations (Array-CGH Agilent 400K, FXN-gene, GMA2-gene) has shown normal 

results. At 3 months of age, a small needle liver biopsy revealed complete loss of 

normal liver architecture, presence of swollen hepatocytes and a prominent 

macrophage response in connective tissue. Moreover, fibrosis and inflammation with 

lymphocytes, plasma cells and granulocytes were present. There was no sign of 

hemochromatosis or antitrypsin deficiency. Muscle biopsies at the age of 7 and 16 

years showed unspecific myopathic changes including type 1 predominance with only 

25% type 2 fibers and type 2 fiber atrophy. Activity of respiratory chain enzymes and 

pyruvate dehydrogenase measured on a muscle biopsy was normal at 15 years of age. 

The suggested diagnosis was NBIA, Neurodegeneration with Brain Iron Accumulation. 

The family of the M2 patient is German but of Turkish origin. Parents are 

consanguineous. The M2 patient was, after an uneventful pregnancy, born at term by 

an uncomplicated caesarean section, weight 3990 g (+1 SD), length 56 cm (+3 SD), 

and head circumference 38 cm (+3 SD). He is the parents’ only child. Development 

within the first 15 months appeared to be normal. However, motor developmental 
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milestones were reached relatively late (walking without support around the age of 19 

months, ability to climb stairs around the age of 3 years). According to his parents, 

speech development started rather early (around the age of 10 months) but didn’t 

progress adequately and he had ongoing difficulties clearly expressing sounds or 

words. Starting from the age of 2 years, swallowing difficulties were noted. A first brain 

MRI was performed at the age of 4 years but didn’t show clear abnormalities. 

Laboratory work-up, metabolic studies as well as human genetic investigations 

(exclusion of Simpson-Golabi-Behmel syndrome, fragile X syndrome, DiGeorge 

syndrome, etc.) were without specific findings. Starting from the age of 7 years, a 

decline in motor skills was noted. His gait became broad-based and unsecure, 

dysarthria worsened. A neurodegenerative disorder was suspected and further 

investigations were performed (muscle biopsy for mitochondrial respiratory chain 

analysis, exclusion of ataxia-telangiectasia, etc.). At the age of 10 years, bilateral optic 

atrophy became evident. Urinary incontinence presented at the age of 11 years. At the 

current age of 16 years, the boy suffers from severe ataxia, dysarthria, dysphagia, 

dystonia and reduced facial expression. He is wheelchair bound but can stand upright 

and walk short distances with assistance. Measurements at 13 years were length 160 

cm (31st percentile), weight 68 kg (89th percentile) and head circumference 54 cm 

(20th percentile). 
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4.4.2 Cerebral MRI scans 

Common features for both patients were bilateral hyperintensities affecting 

periventricular and cerebellar white matter, low signal intensity in the globus pallidus 

with hyperintense streaking and low signal intensity in substantia nigra. 

 

4.4.3 Genetic results 

A homozygous SLC44A1 variant (M1), (NM_080546.4):c.1549del,p.(Asp517Metfs*19) 

was identified in individual A-II-2 by investigation of exome data. Sanger sequencing 

confirmed that the parents were heterozygous carriers, and that the younger brother (A-

II-3) carried the homozygous mutation. A homozygous variant (M2), 

(NM_080546.4):c.377_380del,p.(Ser126Metfs*8) was identified in individual B-II-1 by 

investigation of exome data (235). 
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Figure 4.1: Photos of the individuals, pedigrees and brain MRI studies. Photos of individuals A-II-2 

(M1 patient) and B-II-1 (M2 patient) are shown with the permission of the parents. The pedigrees are 

shown with indication of the genetic defect in the SLC44A1 gene in individuals, WT=wildtype. Individual 

A-II-3 was still an infant at the time of writing and has not developed neurodegenerative disease. Cerebral 

Brain MRI studies: A-D) M1 patient, age 13 years; E-H) M1 patient, age 15 years. A-B) and E-F) shows 

T2-weighted images, axial view demonstrating bilateral hyperintensities affecting periventricular and 

cerebellar white matter (white arrows). C-D) and G-H) shows susceptibility weighted imaging (SWI), axial 

view showing low signal intensities in the globus pallidus and substantia nigra respectively (white arrows) 

suggesting deposition of paramagnetic material. 
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4.4.4 Histological investigations 

Electron microscopy of skin fibroblasts from both affected individuals demonstrated 

coarse folding of the plasma membrane, increased presence of secondary 

lysosomes/endosomes, increased number of vacuoles, and abnormal mitochondria 

(Figure 4.2). Additionally, the fibroblasts of the affected individuals displayed an 

accumulation of iron as observed with the ferric ammonium citrate (FAC) assay (Figure 

4.2). Following a 24 h incubation period with ferric ammonium citrate (FAC), all 

fibroblasts from affected individuals exhibited a profound accumulation of intracellular 

iron (2-3-fold change) while control fibroblasts showed a 2-fold increase (Figure 4.2). 

Immunoblot analysis of FAC treated fibroblasts also demonstrated an increased content 

of autophagy marker LC3 II in affected individuals (Figure 4.2). 
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Figure 4.2: Ultrastructure and iron load of cultured skin fibroblasts. (A) Electron microscopy of 

SLC44A1 mutated cells (M1, top left and M2, middle left) reveal coarse and rounded protrusions in the 

plasma membrane compared to the slender projection of the control cells (bottom left) (E). There are 

multiple small structures containing degenerated material, secondary lysosomes/endosomes, and 

increased number of vacuoles some of which appears to be degenerated mitochondria with remnants of 

cristae in M1 (top right) and M2 (middle right). Cytoplasm of normal fibroblasts was seen in bottom right 

image. Scale bar: 2 μm. (B) Colorimetric ferrozine iron quantification assay. (C) Mutated fibroblasts had 

increased lipidation of the autophagy marker LC3 (LC3 II/LC3 I ratio) when exposed to high amounts of 

iron. * denotes significant difference (p < 0.05). 
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4.4.5 M1 mutant produces a truncated CTL1 protein while M2 mutant results in no 

protein being produced 

The SLC44A1 gene encodes a 657 amino acid protein containing 9 transmembrane 

domains, with internal N-terminus and external C-terminus (216) (Figure 4.3). The 

frameshift mutation in M1 introduces a premature stop codon, which predicts a 

truncated 536 amino acids CTL1 protein with 7 transmembrane domains (Figure 4.3). 

The frameshift mutation in M2 introduces a premature stop codon at amino acid 132 

(Figure 4.3). To see if the mutants are expressed, the SLC44A1 mRNA was probed in 

M1 and M2 cells with primers within 5’- and 3’-end SLC44A1 regions. The amplification 

of the 5’-region showed that they are expressed but in SLC44A1 mRNA content was 

40% lower in M1 and SLC44A1 mRNA content was 75% lower in M2 than in Control 

cells. Because of the frameshift mutations and the prediction of the premature stop 

codons, the SLC44A1 mRNA content was not detected in M1 and M2 cells with 3'-end 

SLC44A1 primers (Figure 4.3). The N-terminus CTL1 antibody further confirmed that 

the CTL1 protein was a truncated 59 kDa protein in M1 cells, as opposed to the full 

length 72 kDa CTL1 protein. The amount of CTL1 protein in M1 was also decreased by 

50% with respect to the native CTL1 protein (Figure 4.3). As expected, the C-terminus 

CTL1 antibody detected the full length CTL1 protein but did not detect the protein in M1 

(Figure 4.3). CTL1 protein was not detected by either CTL1 antibody in M2 (Figure 4.3). 
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4.4.6 Choline uptake in mutant fibroblasts was reduced but improves with choline 

treatment 

The uptake of choline was reduced by 70-80% in M1 and M2 fibroblasts and the CTL1 

specific inhibitor hemicholinium (HC-3) additionally reduced the choline uptake in the 

mutant fibroblasts (Figure 4.3). Choline supplementation improved the uptake in a 

concentration dependent manner and the uptake in M1 cells at 5 mg/ml choline was 

50% of basal control levels (Figure 4.4). Under the same conditions the CTL1 protein 

content was increased by in M1 cells 30% at 2.5 mg/ml choline and 70% at 5 mg/ml 

choline (Figure 4.4). The supplemental choline was also able to increase SLC44A1 

mRNA content up to 60% in M1 (Figure 4.4). 
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Figure 4.3: Topology and transport function of the native and mutated CTL1 proteins. (A, B, C) 

Schematics of SLC44A1 topology in Control, M1 and M2 cells. (D) mRNA expression of SLC44A1 in 

Control, M1 and in (E) M2 cells. (F) SLC44A1 protein content in Control, M1 and (G) M2 cells. (H) Choline 

uptake in M1 and (I) M2 cells after HC-3 inhibition. * denotes significant difference (p < 0.05). 
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Figure 4.4: Choline stimulates CTL1 transport and protein abundance in M1 cells. (A) Choline 

uptake in Control and M1 cells supplemented with choline. (B, C) CTL1 protein content in Control and M1 

cells supplemented with choline. (D) mRNA expression of SLC44A1 after choline supplementation in 

Control and M2 cells. * denotes statistically significant difference (p < 0.05) relative to 0 mg/L choline 

treatment, # denotes statistically significant difference (p < 0.05) relative to 2.5 mg/L choline treatment. 
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4.4.7 Altered expression of other choline transporters in mutant fibroblasts 

The mRNA expression of various families of transporters which have demonstrated the 

ability to transport choline is stated in Figure 4.5. The expression of organic cation 

transporter 1, SLC22A1 (OCT1), was reduced 40% in mutant fibroblasts. The main role 

of OCT1 is to transport cationic drugs (238) but it also has a low binding affinity for 

choline (239). Interestingly, carnitine transporter 2, SLC22A5 (OCTN2), which also has 

a low binding affinity for choline (240) was highly upregulated in mutant fibroblasts 

however completely absent in the control fibroblasts. The expression of SLC44A2 

(CTL2) and SLC22A4 (OCTN1) was not altered between mutant and control cells. 

