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Phosphatidylcholines (PC) are the most abundant phospholipids in mammalian cells, 

where they serve well-characterized structural roles, maintaining membrane integrity, facilitating 

lipoprotein assembly and serving as a surfactant in the lung. Over the past decade, seminal 

papers have been published that describe novel roles for specific PC species derived from both 

the cytidine diphosphate-choline (CDP-choline) and phosphatidylethanolamine N-

methyltransferase (PEMT) pathways of PC synthesis; these roles include both nuclear receptor 

agonism and generating critical physiological pools of the omega 3 fatty acid, docosahexaenoic 

acid (DHA).  In addition to these novel functions, complex interactions between PC and its 

substrate, choline, with growth and energetic status have emerged, following the observation that 

the mammalian target of rapamycin complex 1 (mTORC1) is a major regulator of PC synthesis 

through the CDP-choline pathway. Presented in this dissertation are the tests of our primary 

hypotheses informed directly from these emerging areas of phosphatidylcholine biology.  

Chapter 2 of this dissertation examines the impact of diet on the production of 

dilauroylphosphatidylcholine (DLPC), a phosphatidylcholine species enriched in lauric acid that 

was recently identified as a ligand for the nuclear receptor, liver receptor homolog-1 (LRH-1). 

DLPC binding to LRH-1 results in modulation of LRH-1-dependent hepatic gene expression and 

improvements in glucose and lipid handling. While DLPC has been convincingly shown to bind 

and activate LRH-1 when provided exogenously to cultured cells and mice, endogenous 
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production of DLPC has not been observed, questioning its significance in the regulation of 

mammalian physiology. We hypothesized that the absence of DLPC in mammalian tissues 

results from substrate insufficiency (i.e. low lauric acid supply) and that provision of lauric acid, 

either in the culture media or the mammalian diet, will result in endogenous DLPC production, 

and be associated with functional LRH-1 activation. Cell culture models, animal feeding 

experiments, and a single-blind, randomized, controlled crossover acute feeding study in human 

participants were used to test this hypothesis. As hypothesized, provision of lauric acid in the cell 

culture media, animal diet, and human diet resulted in the acute and chronic production of 

DLPC. In cultured cells, this was associated with upregulation of LRH-1 dependent transcripts, 

an effect that was blunted by co-treatment with a LRH-1 antagonist. In animals, feeding of high 

fat diets containing lauric acid, utilizing purified lauric acid or coconut oil-based diets, resulted 

in substantial improvements in glucose handling as indicated by an oral glucose tolerance test. 

 Chapter 3 of this dissertation examines the association of dietary choline intake and 

reproductive stage with plasma lysophosphatidylcholine (LPC)-DHA among women participants 

of a 10 week controlled feeding study. LPC-DHA has been recently highlighted as a 

physiological pool of DHA for maintaining the supply of this critical polyunsaturated fatty acid 

to extrahepatic organs during growth and development. We hypothesized that reproductive life-

stage, dietary choline intake (22% provided as deuterium-labeled choline) and genetic variants in 

one-carbon metabolism would impact plasma unlabeled and labeled LPC-DHA in response to 

controlled feeding. To address these hypotheses, we measured unlabeled and deuterium-labeled 

plasma LPC-DHA in samples from a previously conducted controlled feeding study performed 

in non-pregnant, pregnant, and lactating women randomized to either 480 or 930mg of choline 
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per day. Consistent with our hypotheses, we observed a significant reduction in unlabeled plasma 

LPC-DHA in pregnant and lactating women relative to non-pregnant women at week 10; only 

non-pregnant women exhibited significant increases in LPC-DHA from baseline to week 10 

while consuming the study diets. Choline intake and one-carbon metabolism variants were not 

associated with unlabeled plasma LPC-DHA. However, both choline intake and reproductive 

life-stage altered the enrichment of PEMT- and CDP-choline-derived LPCs. 

In Chapter 4 of this dissertation, we explore roles for choline and phospholipid 

metabolism in the context of a novel animal model of adolescent severe acute malnutrition 

(aSAM). This complex disorder is characterized by negative energy balance, impaired growth, 

and multiple micronutrient deficiencies; severe forms of aSAM, namely kwashiorkor, are further 

complicated by an idiopathic fatty liver. The sensitivity of this fatty liver to dietary choline 

remains unknown. To characterize the potential for choline supplementation to serve as a 

metabolic therapy in aSAM, we developed a maize vegetable diet (MVD), comprised of foods 

typically consumed by children who will go on to develop kwashiorkor. The MVD was fed to 

weanling mice with or without choline supplementation, and compared to typical chow diets, to 

determine impacts on growth, body composition, and potential to alleviate the hallmark 

characteristic of kwashiorkor, fatty liver. We further explored the metabolic fate of dietary 

choline, hypothesizing that choline would be oxidized to betaine to support PC synthesis through 

the PEMT pathway in this context of lower mTORC1 activity and reduced CDP-choline pathway 

activity. Mice consuming our novel maize vegetable diet exhibited impaired growth relative to 

chow fed mice, and developed hepatic steatosis, consistent with human kwashiorkor. The 

addition of choline to the maize vegetable diet resulted in amelioration of the hepatic steatosis, 
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and a greater hepatic concentration of betaine; choline partitioning to betaine is consistent with a 

role for the PEMT pathway in supporting PC synthesis in the context of malnutrition.  
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CHAPTER 1 

 

INTRODUCTION AND LITERATURE REVIEW 

 

 

 The phospholipid bilayer is the hallmark of cellularity, facilitating the formation of 

biological membranes that allow for both intra- and extra-cellular compartmentalization. This 

structural role of phospholipids, the role of signaling proteins situated within these membranes, 

and secondary messengers generated from the metabolism of phospholipids have dominated the 

research agenda for several decades. In recent years, however, diverse, non-membrane related 

roles of phospholipids have emerged. This preface will describe (i) a brief history of 

phospholipids, with a focus on phosphatidylcholine; (ii) the emerging roles that 

phosphatidylcholines play in nuclear receptor signaling; (iii) the roles of phosphatidylcholines 

and their metabolite, lysophosphatidylcholine, in maintaining adequate polyunsaturated fatty 

acid pools, including docosahexaenoic acid (DHA); and (iv) emerging interactions between 

choline and lipid homeostasis in conditions of childhood malnutrition characterized by fatty 

liver, a defect common in liver phosphatidylcholine deficiency.  

Phospholipids 1 

 

Phospholipids (PLs) refer to a family of amphiphilic molecules that facilitate the 

formation of biological membranes. PLs are broadly classified into two groups based on their 

backbone: glycerophospholipids, containing a glycerol moiety, or sphingolipids, containing a 

sphingosine moiety. Glycerophospholipids are furthered characterized by their functional head 

groups; common glycerophospholipid head groups include choline (PC), ethanolamine (PE), 

inositides (PIs), and serine (PS). Diacylglycerols (DAG) and phosphatidic acid (PA) are the 
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common precursors of the major phospholipid classes; DAGs are required for the biosynthesis of 

phosphatidylcholines and phosphatidylethanolamines, following their condensation with cytidyl 

diphosphate activated choline (CDP-choline) and ethanolamine (CDP-ethanolamine). PS can be 

formed from base-exchange reactions with PC and PE, a reaction catalyzed by 

phosphatidylserine synthase 1 (high affinity for PC) and 2 (high affinity for PE).  PA undergoes 

condensation with cytidine triphosphate to form cytidine disphophate diacylglycerol (CDP-

DAG), the common precursor for PIs, phosphatidylgylcerol and cardiolipid.  Cleavage of a 

single acyl chain from major phospholipid species by a family of phospholipases can result in the 

production of lysophospholipids, including lysophosphatidylcholine (LPC), 

lysophosphatidylethanolamine (LPE), and lysophosphatidylinositol (LPI). For the purposes of 

this dissertation, the first phospholipid to be discovered, phosphatidylcholine, will be discussed 

further. 

 

Phosphatidylcholine  

Phosphatidylcholine (PC), 1,2-diacyl-sn-glycero-3-phosphocholine, is the most abundant 

phospholipid in eukaryotic cell membranes. PCs contain the quaternary amine, choline, its 

headgroup, an essential moiety required for PC that cannot be replaced by primary or secondary 

amine anologues without detrimental impacts to the cell 1. PC is commonly referred to both 

colloquially and on food packaging labels as lecithin, derived from the Greek ‘lekithos’; PC was 

given this name after being isolated from brain tissue and fish eggs by Theodore Gobley in 

18462. The structure of phosphatidylcholine was later determined by Diakonow and Strecker in 

the 1860s 3, showing that the choline head group was linked to the third hydroxyl group of 

glycerol via a phosphodiester linkage. Following its discovery, several investigators set out to 

identify the pathways required for PC biosynthesis. Kennedy and Weiss are credited with 
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describing what is now termed the CDP-choline pathway of PC biosynthesis in the 1950s, in 

addition to describing the biosynthetic pathway for PE synthesis 4. This pathway contributes the 

majority of PC produced in nucleated mammalian cells through a 3 step pathway, following 

choline’s uptake by either sodium dependent, high affinity choline transporters (SLC5A7), low 

affinity cation transports (SLC22 family), or sodium-independent choline transporter-like 

proteins (SLC44A family) 5. The first step of this pathway relies on two cytosolic enzymes, 

choline kinase alpha and beta, to phosphorylate choline and prevent its translocation out of the 

cell; the second and rate-limiting step of PC biosynthesis through the Kennedy pathway relies on 

the CTP:phosphocholine cytidylyltransferase to activate choline  with cytidine 5’-diphosphate; 

the third and final step condenses CDP-choline with diacylglycerols through the catalytic activity 

of CDP-choline:1,2 DAG choline phosphotransferase.  

Prior to Kennedy and Weiss’ finding, observations from feeding studies performed using 

labeled 15-N-ethanolamine reported by Stetten in 1941 suggested that the mammalian body 

possessed the ability to produce choline through an alternative pathway, now recognized to be 

the phosphatidylethanolamine N-methyltransferase (PEMT) pathway 6.  The PEMT pathway 

allows for the production of PC through the sequential trimethylation of 

phosphatidylethanolamine, representing a route for PC production absent a preformed choline 

moiety. The PEMT pathway of PC synthesis was ultimately elucidated by Bremer and 

Greenburg in 1960 following isolation of rat liver microsomes which possessed enzymatic 

activity capable of catalyzing the transfer of methyl groups from S-adenosylmethionine to the 

head group of phosphatidylethanolamine 7. The PEMT enzyme was ultimately purified from 

endoplasmic reticula and mitochondria-associated membranes as a 20kDa protein by Ridgway 
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and Vance in 1987 8. PC may additionally be produced through a minor route via the re-acylation 

of lysoPC by LsyoPC acyltransferases 9, a component of the Lands cycle 9.  

Early explanations for the existence of 2 biosynthetic pathways of PC suggested that the 

PEMT pathway survived throughout evolution to maintain cellular pools of PC during times of 

low choline availability, and to provide a source of choline de novo 10. However, by the mid to 

late 1990’s, it became increasingly clear that the PC molecules derived from the Kennedy and 

PEMT pathways were distinct in acyl chain composition and their metabolic effects 11,12. A 

mutant strain of CHO cells with a temperature sensitive CTP: phosphocholine 

cytidylyltransferase, termed strain 58, allowed for inactivation of CDP-choline/Kennedy 

pathway derived PC and growth arrest through culture at 40 degrees Celsius. Attempts to rescue 

the growth arrest phenotype with exogenous delivery of PC revealed divergent effects of PC 

species enriched with saturated vs unsaturated fatty acyl chains in cell density experiments; cell 

density, relative to egg yolk supplemented culture media, was reduced by 50% for PC species 

enriched with C18:1 and greater than 90% reductions for PC species enriched with 18:2, 18:3, 

and 20:4.  Evidence from cultured rat hepatocytes isotope studies demonstrated that PC 

molecules from the PEMT pathway were enriched in long chain polyunsaturated fatty acids 

(PUFA) (C18-C22), whereas PC generated from the Kennedy pathway was highly enriched in 

saturated fatty acids (C16, C18) 12. This heterogeneity in phosphatidylcholine acyl chain 

composition underlies the emerging roles of specific PC species characterized within this 

dissertation. 
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Kennedy Pathway: Key for Nuclear Receptor Ligand Synthesis 

 

Nuclear receptors (NRs) are a superfamily of intracellular transcription factors that serve 

to regulate diverse aspects of metazoan physiology, including metabolism, sexual maturation, 

reproduction, and embryonic development. To date, 48 nuclear receptors have been identified in 

humans, and 49 are present in mice 13.  NRs are unique transcription factors, owing to their 

ligand binding-induced activation. Many of the ligands identified for nuclear receptors have 

direct relevance to nutritional sciences; thus, NRs serve as a key intermediate in gene-x-

environment interactions. Many NRs, such as the vitamin D receptor, retinoic acid receptor, and 

peroxisome proliferator activated receptor (PPAR) families, have been shown to bind lipophilic 

nutrients, including vitamin D, vitamin A, and polyunsaturated fatty acids, respectively.  Ligands 

influence the activity of NRs through interactions with the ligand binding domain (LBD), one of 

5 major structural domains common to most NRs. The LBD is present in the carboxyl terminus, 

known as the E region, and is composed of 12 alpha helices. In addition to ligand recognition, 

the LBD facilitates interactions with coactivators/corepressors, with the 12th helix containing an 

AF2 domain essential for interaction with ‘Leu-x-x-Leu-Leu’ (LxxLL) motifs of coactivators 14. 

Ligand-binding acts as an allosteric regulator, inducing conformational shifts in the nuclear 

receptor structure that facilitate coactivator binding and dissociation of co-repressors. Clear 

examples of the importance of the structural motifs within co-activators and co-repressors 

required for ligand binding come from studies of the thyroid receptor (TR), whereby replacement 

of the co-activator GRIP1’s LxxLL motifs (also referred to as ‘NR boxes’) with I/LxxII motifs 

(also referred to as ‘CoRNR boxes’), common motifs in co-repressor proteins, results in ligand-
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independent binding to the TR and displacement by triodothyronine (T3) 15. Ligand-binding also 

facilitates nuclear receptor activity by creation of auto-regulatory circuits, whereby a gene target 

of the nuclear receptor ultimately serves to regulate concentrations of the cognate ligand 16. For 

example, polyunsaturated fatty acid binding of the peroxisome proliferator activated receptor 

alpha results in the increased expression of many genes involved in fatty acid oxidation, and bile 

acid binding of the farnesoid X receptor results in increased small heterodimer protein 

transcription and impaired bile acid synthesis. Given their lipophilic nature, many ligands require 

chaperone proteins and thus, ligand-binding has also been shown to regulate nuclear receptor 

activity by regulating the concentrations of cellular binding proteins. 

NRs regulate gene transcription through highly conserved DNA-binding domain (DBD) 

located in the central C domain; this region is enriched with tetracysteine zinc finger motifs and 

facilitates binding to DNA response elements, enabling their primary function as nuclear 

transcription factors. Consensus sequences of response elements have been described for nearly 

all NRs and advances in DNA sequencing coupled to bioinformatic capabilities have allowed for 

qualification of the ‘cistrome’, the thousands of genomic locations capable of binding NRs 17.   

Of relevance to this dissertation, phospholipids have recently been identified as potential 

ligands for both ‘orphaned’ and ‘adopted’ nuclear receptors 18. Crystallographic analyses of the 

ligand binding domains of both steroidogenic factor-1 (SF-1) and liver receptor homolog-1 

(LRH-1) led to the first notion that PLs may act as ligands for NRs. Increased electron density in 

the ligand binding domain of these NRs led to the observation that several phospholipid classes, 

including phosphatidylcholines, phosphatidylethanolamines, phoshatidylglycerols and 

phosphatidylinositols, can bind these NRs. Of note, in vitro studies have shown that the acyl 
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chain composition of PLs determine whether co-activator or co-repressor proteins associate with 

a respective NR, suggesting that PL binding may have activating, neutral, or repressive actions 

on the activity of these NRs, dependent upon the fatty acid composition of the respective PL 19; 

shorter, saturated acyl chains typically result in increased recruitment of co-activators and longer 

acyls typically result in recruitment of co-repressors. Crystal structures of SF-1 and LRH-1 have 

shown that the acyl chains of PLs bind deeply in the LBD 20–22, leaving the polar headgroup 

exposed without receptor interaction; this has led to the suggestion that these NRs may bind 

many PL classes promiscuously and that the acyl chain composition has greater relevance than 

the headgroup. There is, to date, limited in vivo evidence which has convincingly identified 

phospholipid ligands with activating and repressive activities, and some have expressed doubt 

that these PLs serve roles as true ligands, but rather help to maintain the pin structure of the LBD 

that enables basal activity 18.   

The early recognition that PLs may be potential ligands for LRH-1 and SF-1 did not 

produce immediate identification of a relevant ligand in vivo. The first PL species to be 

convincingly shown to bind and activate a nuclear receptor was 1-palmitoyl- 2-oleoyl-sn- 

glycerol-3- phosphocholine (16:0/18:1-glyceroPC), an agonist for the peroxisome proliferator 

activated receptor alpha (PPARα) 23. PPARα is a ligand-activated nuclear receptor highly 

expressed in hepatocytes that, like most non-hormonal nuclear receptors, dimerizes with 

retinoid-X-receptor (RXR) and binds to response elements in genes regulating fatty acid 

oxidation, ketogenesis, and lipid transport. PPARα has been shown to bind a wide variety of 

potential ligands, including fatty acids, acyl-CoA species, eicosanoids, and a variety of oxidized 

lipids. However, a relevant endogenous ligand has remained elusive, and many ligands identified 
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in vitro have limited physiological plausibility. In order to facilitate lipophilic-ligand binding to 

members of the PPAR family, investigators have targeted suspected families of molecular 

chaperones, utilizing null mice to examine disrupted PPAR signaling networks. To date, this 

approach has been successful for identifying fatty acid binding protein 4 (FABP4) as a major 

molecular chaperones for PPARγ ligands; however, no FABPs have emerged for PPARα, 

questioning the relevance of free fatty acids identified as ligands for this NR. Similarities 

between the phenotypes of PPARα and liver-specific fatty acid synthase (FAS) null mice, 

including hypoglycemia and fatty liver, led Chakravarthy and colleagues to put forth the 

hypothesis that ‘new fat’ , lipid emerging from fatty acid synthesis, resulted in an endogenous 

ligand for PPARα (Chakravarthy et al. 2009). Immunoprecipitation of PPARα from FAS wild 

type and hepatic null mice fed chow-based and zero-fat diets were subjected to lipid analyses and 

revealed a single FAS-dependent peak of mass to charge ratio (m/z) of 766.5, corresponding to a 

PC species containing 16:0 and 18:1. 16:0/18:1 glyceroPC was displaced by administration of 

pharmacological PPARα agonists with and without PPARα mutants lacking a DNA binding 

domain, confirming that displacement was not an artifact of increased lipid oxidation. 

Knockdown of the Kennedy pathway enzyme, CEPT, in cultured hepatocytes resulted in reduced 

expression of PPARα dependent transcripts, including carnitine palmitoyl transferase-1 (CPT1), 

an effect that was rescued by co-administration of 16:0/18:1 glyceroPC. Ultimately, direct portal 

vein infusion resulted in reduced fasting-induced hepatic lipid accumulation in C57/Bl6J mice 

but not in PPARα deficient mice. These results collectively and convincingly demonstrated that a 

Kennedy pathway PC derivative, 16:0/18:1 GlyceroPC, serves as a relevant endogenous ligand 

for PPARα. This work highlighted the importance of skepticism about the relevance of ligand 
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binding assays to increased transcription in physiological contexts; additional PC species were 

found to bind PPARα in the absence of FAS, including 16:0/18:2 and 18:1/18:1, but were unable 

to rescue the disturbed PPARα transcriptome. 

 Chapter 2 of this dissertation focuses on the impact of diet on the production of a PC 

species, dilauroylphosphatidylcholine (DLPC), another presumably Kennedy pathway 

metabolite. DLPC was convincingly shown to be a ligand, both in vitro and in vivo, for the 

orphaned nuclear receptor, liver receptor homolog-1 (LRH-1)  by Lee et al in 2011 24.   

Liver Receptor Homolog-1 

Liver Receptor Homolog-1 (LRH-1), also known as alpha fetoprotein transcription factor, 

NR5A2, and CYP7A promoter-binding factor, is a nuclear receptor of the NR5A subfamily, 

consisting of both LRH-1 and steroidogenic factor-1 (SF1) 25. Murine LRH-1 was initially 

identified owing to its close sequence homology to the drosophila ortholog Ftz-F1, and was 

subsequently identified as an unique orphaned receptor, initially termed pancreatic hormone 

receptor 1, from cDNA libraries generated from HUVECs 26. Human LRH-1 is found on 

chromosome 1, spanning more than 150kb with 8 exons.  LRH-1 orthologs have been further 

identified in several other species, including chicken, horse, zebrafish, frog and the rat. LRH-1 is 

primarily expressed in tissues of endodermal origin, including the intestine, liver, exocrine 

pancreas, ovary, pre-adipocyte, and placenta, and thus, exhibits substantial tissue specific 

regulation, co-regulator interactions, and transcriptional targets that determine its function. LRH-

1, as well as SF-1, is historically known for its unique transcriptional activity as a monomer (not 

requiring homodimerization or heterodimerization with RXR). The 5’ regulatory sequences of 

human and mouse LRH-1 have led to the discovery of multiple molecular factors that regulate 
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LRH-1 expression, with important species concordance and differences 25. Three GATA 

transcription factor binding sites and one motif recognizing Nkx homeodomain proteins are 

conserved within human and murine LRH-1, whereas HNF-4α response elements are only found 

in mice. LRH-1 interacts with many co-regulators in tissue specific manners, though it’s notable 

that a substantial majority of the literature characterizing these interactions was performed at a 

time when the constitutive activity of LRH-1 led to substantial skepticism that a relevant ligand 

existed and thus, the characterized interactions were not defined in the context of a known 

agonist/antagonist. LRH-1 has been shown to broadly interact with the p160 family of co-

activators, including SRC-1 and SRC-3, and with p300.  In the ovary, LRH-1 interacts with Dax-

1, where Dax-1 represses LRH-1 activity. In the liver, LRH-1 interacts directly with the small 

heterodimer protein (SHP), whereby SHP acts as a downstream response to enhanced bile acid 

signaling through FXR to depress LRH-1’s primary role in bile acid synthesis. Throughout many 

tissue types involved in reverse cholesterol transport, LRH-1 interacts with the co-repressor 

prospero homeobox protein 1 (PROX1), an interaction dependent upon LRH-1’s SUMOylation 

state.  

DLPC was shown to bind the recombinant ligand binding domain of LRH-1 and increase 

luciferase activity in HeLa cells transfected with a LRH-1 reporter system. In vivo administration 

of DLPC to C57/Bl6J mice for 3 days increased the hepatic transcript abundance of several 

LRH-1 target genes, including CYP7A1 and CYP8B1, the major regulators of the primary bile 

acid pool concentrations and composition; administration additionally resulted in an increase in 

total circulating bile acid concentrations, decreased serum glucose, triglycerides, and non-

esterified fatty acid concentrations. DLPC administration to both 45% fat diet fed and db/db 
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mice led to significant improvements on oral glucose and insulin tolerance tests. Importantly, 

Lee et al demonstrated that DLPC’s anti-diabetic effects were dependent upon the presence of 

hepatic LRH-1; DLPC administration failed to improve the 45% fat diet induced dysglycemia 

and the fatty liver phenotype in hepatic specific LRH-1 knockout mice, whereas DLPC 

administration showed significant benefit in high fat diet fed-LRH-1 fl/fl (floxed) mice.   

Chapter 2 of this dissertation discusses our efforts to drive the endogenous production of 

DLPC across several model systems. DLPC has been used in the literature as an exogenous agent 

to increase LRH-1 activity across several contexts. However, it’s presence in endogenous 

systems has yet to be reported. It has not been indexed in the Human Metabolomics Database 27 

or the Mouse Multiple Tissue Metabolomics Databases 28. This observation, to the nutrition 

scientist and lipidologist, may be seen as unsurprising, owing to the very low levels of lauric acid 

in the diets of experimental laboratory animals and humans consuming a western-style diet. 

Furthermore, the serum supplements used in modern cell culture experiments contain trace 

amounts of lauric acid. Cells capacity to make lauric acid is limited, as de novo lipogenesis 

primarily results in palmitic acid (C16:0) as the primary end product, and myristic acid (C14:0) 

as a secondary product 29. The low levels of lauric acid in cells likely reflect intermediates in 

both fatty acid synthesis and fatty acid oxidation, existing in physiological pools unavailable for 

diacylglycerol synthesis and subsequent phospholipid formation. Chapter 2 describes the tests of 

our hypothesis that lack of endogenous DLPC results from substrate insufficiency, and that 

provision of lauric acid in the nutriture of the model system (cell culture, mouse feeding, human 

feeding) will result in DLPC production. 
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Lauric Acid 

 

Lauric acid is a 12-carbon saturated fatty acid commonly found in the human diet. The 

contribution of lauric acid to the total intakes of kilocalories, fat, and saturated fatty acids has 

varied widely across time and continues to vary across populations. In Figure 1.1, self-reported 

lauric acid intakes accessed from the National Health and Nutrition Examination Survey 2011-

2012 are reported; notably, the overwhelming majority of the population consumes less than 

2g/d. Despite low intakes in the western diet, lauric acid intakes have been reported to be quite 

high (>20% kcals) in Pacific Islander Populations 30.  

Figure 1.1: Self-Reported Lauric Acid Intakes in The National Health and Nutrition 

Examination Survey. Data are the self-reported lauric acid intakes, expressed as a total 
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percentage of self-reported calorie intakes, derived from 1 day dietary recalls in the NHANES 

2011-2012 and 2013-2014 survey years.  

 

Lauric acid is naturally rich in tropical oils, such as coconut oil and palm kernel oil. 

Lauric acid contributes about ~50% and ~52% of the total fatty acids found in coconut oil and 

palm kernel oil, respectively 31. The highest naturally occurring concentrations of lauric acid acid 

are found in the seeds of the cinnamon tree, comprising about 95% of total fatty acids. Plants 

found at high temperature, such as tropical regions, accumulate saturated fatty acids to maintain 

membrane fluidity, whereas plants found at low temperatures exhibit high polyunsaturated fatty 

acid concentrations. Henceforth, lauric acid rich oils are typically found in hot climates, enabling 

the maintenance of fluid membranes and compact lipid storage. High lauric acid concentrations 

in plants may have also evolved due to their anti-fungal activities and reduced plant stress.  High 

lauric acid seed oils have also arisen through genetic engineering practices, owing to the high 

interest in lauric acid by the cosmetic industry. Lauric acid production by plants has been shown 

in Umbellularia californica (California Bay) cotyledons to be reliant upon medium-chain acyl-

ACP thioesterases (MCTE) 32, enzymes that hydrolyze the growing acyl chain bound to the  

phosphopantetheine arm of acyl carrier proteins involved in fatty acid synthesis. A cDNA 

(UcFatB1) for MCTE was cloned from Umbellularia californica and introduced into rapeseed 

(canola), resulting in seeds oil with >60% lauric acid (% total fatty acids) 33,34. Lauric acid is also 

relatively abundant in human milk, where it constitutes 5-10% of total fatty acids; bovine milks 

contain a small proportion of lauric acid (2.3%) 35. 

Lauric acid impact on taste perception depends predominantly on its form; in foods, 

lauric acid is found almost exclusively in triglyceride forms. However, some lauric acid may 
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exist in free fatty acid forms and bind to taste receptors.  Recordings of rhesus macaque 

amygdalas have shown that lauric acid imparts minimal neuronal firing activity following oral 

and olfactory exposure 36. Consistent with this finding, GPR40 knockout mice have only slight 

reductions in nerve response to common doses of lauric acid 37. In humans, oral lauric acid 

thresholds are similar to stearic acid (6C longer saturated fatty acid) but significantly greater than 

caproic acid (6C shorter). Limited evidence, however, has compared the impacts of fatty acid 

taste in relation to meal/fat composition, limiting our ability to draw conclusions about the role 

of dietary lauric acid’s oral signaling capacity.  

Following transit through the oral cavity, lauric acid enters the stomach and small 

intestine, where it has the potential to exhibit anti-fungal properties and modify the gut 

microbiome; mouse models have demonstrated the ability of coconut oil-rich diets to reduce 

Candida albicans infection 38. Lauric acid is readily absorbed across enterocytes though limited 

evidence has characterized the handling of lauric acid by cells of the duodenum, jejunum and 

ileum. Our data, described in chapter 2, supports the notion that a small portion of dietary lauric 

acid is incorporated into phosphatidylcholine species of the duodenum. In 1982, Bach and 

Babayan described fatty acids ranging in length from 6-12 carbons as medium chain fatty acids 

39; however, substantial debate has taken place over the inclusion of lauric acid in the medium 

chain category. Medium chain fatty acids are characterized by their higher solubility in water and 

ability to be absorbed into the portal vein, as opposed to packaging in chylomicrons and export 

into the lymphatic system. Triglycerides in the diet are metabolized by pancreatic lipase, 

liberating monoacylglycerols and free fatty acids to be taken up by the enterocyte. Depending on 

their chain length, free fatty acids may be directed towards the portal vein (if water soluble) or 

the lymphatic system (if lipid soluble). However, this partitioning appears dependent upon the 
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available fatty acids present in the meal, in addition to the acyl chain length, resulting in some 

inconsistency amongst animal studies in the literature 40–42.  

The metabolism of lauric acid by tissues has been well-characterized utilizing stable 

isotopes in cultured hepatocytes. Lauric acid is rapidly taken up by cells, with 95% of 

radiolabeled lauric acid being cleared from culture media by rat primary hepatocytes within 4 

hours 43. Upon entering the cell, lauric acid has several potential metabolic fates, including 

hydroxylation, oxidation, elongation, desaturation, incorporation into other lipid species and 

covalent modification of proteins. Lauric acid was first shown to be a substrate of hemoprotein 

P-450 derived from rabbit liver microsomes in 1968 44, resulting in the gamma oxidation of 

lauric acid (12-hydroxylauric acid). Since this discovery, lauric acid has been shown to be a 

substrate for P450 4A11, expressed predominantly in the human liver and kidney.  12-

hydroxylauric acid can serve as a substrate for human glutathione-dependent formaldehyde 

dehydrogenase. CYP4A11 has been implicated in salt-sensitive hypertension, an effect that has 

received considerable attention owing to its high affinity for arachidonic acid hydroxylation. The 

functional significance of lauric acid hydroxylation requires further characterization. Lauric acid 

may also serve as an energy substrate, undergoing oxidation in both the mitochondria and the 

peroxisomes of isolated rat hepatocytes and yielding both free acetate 45, ketone bodies 

(indicative of mitochondrial beta oxidation), and hydrogen peroxide (indicative of peroxisomal 

oxidation). Nearly 40% of labeled lauric acid undergoes beta-oxidation as its primary fate. 

Lauric acid may also be elongated to myristic (C14:0), palmitic (C16:0) or stearic (C18:0), each 

fatty acid representing 2-4% of total labeled lauric’s metabolic fate. Lauric acid incorporation 

into triglyceride and phospholipids represents 5-10% of its metabolic fate.  Several G-proteins 
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may undergo post-translational modifications with lauric acid. Lastly, lauric acid can undergo n-

3 desaturation to form 12:1 n-3, representing a minor route of lauric acid metabolism. 

 

PEMT Pathway: Key for Docosahexaenoic Transport 

 

 The in vitro observation that the acyl chain composition of PEMT-derived PC is enriched 

with docosahexaenoic acid (DHA) led investigators to study its contribution to DHA availability 

in vivo. A PEMT knockout mouse (Pemt−/−) was generated via a targeting vector to disrupt exon 

2 of the murine pemt2 gene 46. The resulting null mouse exhibited trace PE methylation, and 

normal hepatic PC and PE concentrations. Hepatic PC levels were maintained through increased 

(160%) CTP:phosphocholine cytidylyltransferase activity. Livers from these animals exhibit an 

impaired capacity to excrete lipid-soluble choline containing moieties (PC, SM, LysoPC), have 

impaired VLDL and ApoB secretion when placed on high fat high cholesterol diets (pronounced 

in males only), and develop mild steatosis when consuming control chow levels of dietary 

choline 47. PEMT null mice exhibit substantially reduced concentrations of PC species 

containing DHA in both hepatic extracts and serum, as well as arachidonic acid in serum, an 

effect observed regardless of background choline intakes (deficient, sufficient, supplemental) 

48,49. Importantly, PEMT deletion led to a buildup of PE species containing DHA and had limited 

impact on other polyunsaturated, monounsaturated or saturated fatty acids, suggesting that 

PEMT activity is essential for maintaining plasma DHA (and ARA) concentrations. This effect 

in healthy adult animals led researchers to determine the role of PEMT in maintaining the supply 

of DHA to the developing fetus, a time period where DHA is critical for development of the fetal 

brain. Pregnancy is associated with a substantial rise in circulating estrogen, a transcriptional 

regulator of PEMT activity, and dramatic biomagnification of DHA in the fetal compartment 

relative to the maternal serum 48. Fetal brains from PEMT null dams exhibit reduced (20-40%) 
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concentrations of DHA in all 4 major phospholipid classes (PC, PSer, PE, PI) at embryonic day 

17, an effect that can be partially overcome by supplementation of the diet with preformed DHA. 

Results from PEMT null mice collectively suggest that PEMT is required for export of PC 

species containing DHA into serum and for extrahepatic uptake, including placental uptake and 

transfer to the developing fetus.  

 The products of PEMT that ensure the extrahepatic supply of DHA are currently unclear. 

The mechanism commonly put forth by researchers states that PEMT produces PC species 

enriched with DHA which are exported into circulation as a component of lipoproteins. 

Extrahepatic tissues may obtain DHA from the uptake of whole lipoproteins via cell surface 

receptors or following liberation of DHA from the PC species by extracellular lipases, such as 

endothelial lipase. An alternative, or additive, mechanism by which certain extrahepatic tissues’ 

DHA status may be influenced by PEMT activity is through its contributions to circulating LPC-

DHA. Total PC and LPC secretion from hepatocytes into circulation is reduced in the PEMT 

mouse, likely resulting in reduced circulating LPC-DHA found complexed with albumin. In 

Chapter 3 of this dissertation, we report the first measurements of LPC-DHA in plasma from 

non-pregnant, third trimester pregnant and lactating women consuming controlled diets for 10-12 

weeks and randomized to 480 or 930 mg/d of dietary choline, consuming 20% of total choline as 

deuterium-labeled choline (d9-choline). We have chosen to focus on LPC-DHA, owing to the 

recent identification of the major facilitator superfamily domain 2a (MFSD2A) protein as a 

lysophosphatidylcholine symporter for DHA. This feeding trial allows us to test the hypothesis 

that reproductive life-stage and/or dietary choline might influence both static measures of LPC-

DHA in plasma and stable isotope enrichments of LPC-DHA derived from the PEMT pathway. 
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Below, the significance of DHA, LPC, and the emerging literature on the role of MFSD2A as a 

LPC-DHA transporter is considered. 

Docosahexaenoic Acid 

 Docosahexaenoic acid (DHA) is a 22 carbon, omega 3 polyunsaturated fatty acid with 6 

double bonds 50. DHA was discovered following early experiments performed in rats and chicks 

in the 1930-1940s demonstrating that it’s precursor, alpha-linolenic acid, could be elongated and 

desaturated into longer chain fatty acids with 5 (Eicosapentanoic acid; EPA) and 6 (DHA) 

double bonds. In 1953, Hammond and Lundberg purified DHA from pig brain and determined its 

structure 51. Early observations that DHA was enriched in synaptic and retinal membrane 

phospholipids led to enthusiasm about DHA’s role in facilitating electrical responses and 

impacting cognition/vision. Studies in rats demonstrating impaired brain development, cognitive 

functioning and synaptic functioning have generally found support in human trials and have led 

major authoritative scientific bodies to recommend DHA supplements alongside prenatal 

vitamins in pregnancy, and the addition of DHA to infant formulas 52. DHA may play additional 

roles in the development of the immune system 53 and in determining infant body composition 54, 

in addition to its classical roles in brain and eye development, thought to be due in part to its 

impact on inflammatory processes and agonism of PPARs. 

 The mechanisms by which hepatic tissues obtain DHA have received considerable 

attention. Isotopically labeled DHA experiments have revealed that DHA is primarily carried as 

either a component of lipoproteins, as triglyceride, esterified to cholesterol, or in phospholipids, 

complexed with albumin as a non-esterified fatty acid (NEFA) or complexed with albumin as 

lysophosphatidylcholine DHA 55–57. It is this latter fraction that is the focus of Chapter 3 of this 

dissertation, in the context of reproductive life-stage (pregnancy, lactation, and non-pregnancy). 

Pregnancy and lactation are time periods when significant concentrations of DHA are transferred 



36 
 

across the developing placenta and mammary glands to support accretion in fetal tissues and 

milk. Human fetal brain DHA content has been shown to be very low at the beginning of the 

third trimester, but rapidly increases by the end of the third trimester and in the firsts year of life. 

The placenta and mammary glands both express lipoprotein receptors and fatty acid transport 

proteins, as well as MFSD2A, suggesting that many forms of DHA may contribute to status. The 

placenta also expresses CD36, a fatty acid transporter, and a unique isoform of the fatty acid 

binding protein family named placental-FABP-plasma membrane.  It has long been known that 

DHA is biomagnified from the maternal to the fetal circulation, demonstrating selective transfer 

of this fatty acid across the placenta. However, the relative contributions of specific forms of 

DHA to the fetus remains unknown. Previous evidence from the aforementioned controlled 

feeding study randomizing women to 480 or 930 mg dietary choline/d has shown that 

phosphatidylcholines derived from the PEMT pathway are biomagnified in the fetal 

compartment (Yan et al. 2013). Some evidence has suggested that lipoprotein lipase activity is 

related to DHA transfer, as LPL activated is downregulated in gestational diabetes mellitus, and 

the transfer of DHA is also impaired. However, MFSD2A is also downregulated in gestational 

diabetes mellitus, suggesting multiple mechanisms by which this pregnancy syndrome impacts 

DHA transfer to the fetus. In Chapter 3, we describe the tests of our hypothesis that pregnancy 

and lactation would be significantly related plasma LPC-DHA, relative to non-pregnant women.   