Lastly, SLC44A3 (CTL3), SLC44A4 (CTL4), SLC44A5 (CTL5), SLC22A2 (OCT2), 

SLC22A3 (OCT3) and the neuron-specific choline transporter SLC5A7 (CHT1) (179), 

were not detected in any of the cells (Figure 4.5).   
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Figure 4.5: mRNA expression of choline related transporters is dysregulated in mutant fibroblasts. 

Among organic cation transporters, SLC22A1 (OCT1 organic cation transporter) mRNA was decreased 

by 40% while SLC44A4 (CTL4 choline transporter) mRNA was increased 25% in M1 and M2 fibroblasts. 

Interestingly, SLC22A5 (OCTN2 carnitine transporter associated with primary carnitine deficiency) was 

abundantly detected in mutant fibroblasts but not in control fibroblasts. Lastly, the transcripts for SLC44A2 

(CTL2 choline transporter) and SLC22A4 (OCTN1 carnitine transporter) were not affected, and SLC44A3 

(CTL3), SLC44A5 (CTL5), SLC22A2 (OCT2), SLC22A3 (OCT3) and SLC5A7 (CHT1 neuron specific 

choline transporter) were not present in Control and mutant fibroblasts. * p < 0.05 relative to Control cells. 
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4.4.8 Changes in phospholipid gene expression as a likely measure to preserve 

membrane PC 

Due to the diminished ability to transport choline, it was not surprising that the 

expression of the genes involved in PC synthesis and degradation were altered in the 

mutant cells (Figure 4.5). The rate-limiting enzyme for PC synthesis via the CDP-choline 

pathway, Pcyt1, was decreased by 50-70% and choline kinase (CK) and ethanolamine 

kinase (EK) were decreased by 20-30%. The mRNA expression of Pcyt2, the rate-

limiting enzyme for PE synthesis via the CDP-ethanolamine pathway and the PS 

synthesis (PSS1, PSS2) and decarboxylation (PSD) genes were not altered in the 

mutant cells. To generate additional PC and to counteract the diminished ability to use 

the extracellular choline, the expression of PE methyltransferase, PEMT, that facilitates 

PC production via PE methylation was increased by 25%. Phospholipase D (PLD1 and 

PLD2) that facilitates the release of choline from PC was also increased in M1 by 20-

25% (Figure 4.6). 
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Figure 4.6: mRNA expression of phospholipid genes is dysregulated in mutant fibroblasts. Among 

phospholipid genes de novo PC synthesis genes PCYT1 (CTP: phosphocholine cytidylyltransferase) and 

CK (choline kinase) were 50% and 20% downregulated in mutant cells. In the de novo PE synthesis 

pathway, EK (ethanolamine kinase) expression was decreased by 30%. The genes for PS synthesis 

(PSS1, PSS2) and PE synthesis PSD (PS decarboxylase) were not affected in mutant cells. The 

expression of PEMT (PE methyltransferase) that produces PC from PE was increased by 25% in mutant 

cells. Finally, the expression of phospholipase D (PLD1 and PLD2) which degrades PC, was 20-25% 

higher in mutant cells relative to control cells. * p < 0.05 relative to Control cells. 
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4.4.9 Increased expression of lipogenic genes and reduced expression of fatty 

acid oxidation genes as a response to deficiency in choline transport 

The expression of a group of genes involved in de novo FA and triglyceride synthesis by 

lipogenesis (SREBP1c, FAS, DGAT1 and DGAT2) were modestly but significantly 

upregulated in mutant cells (Figure 4.5). Conversely, the expression of genes involved 

in mitochondrial fatty acid transport and oxidation (PGC1α, PPARα and CPT1) were 

downregulated 35%-60% in mutant cells (Figure 4.7). This pattern where the expression 

of genes devoted to lipogenesis are increased while the expression of genes devoted to 

FA oxidation are decreased is well documented in scenarios where choline uptake and 

substrate flow through the CDP-choline pathway are suboptimal (241). 
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Figure 4.7: mRNA expression of fatty acid genes is dysregulated in mutant fibroblasts. Among fatty 

acid genes (D), the lipogenic genes for fatty acid and triglyceride synthesis (FAS, SREBP1 and DGAT1/2) 

were upregulated 20-30% while the genes responsible for the mitochondrial fatty acid transport and 

oxidation (CPT1, PGC1α, PPARα) were significantly downregulated (35-60%) in mutant cells. * p < 0.05 

relative to Control cells. 
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4.4.10 Preservation of mutant cell PC results in deficiency in other membrane 

phospholipids 

The effect of diminished choline transport on de novo PC synthesis was investigated by 

monitoring choline flux through the CDP-choline (Kennedy) pathway (216). The reduced 

rate of [3H]-choline incorporation into P-Cho, CDP-Cho and PC in mutant cells is an 

indication of reduced de novo PC synthesis (Figure 4.8). On the other hand, the PC 

produced de novo from choline was more readily degraded in the mutant cells (Figure 

4.8), likely to be used as a source of additional choline. The substrate flux through the 

CDP-ethanolamine branch of the Kennedy pathway was similarly reduced and the 14C-

PE formed from 14C-ethanolamine was more readily degraded in the mutant cells than 

in the Control cells (Figure 4.8). Surprisingly, the equilibrium radiolabeling of 

phospholipids with [3H]-glycerol revealed that the total PC pool was not reduced in M1 

and M2 cells; however the PE and PS pools were largely reduced in the mutant cells 

(Figure 4.8). The reduced PE and PS pools can imply that those phospholipids were 

used to maintain membrane PC under conditions of reduced choline transport. Indeed, 

choline supplementation to M1 and M2 cells did not change the PC pool but significantly 

improved the PE and PS pools in mutant cells (Figure 4.8). Since the expression of PE 

methyltransferase (PEMT) was increased in mutant cells (Figure 4.8), the PE 

degradation to generate PC by the PE methylation pathway was monitored using [14C-

(CH3)]-methionine (Figure 4.8). The results showed that the mutant cells could produce 

PC from PE and that choline addition could provide a small reduction in PE methylation. 

Additionally, the increased PC degradation (Figure 4.8) and elevated PLD expression 
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(Figure 4.8) to produce more choline also took place in mutant cells. This was further 

supported with elevated PLD activity in the mutant cells that was reversed by choline 

treatment (Figure 4.8). 
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Figure 4.8: PC and PE de novo biosynthesis and turnover. (A) [3H]-choline pulse experiments of 

CDP-choline pathway metabolites. (B) [3H]-choline pulse and pulse-chase experiments of PC production 

and degradation. (C) Pulse and pulse-chase experiments with [14C-Etn] of Etn and PE degradation and 

PE production.  
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Figure 4.9: Analysis of equilibrium phospholipid levels. (A) Equilibrium levels of PC, PE and PS 

determined with [3H]-glycerol radiolabeling. (B) PE methyltransferase activity quantification with the [14C-

(CH
3
)]-methionine radiolabel. (C) Phospholipase D enzyme activity analysis. * denotes statistically 

significant difference (p < 0.05) relative to control cells, # denotes statistically significant difference (p < 

0.05) relative to untreated mutant cells. 
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4.4.11 Membrane phospholipid profiles are greatly modified in mutant cells 

In agreement with the metabolic fluxes and the phospholipid pool sizes in Figure 4.9, 

the M1 cells had unaltered total PC but were deficient in two other membrane 

phospholipids PE and PS (Figure 4.9). The M1 cells also had an increased % 

contribution of PI, PA and PG, likely indicating further changes in the CDP-DAG 

pathway for PI and CL synthesis (Figure 4.9).  