  

Lysophosphatidylcholine 

 

Lysophosphatidylcholine (LysoPC), also known as lysolecithin, refers to a family of 

partially hydrolyzed PCs and can be present as either 1-LysoPC or 2-LysoPCs, dependent upon 

the location of the acyl chain esterified to the glycerol backbone. The identification of LysoPC is 



37 
 

attributed to Bokay in 1877 in the publication titled ‘Pancreatic Juice Degrades Lecithin’, 

inadvertently describing LysoPC and the enzyme that would later be described as Phospholipase 

A2 58. These observations were later confirmed by Kyes and Sachs in 1903, showing that cobra 

venom reacted with PC to produce a hemolytic product, and ultimately led to the purification of 

monopalmitoyl LysoPC by Delezenne and Fourneau in 1914.  LysoPC was latered isolated from 

a variety of mammalian and plant tissues, though the literature from this time, and likely the 

present literature, has suffered from highly variable LysoPC concentrations owing to the 

hydrolysis of PC by active PLA2 and rapid degradation of LysoPC to LPA.  

LysoPC synthesis can occur through several mechanisms, including enzymatic hydrolysis 

of PC, and acyl transfer from PC to acceptor molecules 1. The Phospholipase A family, 

consisting of Phospholipase A1 (PLA1) and A1 (PLA2), possesses a high affinity for hydrolysis 

of PC, resulting in a free fatty acid and LysoPC. Many PLA1 isoforms exist and are classified as 

either extracellular or intracellular; to date, endothelial lipase is the primary extracellular PLA1 

isoform identified with a strong affinity for high density lipoprotein bound PC; pancreatic lipase-

related protein 2 (PLRP-2), synthesized in the exocrine pancreas and having a role in dietary 

lipid absorption, exhibits low-affinity activity towards PC. The PLA2 family has received 

substantially more attention, owing to their role in prostanoid and platelet-activating factor 

(PAF) production.  PLA2 isoforms are categorized into 5 groups: cytoplasmic, secreted, calcium-

independent, PAF acetylhydrolase, and lysosomal. PLA2 hydrolysis of PC primarily acts to 

produce free AA, enabling further metabolism by cyclooxygenases to form relevant 

prostaglandins; the other primary product of this reaction is a sn-1 lysophosphatidylcholine, 

typically enriched with saturated fatty acids. LPC can also be formed as a product of 

lecithin:cholesterol-acyltransferase activity (LCAT) on high density lipoproteins; LCAT 
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catalyzes the transfer of an acyl moiety from PC to cholesterol, resulting in acyl esterified 

cholesterol and LPC. 

 The classical roles of LPC as a passive product of PLA2 activity has evolved in recent 

decades, with LPCs having been shown to exhibit substantial bioactivity. Of note, free LPCs 

have a direct stimulatory action on prostanoid production in cultured cells and when injected into 

animals at physiological concentrations (5-10 µM), can activate intracellular Ca2+ signaling and 

result in enhanced inflammatory molecule production 59. These effects are considered secondary 

to free LPC binding of several g-protein coupled receptors, including GPR4 and G2A. Important, 

acyl chain length appears to be a significant modulator of LPC-induced cyclooxygenase activity 

and downstream prostanoid production in vitro, though all LPC species resulted in 6-keto PGF1α 

in vivo with slightly differential effects of acyl chain activation (the effects of 18:1 LPC 

compared to 16:0 in vitro vs in vivo lacked concordance) 60.  

An additional role of LPC, a focus of this dissertation, is in the transport of fatty acids to 

extrahepatic tissues. LPC formed within the liver secondary to PLA activity can be exported into 

plasma as either a component of lipoproteins or bound to albumin. Albumin bound LPC serves 

as a critical source of both choline and predominantly unsaturated fatty acids to extrahepatic 

tissues 61,62. Early literature had identified that LPC-albumin may be targeted towards the brain, 

but this received little attention until the discovery of MFSD2A as a lysophosphatidylcholine 

symporter that is highly expressed at the blood brain barrier and other tissues sensitive to DHA 

supply.  
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Major Facilitator Superfamily Domain 2A   (MFSD2A) 

MFSD2A is a highly conserved transmembrane protein with 10-12 membrane spanning 

domains expressed highly in tissues with restrictive barrier properties, including the placenta, 

testis, mammary gland, and blood brain barrier 63. MFSD2A is required for formation and 

function of the blood brain barrier, whereby loss of the protein increases transcellular trafficking 

across the endothelial cytoplasm. In the placenta, MFSD2A serves as a human-specific receptor 

for retroviral syncytin-2 64,65, facilitating its fusogenic properties in the syncytiotrophoblast.  

MFSD2A is also highly expressed in cancer cell lines and facilitates the transport of the 

endoplasmic reticulum stress inducer tunicamycin. In mice lacking MFSD2A at the whole body 

level, elevated post-natal mortality rates, pups exhibiting motor dysfunction, as well as learning 

deficits and severe anxiety are observed 66,67; these mice exhibit lower brain size and weight than 

their wild-type littermates, with a significant loss of Purkinje cells in the cerebellum and reduced 

neuronal density in the hippocampus. Consistent with the MFSD2A knockout mouse 

phenocopying of the mouse born to omega-3 fatty acid deficient dams, lipidomic analyses 

revealed reduced levels of DHA, but not other fatty acid species, in PE, PI, PS, and PC. Of note, 

these DHA differences were not observed in the liver and heart, suggesting tissue specific roles 

of the transporter in maintaining DHA status. Total DHA levels in the brain were reduced by 

58.8%, compensated for primarily by increases in arachidonic acid; AA levels were additionally 

unchanged in the heart.  The initial observations that MFSD2A are required for establishing 

brain DHA levels have since been extended to the eye 68, whereby expression of this transporter 

is required for retinal pigment epithelium to uptake LPC-DHA. Eyes from whole body MFSD2A 

knockout mice, but not endothelial-specific MFSD2A knockout mice, exhibited DHA 

deficiency, altered eye photoreceptor membrane disc morphology and defective rhodopsin 

signaling. 
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 The importance of MFSD2A as an LPC-DHA transporter and for uptake of DHA into the 

brain and eye in knockout mice is apparently contrasted by the evidence indicating that plasma 

non-esterified DHA (NE-DHA) is the critical pool of DHA supplying the adult brain 57. Kinetic 

modeling in free-living adult rats shows that uptake of NE-DHA is similar to the rate of DHA 

loss by the brain, and that NE-DHA uptake into the brain is 10-fold greater than LPC-DHA. 

Some researchers have commented that these results appear discordant, coming to differential 

conclusions about the relative importance of NE-DHA vs LPC-DHA 57. However, the available 

literature lends itself to the interpretation that LPC-DHA and MFSD2A expression are critical 

during developmental periods, but their contribution to the maintenance of brain DHA in the 

adult period is minimal. Indeed, whole body MFSD2A knockout mice have largely been 

explored throughout fetal development, and adult phenotypes, such as those in the eye, cannot be 

disentangled by developmental differences related to DHA exposure in utero. Additional 

evidence in the literature supports the notion that PL forms of DHA impact young vs old mice 

differently, with PL forms resulting in enhanced brain DHA levels across several neonatal 

animal models but not in adult animals 69–74. In addition to the animal evidence, some human 

evidence has highlighted a critical role for MFSD2A in human brain development, with 

inactivating mutations in symporter resulting in both lethal microcephalic syndromes, and non-

lethal syndromes characterized by intellectual impairments 75,76.  

 Collectively, the evidence indicating that MFSD2A is a LPC-DHA symporter that 

impacts DHA status is compelling, particularly during development; its role in maintaining DHA 

pools in the adult animal is less convincing at present. This literature has led us to to assess the 

association of pregnancy, lactation and non-pregnancy with plasma LPC-DHA. This period may 

also be a critical time where diet and genetic variation in metabolism influence plasma LPC-
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DHA and contribute to meaningful differences in DHA status, thus leading us to consider these 

important covariates in our analyses. The results of our data analysis will be useful when 

contextualized alongside additional experimental evidence to better understand the potential 

relevance of LPC-DHA in the delivery of DHA to the fetus and mammary gland. 

 

PEMT and Kennedy Pathways: Relevance in Undernutrition? 

 Phosphatidylcholine plays a critical role in maintaining hepatic very low density 

lipoprotein export from the liver 77; dietary choline deficiency results in fatty liver, secondary to 

reduced PC availability in the liver and impaired VLDL secretion. Choline’s role in fatty liver 

prevention is well-established in the context of well-nourished individuals, but its metabolism 

and relationship to phosphatidylcholine biosynthesis in the context of malnutrition remains 

uncharacterized. Several observations highlight the importance of characterizing choline needs in 

the context of malnutrition. Common forms of protein energy malnutrition (PEM; termed 

‘marasmus’) can advance to an idiopathic syndrome termed ‘kwashiorkor’, characterized by 

edema and fatty liver 78. The sensitivity of this fatty liver phenotype to choline supplementation 

has not been characterized; the potential for choline to prevent this fatty liver was initially 

dismissed, based on limited evidence, in favor of impaired ApoB synthesis as a primary cause 79 

but this possibility has been obviated by recent evidence demonstrating higher, not lower, 

fractional synthesis rates of ApoB in children with PEM 80.  To date, the cause of the hepatic 

steatosis (fatty liver) and edema in kwashiorkor remains unknown81, and thus warrants more 

serious consideration of the role of choline and one-carbon nutrients in its pathogenesis . Early 

literature, prior to the establishment of nutrient requirements of the laboratory mouse and 

developing of the AIN93 recommendations, has previously demonstrated that choline can 
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prevent fatty liver and edema associated with low protein diets in rats 82–84. The sensitivity of the 

fatty liver phenotype associated with kwashiorkor to dietary choline currently remains unknown. 

While reasonable to assume choline replacement may result in fatty liver improvements in the 

context of malnourishment and low choline intake, this assumption requires validation. Choline 

supplementation in the malnourished state may be altered relative to choline supplementation in 

the nourished state. Recent evidence has described a role for the mammalian target of rapamycin 

complex 1 (mTORC1) in stimulating phosphocholine cytidylyltransferase α, the rate limiting 

step of PtdCho biosynthesis through the CDP-choline pathway. mTORC1 activity plays a direct 

role in  promoting phosphatidylcholine biosynthesis and enhancing VLDL export from the liver 

85. Malnutrition is a physiological state associated with reduced growth factor signaling and 

impaired availability of essential amino acids that stimulate mTORC1 activity 86, suggesting that 

CDP-choline activity may be reduced and the metabolic handling of supplemental choline may 

not behave as expected. Choline may still prove beneficial for preventing fatty liver, by being 

repartitioned towards oxidation and providing methyl groups to promote PC biosynthesis 

through the PEMT pathway.  

Low dietary choline intakes may additionally worsen malnutrition, given the observation 

that choline deficiency in mice results in a hypermetabolic state and impaired weight gain, an 

effect that is phenocopied by genetic deletion of choline metabolic genes, such as betaine 

homocysteine methyltransferase (BHMT) and PEMT 87. This literature suggests that choline 

deficiency may not only exacerbate classical choline deficiency phenotypes such as fatty liver, 

but also impair growth, and that choline replacement may improve response to nutrition therapy.  

 In Chapter 4, we report our efforts to characterize the impact of a novel maize-vegetable 

diet on hepatic steatosis in weanling mice, and the impact of choline supplementation on this 
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phenotype and hepatic choline handling. This novel diet was developed based upon survey data, 

examining foods most predictive of individuals who will go on to develop kwashiorkor.  
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Abstract 

Liver receptor homolog-1 (LRH-1) is an orphaned nuclear receptor with tissue-specific 

transcriptional activity that functions to regulate sterol metabolism and cell proliferation. The 

‘unusual’ phosphatidylcholine species, dilauroylphosphatidylcholine (DLPC), has been reported 

to bind and activate LRH-1 both in vitro and in vivo, resulting in increased bile acid synthesis and 

enhanced glucose tolerance; however, this species has yet to be observed in physiological contexts, 

questioning its endogenous relevance and LRH-1’s adopted status. Herein, we test the hypothesis 

that the absence of DLPC in physiological systems stems from substrate insufficiency. Cell culture, 

mouse, and human subjects were provided DLPC’s acyl constituent, dodecanoic acid (C12:0; 

commonly termed ‘lauric acid’) in the cell culture media or mammalian diet to drive endogenous 

production of DLPC. Provision of varied doses of C12:0 (10µM-100µM) in the cell culture media 

of multiple cell types, including HepG2 and Caco-2 cells, led to the production of DLPC. In 

C57/BL6J mice, a single bolus gavage of olive oil enriched with C12:0, or coconut oil, a common 

dietary source of C12:0, led to the production of DLPC in duodenal tissue and its presence in 

postprandial serum. Furthermore, chronic feeding of a lauric acid containing diet resulted in the 

presence of DLPC in multiple LRH-1 expressing organs, including intestine, liver, pancreas, 

ovary, muscle and kidney. In a single-blind, randomized, controlled cross-over trial in human 
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subjects, consumption of dietary coconut oil led to the presence of DLPC in post-prandial serum 

samples. Lauric acid treatment was also associated with LRH-1-related phenotypes. Treatment of 

HepG2 cells with C12:0 (100µM) upregulated the expression of LRH-1 target genes, CYP7A1, 

CYP8B1 and GNMT1, an effect that was ablated by co-treatment with an LRH-1 antagonist. In 

addition, feeding high fat diets enriched in C12:0 further resulted in LRH-1 associated phenotypes 

in C57/BL6J mice, including improved glucose tolerance and increased total serum bile acids. 

These results provide evidence that the endogenous production of DLPC, a LRH-1 ligand, is 

dependent upon the provision of its acyl chain constituents, and that provision of lauric acid is 

associated with LRH-1-related phenotypes. Our findings highlight the need to consider unique 

physiological and health effects of dietary sources of this medium chain saturated fatty acid, such 

as coconut oil.  

 

Introduction 

Nuclear receptors represent a superfamily of ligand-activated transcription factors that 

regulate diverse aspects of mammalian physiology 1. Nuclear receptors are deemed either 

orphaned or adopted, based on the identification of an endogenous ligand; ligand binding to the 

ligand binding domain (LBD) acts as an allosteric regulator, initiating a series of biophysical 

events that facilitate transcription in cell- and tissue-specific manners. The liver receptor 

homolog-1 (LRH-1) is one such ‘orphaned’ nuclear receptor of the NR5A subfamily that is 

expressed in tissues of endodermal origin, including the liver, intestine, exocrine pancreas, 

ovary, pre-adipocytes, and the placenta 2,3. Numerous regulatory roles have been described for 

LRH-1, including the promotion of cell proliferation, maintenance of pluripotency, hepatic 

glucose sensing, and production of cholesterol derivatives (i.e. bile, progesterone), making LRH-
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1 signaling an attractive target for both therapeutic activation and inhibition in different 

(patho)physiological states.  

Investigations into the structure of LRH-1 have yielded a LBD containing numerous 

phospholipid classes; this phospholipid binding appears promiscuous and the ability of 

phospholipids to result in enhanced transcriptional activity under physiological conditions 

remains largely unexplored 4–7. A recent report8 identified an ‘uncommon’ phosphatidylcholine 

(PC), dilauroylphopshatidylcholine (DLPC), to be a potent ligand of both human and mouse 

LRH-1, with the ability to both bind the LRH-1 LBD and induce LRH-1 transcriptional activity, 

resulting in upregulation of LRH-1 target genes and suppression of short heterodimer protein 

(SHP) expression. DLPC administration to C57/BL6J mice via oral gavage for 3 days resulted in 

similar transcriptional events, as well as elevated serum and hepatic bile acids, and 

improvements in glucose intolerance in multiple mouse models of metabolic dysfunction (ref); 

these metabolic improvements were not observed when hepatic LRH-1 knockout mice were 

gavaged with DLPC. Despite convincing evidence that DLPC binds and activates LRH-1 in 

physiological contexts, whether LRH-1’s ‘orphaned’ nuclear receptor status can be changed to 

‘adopted’ is questionable, owing to the apparent absence of DLPC in mammalian tissues. To 

date, DLPC has not been reported to be present in any cell type, and has yet to be catalogued in 

the human metabolomics database or the mouse multiple tissue metabolomics database 9, 10.  

The lack of DLPC observed in physiological systems led us to test the hypothesis that 

DLPC may indeed be an ‘endogenous’ ligand but is not synthesized owing to substrate 

insufficiency. DLPC is a PC species with dodecanoic/lauric (C12:0) acid esterified at the sn-1 

and sn-2 positions of the glycerol backbone (commonly termed PC 12:0/12:0). While choline 

and methyl groups required to produce PCs endogenously are common in cell culture media and 
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mammalian diets, C12:0 is typically not abundant in the cell. Endogenous production of C12:0 

may occur as an extremely minor product of fatty acid synthesis or as an intermediate in fatty 

acid oxidation but is typically found at trace levels in cultured cells and likely does not exist in 

exchangeable pools available for incorporation into diacylglycerol and endoplasmic reticulum-

localized PC synthesis 11,12. Furthermore, C12:0 exhibits limited incorporation into membrane 

phospholipids, suggesting phospholipids containing C12:0 are labile 13 14.  

Considered a hypercholesterolemic saturated fat, C12:0 is found in low quantities in 

many common foods, but may be present in abundant amounts if dietary intakes of tropical oils, 

such as palm kernel oil and coconut oil, are present 15–17. C12:0 is also relatively abundant in 

human milk, constituting about 5-10% of total fatty acids 18. Overall, however, C12:0 is low in 

the diets of most humans consuming western-style diets (Supplementary Figure 2), and is absent 

from the chow diets used in most animal feeding studies and in cell culture media.  This relative 

absence of C12:0 across model systems provides strong biological plausibility that DLPC 

production may be limited by low C12:0 availability and that provision of C12:0 may yield 

endogenous production. 

Herein, we utilize both cell culture and murine models, as well as a human randomized 

controlled cross-over trial to test the hypothesis that the provision of C12:0 in the available 

nutriture will result in: i) the endogenous production of DLPC; and ii) LRH-1 agonism related 

phenotypes.  

 

 

Methods 

Cell Culture 

HepG2 cells (ATCC® HB-8065™) were cultured in Dulbecco’s Modified Eagle Medium 

(DMEM) containing 10% Fetal Bovine Serum. All experiments with HepG2 cells were 
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performed prior to passage 11. Cell culture medium was supplemented with free fatty acids 

(NuChek Prep) bound to albumin (USBiological;  CAS # 9048-46-8) in Dulbecco’s Phosphate 

Buffered Saline (DPBS; 1%) in 10 cm3 dishes when cells reached 75% confluency. Control 

treatments received an equivalent volume of fatty acid-free albumin-DPBS solution. Fatty acids 

and their respective concentrations are indicated in the figure legends. For pulse-chase 

experiments, lauric acid (100µM) or control was provided for 4 hours. The media was 

subsequently removed, the cells were washed and replenished with media containing 10% FBS 

but no supplemental lauric acid; cell lysates were progressively harvested at the indicated time 

points for LC/MS analysis.  

 

Animal Dietary Experiments 

 

All animal protocols and procedures used in this study were approved by the Institutional 

Animal Care and Use Committees at Cornell University, and were conducted in accordance with 

the Guide for the Care and Use of Laboratory Animals. C57/BL6J mice were purchased from 

Jackson Laboratories and housed in microisolator cages in an environmentally controlled room 

(22-25°C and 70% humidity with a 12-hour light-dark cycle). Prior to the start of experimental 

diets, all mice consumed chow diets (Teklad 2018).  