Predominant ether phospholipids in Control fibroblasts are ether-PC (43%) and ether-

PE (38.8 %) and their levels decreased 6-11% in mutant cells. At the same time, ether-

PI (12.5%) and ether-PA (4.3 %) increased 8-9% (Figure 4.9). Ether phospholipids are 

known to be enriched in polyunsaturated fatty acids (PUFA) (37, 242). The ether lipid 

profiling showed that C18:1 n-9 (oleic acid), C20:4 n-6 (arachidonic acid, AA) and C20:5 

n-3 (EPA, eicosapentaenoic acid) were more abundant in M1 cells while these same 

cells were depleted of very-long chain fatty acids C22:n=3, 4, 5 or 6 (VLCFA). A similar 

deficiency in VLCFA was present in PC (Figure 4.9) and in all other membrane lipids, 

thus representing a general feature of the mutant cells. There was also an enrichment in 

C20:4 n-6 (arachidonic acid, AA) in the main phospholipids which produced an altered 

ratio of AA (n-6) and DHA (n-3) in the mutant cells. The increased abundance of AA at 

the expense of DHA is frequently seen in plasmalogen deficiency disorders (37) and 

likely plays a pathogenic role in the two individuals with CTL1 mutations. Although 

VLCFA were decreased, the expression of multiple elongation genes was elevated 

(ELOVL3, 5, 6, 7 > 1.5-fold) (Figure 4.9) apparently as compensation for the primary 

defects in PUFA elongation and desaturation pathways. Finally, the lipidomic analysis 
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showed that M1 cells generally had shorter carbon chains in PE and PS and longer 

carbon chains in PG and PI. Additionally, the main phospholipids (PC, PE and PS) were 

generally more saturated whereas the metabolic products PA and PG were enriched in 

n-6 PUFA, apparently because of generally increased fatty acid remodeling and drastic 

PE and PS depletion in the mutant cells. 
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Figure 4.10. Glycerolipid subclasses and fatty acid composition are modified in mutant cells. (A) 

Display of phospholipid composition and (B) ether lipid composition in Control and M1 cells. (C) Cluster 

analysis demonstrating the differences in fatty composition in PC between Control and M1 cells. (D) 

mRNA expression of ELOV genes in Control, M1 and M2 cells. * p < 0.05 relative to Control cells.  
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4.5 Discussion 

We have presented two unrelated adolescent individuals with homozygous frameshift 

mutations in the SLC44A1 gene encoding the choline transporter 1 protein (CTL1). The 

molecular defect resulted in an expressed but truncated CTL1 protein in one individual, 

while CTL1 was completely absent in the other. The clinical features were emblematic 

of a neurodegenerative disorder with progressive ataxia, tremor, dystonia, cognitive 

decline, optic nerve atrophy with normal ERG and urinary incontinence. Cerebral MRI 

scans showed hypointensity of globus pallidus with a hyperintensive streak, 

hypointensity of substantia nigra, white matter disturbances and atrophy. The clinical 

features together with the MRI changes raised suspicion of an NBIA.  

We have demonstrated that CTL1 deficiency results in abnormal cell membranes with 

increased accumulation of membrane materials in cells. The increased number of 

lysosomes and vacuoles in mutant cells most likely reflects disturbances in the 

regulation of vesicular trafficking, in which CTL1 plays an important role (11, 243), a 

feature which was recently established as a common defect in NBIA (236). We report 

that the mutant fibroblasts retain abnormally high levels of iron, a hallmark characteristic 

of NBIA. Moreover, as in other NBIA cases (236), LC3 II content was increased in 

mutant cells, which was indicative of an induction of autophagosome formation (244) 

and intracellular iron accumulation (236).  

These studies implicate CTL1 deficiency in a new subtype of NBIA. NBIA is a group of 

neurodegenerative diseases caused by accumulation of iron in basal ganglia with 
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characteristic clinical features and MRI scans. Clinical core symptoms comprise a 

combination of early onset dystonia, pyramidal and extrapyramidal signs with ataxia, 

cognitive declines, behavioral abnormalities and retinal and axonal neuropathy variably 

accompanying these core features. Increased non-age-associated brain iron, most 

pronounced in the basal ganglia, is considered a unifying characteristic of these 

disorders (245). Subgroups of NBIA demonstrate a link between neurodegeneration and 

alteration of phospholipid metabolism, mitochondrial morphology and membrane 

remodeling (233). Comparing the features of our patients with different subgroups of 

NBIA, we find most similarities to MPAN (Mitochondrial Membrane Protein-Associated 

Neurodegeneration). Therefore, the characteristics in common with MPAN patients are 

ataxia and Parkinsonian features (tremor and reduced facial mimicry), optic nerve 

atrophy combined with a normal ERG, which is considered rather distinct for MPAN 

(246, 247), progressive cognitive decline (246), a characteristic pattern of hyperintense 

streaking that highlights the entire length of the medullary lamina between the internal 

and external segments of the globus pallidus (248), hypointensity of substantia nigra 

and white matter defects around lateral ventricles and in the cerebellum (249). The 

causative gene for MPAN is C19orf12, whose function is still unknown. CTL1 mediated 

choline transport is directly functionally coupled with the CDP-choline (Kennedy) 

pathway for PC synthesis (215, 216, 217) and not surprisingly, the substrate flux 

through this pathway was downregulated in mutant fibroblasts. The content of PC was 

however unchanged showing that the primary adaptation to CTL1 deficiency was to 

preserve PC as an additional source of choline. The constant PC levels were however 
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maintained at the expense of other membrane phospholipids (250), predominantly PE, 

which was reduced in CTL1 mutant cells. PC could be made from PE via PE 

methylation (237) and this pathway was modestly upregulated in mutant cells. Deficient 

cells also had reduced membrane PS. PS is formed from PE and PS, and its low levels 

are likely caused by a combination of reduced synthesis and/or increased degradation 

to PE.   

Efforts to produce choline intracellularly were further evident from the increased 

phospholipase D activity and excessive abundance of phosphatidic acid product in 

CTL1 mutant cells. Phosphatidic acid is an important signaling molecule which was 

likely redirected from PC and PE synthesis towards PI and PG synthesis upon Kennedy 

pathway impairment. This occurs via the CDP-DAG pathway, as manifested by the 

accumulation of PI and PG in the mutant cells. The ether (alkyl acyl; plasmalogen) 

phospholipid deficiencies are strongly linked to peroxisomal disorders and more 

common neurological disorders like Alzheimer’s disease and Parkinson’s disease (137). 

Although their biological function is not clear, the ether lipids are abundant in the brain, 

particularly in PE (251). There was a deficiency in ether-PE in mutant cells that could be 

contributing to the observed pathologies by the inhibition of membrane fusion and ion 

transport (251, 252). As a further consequence of adaptation to CTL1 transport 

deficiency (40, 191), the mutant cells had reduced expression of genes devoted to 

mitochondrial β-oxidation. There was a general deficiency in very long chain fatty acids 

(C22 n=3, 4, 5 and 6) and an accumulation of arachidonic acid (C20:4 n-6) in 

membrane phospholipids. How CTL1 deficiency affects the very long chain fatty acids 



94 

 

 

 

elongation at the level of endoplasmic reticulum and the β-oxidation system in the 

mitochondria is not clear but a link likely exists between very long chain fatty acid 

content and CTL1 function. 

Functional studies showed an improved uptake of choline in patient cells when choline 

was added to the medium. This finding provokes the thought of choline supplementation 

as a possible treatment for this disease. Since the genetic defect was discovered, 

patients have been treated with supplemental choline and later, GPC. Treatment of 

patients with choline has not resulted in an improvement of symptoms, but the condition 

of the M1 patient has stabilized during treatment. The symptoms of the M2 patient 

progressed during treatment, and the GPC supplementation was discontinued after a 

treatment course of 1 year. The symptoms in both adolescent patients had been 

progressing steadily before initiation of treatment, and the fact that the symptoms of the 

M1 patient have been unchanged during treatment might indicate a positive effect of the 

treatment. Importantly, the M1 patient has a residual truncated CTL1 function, which 

might explain the difference in treatment response to the M2 patient. Since deficiency in 

PE, PS, ether lipids, and very long chain fatty acids represents the major abnormalities 

and are known contributing factors in multiple neuronal pathologies (251, 252), future 

therapies may focus on phospholipid supplementation, particularly n-3 enriched 

phospholipids from krill oil. The observed deficiency in ether phospholipids could be 

reduced by supplementation of alkylglycerol precursors, enriched in shark liver oil, a 

well-known natural source of alkylglycerols. The M2 patient, which did not respond well 

to choline therapy, may particularly benefit from those phospholipid therapies.  
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We have shown that biallelic pathogenic variants in the SLC44A1 gene encoding the 

CTL1 protein are implicated in a new subtype of NBIA. This new subtype of NBIA 

resembles MPAN in clinical features as well as cerebral MRI changes. The primary 

outcome of CTL1 deficiency was severely diminished choline transport, and membrane 

PC was subsequently utilized as an intracellular source of choline. The homeostatic 

response to this essential need for PC (and choline) results in the loss of inner 

membrane phospholipids PE and PS and deficiency in very long chain fatty acids. 