Acute Trial:  

To assess the effects of C12:0 provision on acute production of DLPC, mice were 

gavaged with test oil mixtures, and sacrificed for serum and tissue collection after 1.5 hours. 

Duodenum (1.5cm) and serum were collected following CO2 euthanasia. Fatty acids, oil 

mixtures, and their doses are as stated in figure legends. A single mouse was gavaged with 

125mg of 1-13C-lauric acid in order to confirm direct incorporation of exogenous lauric acid into 

DLPC. To confirm the inability of endogenous lauric acid pools to facilitate DLPC production, 
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C57/BL6 male and female mice were fed high sucrose, 0% fat diets (Envigo; TD.03314) for 1, 3, 

5, 7 days to stimulate de novo lipogenesis, sacrificed, and metabolic tissues (intestine, liver, 

pancreas, kidney) were collected for LC/MS analysis.  

Chronic Trial:  

To assess the effects of habitual C12:0 consumption on DLPC production, 12 C57/BL6J 

mice per group (6 male, 6 female) were randomly assigned to consume chow, olive oil, or 

coconut oil based high fat diets(60%E as fat) for 1 month. Diets were based on chow (Teklad 

2018) supplemented with no added fat or with refined oils and vitamin (Dyets Inc., AIN-93VX 

Vitamin Mix, 310025)/mineral (Dyets Inc., AIN-93G MX Mineral Mix, 210025) mixtures (see 

Supplementary Table 1 for recipe). Mice were fasted overnight (~14 hours) and divided into 2 

groups: fasted, for immediate sacrifice, or postprandial, who underwent gavage with 50µL of 

soybean oil (chow), refined olive oil (olive), or refined coconut oil (coconut). The following 

tissues were collected and snap frozen in liquid nitrogen for LC-MS/MS analysis: serum (post-

mortem heart stick), erythrocytes, duodenum (1.5 cm), whole liver, splenic side pancreas, 

kidney, hindlimb skeletal muscle (rectus femoris, vastus lateralis), whole brain, testis, and 

ovaries.  

 

Animal Oral Glucose Tolerance Tests 

To confirm previous observations that coconut oil-based high fat diets do not result in 

impaired insulin sensitivity as previously demonstrated in rats 19, a cohort of young female mice 

were administered either chow (Teklad 2018; 18% fat), coconut oil high fat diet (Teklad 2018 

supplemented to 60% fat with refined coconut oil; 20%E lauric acid), or olive oil high fat diet 

(Teklad 2018 supplemented to 60% fat with refined olive oil). Following 8 weeks of feeding, 

mice were subjected to oral glucose tolerance tests. Specifically, mice were overnight fasted for 

14 hours and orally gavaged with a 50% dextrose solution (1mg/kg); tail vein blood was serially 



60 
 

assessed for glucose concentrations using a handheld glucometer (OneTouch) at 0, 5, 15, 30, 60 

and 120 minutes.  

To assess the lauric acid specific contribution to the prevention of glucose intolerance, 

male and female mice were purchased from Jackson Laboratories and divided into 3 diet groups. 

The 3 diet groups were as follows: chow (Teklad 2018; 18% fat), chow + olive oil + oleic acid 

(Teklad 2018; 45% fat; 10%E oleic acid), or chow + olive oil + lauric acid (Teklad 2018; 45% 

fat; 10%E lauric acid) (diet recipe can be found in Supplementary Table 1). Mice consumed 

these diets for 8 weeks prior to undergoing oral glucose tolerance tests. Mice were fasted for 6 

hours and orally gavaged with a 50% dextrose solution (2mg/kg); blood was serially assessed for 

glucose concentrations using a handheld glucometer (OneTouch) at 0, 5, 15, 30, 60 and 120 

minutes. Mice were given 1 week to recover from OGTTs and were euthanized via CO2. The 

following tissues were collected: serum (post-mortem heart stick), duodenum (1.5 cm), whole 

liver, spleenic side pancreas, kidney, hindlimb skeletal muscle (rectus femoris, vastus lateralis), 

whole brain, testis, and ovaries.  

 

Acute Randomized, Single-Blind, Cross-Over Feeding Trial in Human Subjects 

To assess the impact of lauric acid consumption on DLPC production in humans, we 

undertook an acute, randomized, single-blind, cross-over feeding trial in 10 human subject 

participants (ClinicalTrials.gov NCT034816080). Participant characteristics can be found in 

Table 1. Participants arrived fasted (~10h) at the Francis A. Johnston and Charlotte M. Young 

Human Metabolic Research Unit (HMRU) at Cornell University. Participants were randomly 

assigned to consume a breakfast shake containing either 28g of refined coconut (Nutiva Organic, 

Neutral Tasting) or refined olive oil (Filippo Berio). Participants provided a fasted blood draw at 

each visit, followed by additional blood draws 2, 4 and 6 hours postprandially. Whole blood was 
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allowed to clot for 30 minutes at room temperature and centrifuged at 2000 x g for 15 minutes at 

4oC to obtain serum and stored at -80oC.  Participants were instructed to not consume additional 

food prior to their last blood draw; participants were allowed to consume water, and black 

coffee/tea ad libitum. Participants completed the second study visit following at least a 1 week 

washout period. A CONSORT flow diagram can be found in Supplementary Figure 1. 

 

Deuterium-labeled Choline Administration 

The stable isotope, methyl-d9-choline (Cambridge Isotopes Laboratory, Andover, MA, 

USA), was administered to cultured HepG2 and Caco-2 cells to assess the contribution of the 

CDP-choline (Kennedy) and the phosphatidylethanolamine N-methyltransferase (PEMT) 

pathways to the production of DLPC. HepG2, HeLa, and Caco-2 cells were grown to 80-90% 

confluency in DMEM supplemented with 10% FBS. Cells were trypsinized and split 1:5 to 

10cm3 plates containing DMEM supplemented with 10% + 50µM d9-choline. Cells were 

passaged 3 additional times to enable growth in labeled choline media and the enrichment of PC 

pools. In addition, mice consumed 45% high fat diet (10% lauric acid) and drinking water 

containing 4mM d9-choline for 8 weeks.  

 

Phosphatidylcholine analysis 

Total lipid extraction from serum and other tissues was undertaken using an adaptation of 

the method of Koc et al 20. Briefly, 0.02-0.05 g of solid tissue or 150 µL of serum homogenized 

in 400µL 2:1 methanol:chloroform with 5nM/L PC 9:0-9:0 (Avanti Polar Lipids, Alabaster, 

Alabama) as an internal standard. The samples were incubated overnight (18 hrs minimum) at -

20oC. Homogenates were centrifuged at 5000 rpm for 5 min and upper fractions were transferred 

into new tubes. To the remaining of the solid residue, 250µL of 2:1:0.8 

(methanol:chloroform:water) was added. After vortexing and centrifugation (5 min 14000 rpm), 
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the upper fraction was combined with the previously collected fraction. To separate water-

soluble compounds from lipid-soluble, 100µL of chloroform and 100µL of water were added to 

the tubes. Following centrifugation, the lower layer was collected and dried in Savant SpeedVac. 

Extracts were reconstituted in 100µL of 6:1 (methanol:chloroform). 

The extract (5µL) was injected on the UPLC-MS system containing an UltiMate 

3000 Dionex Autosampler and Pump, and Q-Exactive MS with ESI probe (Thermo Fisher 

Scientific, Waltham, MA). Total PC was separated from sphingomyelin (SM) and LPC using a 

Syncronis Sillica column (2.1 x 150 mm, 5um; Thermo) and mobile phase containing buffer A 

(acetonitrile 400mL, water 127mL, EtOH 68mL, 3mL 1M ammonium acetate, 2mL glacial 

Acetic acid) and buffer B (acetonitrile 250mL, water 250mL, EtOH 42mL, 13.5mL 1M 

ammonium acetate, 9mL glacial acetic acid) with gradient elution at 0.4mL/min: from 0 to 3 min 

isocratic mix with 5% buffer B, from 3 to 10 linear gradient from 5 to 30% buffer B; from 10 to 

14 min linear gradient from 30 to 60% buffer B; from 14 to 16 min - 100% buffer B; held for 1 

min at 100% buffer B, then  from 17-19 min linear gradient from 100 to 5% buffer B; from 19 to 

21 min column was equlibrated to starting condition (5% buffer B). Samples were kept at 5oC; 

the column’s temperature was held at 30oC. The MS was operated in positive (full scan only) and 

negative (MS2) modes with the following settings: sheath gas pressure was set at 40; auxillary 

gas 10; spray voltage 5kV; capillary temperature 350oC; S-lens RF level 50; heater temperature 

30C. MS2 mode was used for detection and quantification of DLPC, where resolution was set at 

35,000; AGC target 2e4; isolation window 1 m/z; HCE 20. Inclusion list contained m/z 680.45 

which represented a DLPC anionized adduct [M+OAc]- and m/z 596.33 for PC9:0-9:0. For 

quantification, the sn1/2 RCOO- ion, m/z 199.17, was used for DLPC and m/z 157.1 was used 

for PC9:0-9:0. The anionic loss of CH3, m/z 606.41, was used as DLPC qualifier. Full scan mode 
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(AIF) was used to quantify total PC. Resolution was set at 35,000; AGC target 3e6; scan range 

80-950; HCE 20. For quantification of total PC, a m/z of 184.1 was used. Quantification was 

performed using XCalibur software (Thermo Fisher Scientific). 

 

Bile Acid Measurements 

DLPC binding of LRH-1 results in increases in CYP7A1 and CYP8B1, the major 

regulators of primary bile acid synthesis and cholesterol catabolism. To indirectly assess the 

effect of dietary lauric acid intake on LRH-1 activity, total serum and liver bile acids were 

assessed using a commercial kit (CrystalChem; 80470). Total lipids were extracted from serum 

and liver as described above. Serum (50-100µL) and homogenized liver (.02-.05g) were utilized 

for bile acid assessments; following drying, lipids were reconstituted in 100µL of 75% ethanol. 

Bile acids were measured colorimetrically following kit instructions using an absorbance 

microplate reader (SpectraMax 190, Molecular Devices).  

 

Quantitative Polymerase Chain Reaction 

  To assess the ability of lauric-acid induced DLPC production to agonize LRH-1, we 

measured the abundance of the downstream LRH-1 transcripts, CYP7A1, CYP8B1, and GNMT1, 

in HepG2 cells treated with or without lauric acid, and with or without an LRH-1 antagonist 

(Calbiochem; 505601). RNA was extracted from HepG2 cells with Trizol reagent (Invitrogen™) 

using the manufacturer’s protocol. RNA concentration and quality were assessed using a 

NanoDrop ND-1000 spectrophotometer (ThermoFisher Scientific). cDNA was generated using a 

high capacity cDNA reverse transcription kit (Applied Biosystems, Thermo Fisher Scientific) 

and an Eppendorf 5331 Mastercycler. Quantitative PCR was performed with a BioRad C-1000 

Touch Thermal Cycler using SYBR green supermix reagents (Bio-Rad Laboratories). A panel of 

reference genes was utilized to determine the most stably expressed reference target. Forward 
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and reverse primer sequences are shown in Supplementary Table 1. Primer efficiencies were 

calculated (1.8-2.2) following amplification of a standard curve. Melting curves were included at 

the end of amplification cycles to validate specificity of the PCR product. The 2-Δ,ΔCt  method 

was used to calculate fold changes, which were normalized to the expression of the 

housekeeping gene noted in the figure legend.  

siRNA Fatty Acid Binding Protein Knockdown and Lauric Acid Treatment 

To assess whether the lauric acid-responsive fatty acid binding protein, FABP5, is 

required for DLPC production, we used silencing RNAs to knockdown FABP5 expression and 

assess its impact on DLPC production. Hepg2 cells were grown to 75% confluence in 6-well 

plates. Cells were treated with either no treatment, scrambled siRNAs, or FABP5 siRNAs 

(Invitrogen, s4976). Lipofectamine 3000 (Invitrogen) was used to transfect 50pmol of siRNA 

into each well. After 20 hours of treatment, the media was removed, cells were washed, and 

placed in FBS-containing DMEM media supplemented with either fatty acid free BSA or lauric 

acid (final concentration: 100µM). Cells were then harvested after 4 hours of treatment. All 

treatment arms were performed in double triplicate for LC/MS and qPCR analysis. 

 

Statistical Analysis 

All statistical analyses reported for DLPC production are within treatment analyses, 

owing to the lack of DLPC observed outside of contexts where lauric acid was provided. 

Repeated measures ANOVA were used to determine the significant effects of lauric acid on 

DLPC production across a time course in cultured cells, in post-prandial blood samples from 

humans fed coconut oil diets, and on mouse blood glucose levels across the 2-hour time frame 

for oral glucose tolerance tests. 1-way ANOVAs were performed to compare the effect of 
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different lauric acid doses on DLPC production in cultured cells and to compare DLPC 

concentrations across mouse tissues.  

 

Results 

 

Cell Culture: 

Consistent with the lack of reports of DLPC in cultured cells, we observed no DLPC 

production in any cell lysates from any cells cultured without exogenously provided C12:0. 

Provision of exogenous C12:0 to HepG2 cells resulted in endogenous DLPC production across a 

time course (100 µM dosage) and across a range of doses (4 hour treatments) (Figure 2.1A; 1B). 

Consistent with previous data showing that C12:0 exhibits low incorporation into membranes, 

and that regulation of nuclear receptor signaling occurs by degradation of endogenous ligands, 

we observed a very short DLPC half-life, estimated to be ~47 min (Figure 2.1C). We also 

observed DLPC production with 4 hour C12:0 treatment across several other cell types, 

including HeLa, JEG3, C2C12 and Caco-2 cells, suggesting that C12:0 is readily incorporated 

into fatty acid pools available for incorporation into diacylglycerols and subsequent 

phosphatidylcholine synthesis across a range of cell types (data not shown). Moreover, provision 

of C12:0 for 4 hours to HepG2 cells was associated with upregulation of hepatic LRH-1 target 

genes, CYP7A1, CYP8B1, and GNMT1; this effect was ablated by the addition of an LRH-1 

antagonist (Figure 2.1D). Collectively, these findings suggest that lauric acid results in DLPC 

production in cultured cells and is able to activate LRH-1 and enhance its transcriptional activity.  
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A) 

 
 

B) 
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C) 

 
D) 

 

Figure 2.1: Provision of Lauric Acid to HepG2 Cells Results in the Endogenous 

Production of Dilauroylphosphatidylcholine. A) Cells were cultured across a time course 

with 100µM of lauric acid. B) Cells were cultured with varying concentrations (0µM to 

100µM) of lauric acid for 4 hours. C) Cells were cultured with 100µM of lauric acid for 4 

hours, washed and replaced with unsupplemented media and harvested at serial time points. 

D) Cells were cultured with 100µM of lauric acid for 4 hours, with or without an LRH-1 

antagonist. 
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Animal Feeding: 

 

We observed rapid production of DLPC in the duodenum of male and female mice 

following acute (1.5h) oral gavage of olive oil supplemented with free C12:0 and coconut oil, a 

dietary source of C12:0 (Figure 2.2A). Additionally, we were able to observe direct 

incorporation of 13C-C12:0 into DLPC, with only DLPC molecules containing two 13C-C12:0s 

detected, consistent with no endogenously made C12:0 being available for DLPC biosynthesis. 

DLPC was also detected at low concentrations in postprandial serum (Figure 2.2B). Chronic 

feeding (1 month) of high fat coconut oil diets (~60% kcals) resulted in multi-organ DLPC 

production (Figure 2.2C). DLPC was not observed in fasting serum samples, red blood cells, 

brain, or testes (spectrum data available upon request).  Kidney, liver and duodenum exhibited 

higher concentrations of DLPC following oral gavage relative to the fasted state. These 

concentrations of DLPC likely underestimate tissue exposure to some degree, owing to their 

measurement post-overnight fasting and the rapid degradation of DLPC observed in vitro.  

 

A) 
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B) 
 

 
 

 

C) 
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De Novo Lipogenesis 

To confirm the presumption that de novo lipogenesis is not sufficient to generate a 

physiological pool of lauric acid available for DLPC production,  HepG2 cells were serum 

starved (6, 12 , 24 h) and C57/BL6J male and female mice (n=3 per sex) were fed 0% fat diets 

over a time course (1, 3, 5, 7 d); feeding a 0% fat diet is a model of enhanced de novo 

lipogenesis, previously been shown to generate a fatty acid synthase-derived endogenous ligand 

for the peroxisome proliferator activated receptor alpha 21. We did not detect DLPC in any cell 

lysates or metabolic tissues (intestine, liver, pancreas, kidney) (data not shown). These results 

support our hypothesis that endogenous DLPC production cannot occur without provision of 

C12:0 in the diet/culture media. 

 

Human single-blind, randomized controlled cross over feeding trial: 

 

Consistent with DLPC being absent in the Human Metabolomics Database, we did not 

observe DLPC in any fasting plasma samples from either study visit. We additionally did not 

observe DLPC in post-prandial serum following consumption of breakfast shakes prepared with 

olive oil (data not shown). As hypothesized, we did observe DLPC in postprandial serum 

following consumption of breakfast shakes prepared with coconut oil (Figure 2.3). Consistent 

with our results in acute animal gavage experiments, DLPC appeared in serum 2 h postprandially 

and further increased at 4 and 6 h.  

 

 

  

Figure 2.2: Provision of Lauric Acid to C57/BL6J Mice Results in Acute and Chronic 

Endogenous DLPC Production. A) Acute, oral gavage of C12 containing oils and duodenal 

DLPC production (~1.5hr post-gavage). B) Appearance of DLPC in postprandial serum. C) 

Tissue Atlas of DLPC Production in both Fasted and Postprandial States 
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Table 2.1: Participant Characteristics In A Single-Blind, Randomized, Acute, Cross-Over 

Feeding Trial  

 

Total 

Participants (n) 

Sex (F/M) Age Weight (kg) Height (cm) BMI 

10 8/2 29.2 +/- 2.1 67.5 +/- 4.3 172.4 +/- 2.6 22.6 +/- .9 

 

 

 
 

 

 
 

 

Figure 2.3: Consumption of Coconut Oil Breakfast Shakes (2 tbsp oil), a Dietary Source of 

Lauric acid (~13g), Results in the Presence of DLPC in Postprandial Serum in Human 

Participants. Participants completed a randomized, cross-over feeding trial consuming either 

coconut oil or olive oil-based breakfast smoothies assigned in random order. Following a 1-wk 

washout, participants consumed the opposite smoothie on a second visit. Baseline blood 

samples and postprandial blood samples were taken to assess the presence of DLPC in the 

plasma. 
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Lauric acid treatment and LRH-1-associated phenotypes  

 

Coconut oil-based high fat diets (20% lauric acid) were associated with fasting glucose 

and OGTT responses similar to chow-fed animals, whereas olive-oil based high fat diets led to 

significantly exaggerated glucose responses following OGTT, despite both high fat diet groups 

having gained similar weight (Figure 2.4A; 2.4B). Lauric acid-based high fat diets (10% lauric 

acid) resulted in improved fasting glucose levels and glucose responses to OGTT compared to 

oleic acid-based high fat diets (10% oleic acid) in both male and female animals, despite having 

achieved similar body weights (Figure 2.4C,2.4D, 2.4E, 2.4F). Consistent with an effect of 

C12:0 intakes on LRH-1 agonism, we observed an increase in hepatic and serum bile acids in 

C12:0 -fed mice (Figure 2.4G). 
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B) 
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D) 

 

 
E) 
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G) 
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Stable Isotope 

Mammalian cells can generate PC through both the PEMT pathway and CDP-

choline/Kennedy pathway. Specifically, cells can utilize the entire choline moiety to be 

incorporated into PC using the CDP-choline pathway, or can use methyl groups derived from 

choline to generate PC through the PEMT pathway. Cells were cultured with methyl deuterium 

labeled choline (d9-choline) to determine the relative contribution of each pathway (d3/PEMT or 

d9/CDP-choline to DLPC production; d3- and d9-choline metabolism further described by Yan 

et al 22. We hypothesized that DLPC would be produced through the CDP-choline pathway, 

consistent with its typical enrichment in saturated fatty acids 23. Indeed, Caco-2 cells and HepG2 

cells cultured with deuterium labeled choline only showed d9-DLPC. No d3-PC or d3-DLPC 

were detected in either cell type. 