These features together represent the most critical causes of defective plasma 

membrane and organelle function in CTL1 deficiency. 

Study design: C.R. Fagerberg, F. Distelmaier, M. Bakovic, A. Taylor, Experimental 

work: A. Taylor, C.R. Fagerberg, F. Distelmaier, Manuscript preparation: C.R. 

Fagerberg, F. Distelmaier, M. Bakovic, A. Taylor, M. Kibaek, D. Wieczorek, H.D. 

Schroder, M.J. Larsen, R.A. Jamra, E. Gade, L. Markovic, D. Klee, L. Brady, M. 

Tarnopolsky, P. Agarwal, V. Dolinsky. Special thanks to Heiko Runz for exome 

sequencing assistance and Michael Leadley for lipidomics assistance. 
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CHAPTER 5 RATIONALE 

In Chapter 4, we further elucidated the role of SLC44A1 in choline uptake. However, the 

mechanism of ethanolamine uptake has yet to be elucidated in humans. Furthermore, in 

the literature there are data which suggest that choline and ethanolamine may be taken 

up into the cell by the same transporter. This is largely thought to be because choline 

and ethanolamine share similar molecular structures which are believed to be critical for 

protein mediated uptake. To elucidate the mechanism of ethanolamine uptake, we 

utilized the human skin fibroblasts from Chapter 4 to study the implications of SLC44A1 

in ethanolamine uptake. 
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CHAPTER 5: THE NOVEL ROLE OF SLC44A1/CTL1 IN 
ETHANOLAMINE TRANSPORT 

 

5.1 Abstract 

PC and PE comprise the bulk of cell membrane phospholipids. While it is established 

that CTL1 mediates cellular choline transport, an ethanolamine transporter has yet to be 

identified. In this study, we examine the function of CTL1 as an ethanolamine 

transporter in skin fibroblasts in addition to its known role in the transport of choline. 

Ethanolamine uptake was mediated by a pH dependent system which was also Na+ 

independent. Control cells have two distinct ethanolamine transport systems as 

demonstrated by two different Km values (66.5 ± 8.5 μM (K
m1

) and 299.0 ± 13.1 μM 

(K
m2

). CTL1 overexpression enhanced ethanolamine uptake in M2 cells, which are 

devoid of CTL1 function. Furthermore, we demonstrated a further decrease in 

ethanolamine uptake when CTL2 expression was knocked down in M2 cells, further 

supporting the roles for both CTL1 and CTL2 in ethanolamine uptake. Moreover, both 

CTL1 and CTL2 appear to facilitate mitochondrial ethanolamine uptake, with CTL1 

being the predominant transport system. Furthermore, choline and ethanolamine 

treatment in tandem reduced the uptake of both choline and ethanolamine. This was an 

indication that these two substrates compete for the same transport system. Lastly, 

treatment with HC-3 and CTL1 antibodies reduced PE synthesis. Together, these data 

demonstrate the novel role for CTL1 in the transport of ethanolamine. 
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5.2 Introduction 

PC and PE are major components of cellular membranes and they are also involved 

with essential cellular processes (25, 26). The major pathway for PC and PE production 

is via de novo synthesis through the CDP-choline and CDP-ethanolamine branches of 

the Kennedy pathway, respectively, of which choline and ethanolamine are initial 

substrates. Three choline transport systems have previously been established: low-

affinity diffusion: intermediate-affinity, Na+-independent transport; and high-affinity, Na+-

dependent transport (253). The intermediate-affinity choline transporter-like protein 1 

(CTL1/SLC44A1) is ubiquitously expressed in mouse, rat and human tissues and was 

originally discovered as a choline transporter for PC synthesis (27). More recently, 

CTL1 was shown to mediate the transport of choline across mitochondrial membranes 

(216). Choline transport has been extensively studied however, there has been less 

focus on elucidating the mechanisms of ethanolamine transport, despite its biological 

importance.   

The supply of ethanolamine as a substrate for the initial step in the CDP-ethanolamine 

pathway is essential for PE synthesis (254). PE is the most abundant lipid on the 

cytoplasmic leaflet of cellular membranes and plays important roles in cell division, 

membrane fusion, autophagy and apoptosis (255). Moreover, PE is important for the 

production of other phospholipids, such as PC via PE N-methyltransferase (PEMT) and 

PS via PS synthase 2 when free ethanolamine is released. PE lipolysis to generate 

DAG and fatty acids by phospholipases also releases ethanolamine or 

phosphoethanolamine that needs to be transported in and out of cells or reincorporated 
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into PE. In addition, the inner mitochondrial membrane is enriched with PE, meaning 

that mitochondrial ethanolamine transport is likely critical for mitochondrial biogenesis 

(256).  

The supply of ethanolamine as a substrate for the initial step in the CDP-ethanolamine 

pathway is essential for de novo PE synthesis. PE is the most abundant lipid on the 

cytoplasmic leaflet of cellular membranes and plays important roles in cell division, 

membrane fusion, autophagy and apoptosis. Moreover, PE is important for the 

production of other phospholipids, such as PC via PE methyltransferase and to 

phosphatidylserine (PS) by phosphatidylserine synthase 2 when free ethanolamine is 

released. PE lipolysis to DAG and fatty acids by phospholipases also releases 

ethanolamine or phosphoethanolamine that needs to be transported in and out of the 

cells or reincorporated into PE. 

While the importance of ethanolamine for many biological processes is clear, an 

ethanolamine uptake system has yet to be characterized in humans. Ethanolamine is 

not endogenously produced and therefore needs to be transported into the cell (255). 

While ethanolamine transport has not been characterized in humans, previous 

investigators have identified examples of ethanolamine uptake systems in other 

organisms (16, 257, 258). In bacteria found in the human gastrointestinal tract, the EutH 

protein facilitates the uptake of ethanolamine to be utilized as an intracellular source of 

carbon and nitrogen (259, 260). Kinetic studies in bovine endothelial cells, human Y79 

retinoblastoma cells, chick embryo neurons and glial cells. Additionally, ethanolamine 

transport likely shares biophysical properties with choline as the hydroxyl groups of both 
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compounds are thought to help facilitate hydrogen bonds with the transport protein 

(261).   

Here, we demonstrated that CTL1 and CTL2 are capable of facilitating ethanolamine 

transport, in addition to their role in choline transport. We characterized ethanolamine 

transport in cells with errors in CTL1 transport due to inherited SLC44A1 gene 

mutations and in cells overexpressing SLC44A1/CTL1. Additionally, we examined the 

effects of choline and ethanolamine competition on ethanolamine and choline uptake. 

Finally, the effects of pharmacological and antibody induced CTL1 inhibition on PC and 

PE synthesis were evaluated to separate the contributions of CTL1 and CTL2 in 

ethanolamine metabolism and PE synthesis. This study was the first to our knowledge 

to demonstrate the activity of SLC44A1/CTL1 and SLC44A2/CTL2 as ethanolamine 

transporters. 

 

5.3 Methods 

5.3.1 Maintenance of cell lines  

MCF-7 human breast cancer cells, MCF-10 human mammary epithelial cells and COS-

7 fibroblast-like cells were maintained in DMEM (Fisher Scientific) supplemented with 

10% fetal bovine serum and 2% penicillin/streptomycin; Control, M1 and M2 skin 

fibroblasts were maintained in MEM (Fisher Scientific) supplemented with 20% fetal 
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bovine serum and 2% penicillin/streptomycin. Cells were kept in a humidified 

atmosphere at 37oC and 5% CO2.  

 

5.3.2 Drug treatments in cancer cells 

Approximately 8.0 x 104 cells/well were seeded in 6-well plates and grown for 24 h. 

After 24 h of growth, drugs or antibodies were added to cells and incubated for 24 h. 

Working concentrations of HC-3 and CTL1 antibody were specific to each cell line 

representing the IC50 concentrations. 

 

5.3.3 Radiolabeling and PC and PE determination 

Cells were passaged and grown for 24 h. After 24 h of growth, media was removed and 

replaced with media containing 0.2 μCi [3H]-choline or [14C]-ethanolamine (ARC St. 

Louis, MO) for 24 h. Media was then removed and cells were washed 2x with 1x PBS. 

Lipids were then extracted with the method of Bligh and Dyer (194). PE and PC content 

were determined by LSC. 
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5.3.4 Kinetics of ethanolamine transport 

Kinetic analyses were performed as described (239). Cells were incubated (20 min) with 

increasing concentrations of unlabeled ethanolamine (0-1000 µM) before being treated 

with 0.2 µCi [14C]-ethanolamine for 20 minutes. 

 

5.3.5 Choline and ethanolamine uptake 

Choline and ethanolamine uptake were measured according to our previously 

standardized protocols (216). Briefly, cells were washed with KRH buffer (130 mM 

NaCl, 1.3 mM KCl, 2.2 mM CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4, 10 mM 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (pH 7.4) and 10 mM glucose 

and incubated with 0.2 μCi [3H]-choline or [14C]-ethanolamine with the compound of 

interest for 20 minutes at room temperature. Cells were then washed in ice cold KRH 

buffer containing 500 μM ‘cold’ choline or ethanolamine to stop the uptake reaction. 