 

Table 2.2: Deuterium Enrichments in DLPC and Total PC   

 HepG2 % 

Enrichment 

Caco-2 % 

Enrichment 

D9-DLPC 59.9 61.9 

D9-PC 53.6 49.6 

Figure 2.4: Consumption of Lauric Acid High Fat Diets Results in LRH-1-Associated 

Phenotypes. A+B) Weight Gain and 2-h Oral Glucose Tolerance Test Results from 

C57/BL6J Mice Consuming 60% High Fat Diets or Chow. C+D) Weight Gain and 2-h Oral 

Glucose Tolerance Test Results from Male C57/BL6J Mice Consuming 45% High Fat Diets 

or Chow. E+F) Weight Gain and 2-h Oral Glucose Tolerance Test Results from Female 

C57/BL6J Mice Consuming 45% High Fat Diets or Chow. G) The effect of 45% High Fat 

Diets (10% Lauric or 10% Oleic) or Chow on Hepatic and Serum Bile Acids 
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Fatty Acid Binding Proteins 

 To investigate the potential role for fatty acid binding proteins in trafficking C12:0 

towards phosphatidylcholine biosynthesis, we examined the expression of different FABPs 

expressed in HepG2 cells. We observed an upregulation of FABP5 in response to C12:0  

treatment, consistent with previous reports that FABP5 is responsive to C12:0 24  (Figure 2.5A). 

We, however, did not observe that FABP5 expression was required for C12:0  incorporation into 

PC, suggesting that FABP5 is not required for intracellular C12:0  trafficking towards 

diacylglycerol synthesis (Figure 2.5B; 2.5C).  These results are consistent with reports that most 

fatty acid binding proteins exhibit high dissociation constants for lauric acid, exhibiting greater 

affinity for longer chain, more hydrophobic fatty acids 25 26. 

 

 

A) 
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Undecanoic Acid 

 In addition to DLPC, Leet et al8 reported that diundecanoylphosphatidylcholine (DUPC) 

elicited the strongest LRH-1 activity in luciferase reporter assays, and resulted in LRH-1 target 

gene expression changes and hepatic glucose and lipid changes, similar to DLPC, when orally 

gavaged. However, these researchers did not go on to perform extensive metabolic 

characterizations in the context of mice lacking hepatic LRH-1. Nevertheless, DUPC appears to 

be a promising LRH-1 agonist. Similar to DLPC, DUPC is absent from physiological systems 

and unlikely to be endogenously synthesized owing to its odd, shorter saturated acyl chains. We 

tested the hypothesis that provision of undecanoic acid (C11:0) in cell culture media or the diet 

would result in endogenous DUPC production. Similar to provision of C12:0, provision of C11:0 

in cells, and in acute gavage experiments to C57/BL6J mice, resulted in DUPC production 

(Figure 2.6A; 2.6B). Supplementation of the culture media with varied doses of propionate 

(C3:0) or the chow-based diet with inulin fiber (fermented to C3:0) did not result in DUPC 

production in cells or liver, respectively, suggesting that C3:0 elongation to longer chain fatty 

acids does not favor a pool of C11:0 available for DUPC production (data not shown).  

 

Figure 2.5: Lauric Acid Related Fatty Acid Binding Protein Expression and Knockdown 

Impact on DLPC Production. A) Lauric acid treatment results in an upregulation of FABP5 

in HepG2 cells B) siRNA treatment of HepG2 cells. C) Knockdown of FABP5 fails to impair 

DLPC production 
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Discussion 

Herein, we report for the first time, to our knowledge, the endogenous production of the 

LRH-1 ligand, dilauroylphosphatidylcholine. Provision of its acyl constituent, C12:0, resulted in 

the production of DLPC in cultured cells, both acutely and chronically in C57/BL6J mice, and 

following acute consumption of C12:0 -rich coconut oil in humans.  Provision of C12:0 to 

cultured cells was associated with increased expression of LRH-1 target genes, an effect that was 

blocked by co-administration of a LRH-1 antagonistic. These findings suggest that endogenous 

production of DLPC via the provision of C12:0 results in its functional binding to LRH-1. 

Consistent with DLPC-induced LRH-1 agonism, metabolic phenotyping of high-fat diet-fed 

C57/BL6J mice demonstrated improvements in glucose tolerance following consumption of 

lauric acid enriched diets relative to oleic acid enriched diets. Additionally, lauric-acid rich diets 

Figure 2.6: Provision of Undecanoic Acid Results in DUPC Production. A) Provision of 

undecanoic acid results in the production of DUPC in HepG2 cells. B) Provision of 

undecanoic acid results in the production of DUPC in acutely gavaged mice.  
 



82 
 

were associated with increases in hepatic and serum bile acids. While these effects could also 

arise from pleiotropic, LRH-1 independent effects of C12:0 on glucose tolerance, this is less 

likely given a lack of beneficial mechanisms that have been attributed to C12:0. Indeed, potential 

harm has been suggested due to its effects on serum lipids, and potential to induce inflammation 

in a toll-like receptor 4 dependent manner 27.  

Our results confirm that production of DLPC is dependent upon the activity of the CDP-

choline pathway of phosphatidylcholine biosynthesis (in addition to lauric acid supply).  

Involvement of the CDP-choline pathway in DLPC production is consistent with previous 

reports that PCs enriched with saturated acyl chains are derived primarily from the CDP-choline 

pathway, as opposed to the PEMT pathway 23. The CDP-choline pathway is dependent upon 

preformed choline for its activity, suggesting that in times of low dietary choline intakes or 

impairments in choline-related genes, DLPC production may be impaired, with possible adverse 

downstream effects on glucose handling. Conversely, our results do not support a role for 

endogenous lipogenesis, or for FABP5 trafficking of lauric acid, as being relevant for the 

endogenous production of DLPC. This is broadly consistent with C12:0 not serving as a major 

branch point of fatty acid synthesis 11, and the low binding affinity of fatty acid binding proteins 

for shorter chain, hydrophilic fatty acids 25.  

Overall, our results add to a growing body of literature showing that nuclear receptors 

serve as a metabolic hub that mediate cross-talk between the environment and the genome 28. 

Future studies of nuclear receptor agonists might benefit from considering the role of diet in 

influencing the endogenous production of ligands. Attention paid to the diet/cell culture media 

composition may be critical to consider in efforts to identify and characterize future nuclear 

receptor ligands, particularly in cases like LRH-1, where varied binding affinities to different 
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families of phospholipids has the potential for both agonism and antagonism 29. Consideration of 

choline and methyl donor availability, in addition to fatty acid composition, may also be critical. 

While our work took place in the context of adequate choline supply, physiological states such as 

pregnancy, whereby choline/methyl donor demand and PEMT activity are increased 22,30, may 

substantially shift phosphatidylcholine pools in a manner that impacts LRH-1 activity.  

Our study findings also add to ongoing controversies over the impact of saturated fatty 

acids on human health. Current dietary recommendations state that food sources of saturated 

fatty acids should be limited, and recent recommendations have specifically highlighted the 

potential negative effects of coconut oil 31. The World Health Organization specifically 

recommends reductions in the intake of three common hypercholesteremic saturated fatty acids: 

C12:0 (lauric acid), C14:0 (myristic acid) and C16:0 (palmitic acid) 32. All three of these fatty 

acids raise LDL-C 15, a causal factor in the development of cardiovascular disease 33. To date, 

randomized controlled trials testing the hypothesis that cholesterol lowering diets, of which 

reduced saturated fat consumption are a core component, have primarily limited fat sources  rich 

in C14:0 and C16:0 (e.g. high fat meats and dairy products) 34. No trial, to our knowledge, has 

tested the impact of C12:0 rich oils on health outcomes. Our results provide a mechanism by 

which C12:0, and by extension, C12:0-rich oils such as palm kernel oil and coconut oil, may 

have diverse impacts on health outcomes beyond what might be predicted by reliance on a single 

surrogate outcome such as LDL-C.  The potential for pleiotropic effects of C12:0 may have 

relevance broadly, outside of its common focus in cardiovascular pathophysiology, including 

LRH-1 agonism-induced alterations in ovarian physiology 35,36, embryonic development 37, cell 

proliferation/cancer 38,39 and intestinal inflammation 40. Additionally, the high content of C12:0 

in human breast milk warrants investigation into the potential relevance of LRH-1 agonism at 
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this life-stage 18. Overall, substantial research on the relevance of DLPC induced LRH-1 

agonism in humans, either by diet or pharmacological administration, is essential before dietary 

recommendations about C12:0 should be altered.  

A final takeaway of this study is the observation that C11:0 results in DUPC production. 

C11:0 is rarely measured in nutrient analyses 17, though it exists in small quantities in human 

breast milk 18, some formulas 41, and other bodily fluids 41 42. C11:0 is also approved as a food 

additive in several countries. Currently, C11:0 is not indexed in the USDA Nutrient Database 

and is therefore not estimated in the National Health and Nutrition Examination Survey 

(NHANES). Further consideration of C11:0 intakes may be warranted if DUPC production 

proves relevant for LRH-1 agonism in humans.  

 

 

 

Supplementary Figures and Tables 

Table S2.1: High Fat Diet Composition  

60%Fat g/kg of diet 45% Fat g/kg diet 

Added Fat 250 Added Fat 116 

Mineral 35 Mineral 35 

Vitamin 10 Vitamin 10 

2018 Chow 705 2018 Chow 705 
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Figure S2.1: CONSORT Flow Diagram 
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CHAPTER THREE 

THE IMPACT OF DIET AND REPRODUCTIVE LIFE-STAGE ON 

LYSOPHOSPHATIDYLCHOLINES ENRICHED WITH DHA: A POST-HOC 

ANALYSIS OF A CONTROLLED FEEDING TRIAL 

 

Kevin C. Klatt, Olga V. Malysheva, J. Thomas Brenna, Mark S. Roberson, Marie A. Caudill 

 

Abstract:  

The mechanisms by which docosahexaenoic acid (DHA) is supplied to extrahepatic tissues 

throughout the lifespan remains an area of debate. Recently, the major facilitator superfamily 

domain 2a (MFSD2A) was identified as a lysophosphatidylcholine (LPC) symporter with high 

affinity for LPCs enriched with DHA (LPC-DHA). Evidence from animal studies have suggested 

that LPC-DHA may be a critical source of DHA during development. However, LPC-DHA 

dynamics throughout the reproductive lifespan in humans remains relatively uncharacterized. To 

address this gap, we performed a post-hoc analysis of a previously conducted 10-12 week 

controlled feeding trial in non-pregnant, 3rd trimester pregnant, and lactating women randomized 

to 480mg or 930mg of choline per day (20% consumed as deuterium labeled choline). In response 

to the controlled diets, we observed significant interactions between study week and reproductive 

life-stage, with pregnant and lactating women exhibiting reduced circulating LPC-DHA 

concentrations in week 10 plasma relative to the non-pregnant state, consistent with enhanced 

partitioning of LPC-DHA towards the fetal and milk compartments; only non-pregnant women 

exhibited a rise in plasma LPC-DHA across the study time course. Examination of isotopically 

labeling revealed that higher choline intakes were associated with increased LPC and LPC-DHA 
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derived from the phosphatidylethanolamine N-methyltransferase (PEMT) pathway, and that 

lactation was associated with decreased PEMT and CDP-choline-derived LPC-DHA in plasma 

relative to both the non-pregnant and pregnant state.  Overall, our results suggest dynamic 

interactions between reproductive life-stages, dietary choline intakes and plasma LPC-DHA, and 

warrant further investigation into this form of DHA as a source for the developing human fetus 

and/or mammalian milk.  

   

Introduction: 

Docosahexaenoic acid (DHA) is a 22 carbon, polyunsaturated omega 3 fatty acid with 

critical, tissue-specific roles throughout the lifespan 1 . Current recommendations emphasize 

consumption of preformed DHA in the diet, particularly during pregnancy and lactation, to 

ensure adequate supply to the developing fetus and infant 2. Upon consumption, dietary DHA 

undergoes further metabolism and can be found in plasma in three major physiological pools that 

are available for tissue uptake 3,4 : i) complexed with albumin as an unesterified fatty acid; ii) 

esterified within lipoproteins to phospholipids, lysophospholipids, cholesteryl esters, and 

triacylglycerols; iii) complexed with albumin as a component of lysophosphatidylcholine (LPC). 

This latter form of DHA (LPC-DHA) was initially suggested to be preferentially taken up by 

organs such as the brain 5, but received limited attention until the identification of the major 

facilitator superfamily domain 2a (MFSD2A) as a lysophosphatidylcholine symporter with a 

high affinity for LPC-DHA 6–8. Animal models have demonstrated that the genetic loss of  
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MFSD2A expression results in impaired accretion of DHA in the fetal brain and eye, suggesting 

that LPC-DHA is a critical form of DHA for transport across the placenta and/or the fetal blood-

brain barrier and retinal epithelium.  Nonetheless, limited evidence from human studies have 

described circulating LPC-DHA concentrations in the context of reproductive life-stages. 

  Reproductive life-stage has the potential to influence circulating LPC-DHA through its 

impact on the phosphatidylethanolamine N-methyltransferase (PEMT) pathway of 

phosphatidylcholine (PC) biosynthesis. The PEMT pathway produces PC species enriched in 

DHA at the sn-2 position 9,10, a direct precursor of LPC-DHA following phospholipase A1 

(PLA1) or lecithin-cholesterol acyltransferase (LCAT) activity. Reproductive life-stage may also 

impact LPC-DHA through hormonally-induced alterations in PEMT activity and/or altered 

partitioning towards the fetus and/or mammary gland, potentially increasing or decreasing LPC-

DHA compared to the non-pregnant state. Pregnancy is characterized by an increase in 

circulating estrogen 14 levels that acts to directly upregulate the expression of PEMT and increase 

PC synthesis 15,16, providing additional substrate for the production of LPC-DHA. Conversely, 

pregnancy and lactation may result in enhanced LPC-DHA clearance, secondary to uptake of this 

LPC species by the placenta and mammary glands, both high MFSD2A expressers, to support 

fetal and milk DHA accretion.  

Dietary choline also has the potential to impact LPC-DHA via the PEMT pathway. This 

pathway is reliant upon the universal methyl donor, S-adenosylmethionine (SAM) as a substrate. 

Choline, through its oxidation to the major methyl donor, betaine, can support SAM synthesis 

via betaine homocysteine methyltransferase (BHMT) activity. Notably, we have previously 

shown that a higher dietary choline intake increased the production of PC species enriched with 
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DHA by increasing PEMT activity among women of childbearing age 11–13. By serving as 

substrate, increased production of PC-DHA may in turn increase the supply of LPC-DHA.  

While animal evidence has suggested that LPC-DHA is important for delivery of DHA to 

developing fetal/neonatal organs, limited evidence from human studies have described 

circulating LPC-DHA concentrations in the context of reproductive life-stages. To address this, 

we utilized existing samples from a 10-12-week controlled feeding study in non-pregnant, 

pregnant, and lactating women 17. Women were randomized to either 480 or 930 mg of choline 

per day, consuming 20% of their total choline as deuterium labeled choline (d9-choline) for the 

last 4 weeks of the study. We aimed to assess the relationship between choline intake and 

reproductive life-stage on static measures of LPC-DHA, as well as stable isotope enrichment of 

LPC-DHA in the total LPC pools. The isotopic labeling of LPC-DHA enhanced our ability to 

make inferences about their effects on LPC-DHA production/clearance and the metabolic 

pathways that influence these processes.    

 

Methods 

Study Design and Participant Characteristics 

 Samples from this investigation were sourced from a 10-12 week randomized, controlled 

feeding study, wherein women of differing reproductive life-stages consumed 2 different levels 

of dietary choline; the trial design was previously described by Yan et al 11. Briefly, healthy non-

pregnant, pregnant women entering their third trimester of pregnancy, and lactating women 5-wk 

postpartum were recruited in Ithaca, New York, USA. Following eligibility assessment 

(complete blood count, blood chemistry profile, and health history questionnaire), women were 

enrolled and randomized to either 930 or 480mg choline/d while consuming the study diet, 
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which provided 380mg/d of dietary choline, and either 100 or 550 mg/day as supplemental 

choline chloride (Balchem, New Hampton, NY, USA). During weeks 6-10, women consumed 

22% of their total choline intake as deuterium labeled choline (trimethyl deuterium; D9-choline). 

In addition to the study diets and supplemental choline, all participants consumed a daily 

prenatal multivitamin (Pregnancy Plus; Fairhaven Health, Bellingham, WA, USA) containing 

600 µg folic acid, a daily 200 mg docosahexaenoic acid (DHA) supplement (Neuromins; 

Nature’s Way, Lehi, UT,UA) and a thrice-weekly magnesium and potassium supplement 

(General Nutrition, Pittsburgh, PA,USA). Women consumed one study meal per day along with 

the nutritional supplements at the Human Metabolic Research Unit at Cornell University, with 

carry out meals provided for off-site consumption. Empty containers were returned at the next 

HMRU visit and monitored for compliance. The study was approved by the Institutional Review 

Boards at Cornell University and Cayuga Medical Center. All participants provided informed 

consent prior to enrollment in the study. The study was registered at clinicaltrials.gov 

(NCT01127022).   

 

Sample Collection 

Fasted blood samples and breast-milk samples were collected as previously described 11. 

Briefly, blood was collected at baseline, and study weeks 3, 6, 9, 10 and 12 into EDTA-coated 

tubes and placed on ice. Following centrifugation (2200 rpm at 4°C for 15 min), the plasma and 

buffy coat were dispensed into 1.5µL centrifuge tubes and stored at -80 °C. Placental samples 

were collected and processed at Cayuga Medical Center within 2 h of delivery; samples were 

processed, snap frozen in liquid nitrogen, and stored at -80 °C.  
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LC/MS-MS 

Unlabeled lysophosphatidylcholine (LPC) and lysophosphatidylcholine-docosahexaenoic 

acid (LPC-DHA), trideuterated-LPC (d3-LPC), trideuterated-LPC-DHA (d3-LPC-DHA), 

nonadeuterated-LPC (d9-LPC) and nonadeuterated-LPC-DHA (d9-LPC-DHA) were measured 

using a Q Exactive-MS (QE-MS; Thermo Fisher Scientific). Extraction of all labeled and 

unlabeled LPCs from serum and other tissues was adapted from the method of Koc et al 18. 