Cells were then lysed in 500 μl ice cold lysis buffer (10 mM Tris-HCl, 1 mM EDTA and 

10 mM NaF) and choline and ethanolamine uptake were analyzed by LSC. 

For the choline/ethanolamine uptake competition assay, control cells were incubated 

with 200 µM choline, 200 µM ethanolamine or 200 µM choline + 200 µM ethanolamine 

for 20 minutes. To study the effects of cationic compounds (choline, ethanolamine, HC-

3, betaine, verapamil, quinine and nifedipine; all purchased from Sigma Aldrich) on 

ethanolamine uptake, control and M2 cells were incubated with the compounds for 20 
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minutes. To assess the effects of Na+ concentration on ethanolamine uptake, control 

and M2 cells were subjected to either standard KRH buffer or KRH buffer with LiCl 

instead of NaCl. To study the effect of pH on ethanolamine uptake, control and M2 cells 

were treated with KRH buffers of varying pH (pH 5.5, 6, 6.5, 7, 7.5, 8 and 8.5). Buffers 

were prepared by mixing 10 mM MES (pH 5.5) and 10 mM bicine (pH 8.5). 

 

5.3.6 RNA extraction and RT-PCR 

Total RNA from Control and M2 cells was isolated with TRIzol (Invitrogen, Life 

Technologies Incorporated, Burlington, ON, Canada). DNase I was used to eliminate 

genomic DNA and cDNA was synthesized from 2 μg RNA using a 3-AP primer and RNA 

SuperScript III reverse transcriptase (Invitrogen, Life Technologies Incorporated). 

Expression of CTL1, CTL2, CTL3, CTL4, CTL5, CK, EK, Pcyt1, Pcyt2, PSD, PSS1 and 

PSS2 was determined by PCR using the primers and conditions outlined in Table 2. 

Reactions were standardized by amplifying glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) and relative band intensity was quantified using ImageJ 

software (NIH, Bethesda, MD, USA). 
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Table 5.1: Primer sequences and melting temperatures (TM) for polymerase chain 

reaction (PCR) using human fibroblasts RNA 

Gene  Forward Primer (5’-3’)  Reverse Primer (5’-3’)  TM 
(oC)  

Size 
(bp)  

GAPDH  ACCACAGTCCATGCCATCAC  TCCACCACCCTGTTGCTGTA  58  452  
SLC44A1  CTCTTCTGCATTGGGATGGGA  CTTGGACACGCTGCTACACA  57  248  
Pcyt1  CCCTCTTTCCGATGGCCCTT  TGTTTGGGTTCCCCCAGTCC  53  267  
Pcyt2  ACATCATCGCGGGCTTACAC  TGACACACCAGGTCCACCTT  53  190  
CK  GAGTTCCACATCAGTGTCATCAGA  ATGGCCTCAGCCCCTTGAAAT  57  203  
EK  AATGGTGCCGGGAGTACTTG  CCCTCTGGGAAGACTCCGTA  57  274  
PSS1  CGTTCACTCGACCTCATCCA  GATTGTCCAGCAGAGACCGT  56  302  
PSS2  ATGCACCGCACACCCTTTA  TCTTGGTGTTGTAGGCCGTG  57  457  
PSD  TTAGGTGGGGAGTAGCCACA  GCTTCCGTAAGGGCTGTAGG  57  273  
SLC44A2  CCACGCCTACAAGGGTGTCC  CCATGGCAATGACCAGGCCT  58  203  
SLC44A3  TTCTTCTGGGTCCTCTGGGT  GGTACCTGGACAATGCACCA  56  397  
SLC44A4  ATCACTCCGGAGACTGAGCCA  CCCTGGCAGACAAAAGTTCCT  58  473  
SLC44A5  TTGCAGTGATTCAGGCCTACTT  AGGTTTAGCAACACGGAGGG  56  372  

 

5.3.7. Expression of Myc-tagged rSLC44A1 cDNA and SLC44A2 siRNA in 

fibroblasts 

Confluent control and M2 cells were transfected with 5 µg of pCMV3-ORF-C-Myc-

SLC44A1 cDNA (Sino Biologics) or empty vector (pcDNA4His-Max B) using 

Lipofectamine 2000 (Invitrogen). Control and M2 cells were transfected with 30 nM 

CTL2 siRNA (Santa Cruz Biotechnology; sc-62163) using siPORT lipid transfection 

agent. 

 

5.3.8 Immunoblotting 

All fibroblasts were washed 3x with 1x PBS and subjected to a lysis buffer (25 mM Tris, 

15% glycerol, 1% Triton X-100, 8 mM MgCl2, 1 mM DTT, protease inhibitor cocktail and 
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phosphatase inhibitor cocktail) at 4oC for 30 minutes and scraped into 1.5 ml tubes. 

Protein concentration was determined with the bicinchoninic (BCA) assay (Pierce, 

Rockford, IL, USA). The LV58 (N-terminus) and ENS-627 (C-terminus) antibodies (both 

1:500 in skim milk in TBS-T) detect the 72 kDa CTL1 protein under native (non-

denaturing) conditions. Samples were mixed with loading buffer (62 mM Tris-HCl, 

0.01% bromophenol blue and 10% glycerol) and separated by PAGE at 120 V for 1.5 h. 

CTL1 was resolved on an 8% native gel and proteins were transferred onto PVDF 

membranes (Pall Canada, Mississauga, ON, Canada) by a semi-dry transfer system 

and stained with Ponceau S. Membranes were blocked in 5% skim milk in Tris Buffered 

Saline-Tween 20 (TBS-T) solution and then incubated with either one of the CTL1 

antibodies (1:500 in 5% skim milk in TBS-T) overnight at 4oC. Membranes were washed 

with TBS-T and then incubated with an anti-rabbit horseradish peroxidase conjugated 

secondary antibody (New England Biolabs, 1:10,000 in 5% skim milk in TBS-T) for 2 h. 

Membranes were washed in TBS-T and proteins were visualized using a 

chemiluminescent substrate (Sigma Aldrich, Oakville, ON, Canada). 

 

5.3.9 Mitochondrial isolation 

Mitochondria were isolated from control and M2 cells as described (20). In brief, cells 

were incubated for 20 minutes in ice-cold RSB swelling buffer and homogenized; 19 ml 

MS buffer was added and the cell homogenate was centrifuged at 2500 rpm for 5 

minutes. This step was repeated twice and the final supernatant was centrifuged at 
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12,500 rpm. The resulting pellet was resuspended in MS buffer and mitochondrial 

ethanolamine uptake was conducted as previously described. 

 

5.3.10 Lipid analysis 

Phospholipid (PC, PS and PE) and neutral lipid (DAG and TAG) pools were determined 

as previously described (190). The lipids from both classes were extracted by the 

method of Bligh and Dyer (194) and separated by TLC. 

 

5.3.11 Pcyt2 Activity Assay 

The assay was conducted as described (262). In brief, Control and M2 cells were 

cultured for 24 h and 50 µg protein was dissolved in Pcyt2 reaction mixture. The mixture 

was treated for 15 minutes with 0.2 µCi [14C]-P-ethanolamine and the reaction was 

terminated by boiling for 2 minutes. The radiolabeled Pcyt2 reaction product [14C]-CDP-

ethanolamine was isolated by TLC as previously described (262). Pcyt2 activity was 

expressed as nmol/min/mg protein. 
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5.3.12 Statistical analysis 

All measurements are expressed as means from quadruplets ± SEM. Statistical 

analysis was performed using GraphPad Prism 4.0 software (GraphPad, Inc.). Data 

were subjected to Student’s T-test. Differences were considered statistically significant 

at *p < 0.05. 

 

5.4 Results 

5.4.1 CTL1 inhibition with HC-3 and CTL1 antibody on PC and PE synthesis 

MCF-7 and MCF-10 cells were treated with 50 μM HC-3 and 0.5 μg of CTL1 antibodies 

to assess the magnitude by which CTL1 affects PC and PE production. CTL1 inhibition 

by HC-3 reduced PC production in MCF-7 and MCF-10 by 50% and 75% whereas PE 

production was reduced by 50% in MCF-7 and MCF-10 cell lines (Figure 5.1). CTL1 

antibody treatment reduced PC content by 50% and 60% in the MCF-10 and MCF-7 cell 

lines respectively. PE content was decreased by 50% in both cell lines after CTL1 

antibody treatment. This suggests CTL1 may mediate the transport of ethanolamine, in 

addition to choline (Figure 5.1).  
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Figure 5.1: CTL1 inhibition with HC-3 and CTL1 antibody on PC and PE synthesis. PC and PE 

determination in MCF-10 and MCF-7 cells after HC-3 and CTL1 antibody treatment in (A) MCF-10 and 

(B) MCF-7 cells. ** p < 0.01, *** p < 0.001.  

 

5.4.2 Kinetics of ethanolamine uptake and effects of extracellular pH and Na+ on 

ethanolamine uptake 

To analyze the kinetics of ethanolamine uptake, cells were treated for 20 minutes with 

[14C]-ethanolamine at concentrations ranging from 0 to 1000 μM. Our kinetic analysis 
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yielded Michaelis-Menten (K
m
) constants of 66.5 ± 8.5 μM (K

m1
) and 299.0 ± 13.1 μM 

(K
m2

) in Control cells, 55.6 ± 14.8 μM (K
m1

) and 277.3 ± 7.9 μM (K
m2

) in COS-7 cells, 

279.6 ± 7.1 μM (K
m1

) in M1 cells and 275.4 ± 3.9 μM (K
m1

) in M2 cells. Vmax values 

were 26.9, 26.3, 21.2 and 20.6 nmol/mg protein/min for Control, COS-7, M1 and M2 

cells respectively. The Eadie-Hofstee plots were non-linear in Control and COS-7 cells 

but linear in M1 and M2 cells. This suggests that ethanolamine uptake was mediated by 

two transport systems in Control and COS-7 cells but only one transport system in M1 

and M2 cells.  

We analyzed ethanolamine uptake with and without the presence of 10 μM extracellular 

Na+ in both Control and M2 cells (Figure 5.2). Ethanolamine uptake was modestly 

decreased when NaCl was replaced by LiCl in the uptake buffer. Additionally, we 

analyzed the effect of extracellular pH on ethanolamine uptake in Control and M2 cells 

by changing the pH of the uptake buffer (Figure 5.2). Ethanolamine uptake was 

decreased when extracellular pH was 5.5 and 6 but was slightly increased when pH 

was 8.5. These data indicate that ethanolamine uptake in all cells was pH dependent. 
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Figure 5.2: Kinetics of ethanolamine uptake. (A) Ethanolamine uptake curves (0-1000 μM) of Control, 

COS-7, M1 and M2 cells. The Eadie-Hofstee plots demonstrate that two systems facilitated ethanolamine 

uptake in Control and COS-7 cells and one system facilitated ethanolamine uptake in M1 and M2 cells.  
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Figure 5.3: Effects of extracellular pH and Na+ on ethanolamine uptake. (A) Effects of extracellular 

pH on [14C]-ethanolamine uptake in Control and M2 cells. The uptake was measured for 20 minutes 

under different pH conditions. * denotes statistically significant difference (p < 0.05) relative to pH 7.5. (B) 

Time course of 10 μM [14C]-ethanolamine uptake in the presence and absence of extracellular Na+ in 

Control and M2 cells for 60 minutes. Na+ free buffer was prepared by replacing NaCl with an equimolar 

concentration of LiCl.  
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5.4.3 Effects of various compounds on CTL1 mediated uptake  

In Control cells, we conducted a competition assay to elucidate how choline and 

ethanolamine influence the uptake of each other (Figure 5.3). Choline uptake was 

diminished by 40%, 70% and 80% with 200 µM ethanolamine, 200 µM choline and 200 

µM ethanolamine + 200 µM choline treatments respectively (Figure 5.3). Ethanolamine 

uptake was diminished by 50%, 40% and 70% with 200 µM ethanolamine, 200 µM 

choline and 200 µM ethanolamine + 200 µM choline respectively (Figure 5.3). The 

inhibition of choline and ethanolamine uptake by a high concentration of the opposite 

substrate demonstrates that both substrates are competing for the same transport 

system.  

It is known that OCTs and CTL1 recognize numerous organic cations as substrates and 

display an overlap in substrate specificity. We assessed the effects of numerous organic 

cations on ethanolamine uptake in Control and M2 cells. Numerous organic cations 

inhibited ethanolamine uptake in a concentration dependent manner. Ki values were 

calculated from inhibition curves and are displayed in Table 5.2. Organic compounds 

including HC-3 (prevalent inhibitor of CTL1), unlabeled choline, unlabeled 

ethanolamine, betaine, verapamil, quinine and nifedipine affected ethanolamine uptake 

in both Control and M2 cells.  
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Figure 5.4: Effects of various compounds on CTL1 mediated uptake. (A) Control cells were pre-

incubated with ethanolamine, choline or both compounds for 30 minutes and the uptake of [14C]-

ethanolamine or [3H]-choline was measured for 20 minutes. ** p < 0.01, *** p < 0.001. (B) Control and M2 

cells were pre-incubated with test compounds for 30 minutes and the uptake of 10 μM [14C]-ethanolamine 

was measured for 20 minutes.  
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5.4.4 mRNA expression of CTL transporters and Kennedy pathway genes 

As CTL1 mediated ethanolamine capacity was diminished in M2 cells, it made sense 

that the expression of genes that are dedicated to PE synthesis and degradation were 

altered in M2 cells. We analyzed the mRNA expression of CTL1-5 (Figure 5.4) and 

numerous genes in the Kennedy pathway. CTL1 mRNA expression was reduced by 

80% in M2 cells while CTL2 expression was unchanged. CTL3, CTL4 and CTL5 mRNA 

content was not detected. The mRNA expression of the rate limiting enzyme for CDP-

choline pathway mediated PC synthesis, Pcyt1, was decreased by 70% in M2 cells. 

Moreover, the expression of Pcyt2, the rate limiting enzyme for CDP-ethanolamine 

pathway mediated PE synthesis, was decreased by 20% in M2 cells. The expression of 

choline kinase and ethanolamine kinase were decreased by 25% in M2 cells but the 

expression of all other Kennedy pathway genes was not affected (Figure 5.4). 



115 

 

 

 

 

Figure 5.5: mRNA expression of CTL transporters and Kennedy pathway genes and Pcyt2 activity 

assay. (A) mRNA expression of CTL genes. The transcripts of CTL3, CTL4 and CTL5 were not detected. 

(B) mRNA expression of genes devoted to phospholipid metabolism. (C) Pcyt2 enzyme activity assay. * < 

0.05 relative to control cells. 
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5.4.5 Effects of CTL1 overexpression on ethanolamine uptake 

Control and M2 cells were transfected with a Myc-tagged SLC44A1 cDNA to further 

characterize the role of CTL1 in ethanolamine uptake. In Control cells, ethanolamine 

uptake increased by 25% 24 h after transfection (Figure 5.5) whereas ethanolamine 

uptake was increased in M2 cells by 50% 24 h after transfection (Figure 5.5). These 

data demonstrate that CTL1 overexpression significantly improves ethanolamine uptake 

in both Control and cells with CTL1 defects. In addition, M2 cells exhibit minimal CTL1 

uptake capacity. Therefore, rescuing ethanolamine uptake in M2 cells provides 

conclusive evidence that CTL1 functions as an ethanolamine transporter. 
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Figure 5.6: Effects of CTL1 overexpression on ethanolamine uptake. (A) CTL1 Western blot in 

Control and M2 cells demonstrating the presence of the Myc tag. (B) Role of CTL1 overexpression on 

ethanolamine uptake in M2 cells. (C) Role of CTL1 overexpression on choline uptake in Control cells. (D) 

Role of CTL1 overexpression on ethanolamine uptake in Control cells. * p < 0.05,  ** p < 0.01, *** p < 

0.001 relative to vehicle. 

    

5.4.6 Effects of CTL2 knockdown on ethanolamine uptake 

We measured uptake over a 120-minute period in Control and M2 cells to understand 

the dynamics of mitochondrial ethanolamine transport (Figure 5.6). The addition of HC-3 
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blunted ethanolamine uptake in a time dependent manner in both cell lines. As M2 cells 

have negligible CTL1 uptake capacity, we knocked down CTL2 expression to further 

analyze ethanolamine uptake. Ethanolamine uptake was decreased by 50% after CTL2 

knockdown, demonstrating the role of CTL2 in mitochondrial ethanolamine uptake. 

Furthermore, we treated Control cells with 0-1000 μM ethanolamine after knocking 

down CTL2. Ethanolamine uptake was decreased when CTL2 was knocked down. In 

addition, the Eadie-Hofstee plots demonstrate that Control cells have 2 ethanolamine 

uptake mechanisms but the cells with CTL2 knocked down only had one ethanolamine 

uptake system in play.  
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Figure 5.7: Characteristics of mitochondrial ethanolamine transport. (A) Western blots and PCR 

demonstrating adequate mitochondrial purity and CTL2 knockdown. (B) Effects of CTL2 knockdown on 

mitochondrial ethanolamine uptake. (C) Time course analysis of mitochondrial ethanolamine uptake in 

Control cells treated with 20 µM HC-3. (D) Time course analysis of whole cell ethanolamine uptake in 

Control cells treated with 20 µM HC-3. (E) Time course analysis of mitochondrial ethanolamine uptake in 

M2 cells treated with 20 µM HC-3. (F) Time course analysis of whole cell ethanolamine uptake in Control 

cells treated with 20 µM HC-3. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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5.4.7 Lipid analysis in Control and M2 cells 

To understand the influence on CTL1 on lipid content, we quantified membrane 

phospholipids (Figure 5.7) and neutral lipids (Figure 5.7). Membrane content of PC was 

not significantly different between Control and M2 cells. However, PE and PS content 

was decreased in M2 cells relative to Control. TAG content was increased whereas 

DAG content was decreased in M2 relative to Control. 
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Figure 5.8: Lipid analysis in Control and M2 cells. (A) PC levels were unchanged but PE and PS 

content was decreased in M2 cells relative to Control cells. (B) TAG content was increased whereas DAG 

content was decreased. * p < 0.05 relative to Control cells. 