Briefly, 100 µL of plasma was homogenized in 400 µL 2:1 methanol:chloroform. The samples 

were incubated overnight (18 h minimum) at -4oC. Homogenates were centrifuged at 14,000rpm 

for 5 min. Top fractions were pipetted off and transferred into new tubes. The remaining solid 

plasma residues were washed with 250 µL of 2:1:0.8 (methanol:chloroform:water), vortexed and 

centrifuged (14000 rpm for 5 min). The top fraction was transferred into the tube containing the 

previous fraction. 100 µL of chloroform and 200 µL of water were added to each tube to separate 

lipid and water soluble phases. Following centrifugation, the lower layer containing the lipid 

soluble fraction was collected and dried in a Savant SpeedVac. Extracts were reconstituted in 

100 µL of 6:1 (methanol:chloroform). 

The extract (10 µL) was injected on the UPLC-MS system containing UltiMate 

3000 Dionex Autosampler and Pump and Q-Exactive MS with ESI probe (Thermo Fisher 

Scientific, Waltham, MA). Total PC was separated from SM and LPC using a Syncronis sillica 

column  2.1 x 150 mm, 5µm (Thermo) and mobile phase containing buffer A (acetonitrile 

400mL, water 127mL, EtOH 68mL, 3mL 1M ammonium acetate, 2mL glacial acetic acid) and 

buffer B (acetonitrile 250mL, water 250mL, EtOH 42mL, 13.5mL 1M ammonium acetate, 9mL 

glacial acetic acid) with gradient elution at 0.4mL/min: from 0 to 3 min isocratic mix with 5% 

buffer B, from 3 to 10 min linear gradient from 5 to 30% buffer B; from 10 to 14 min linear 
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gradient from 30 to 60% buffer B; from 14 to 16 min with 100% buffer B; held for 1 min at 

100% buffer B, then  from 17-19 min linear gradient from 100 to 5% buffer B; and from 19 to 21 

min column equilibration to starting condition (5% buffer B). Samples were kept at 5oC, and 

column temperature was held at 30oC. The MS was operated in positive full scan and MS2 

modes with the following settings: sheath gas pressure was set at 40; auxiliary gas 10; spray 

voltage 5kV; capillary temperature 350oC; S-lens RF level 50; heater temperature 30C. MS2 

mode was used for detection and quantification of LPC and LPC-DHA, where resolution was set 

at 35,000; AGC target 2e5; isolation window 1 m/z; HCE 20. Inclusion list contained m/z 

568.34, 571.36, 574.38, 577.39 which represented molecular ions for d0- LPC DHA, d3-LPC 

DHA, d6-LPC DHA, d9-LPC DHA respectively.  Full scan mode (AIF) was used to detect total 

LPC. Resolution was set at 35,000; AGC target 3e6; scan range 80-950; HCE 20. Data analysis 

was performed using XCalibur software (Thermo Fisher Scientific). 

 

Labeled and Unlabeled LPC-DHA Enrichments 

LPC-DHA in plasma was expressed as a percentage of total LPC, calculated as the total 

peak area of LPC-DHA divided by the total area of LPC and multiplied by 100%. Enrichments 

of d3-LPC, d9-LPC, d3-LPC-DHA and d9-LPC-DHA were calculated by dividing the amount of  

each isotopically labeled LPC by the total amount of all isotopomers and multiplying by 100 to 

derive % enrichment.  

 

Quantitative Polymerase Chain Reaction (qPCR) 

qPCR was used to assess the placental expression of MFSD2A. RNA was isolated as 

previously described. Briefly, RNeasy Mini Kit (Qiagen) was used to isolate RNA following the 
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manufacturer’s protocol, and the concentration was determined via a NanoDrop ND-1000 

instrument. The resulting RNA was reverse transcribed using a high capacity cDNA reverse 

transcription kit (Thermo Fisher Scientific) to generate cDNA. The available cDNA was used 

with SYBR Green Supermix reagents (Bio-Rad Laboratories, Hercules, CA, USA) to perform 

qPCR on a BioRad C-1000 touch thermal cycler. The reaction conditions were 50°C for 2 min, 

95°C for 10 min, and 40 cycles of 95°C for 15 s and 60°C for 1 min.  Primers used in this 

investigation included β-glucuronidase and MFSD2A; sequences can be found in supplementary 

table. Using the 2−ΔΔ cycle threshold method, output for the target gene was expressed as the 

fold change in mRNA abundance relative to the housekeeping gene.  

 

Genotyping 

The impact of dietary choline and reproductive life-stage on LPC-DHA may be modified 

by genetic variants in one-carbon metabolism, including commonly described variants that affect 

estrogen binding to the PEMT promoter (rs7946; rs4646343)  as well variants that influence 

methyl donor flux, such as  MTHFR (rs10801133), and BHMT (rs3733890).  Thus, we 

additionally aimed to characterize the association of these variants, and their interactions with 

dietary choline and reproductive life-stage, on plasma LPC-DHA. Genotyping for PEMT rs7946,  

PEMT rs4646343, and BHMT rs3733890 were performed using endpoint genotyping as 

previously described 11. Briefly, DNA was extracted using commercially available DNeasy 

Blood and Tissue kits (Qiagen, Valencia, CA,USA). Two commercially available products 

(Applied Biosystems TaqMan Genotyping Master Mix and Thermo Fisher Scientific Assay Mix, 

Waltham, MA, USA) were used to carry out endpoint genotyping on a LightCycler 480 (Roche) 

system. Variants were collapsed into carriers (1) and non-carriers (0) due to limited sample size.  
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Statistical Analysis 

We examined the effects of reproductive life-stage and choline intake on plasma 

unlabeled and labeled LPC-DHA and total LPC. Linear and mixed linear model approaches with 

a priori defined parameters were used for the current analyses.  In all models, reproductive life-

stage and choline intake, as well as age, baseline BMI and ethnicity were fixed factors. For linear 

models containing baseline measurements of the outcome variable, the baseline measure was 

included as a fixed covariate in the base model. Additional covariates hypothesized to influence 

the outcome were added to base models for specific outcomes, including placental weight for 

MFSD2A expression. Mixed models were used for unlabeled LPC-DHA outcomes where 

multiple data time points existed, and participant ID was included as a random effect. All 

statistical analyses and graphs were performed using the R statistical package, version 3.4.4. 

Graphs were developed using ‘ggplot2’ and/or the output of the emmeans package (emmip). 

Graphs report least square means unless otherwise indicated. Bar graphs report standard error of 

the predicted means; all other plots report confidence intervals. Correction for multiple tests was 

considered in all comparisons utilizing Tukey’s HSD post-hoc corrections. 

Results 

Table 3.1: Participant characteristics for non-pregnant, lactating, and pregnant women assigned 

to consume 480 or 930 mg choline/day. All values are Mean +/- SEM. 

 

Reproductive 

Life-Stage Non-Pregnant Lactating Pregnant 

Choline Intake, 

mg/d Arm 480 930 480 930 480 930 

N 10 11 12 12 13 13 

Age 28.8 (1.6) 29.1 (1.5) 30.6 (1.8) 28.5 (1.2) 27.8 (1.3) 28.46 (0.9) 

BMI 24.3 (1.1) 23.77 (1.0) 25.35 (2.5) 24.63 (2.4) 24.09 (0.8) 22.38 (0.4) 
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LPC-DHA (%Total 

LPC) 

 

(Week 0) 0.67 (0.07) 0.60 (0.02) 0.61 (.07) 0.74 (0.09) 0.70 (0.04) 0.67 (0.06) 

LPC-DHA (%Total 

LPC) 

 

(Week 6) 0.84 (0.06) 0.90 (0.04) 0.74 (0.05) 0.78 (0.1) 0.77 (0.04) 0.82 (0.07) 

LPC-DHA (%Total 

LPC) 

 

(Week 10) 0.88 (0.07) 0.86 (0.05) 0.71 (0.04) 0.71 (0.06) 0.76 (0.04) 0.75 (0.06) 

Albumin (g/dL) 

(Week 0) 4.2 (0.1) 4.2 (0.08) 4.2 (0.1) 4.1 (0.1) 3.2 (0.1) 3.1 (0.04) 

Albumin (g/dL) 

(Week 10) 4.3 (0.1) 4.3 (0.1) 4.3 (0.1) 4.4 (0.1) 3.1 (0.1) 3.0 (0.1) 

Total Cholesterol 

(mg/dL) 

(Week 0) 168.6 (10.6) 160.2 (10.4) 204.9 (9.7) 196.7 (11.0) 259.2 (8.7) 237.5 (9.5) 

Total Cholesterol 

(mg/dL) 

(Week 10) 162.7 (13.4) 166.7 (6.8) 174.2 (8.0) 180.7 (12.1) 297.0 (13.0) 279.9 (11.4) 

Ethnicity       

White 6 6 8 9 8 10 

Non-White 4 4 4 3 5 3 

PEMT rs7946       

Non-Carrier 7 3 3 9 6 7 

Carrier 7 3 4 8 5 8 

BHMT rs3733890       

Non-Carrier 4 6 4 7 8 4 

Carrier 8 2 2 7 7 3 

MTHFR rs10801133       

Non-Carrier 3 7 5 7 5 8 

Carrier 5 5 5 7 6 7 
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MTHFD1 rs2236225       

Non-Carrier 1 9 5 7 6 7 

Carrier 2 8 1 11 4 9 

PEMT rs4646343       

Non-Carrier 5 5 6 6 5 8 

Carrier 5 5 6 6 6 7 

 

The Association between Reproductive Life-Stage and Plasma LPC-DHA  

 Unlabeled LPC-DHA 

Mixed models were generated to determine the association between reproductive life-

stage and unlabeled plasma LPC-DHA. The fixed effects in the final model included choline 

intake arm, reproductive life-stage, baseline BMI, age, ethnicity, and time, as well as the 

interaction between time and reproductive life-stage, and choline intake arm and time. This 

model produced significant main effects of the interaction term between reproductive life-stage 

and time (p=0.001); predicted means for reproductive life-stages across time are graphed in 

Figure 3.1. Table 3.2 contains least square means and effect estimates for each reproductive 

life-stage. Lactation (p < 0.05) and pregnancy (p= 0.10) were associated with lower plasma LPC-

DHA relative to the non-pregnant state. Within reproductive life-stage, non-pregnant was 

associated with an increase in LPC-DHA at week 6 and week 10, relative to week 0 (p < 0.01); 

pregnancy was associated with an increase in LPC-DHA at week 6 relative to week 0 (p < 0.01).  
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Figure 3.1. Plasma LPC-DHA in pregnant, non-pregnant and lactating women who 

consumed supplemental DHA (200 mg/d) under controlled dietary conditions for 12 weeks. 

Statistical analyses were performed with mixed linear models; significant main effects of 

reproductive life-stage and time were observed. Plotted data are predicted means with 95% CIs 

derived from the statistical model. ‘*’ indicates p< 0.05.  
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Least square 

Means       

 Non-Pregnant Lactating Pregnant    

Study Week       

       

0 0.63 (0.04) 0.70 (0.04) 0.67 (0.04)    

6 0.87 (0.04) 0.77 (0.04) 0.79 (0.04)    

10 0.87 (0.04) 0.71 (0.04) 0.74 (0.04)    

       

Estimates       

 Non-Pregnant P-value Lactating P-value Pregnant P-value 

Week 0-6 -0.24 (0.04) <0.0001 -0.06 (0.04) 0.16 -0.11 (0.03 0.006 

Week 0-10 -0.23 (0.04 <0.0001 -0.01 (0.04 0.95 -0.07 (0.03 0.13 

Week 6-10 0.01 (0.04) 0.966 -0.06 (/04 0.28 0.04 (0.04 0.43 

 

Labeled LPC-DHA 

Linear models were generated to determine the association between reproductive life-

stage and labeled plasma LPC and LPC-DHA. The fixed effects in the final model included 

choline intake arm, reproductive life-stage, baseline BMI, age, and ethnicity, as well as the 

interaction between choline intake arm and reproductive life-stage. We observed significant main 

effects of reproductive life-stage on both CDP-choline-derived LPC (d9-LPC) (p< 0.005) and 

CDP-choline-derived LPC-DHA (d9-LPC-DHA) (p< 0.005). These outcomes are expressed as a 

Table 3.2. Least square Means and Effect Estimates for the Effect of Reproductive Life-

Stage Across Time on Plasma LPC-DHA, derived from a mixed linear model.  
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percentage of their total pool sizes (unlabeled+labeled LPC, and unlabeled+labeled LPC-DHA, 

respectively). Predicted means for these relationships are graphed in Figure 3.2A and 3.2B. The  

non-pregnant state was associated with higher d9-LPC, relative to lactation ( p=0.05) and 

pregnancy (p=0.005). The non-pregnant (p=0.008) and the pregnant (p< 0.005) state were 

associated with higher d9-LPC-DHA, relative to lactation; the non-pregnant state was not 

associated with higher d9-LPC-DHA than the pregnant state (p=0.85, unadjusted). No main 

effects of reproductive life-stage on d3-LPC or d3-LPC-DHA were observed (p>.1, unadjusted).  

A)     
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B) 

                                                    

 

 

  

Figure 3.2. Week 10 plasma isotopically labeled- LPC (A) and LPC-DHA (B) in non-

pregnant, lactating and pregnant women who consumed supplemental DHA (200 mg/d) 

under controlled dietary conditions for 10-12 weeks. Statistical analyses were performed with 

generalized linear models; significant main effects of reproductive life-stage were observed. 

Plotted data are predicted means with 95% CIs derived from the statistical model. * represents p< 

0.05; ** represents p< 0.005. 
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We further evaluated the association between reproductive-stage and labeled LPC-DHA, 

expressed as percentage of the labeled pool size; this outcome allowed us to make inferences 

about the unique production and/or clearance of LPC-DHA within each pathway of 

phosphatidylcholine biosynthesis. Predicted means for these relationships are graphed in Figure 

3.3A and 3.3B. The non-pregnant (p=0.049) and the pregnant (p< 0.05) state were associated 

with higher d9-LPC-DHA (% total d9-LPC), relative to lactation. The non-pregnant (p=0.12) and 

the pregnant (p< 0.05) state were additionally associated with higher d3-LPC-DHA (% total d9-

LPC), relative to lactation. These results collectively suggest that lactation is associated with 

reduced production and/or increased clearance of LPC-DHA from plasma. 

A) 
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B) 

 

 

  

Figure 3.3: Week 10 Plasma d9-LPC-DHA (A) and d3-LPC-DHA (B) in non-

pregnant, lactating and pregnant women who consumed supplemental DHA (200 

mg/d) under controlled dietary conditions for 12 weeks. Statistical analyses were 

performed with generalized linear models; significant main effects of reproductive life-

stage were observed. Plotted data are predicted means with 95% CIs derived from the 

statistical model. Statistical significance, indicated by letters, utilized a threshold of 

p<0.05. 
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The Association between Dietary Choline Intake and Plasma Unlabeled LPC-DHA  

Unlabeled LPC-DHA 

Mixed models were generated to determine the association between choline intake arm 

and unlabeled plasma LPC-DHA. The fixed effects in the final model included choline intake 

arm, reproductive life-stage, baseline BMI, age, ethnicity, and time, as well as the interaction 

between time and reproductive life-stage, choline intake arm and time, and choline intake arm, 

time and state. This model produced non-significant main effects of choline intake arm (p=0.91), 

and no significant interactions between choline intake arm and reproductive life-stage (p=0.79), 

or choline intake arm and time (p=0.35). Inclusion of the triple interaction term in the model did 

not significantly affect model estimates or alter p values allowing for rejection of the null 

hypothesis (p=0.36).  Predicted means for choline intake across time are graphed in Figure 3.4. 

These results suggest that dietary choline intake does not influence LPC-DHA, when expressed 

as a percentage of total circulating LPC. 

Figure 3.4. Plasma LPC-DHA in study participants who consumed 480 mg/d or 930 

mg/d dietary choline in addition to supplemental DHA (200 mg/d) under controlled 

dietary conditions for 12 weeks. Statistical analyses were performed with mixed linear 

models; no significant main effects of choline were observed. Plotted data are predicted 

means with 95% CIs derived from the statistical model.  
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Labeled LPC-DHA 

Linear models were generated to assess the association between choline intake and 

labeled plasma LPC and LPC-DHA. The fixed effects in the final model included choline intake 

arm, reproductive life-stage, baseline BMI, age, and ethnicity, as well as the interaction between 

arm and reproductive life-stage. Choline intake arm was strongly associated with PEMT-derived 

LPC (d3-LPC) (p=0.006) and PEMT-derived LPC-DHA (d3-LPC-DHA) (p=0.02). These 

outcomes are similarly expressed as a percentage of their total unlabeled pool sizes (unlabeled 

+labeled LPC, and unlabeled +labeled LPC-DHA, respectively). Predicted means for these 

relationships are graphed in Figure 3.5A and 3.5B. We did not observe an effect of choline 

intake on the enrichment of d3-LPC-DHA (p=0.55) or d9-LPC-DHA (p=0.90) in their respective 

labeled total d3 or d9-LPC pools, indicating that choline did not influence the partitioning of 

DHA into either PC pool generating LPC or increase the selective clearance of LPC-DHA  .. 

A) 
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B) 

 

 

Production of LPC-DHA through the PEMT vs CDP-choline Pathway 

 In addition to the impact of reproductive life-stage and choline intake on the individual 

deuterium enrichments in the total LPC and LPC-DHA pools, we were additionally interested in 

direct comparisons of the d3- and d9- enrichments. We had hypothesized that the majority of the 

LPC-DHA circulating in plasma would be derived from the PEMT pathway of PC synthesis (as 

opposed to the CDP-choline pathway), consistent with previous observations that PEMT 

produces PC species enriched in DHA 9,10,19. We generated linear models to determine the 

relative enrichments of d3- vs d9- total and LPC-DHA. The outcome variable for this analysis 

Figure 3.5: Week 10 plasma d3- LPC (A) and d3-LPC-DHA (B) in study participants who 

consumed either 480 mg/d or 930 mg/d dietary choline, in addition to supplemental DHA 

(200 mg/d) under controlled dietary conditions for 10 weeks. Statistical analyses were 

performed with generalized linear models; significant main effects of choline intake arm were 

observed. Plotted data are predicted means with 95% CIs derived from the statistical model.  