 

5.5. Discussion 

Ethanolamine is vital for cellular function as it is an important component of the 

membrane phospholipid PE. Deficiencies in PE synthesis can lead to a lack of 



122 

 

 

 

membrane integrity and subsequent metabolic disorders (255). As the mechanism of 

ethanolamine uptake had not been elucidated, it was of great importance to determine 

the main molecular system responsible for ethanolamine uptake. 

In our study, we determined that CTL1 was largely responsible for ethanolamine uptake 

in human skin fibroblasts was pH dependent and partially Na+ dependent. Ethanolamine 

uptake was diminished by acidification of extracellular media, an indication that 

ethanolamine was likely transported by a choline/H+ antiporter system such as CTL1. 

Additionally, there are two predominant ethanolamine uptake systems at play, as 

characterized by the Km values and Eadie-Hofstee plots of COS-7 and Control cells. We 

also showed that CTL1 mediated uptake was also sensitive to numerous organic 

cations, which has been demonstrated by numerous groups (152, 154, 263). Therefore, 

CTL1 may be involved in the transport of these drugs but further studies would be 

needed to understand the role of CTL1 in drug transport. 

With the CTL1 deficient M2 cells, we demonstrated that ethanolamine uptake can be 

rescued by overexpressing CTL1. This helps to clarify the role of CTL1 as an 

ethanolamine transporter. It has been suggested that choline and ethanolamine are 

transported via different systems. However, we show that choline and ethanolamine 

compete with one another for uptake. Moreover, choline and ethanolamine treatment in 

tandem further decreased the uptake of both substrates. While we used high 

concentrations of both substrates, the ability for ethanolamine to inhibit choline uptake 

has also been documented at physiological concentrations (28, 29).  
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There was also the question of how the CTL1 deficient M2 cells take up ethanolamine. 

By knocking down CTL2 expression in M2 cells, we observed that ethanolamine uptake 

was reduced by 50%, highlighting the importance of CTL2 in ethanolamine transport. 

Moreover, CTL2 knockdown led to a 50% decrease in ethanolamine uptake in 

mitochondria. This is important to note as CTL2, not CTL1, seems to be the more 

prominent CTL protein present in mitochondria (253, 263). Ethanolamine plays a very 

important structural role in mitochondria, largely by serving as the headgroup of PE 

(264, 265). The mitochondrion is the major organelle devoted to ATP production and 

they include structures with tight folds called cristae. The main goal of cristae is to 

maximize the amount of surface area on the inner mitochondrial membrane for ATP 

production to be as robust as possible. To maintain these folds, phospholipids which 

induce negative curvature, such as PE, need to be abundant. Moreover, PE has 

demonstrated to be important for stabilizing proteins of the electron transport chain 

which drive ATP synthesis (18, 19, 42).   

We found that HC-3 and CTL1 antibody treatment led to widespread decreases in PC 

and PE production in MCF-7 and MCF-10 cells. This was intriguing because CTL1 has 

been traditionally thought to facilitate choline uptake for subsequent flow through the 

CDP-choline branch of the Kennedy pathway.  

To our knowledge, this was the first report delineating the roles of CTL1 and CTL2 in 

ethanolamine uptake. Therefore, it was important to verify the function of CTL1 and 

CTL2 in ethanolamine uptake by overexpressing CTL1 and knocking down CTL2 

expression. 
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In conclusion, we investigated ethanolamine transports systems in human skin 

fibroblasts. Our studies demonstrate that ethanolamine uptake occurs through the CTL1 

and CTL2 transporters in a pH and Na+ dependent manner. Moreover, we 

demonstrated that CTL2 facilitates ethanolamine uptake in mitochondria. Together, our 

data have highlighted the uptake mechanisms of ethanolamine which had not been 

clearly elucidated in human systems. 

Study design: A. Taylor, M. Bakovic, Experimental work: A. Taylor, S. Grapentine, J. 

Ichhpuniani, Manuscript preparation: A. Taylor, S. Grapentine, M. Bakovic. 
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CHAPTER 6: INTEGRATIVE DISCUSSION 

The importance of choline in skeletal muscle lipid homeostasis and neurodegenerative 

disease have not been extensively investigated to date. Additionally, the transport 

mechanism of ethanolamine in humans has not been elucidated so far. This thesis 

examined the relationships between choline, ethanolamine, CTL1/SLC44A1 and lipid 

metabolism in various states of choline deficiency and metabolic diseases. First of all, 

choline uptake and the CDP-choline pathway were analyzed in Pcyt2 deficient mice 

(Chapter 3). Secondly, choline metabolism and lipid homeostasis were characterized in 

skin fibroblasts of two patients with frameshift mutations in SLC44A1 that also suffer 

from Neurodegeneration with Brain Iron Accumulation (NBIA) (Chapter 4). Third, 

CTL1/SLC44A1 mediated ethanolamine uptake was characterized in skin fibroblasts 

(Chapter 5). These studies demonstrated the benefits of choline supplementation on 

improving skeletal muscle lipid metabolism (Chapter 3), NBIA (Chapter 4) and the role 

of CTL1/SLC44A1 in ethanolamine uptake (Chapter 5).   

 

6.1 Choline treatment in regulating lipid metabolism 

As demonstrated in Chapters 3 and 4, choline supplementation can influence energy 

homeostasis as well as glycerolipid and fatty acid metabolism. We showed the effects of 

choline supplementation in two different studies: the CTL1 deficient M1 and M2 
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fibroblasts which have perturbed choline uptake and the Pcyt2+/- mice which have 

diminished substrate flow through the ethanolamine branch of the Kennedy pathway.  

Choline supplementation of M1 and M2 fibroblasts stimulated the increase of choline 

uptake in M1 fibroblasts by elevating CTL1/SLC44A1 expression. 28 days of choline 

treatment also ameliorated the obese phenotype of the Pcyt2+/- mice (76). In both 

studies, choline supplementation decreased the expression of genes involved in 

lipogenesis while increasing the expression of genes devoted to fatty acid oxidation. In 

M1 and M2 fibroblasts, choline treatment diminished the sparing effect of PE for PC 

production. Choline supplementation improved lipid metabolism by altering the 

expression of genes involved with lipogenesis and fatty acid oxidation, which was 

similar to the findings of others (57, 58, 76, 80). The mechanisms by which choline 

treatment improves lipid homeostasis are likely interrelated. The expression and 

activation of key regulatory factors like SREBP1c, AMPK, PPARα and PGC-1α was 

modified by choline treatment and restored the expression of key lipogenic and lipolytic 

genes (57, 58). Moreover, choline is important for regulating epigenetic changes which 

can also play a role in modifying the expression of genes involved in obesity (91, 134, 

175). During conditions such as obesity in Pcyt2+/- mice or choline uptake deficiency, 

supplemental choline has a protective effect by diminishing excessive TAG 

accumulation and preventing the overload of toxic intermediates like DAG. 

There were a number of limitations with the study in Chapter 3. First off, choline 

treatment in Pcyt2+/+ mice was not examined as the goal of this study was to study the 

beneficial effects of a dietary intervention on a diseased condition rather than study the 
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effects of a dietary intervention within a healthy population. That being said, a lack of 

study on choline supplementation in Pcyt2+/- mice fails to provide a complete picture of 

the impact of choline on physiological function. Moreover, there was a lack of functional 

analyses conducted in relation to the choline intervention. As an example, ITT and GTT 

analyses were not conducted which would have been a good complement to the 

quantification of key molecular markers involved with insulin signaling. Additionally, a 

key component of this study’s narrative was TAG accumulation within skeletal muscle 

but there were no histological analyses performed for a visual representation of skeletal 

muscle in these mice. Lastly, there was no specification between muscle fiber types (ie. 

slow twitch vs. fast twitch) which should be considered for future studies as oxidative 

function greatly differs (266). 