110 
 

was percentage enrichment of the metabolite in its total labeled pool. Fixed effects included 

choline intake arm, reproductive life-stage, BMI, ethnicity, age, PC biosynthesis pathway (CDP-

choline vs PEMT), and the interactions between choline intake arm and reproductive life-stage, 

reproductive life-stage and PC biosynthesis pathway, and choline intake arm and PC 

biosynthesis pathway. For total LPC enrichment, significant main effects were observed for 

reproductive life-stage (p=0.001), PC biosynthesis pathway (p=1.29e-15), and the interaction 

between reproductive life-stage and PC biosynthesis pathway (p=0.004).  For total LPC-DHA 

enrichment, significant main effects were observed for reproductive life-stage (p=0.002), choline 

intake arm (p=0.03), PC biosynthesis pathway (p=2.21e-8), and the interaction between choline 

intake arm and PC biosynthesis pathway (p=0.04). Least square means for the association of 

reproductive life-stage on total LPC and LPC-DHA enrichments are shown in Figure 3.6A and 

3.6B, respectively. All three reproductive life-stages resulted in significantly (p< 0.0005) 

reduced d3-LPC enrichments relative to d9-LPC. All 3 reproductive life-stages were associated 

with higher d3-LPC-DHA (p< 0.005, adjusted) relative to d9-LPC-DHA enrichments. These 

results are consistent with a substantial majority of plasma LPC-DHA being derived from PC 

generated by the PEMT pathway. 
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A) 

 

B) 

The Association between 1-Carbon Metabolism Genetic Variants and Plasma Unlabeled and  

 

 

Figure 3.6: Week 10 plasma d3- LPC and d9-LPC (A) and d3-LPC-DHA and d9-LPC-

DHA (B) across reproductive life-stages. Plotted data are predicted means with 95% CIs 

derived from the statistical model.  



112 
 

Labeled LPC-DHA  

LPC-DHA can be generated from either phospholipase A1 or lecithin- 

cholesterol:acyltransferase on PC species containing DHA. As shown in Figure 6, the majority of 

the substrate for this enzymatic activity appears to be generated from the PEMT pathway of PC 

biosynthesis. We hypothesized that genetic variants in the PEMT gene, associated with impaired 

upregulation in response to estrogen, may result in reduced PC-DHA availability and 

subsequently reduced LPC-DHA. Furthermore, we hypothesized that inactivating variants in 

BHMT might further impair PC-DHA biosynthesis and LPC-DHA production by reducing 

choline’s role as a methyl donor and subsequent PEMT activity. To assess this, we added genetic 

variants in these genes to the previously described models to determine their main effects and the 

effects of their interactions with choline intake arm and reproductive life-stage on plasma 

unlabeled LPC-DHA. However, we did not observe main effects (p>0.05) of any genotype or its 

interactions on LPC-DHA. We additionally added genetic variants to previously described linear 

models to determine their main effects and the effects of their interactions with choline intake 

arm and reproductive life-stage on labeled LPC and LPC-DHA. We observed no significant main 

effects of any of the 4 genotypes (p>0.1) on labeled LPC and LPC-DHA, with the exception of 

the PEMT variants rs4646343 and rs7946, which exhibited trends towards main effects 

(p=0.077) on the enrichment of d9-LPC-DHA (% total LPC-DHA).  No significant interaction 

terms for any genotypes were observed.  
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The Association between Dietary Choline Intakes and LPC-DHA with Placental MFSD2A Gene 

Expression 

The placenta has been reported to highly express the LPC symporter, MFSD2A. Previous 

reports have suggested that MFSD2A expression is related to placental weight, gestational 

diabetes mellitus status, and nutritional inputs such as fasting 6,20,21. Linear models were 

generated to examine the association between MFSD2A expression and measured covariates. 

Fixed factors included choline intake arm, week 10 unlabeled LPC-DHA, BMI, age, placental 

weight, and infant sex. We did not observe significant (p>0.10) main effects of any measured 

covariate (including choline intake arm) on MFSD2A expression. Least square means for choline 

intake arm are graphed below (Figure 3.7). 

 

Figure 3.7: MFSD2A placental gene expression in pregnant women consuming either 

480 mg/d or 930 mg/d dietary choline, in addition to supplemental DHA (200 mg/d) 

under controlled dietary conditions for 12 weeks. Statistical analyses were performed 

with generalized linear models; no significant main effects of choline intake or other 

covariates were observed. Plotted data are predicted means with 95% CIs derived from the 

statistical model.  
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Discussion 

         In this work, we have characterized plasma LPC-DHA enrichments, as well as PEMT- 

and CDP-choline-derived LPC-DHA isotopic enrichments and examined their relationships with 

reproductive life-stage and choline intake across time in the context of a controlled feeding 

study. Overall, our results suggest dynamic interactions between reproductive life-stages, dietary 

choline intake and plasma LPC-DHA, and warrant further investigation into this form of DHA as 

a source for the developing human fetus and/or mammalian milk. 

 

Reproductive Life Stage is Significantly Related to Plasma LPC-DHA 

We observed significant (p=0.001; Figure 3.1) interactions between study week and 

reproductive life-stage. Relative to nonpregnant women, pregnant and lactating women exhibited 

reduced circulating LPC-DHA concentrations in plasma, consistent with enhanced uptake of 

LPC-DHA by the placenta and mammary gland. At week 10, only non-pregnant women 

exhibited a rise in LPC-DHA while consuming the study diets. Our data could also be interpreted 

to suggest that pregnancy and lactation are physiological states associated with altered DHA 

metabolism, favoring partitioning of DHA towards non-phospholipid pools such as 

triacylglycerols. However, this is unlikely in pregnant women, whom we have previously 

observed to exhibit higher PC-DHA concentrations13 than non-pregnant women, consistent with 

the lipemia of pregnancy. In pregnant women, it remains possible that the reduced LPC-DHA 

relative to non-pregnant women is related to hemodilution and lower albumin concentrations. 

However, we feel that this is unlikely because our LPC-DHA measure is expressed as a 

percentage of total LPC, thereby accounting for hemodilution. Future work with isotopically 
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labeled DHA is required to better understand its dynamic metabolism and incorporation into 

LPC-DHA pools in pregnancy and lactation relative to the non-pregnant state. 

  

Lactation Is Associated with Reduced Plasma LPC-DHA Derived from the CDP-choline and the 

PEMT Pathway 

In addition to exhibiting lower unlabeled LPC-DHA, we observed that lactation is 

associated with reduced d9- LPC and d9- LPC-DHA enrichments and a trend towards d3-LPC 

and d3-LPC-DHA. . These changes are consistent with several unique metabolic alterations 

associated with lactation. Reductions in total d9-LPC and d9-LPC-DHA enrichments are 

suggestive of either enhanced clearance of CDP-choline-derived LPCs from plasma, or reduced 

hydrolysis of d9-PC to d9-LPC. The reduction in d3- and d9- LPC-DHA enrichments may reflect 

reduced CDP-choline-derived PC acyl remodeling and reduced DHA incorporation into 

phosphatidylethanolamine pools, leading to subsequent reductions in d3- and d9-PC species 

containing DHA available for phospholipase activity; this would be consistent with an increased 

partitioning of DHA synthesis towards non-phospholipid pools, such as triglyceride or non-

esterified fatty acids. Alternatively, d3-LPC-DHA and d9-LPC-DHA may be reduced in their 

respective labeled plasma LPC pools secondary to enhanced clearance by the mammary gland; 

this is consistent with the higher affinity of the MFSD2A transporter for LPC-DHA over other 

LPC species. Given recent work highlighting the role of the MFSD2A transporter in establishing 

brain DHA concentrations, and the critical role of DHA in this developmental period, future 

evidence modeling the contribution of LPC-DHA to milk DHA pools is warranted. 
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Dietary Choline Intakes Are Associated with Increases in PEMT-Derived LPC-DHA 

Although we did not observe an association between choline intake and unlabeled plasma 

LPC-DHA, our labeled LPC-DHA data suggest that dietary choline intake enhances the 

generation of PEMT-derived LPC and LPC-DHA; this effect of a higher dietary choline intake 

was observed across all 3 reproductive life-stages, and is likely related to choline’s role as a 

source of methyl groups for PEMT activity. However, we cannot rule out alternative 

explanations, such as reduced plasma clearance of d3-LPC species. Indeed, the observation that 

PEMT genetic variants associated with reduced PEMT activity were not associated with 

reductions in d3-LPC and d3-LPC-DHA suggest that choline’s impact on plasma d3 metabolites 

may be more complex than simply providing substrate for PEMT activity. These observations 

raise the potential that choline supply may influence phospholipase or lecithin:cholesterol-

acyltransferase activity, resulting in increased flux of d3-derived phosphatidylcholine species 

containing DHA into LPC-DHA pools. Alternatively, unlabeled, static measures of LPC-DHA in 

plasma may be highly regulated within life-stages, and higher choline intakes may influence both 

hepatic production through the PEMT pathway and extrahepatic clearance of LPC-DHA. Further 

evidence characterizing the impact of choline intakes on multiple markers of DHA status and 

LPC-DHA are warranted. 

 

 LPC-DHA is Derived Primarily from Phosphatidylcholines Derived from the PEMT-Pathway 

Our results confirm previous in vitro and animal model evidence that has suggested that 

the PEMT pathway of phosphatidylcholine biosynthesis is a major contributor to circulating 

plasma phospholipid pools9,10. It is interesting to note, however, that a substantial fraction of d9-

LPC-DHA was observed in plasma. This suggests that the CDP-choline pathway of PC synthesis 
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utilizes some amount of diacylglycerol containing DHA or that substantial acyl chain remodeling 

of synthesized PC occurs in the Lands cycle and/or through lecithin-cholesterol acyltransferase 

(LCAT) activity, resulting in d9-LPC-DHA.  

 

Choline Intake and LPC-DHA Enrichments Were Not Related to Placental MFSD2A Expression 

We did not observe a significant relationship between any measured covariate, including 

placental weight, LPC-DHA, age, BMI or choline intake arm, with placental MFSD2A gene 

expression. Previous research has suggested that MFSD2A expression is sensitive to nutritional 

inputs, such as fasting6,20, gestational diabetes mellitus21, a state also associated with reduced 

DHA transfer to the fetus, and inflammation. The null results from our small study with healthy 

women require further investigation. Additional animal evidence characterizing MFSD2A 

expression across pregnancy and its relationship to circulating LPC species is warranted, given 

the cross-sectional nature of human placental analyses. 

  

Strengths and Limitations 

There are several strengths and limitations to our analysis. The strengths include the use 

of a controlled feeding trial as well as our use of stable isotopes to make inferences about the 

underlying metabolic processes that influence plasma LPC-DHA; this rigorous design has 

allowed us to observe the association of reproductive life-stage with plasma LPC-DHA and the 

relative contribution of the 2 pathways of phosphatidylcholine biosynthesis to LPC-DHA 

production. Weaknesses include our relatively small sample sizes, which may lend themselves to 

both false positives and reduced power to observe significant effects of covariates, such as one 

carbon metabolism genotypes. Additionally, we are not able to make causal statements about the 
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reasons for the reduced plasma LPC-DHA observed in lactation and pregnancy relative to non-

pregnant women. While we have attempted to derive potential mechanisms for this from the 

data, significant work is needed to understand the causes and consequences of lower LPC-DHA 

in pregnant and lactating women. Future work should consider assessing both absolute LPC-

DHA concentrations in plasma, as well as LPC-DHA expressed as a percentage of total LPC; 

this may impact total DHA status, as the MFSD2A transporter has a higher affinity for LPC-

DHA species. Additionally, absolute quantification may allow for detecting the effect of 

covariates which impact both the LPC-DHA and total LPC concentrations in plasma; factors 

such as genotypes and dietary choline may have impacted both of these values, leading to null 

results. 
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Abstract:  

Hepatic steatosis is a hallmark feature of kwashiorkor malnutrition. However, the pathogenesis of 

hepatic steatosis in kwashiorkor is uncertain. Our objective was to develop a mouse model of 

childhood undernutrition in order to test the hypothesis that feeding a maize vegetable diet (MVD), 

like that consumed by children at risk for kwashiorkor, will cause hepatic steatosis which is 

prevented by supplementation with choline. A MVD was developed with locally sourced organic 

ingredients, and fed to weanling mice (n = 9) for 6 or 13 days. An additional group of mice (n = 

4) were fed a choline supplemented MVD. Weight, body composition, and liver changes were 
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compared to control mice (n = 10) at the beginning and end of the study. The MVD resulted in 

reduced weight gain and hepatic steatosis. Choline supplementation prevented hepatic steatosis 

and was associated with increased hepatic concentrations of the methyl donor betaine. Our findings 

show that (1) feeding a MVD to weanling mice rapidly induces hepatic steatosis, which is a 

hallmark disturbance of kwashiorkor; and that (2) hepatic steatosis associated with feeding a MVD 

is prevented by choline supplementation. These findings support the concept that insufficient 

choline intake may contribute to the pathogenesis of hepatic steatosis in kwashiorkor. 

Keywords: kwashiorkor; malnutrition; hepatic steatosis; fatty liver disease; choline; betaine; 

methionine; trimethylamine N-oxide (TMAO); one carbon metabolism; methylation 

 

Introduction 

Undernutrition is a leading cause of child mortality that contributes to the death of more than 

1.3 million children every year [1]. The edematous syndrome of kwashiorkor is particularly lethal, 

with mortality as great as 55% among affected children who require hospitalization [2]. Although 

undernutrition is typically classified by causal deficiency, i.e., protein-energy or micronutrient 

deficiencies, the cause of kwashiorkor remains unclear [3]. The defining organ level disturbance 

of kwashiorkor is severe hepatic steatosis [4], leading early investigators to propose that 

kwashiorkor be named “infantile fatty liver disease of the tropics” [5]. It was formerly believed 

that hepatic steatosis in kwashiorkor was due to inadequate protein intake resulting in decreased 

synthesis of the lipoprotein components of very low density lipoprotein (VLDL), the primary 

vehicle of lipid export from the liver [6]. However, recent evidence does not support this notion 
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[7], and the cause of hepatic steatosis in kwashiorkor remains uncertain [8]. The inherent 

complexity of assessing nutritional status in children with kwashiorkor contributes to the 

uncertainty regarding the nutritional deficiencies that contribute to its pathogenesis. For instance, 

children with kwashiorkor are often affected by diarrhea, [9], which limits the absorption of 

essential nutrients that are marginally present in the plant based diets associated with kwashiorkor, 

such as indispensable amino acids [10,11]. To better investigate the effects of diets associated with 

kwashiorkor at a mechanistic level, we developed an experimental model produced by feeding 

weanling mice a maize vegetable diet (MVD), comprised of foods consumed by children with 

kwashiorkor [12]. This approach is an effort to realistically model the multiple nutritional 

inadequacies experienced by children at risk for kwashiorkor in a controlled environment, without 

the additional confounding influence of separate illnesses. In this pilot investigation, we 

characterized the progressive impact of the MVD on growth and hepatic steatosis, with emphasis 

on the impact of choline supplementation. The pathogenesis of hepatic steatosis that occurs in 

association with maize based diets is relevant for understanding the entire kwashiorkor syndrome 

of malnutrition because hepatic steatosis is its initial hallmark organ level disturbance, which 

occurs before the onset of the syndromes’ diagnostic feature, edema. Our interest in choline 

supplementation stems from two observations: that inadequate choline intake is associated with 

hepatic steatosis [13,14], and that maize-based diets provide little choline [10]. Hepatic steatosis 

resulting from dietary choline deficiency reflects choline’s essential role in the synthesis of 

phosphatidylcholine (PC), which is necessary for lipid loading and export of hepatic VLDL [15]. 

Dietary choline supports PC synthesis by two different pathways: directly through its activation 

and condensation with diacylglycerol to generate PC in the Kennedy pathway [16], and indirectly 

through its oxidation to betaine, a methyl donor that supports the synthesis of PC by increasing the 
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availability of methyl groups [17], which are necessary for the methylation of 

phosphatidylethanolamine to PC catalyzed by phosphatidylethanolamine N-methyltransferase 

(PEMT) [18,19]. Hepatic steatosis in undernutrition may also reflect reduced mTOR signaling, 

which supports growth and is necessary for phosphatidylcholine and triglyceride secretion [20]. In 

this pilot investigation, we focused on identifying the metabolic consequences of adding choline 

to a MVD fed to weanling mice. Specifically, we assessed the influence of choline 

supplementation on hepatic lipid content, the hepatic concentration of certain metabolites related 

to the availability and metabolism of methyl (CH3) groups, (henceforth referred to collectively as 

one carbon metabolism), and the hepatic abundance of transcripts related to hepatic lipid export 

and catabolism: (phosphatidylethanolamine N-methyltransferase (PEMT), apolipoprotein-B100 

(ApoB100), peroxisome proliferator activated receptor alpha (PPAR-α), and carnitine 

palmitoyltransferase 1a (CPT1a)). 

Materials and Methods 

Murine Diet 

A murine diet similar to the weaning diets consumed by children who are at risk for 

kwashiorkor was constructed using previously published nutritional survey data obtained from 

caregivers for 239 Malawian children (145 kwashiorkor, 46 marasmus, and 48 healthy controls) 

[12]. Among the 53 food items surveyed, 7 foods were selected for inclusion in the murine diet 

(Table 1) based on their predominance in the diets consumed by children with kwashiorkor. USDA 

certified organic ingredients used to prepare the murine diet were purchased locally in Houston, 

TX. The boiled maize porridge and vegetable components of the murine diet were prepared 

separately according to local cooking practices in Malawi. Specifically, organic yellow maize meal 
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(Arrowhead Mills™) was combined with water, brought to a boil, and simmered for 40 min while 

sugar and non-iodized salt were stirred in [21,22]. Chopped vegetables were boiled for 20 min, 

drained of excess water, combined with raw mango pulp and bananas, and then homogenized in a 

commercial blender. The resulting vegetable–fruit purée was blended thoroughly with the cooked 

maize porridge in a commercial mixer. The resulting homogenized slurry of maize porridge, boiled 

vegetables, and raw fruit was then stored at −5 °C in one-gallon aliquots prior to lyophilization. 

Preparation of this novel murine MVD, including lyophilization, was carried out in strict 

accordance with food industry practices to minimize the risk of bacterial contamination. Samples 

of the lyophilized diet and control rodent chow were submitted to NP Analytical Laboratories (St. 

Louis, MO, USA) for nutrient analysis (Tables 4.2 and S1). Betaine content was measured 

separately in laboratories at Cornell University, Ithaca New York. 

Table 4.1. Ingredient composition of the maize-vegetable diet (MVD) before 

lyophilization. 

Food Ingredient Content (g/kg) 

Maize meal 300 

Peeled onions 105 

Mustard greens 135 

Turnip greens 135 

Mangos 90 

Bananas 65 

Non-iodized salt 15 

Raw cane sugar 155 

Animals 
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Study animals were weanling mice (FVB/N) born to second and third parity dams fed a semi-

purified control diet based on AIN 93G [23], (20% protein; Research Diets, New Brunswick, NJ, 

USA) during gestation and lactation. Weanling mice (11 female and 11 male) were selected for 

study on post-natal day 21. All experiments were conducted in accordance with the Guide for the 

Care and Use of Laboratory Animals. The study protocol was approved by the Institutional Animal 

Care and Use Committee at Baylor College of Medicine. 

Animal Protocol 

The mice were divided into three separate dietary groups: (1) control chow (CON; Teklad 

Global Soy Protein-Free Extruded Rodent Diet (2020X), Envigo; n = 10); (2) unsupplemented 

MVD (total n = 10); and (3) choline supplemented MVD (MVD + C; n = 4). The MVD + C was 

constructed by adding 1.4 g of choline bitartrate (Hard Eight Nutrition™) to each kg of the MVD, 

for a total choline concentration of 1.89 g/kg MVD + C diet. This level of choline supplementation 

was selected due to its similarity to the amount of choline used in prior demonstrations that choline 

prevents hepatic steatosis in animals subjected to low protein diets [24,25]. In order to assess the 

progressive effects of feeding the MVD, mice fed the unsupplemented MVD were studied after 6 

days (MVD-6; n = 5) and 13 days (MVD-13; n = 5). MVD + C mice were studied after nine days. 