 

6.2 Consequences of CTL1/SLC44A1 deficiency 

We demonstrated that insufficient choline levels have widespread effects on cellular 

function. Chapter 3 described how diminished CTL1 content negatively impacted TAG 

metabolism and insulin signaling. Chapter 4 outlined the M1 and M2 fibroblasts who 

have unaffected PC levels but diminished CTL1 content and cellular choline uptake 

capacity. This was an extremely rare case whereby choline uptake deficiency was 

caused by a marked reduction and function of CTL1. However, the M1 and M2 

fibroblasts were not deficient in PC but had reduced PE and PS relative to control 

fibroblasts. TAG content was also increased in M1 and M2 cells, which was a similar 
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result to what was observed in Pcyt2+/- mice from Chapter 3. In addition, previous 

studies have demonstrated that both reduced substrate flow through the Kennedy 

pathway and diminished choline uptake are linked to an accumulation of TAG.  

CTL1 deficiency has detrimental effects on cell membrane and cell organelle 

configuration. In Chapter 4, we noted that the M1 and M2 fibroblasts had an 

accumulation of abnormal materials, leading to an increased number of lysosomes and 

vacuoles. The function of these organelles was likely disrupted, and this has previously 

been associated with CTL1 function (11, 243). Moreover, these patients have are 

believed to have NBIA, which is characterized by neurodegeneration and cognitive 

decline. NBIA has been associated with perturbations in phospholipid metabolism and 

compromised CTL1 function likely also plays a role.  

With regards to the study in Chapter 4, there were a number of parameters that could 

have been addressed. First off, there were no visual localization experiments about 

CTL1 localization within the plasma membrane, which would have been beneficial in a 

study concerning CTL1 sufficiency. Moreover, part of the narrative of this chapter was 

intracellular iron accumulation but there were no analyses of proteins dedicated to iron 

uptake or iron storage (ie. ferritin, IRP2, TfR1) included in this work. Additionally, while 

the EM data can provide insight about the intracellular organization within Control, M1 

and M2 cells, there were no images to document how chronic choline treatment helped 

improve intracellular configuration. Also, neurological cells such as iPSC derived cortical 

neurons were not utilized in this study, which would likely have been a relevant cell type 

to study as the patients have iron accumulation in the brain. Conducting studies with a 
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type of neurological cells would have generated data that is more relevant to cerebral 

cell physiology. This is largely because there are likely more drastic cell specific 

differences that need to be accounted for when comparing skin fibroblasts to 

neurological tissue. Lastly, it would have been beneficial to utilize a more sensitive 

technique for detecting trace metals such as IPC-MS as opposed to the ferrozine assay 

(267). 

 

6.3 Regulation of ethanolamine transport by CTL1/SLC44A1 

In addition to choline, we demonstrated that CTL1 was important for ethanolamine 

uptake. The CTL1 uptake deficits in M1 and M2 fibroblasts highlighted in Chapters 3 

and 4 helped show that ethanolamine uptake was also compromised. Through uptake 

kinetics analyses, ethanolamine uptake in M1 and M2 fibroblasts occurred via one 

transporter whereas two transport systems were responsible for ethanolamine in control 

and COS-7 cells. As a result, CTL1 was likely heavily involved in ethanolamine 

transport because the M1 and M2 fibroblasts have deficiencies in CTL1. Moreover, 

ethanolamine uptake was more strongly affected in control fibroblasts treated with HC-3 

relative to M2 cells. This is evidence of CTL1 being implicated in ethanolamine uptake 

as HC-3 has a strong capacity to inhibit CTL1 function. We also demonstrated that 

CTL1 overexpression improved both choline and ethanolamine uptake in control and 

M2 cells, further evidence of CTL1’s role in ethanolamine uptake. Overall, CTL1 

demonstrates ethanolamine uptake capacity, which was an important finding as 
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ethanolamine is implicated in numerous biological processes from mitochondrial 

biogenesis to cell division and apoptosis. 

There were a number of additional analyses that could have been conducted to fortify 

the study in Chapter 5. To begin, a dose-response analysis of ethanolamine relative to 

anti-CTL1 treatment would have been beneficial to further solidify the role of CTL1 in 

ethanolamine uptake. Furthermore, pulse and pulse-chase analyses could have been 

conducted in conjunction with the transfection experiments. By studying metabolic flux 

through the CDP-ethanolamine branch of the Kennedy pathway, this would have 

strengthened the narrative of CTL1 facilitating ethanolamine uptake for the purposes of 

ethanolamine synthesis. Lastly, the rationale for the increased inhibitory effect of HC-3 

on mitochondrial ethanolamine uptake relative to whole cell ethanolamine uptake was 

not explored. Studies to examine the molecular species (ie. fatty acids, proteins) within 

the plasma membrane and the mitochondrial membranes that help CTL1 and CTL2 

maintain optimal topological configuration can provide insight about the key players that 

allow the transporters to function. 

 

6.4 Integration of CDP-choline and CDP-ethanolamine pathways 

We demonstrated that the CDP-choline and the CDP-ethanolamine pathways are 

important for regulating lipid glycerolipid homeostasis and preventing lipid accumulation. 

Moreover, we showed how the CDP-choline pathway functions when substrate flow 

through the CDP-ethanolamine pathway was hindered using Pcyt2+/- mice (Chapter 3). 
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Phospholipid levels (PC, PE, PS) in Pcyt2+/- mice do not significantly change because of 

reduced production and degradation of PE. These Pcyt2+/- mice accumulate TAG 

throughout the body because there was a decreased ability for DAG to be utilized for 

PE synthesis and is more readily esterified to TAG (76, 191). We have demonstrated 

that supplemental choline treatment increases substrate flow through the choline branch 

of the Kennedy pathway. As a result, fatty acid synthesis and TAG accumulation were 

reduced because of increased DAG incorporation into the Kennedy pathway. The 

stimulation of the choline branch of the Kennedy pathway during ethanolamine branch 

impairment demonstrates the importance of both Kennedy pathway branches in 

reducing TAG accumulation. 

In M1 and M2 fibroblasts, which have severe disruptions with CTL1 mediated choline 

uptake, we observed a sparing effect whereby PE was utilized as a substrate for PC 

synthesis. To our surprise, we observed PEMT enzyme activity whereby PC was 

synthesized by S-adenosylmethionine methylation of PE. With [14C-CH3]-methionine 

labeling, we saw increased PC and PE content in M1 and M2 fibroblasts but this was 

decreased with choline supplementation. In addition, we saw that these cells have 

reduced substrate flow through the choline branch of the Kennedy pathway. As a result, 

there was increased expression of genes devoted to lipogenesis with decreased 

expression of fatty acid oxidation genes. This was likely because of decreased DAG 

integration into the Kennedy pathway due to diminished substrate flow through the 

choline branch.  
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6.5 Conclusion and future directions 

The findings presented in this thesis provide knowledge to better understand the role of 

choline in muscle lipid homeostasis and neurodegenerative disorders while also 

providing insight on the ethanolamine uptake mechanism in humans. Overall, 

phospholipid homeostasis and glycerolipid homeostasis were affected when Kennedy 

pathway substrate flow and CTL1 mediated substrate uptake are disrupted. However, 

supplemental choline modified both TAG and phospholipid homeostasis, demonstrated 

that additional choline can be beneficial in ameliorating the adverse effects of obesity 

and neurodegenerative disease (76). Additionally, this thesis also demonstrated the 

interplay between the CDP-choline and CDP-ethanolamine branches of the Kennedy 

pathway in maintaining phospholipid homeostasis. 

In addition, the implication of CTL1 in both choline and ethanolamine uptake was also 

established. Ethanolamine uptake was severely impacted by the abolishment of CTL1, 

as demonstrated in M2 fibroblasts. Moreover, PE appeared to have a sparing effect on 

PC in fibroblasts deficient in CTL1 activity, likely meaning that the causes of PE 

deficiency were two-fold: PE methylation to generate PC and decreased ethanolamine 

being taken up to be utilized for PE synthesis. Furthermore, the individuals with 

diminished CTL1 activity demonstrated perturbations in organelle architecture and 

function. As a result, it would be interesting to see the influence of choline and 

ethanolamine treatment on neurological disorders characterized by organelle 

dysfunction.  
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There are numerous directions that be explored based on this thesis. The study in 

Chapter 3 concerns choline supplementation with respect to metabolic function and 

composition of skeletal muscle. Moreover, there have been numerous observational 

studies and clinical trials conducted in humans which dictate that plasma choline levels 

are correlated with better body composition (199) and fitness level (268). However, 

choline is implicated in athletic performance (269) and contractile function (270) within 

skeletal muscle but there is a lack of studies which focus on dietary choline relative to 

these functions. 

Another research area to explore would be the involvement of creatine in high-energy 

phosphate dependent substrate cycling during thermogenesis. Kazak et al. (2015) (271) 

conducted a mitochondrial proteomics analysis and determined that phosphatase 

activity is likely elevated for purposes of creatine cycling when ADP is limiting. 

Moreover, PHOSPHO1 (a phosphatase with high activity towards phosphocholine and 

phosphoethanolamine) was identified as a candidate for involvement in creatine 

substrate cycling. As a result, it would be interesting to explore the influence of 

phosphocholine and phosphoethanolamime supplementation on thermogenesis as 

thermogenic activity has been shown to combat obesity (272, 273, 274).   
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