CON mice were studied on day 13. Mice were weighed at the beginning and end of the experiment.   

Food Intake 

All diets were ground into a powder using the same commercial grade food processor. Food 

intake for all mice was measured using the same the same monitoring system: all mice were housed 

individually in monitored units (Comprehensive Laboratory Animal Monitoring System™ 

(CLAMS) Columbus Instruments, Columbus, OH, USA). This system was used to precisely 



3 
 

monitor the amount of food consumed by each mouse while also accounting for spillage, which 

was collected in a larger tray located beneath the main food cup, which rested on the same balance 

used to quantify the amount of food removed from the cup. Food and water were available ad 

libitum throughout the study. Room temperature was maintained at 23.5 °C with a 12 h light/dark 

cycle. Food intake data was collected using the CLAMS recording system, and together with the 

energy density values (Table 4.2), was used to calculate energy intake. Weight adjusted energy 

intake was calculated by dividing the total Kcal consumed by the animal’s mean body weight and 

the number of days the animal was studied, i.e., kcal/g BW.day. Daily weight adjusted food intake 

was calculated similarly using the total weight of food consumed, i.e., g/g BW.day. Feed efficiency 

was calculated by dividing each animals’ total weight gain by the weight of food consumed 

throughout the study. 

Table 4.2. Nutrient composition * of lyophilized maize vegetable diet and Teklad 

2020X™ control chow. 

 Maize Vegetable Diet Control Chow MVD% of Control 

Chow 

Metabolizable Energy, 

kcal/kg 

3693 3683 100.3 

Protein, g/kg 64 183 35.0 

Carbohydrate, g/kg 784 581 134.9 

Fat, g/kg 34 71 47.9 

Fiber, g/kg 15 28 53.6 
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Ash, g/kg 40 41 97.6 

Moisture, g/kg 64 97 66.0 

One Carbon Micronutrients and Sulfur Amino Acids 

Choline, mg/kg 489 1620 30.2 

Betaine, mg/kg 240 900 26.7 

Folic Acid, mg/kg 0.15 2.46 6.1 

Pyridoxine, mg/kg 2.46 11.9 20.7 

Cysteine, mg/kg 1150 3700 31.1 

Methionine, mg/kg 1020 4600 22.2 

* Analyzed by NP Analytical Laboratories, St. Louis, Missouri. 

Body Composition 

A quantitative magnetic resonance (QMR) analyzer (Echo Medical, Houston, TX, USA) was 

used to measure total body fat and lean mass on study day one and before euthanasia. This data 

was used to calculate daily lean and fat mass gain. At the end of the study, mice were anesthetized 

deeply with isoflurane before decapitation. Hepatic tissue was harvested immediately, snap frozen 

in liquid nitrogen, and stored at −80 °C until analyzed. The right hepatic lobe of each liver was 

fixed in formalin, paraffin-embedded, and 4 µm liver sections were cut, processed, and stained 

with hematoxylin and eosin (H&E) for light microscopy examination following standard 

procedures. Samples of frozen liver were cryosectioned (10 µM) onto glass slides, fixed in 10% 

formaldehyde, and stained for lipid with Oil Red O, followed by H&E and a final immersion in 
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toluidine blue and basic fucsin stain before mounting in aqueous glycerin jelly media. Photometric 

assessment of the amount of Oil Red O stained lipid material present in liver tissue was performed 

using a customized MATLAB™ algorithm. Briefly, digital images of liver tissue were converted 

into a MATLAB™ format consisting of three separate color spectrums: red, grey, and blue. Each 

pixel was then cross referenced with a reference histologic material; (i.e., lipid, (red), vacant 

background (grey), or nucleic material, (blue)), which allowed quantification of lipid droplets in 

each liver tissue specimen. Periodic acid Schiff (PAS) staining of liver tissue for light microscopy 

was undertaken using 5 µm sections of liver tissue that were first deparaffinized and hydrated in 

water before placement in 0.5% periodic acid solution for 5 min. Tissue sections were then rinsed 

in distilled water and placed in Schiff reagent for 15 min before rinsing in tap water. Sections were 

counterstained in Mayer’s hematoxylin for one minute, dehydrated in alcohol, and then covered 

using a synthetic mounting medium. Histologic examination of liver tissue specimens were 

conducted in the pathology laboratories at Texas Children’s Hospital, Houston, Texas, by a 

pathologist who remained blinded to the dietary treatments. 

Metabolite Concentrations 

Liver samples from MVD-fed mice (MVD-6, n = 4; MVD-13, n = 4), MVD + C mice (n = 3), 

and CON mice (n = 3) were available for further metabolite and transcriptional analyses. To 

measure the concentration of methionine and choline-related metabolites in liver, samples (0.02–

0.05 g) were homogenized (Argos Technologies Pestle Motor Mixer A0001) in 400 µL of 2:1 

methanol/chloroform. Metabolite concentrations in the liver homogenates and in-house controls 

were measured using established LC–tandem MS methods reported previously [23], with minor 

protocol adaptations allowing use of local instrumentation. All metabolite measurements were 

made on the same day using the same LC-tandem MS machinery and setup. Homogenized liver 
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tissue specimens from healthy adult mice with defined metabolite concentrations were used as 

quality control samples. The assay imprecision (i.e., coefficient of variation), was <5% for betaine, 

free 

choline, and dimethylglycine, and 8.8% for methionine. All metabolite data were generated in 

laboratories at Cornell University, Ithaca, New York. 

mRNA Quantification by Quantitative Reverse-Transcriptase (RT) PCR 

RNA was extracted from frozen liver samples from MVD (MVD-6, n = 3; MVD-13, n = 3), 

MVD + C (n = 3), and CON mice (n = 3). Total RNA was extracted with Trizol reagent 

(Invitrogen™, Carlsbad, CA, USA) using the manufacturer’s protocol. RNA concentration and 

quality were assessed using a NanoDrop ND-1000 spectrophotometer. cDNA was generated using 

a high capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA, USA, 

Thermo Fisher Scientific, Waltham, MA, USA) and an Eppendorf 5331 Mastercycler. Quantitative 

PCR was performed with a BioRad C-1000 Touch Thermal Cycler using SYBR Green Supermix 

reagents (Bio-Rad Laboratories, Hercules, CA, USA). Primers used in this investigation (i.e., ß-

glucuronidase [Gusb], PEMT, ApoB, PPAR-α, and CPT1a), were identified from the literature 

and confirmed using the NCBI Primer-BLAST algorithm. Forward and reverse primer sequences 

are shown in Supplementary Table 2. Primer efficiencies were calculated (1.8–2.2) following 

amplification of a standard curve. Melting curves were included at the end of amplification cycles 

to validate specificity of the PCR product. The 2−ΔCt method was used to calculate fold changes 

normalized to the expression of the housekeeping gene, β-glucuronidase (Gusb). 

 

Statistical Analyses 
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The normality and homogeneity of generated data were confirmed using a Kolmogorov–

Smirnov test [26] and Levene’s test [27], respectively. Due to group size asymmetry, a Welch’s 

ANOVA [28] was paired with a Tukey honest significant difference (HSD) [29] post hoc analysis 

with a confidence level of 0.95 (p < 0.05) in order to measure intergroup differences for feeding 

and metabolite data. Statistical analysis of transcriptional data was performed using R (version 

3.4.0), with differences assessed using a standard one-way ANOVA. Data are presented as means 

± SE. 

Results 

Comparison of Study Diets 

Although the energy density of the MVD was nearly identical to that of regular chow, 

macronutrient analysis demonstrated that the MVD contained a disproportionately larger amount 

of carbohydrate at the expense of protein and fat. Specifically, the MVD contained 35, 49, and 

135% of the protein, fat, and carbohydrate present in regular chow, respectively (Table 4.2). The 

concentration of all measured minerals and micronutrients, with the exception of sodium, were 

significantly lower in the MVD (Table S1). The sodium content of the MVD is a reflection of the 

addition of non-iodized salt during preparation of the MVD, in accordance with prevailing culinary 

practices in Sub-Saharan Africa [24]. Consistent with the reduced protein content of the MVD, the 

concentration of individual amino acids in the MVD ranged from 22% to 43% of the amount 

present in the regular chow diet. With regard to the comparative content of nutrients that support 

one carbon metabolism, the MVD provided 22% of the methionine content, 30% of the choline 

content, 26% of the betaine content, and 6% of the folate content of regular chow. 
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Weight Gain and Feed Intake 

Compared to CON mice, MVD fed mice had lower daily weight gain, (p < 0.01; Figure 4.1A), 

with MVD + C mice exhibiting the most pronounced effect. Daily lean gain was significantly 

lower in all MVD-fed mice compared to CON; (p < 0.01; Figure 4.1B). All three MVD diets 

exhibited lower daily fat mass gain (p < 0.05; Figure 4.1C), than mice fed CON chow. This effect 

was most pronounced in MVD + C mice, which lost total fat mass despite gaining total weight and 

lean mass. In MVD6 and MVD13 groups of mice there was a largely non-significant trend of 

weight adjusted food and energy intake that was greater than that of control mice, whereas in MVD 

+ C mice there was a non-significant opposite trend (Figure 4.1D,E). All MVD-fed mice had feed 

efficiencies that were significantly less than that of controls (Figure 4.1F). This effect was most 

pronounced in MVD + C mice. 
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Figure 4.1. Weight gain, composition of weight gain, and food intake parameters of 

weanling mice fed a control chow diet (n = 10), the maize vegetable diet (MVD) for 6 

days (MVD-6; n = 5) or 13 days (MVD-13; n = 5), or 9 days with a MVD supplemented 

with choline (MVD + C; n = 4). A: daily weight gain; (B) daily lean mass gain; (C) daily 

fat mass gain; (D) daily weight-adjusted food intake; (E) daily weight-adjusted energy 

intake; and (F) feed efficiency. Presence of a statistically significant difference between 

data points (p < 0.05) is designated by the absence of a shared lowercase letter over the 

data point. Bars represent mean values ± SE. 
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Histology 

The most prominent finding was noted on microscopic examination of Oil Red O stained liver 

tissue, which demonstrated the pronounced accumulation of lipids in hepatocytes in MVD-6 and 

MVD-13 mice (relative to chow fed mice) (Figure 4.2A,B,D). The absence of this phenotype in 

MVD + C mice (Figure 4.2C) is consistent with our hypothesis that choline supplementation 

prevents the development of hepatic steatosis in weanling mice subjected to a MVD. Quantitative 

assessment of hepatic lipid depositions using photometric tools confirmed the statistical 

significance of this observation (Table S3). Direct comparison of lipid localization within the three 

separate zones of the portal triad in MVD-fed mice did not reveal a specific distribution pattern. 

Rather, lipid droplets were located evenly throughout the three zones of the hepatic lobule. 

Although there were significant accumulations of hepatic lipids in mice fed the unsupplemented 

MVD, there was no evidence of inflammation on H&E sections. PAS stained liver tissue from 

MVD + C mice (Figure 4.3C) was not different CON mice (Figure 4.3D), with a similar abundance 

and distribution of PAS stained material located primarily in zone three. Liver tissue from both 

groups of mice fed an unsupplemented MVD (Figure 4.3A,B) was nearly free of PAS stained 

material. 
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Figure 4.2. Oil Red O stained liver tissue (60×, scale bar represents 20 µm) collected 

from mice fed maize vegetable diet (MVD) diets or chow. Red staining areas indicate the 

presence of fat; dark blue staining indicates nuclear material. (A) Liver section from 

mouse fed the unsupplemented MVD for 6 days; (B) liver section from mouse fed the 

unsupplemented MVD for 13 days; (C) liver section from mouse fed the MVD 

supplemented with choline for 9 days; and (D) liver section from a control mouse fed 

chow for 13 days. 
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Figure 4.3. Periodic acid Schiff (PAS) stained liver tissue (20×, scale bar represents 20 µm) 

collected from mice fed maize vegetable diet (MVD) diets or chow. Bright red staining areas 

indicate the presence of polysaccharides; dark blue staining indicates nuclear material. (A) Liver 

section from mouse fed the unsupplemented MVD for 6 days; (B) liver section from mouse fed 

the unsupplemented MVD for 13 days; (C) liver section from mouse fed the MVD supplemented 

with choline for 9 days; and (D) liver section from a control mouse fed chow for 13 days. 

Liver Metabolites 

Quantification of the hepatic concentration of methionine, choline, and the choline-related 

metabolites betaine and dimethylglycine, provided insight into the hepatic metabolism of choline 

in the different groups of mice. Whereas the mean hepatic concentration of methionine was similar 

in CON, MVD-6, and MVD-13 groups, hepatic methionine was significantly lower in MVD + C 

mice (Figure 4.4A and Table S3). Hepatic choline was significantly lower in all MVD fed mice, 

including MVD + C, relative to chow (Figure 4B), whereas hepatic betaine (produced from the 
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oxidation of choline [30]), was highest in mice fed the MVD + C diet (p < 0.05; Figure 4.4C). 

Hepatic dimethylglycine, which is produced from the demethylation of betaine, was lower (p < 

0.05) in both groups of mice fed an unsupplemented MVD, to both chow and MVD + C mice 

(Figure 4.4D). Trimethylamine N-oxide (TMAO), a plasma metabolite which is increased when 

dietary choline is metabolized by the gut microbiome [25], was significantly elevated in MVD + 

C mice (p < 0.05; Figure 4.4E). 

Transcriptional Targets 

The results of RT-qPCR analyses were notable for a trend of greater transcription of ApoB (p 

= 0.059), in MVD + C mice (Figure S1).      
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Figure 4.4. Hepatic concentration of metabolites in mice fed the control chow diet (n = 

3), maize vegetable diet (MVD) for 6 days (MVD-6; n = 4) or 13 days (MVD-13; n = 4), 

or MVD with supplemental choline for 9 days (MVD + C; n = 3): (A) methionine; (B) 

choline; (C) betaine; (D) dimethylglycine; (E) trimethylamine N-oxide (TMAO). The 

presence of statistically significant differences among the dietary regimens (p < 0.05), is 

designated by the absence of a shared lowercase letter over the data point. Bars represent 

mean values ± SE. 
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Discussion 

Despite significant research into the pathogenesis of kwashiorkor, there is not a consensus 

regarding the cause of this syndrome’s characteristic hepatic steatosis [3]. Although formerly 

believed to be due to inadequate protein intake, it is now known that this alone is not sufficient to 

precipitate this hallmark disturbance of kwashiorkor [31]. An undernourished mouse model that 

recapitulates the defining organ level disturbance of kwashiorkor, hepatic steatosis, holds potential 

to offer new insights for understanding the nutritional deficiencies that contribute to the 

pathogenesis of this poorly understood syndrome of childhood undernutrition. To address this need 

we used previously obtained nutritional survey data [12] to develop a murine diet comprised of 

food items commonly consumed by children who are at increased risk for kwashiorkor. This novel 

murine diet was readily consumed, as evidenced by the greater weight-adjusted intake of the 

unsupplemented diet in MVD-13 mice, relative to CON mice. Weight adjusted intake of the 

choline supplemented diet was lower than that of MVD-13 mice, but not significantly different 

from CON and MVD-6 groups. We speculate that lower weight adjusted food intake in MVD + C 

mice was due to the sour taste of the choline bitartrate used to supplement the MVD, which may 

have inadvertently reduced the palatability of the MVD. Not unexpectedly, MVD-fed mice had 

significantly lower daily weight gain than mice fed the control chow (Figure 4.1). This is consistent 

with the observation that plant-based diets low in protein and micronutrients result in growth 

stunting despite adequate energy content [32]. The pattern of reduced total weight gain in MVD-

fed mice relative to CON mice was reflected by both lower lean and fat mass gains. The lower 

weight gain of MVD + C mice relative to mice in the unsupplemented MVD groups was 

attributable to decreased fat gain. This observation corresponds with recent demonstrations that 

choline deficiency is associated with impaired lipid metabolism [26], and that choline 
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supplementation promotes molecular shifts associated with increased fat catabolism [27–29,33]. 

However, decreased fat gain was not observed in mice consuming the control diet, which also 

provided ample amounts of choline, suggesting that the metabolic effects of choline is unique in 

the context of the MVD. The observation of reduced fat gain in MVD + C mice warrants further 

exploration in studies utilizing stable isotopes and systems biology approaches. 

The primary hypothesis of this investigation was that feeding weanling mice a diet similar to 

that consumed by children at risk for kwashiorkor will result in hepatic steatosis, which is a 

hallmark pathophysiologic feature of kwashiorkor [30]. We documented that mice fed the 

unsupplemented MVD developed significant hepatic steatosis within six days of consuming the 

MVD (Figure 2). There was no evidence of steatohepatitis, an inflammatory sequela of 

nonalcoholic fatty liver disease (NAFLD) that is closely correlated with the duration of steatosis. 

This is likely a reflection of the relatively short time-frame that mice were exposed to the 

steatogenic unsupplemented MVD. This pattern of hepatic steatosis corresponds with the findings 

of a similarly constructed porcine model of malnutrition [34]. We also demonstrated that PAS 

stained hepatic tissue from mice that were fed an unsupplemented MVD had reduced quantities of 

PAS staining material relative to CON mice, consistent with a limited presence of glycogen. This 

pattern of PAS staining reflects of the complex metabolic disturbances precipitated by the MVD, 

which also reduced hepatic glycogen stores. 

Additional efforts were directed towards understanding the role of one carbon metabolism 

disturbances in the pathogenesis of hepatic steatosis precipitated by feeding the MVD. One carbon 

metabolism disturbances are often associated with NAFLD due to the fact that loading of 

triglycerides into VLDL and the hepatic secretion of VLDL require phosphatidylcholine (PC) 

synthesized by the methylating action of PEMT [35]. The association between NAFLD and one 
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carbon metabolism disturbances is relevant for understanding the pathogenesis of hepatic steatosis 

in undernutrition because inadequate intake of nutrients essential for one carbon metabolism often 

leads to decreased hepatic PC synthesis by the PEMT pathway, resulting in hepatic steatosis as a 

consequence [36,37] (Figure 5). Notably, the MVD contained smaller quantities of several 

nutrients that are essential for maintaining the availability of labile one-carbon molecules (Table 

4.2). In addition to containing only a third as much methionine as control chow, the MVD provided 

smaller quantities of the methyl donors, folate and betaine, as well as the essential precursor of 

betaine, choline. This pattern of nutrient depletion in the MVD is similar to that of experimental 

diets designed to precipitate hepatic steatosis [38,39]. 

Although it is known that choline supplementation prevents hepatic steatosis associated with 

established low protein diet models of undernutrition [40], it was not known whether increased 

choline intake would alone be sufficient to prevent hepatic steatosis associated with an MVD, 

which is deficient in multiple nutrients essential for one carbon metabolism. Therefore, we chose 

to focus on the metabolic fate of supplemental choline in this initial investigation of the MVD. 

Although it is clear that the nutritional deficiencies that cause kwashiorkor are more complex than 

simple choline deficiency, a greater understanding of choline’s role in the pathogenesis of hepatic 

steatosis associated with kwashiorkor carries the potential to guide the development of strategies 

to prevent kwashiorkor in children. The finding that MVD + C mice had significantly greater 

hepatic concentrations of betaine, but not choline (Figure 4C), suggests that supplemental choline 

was readily oxidized to the methyl donor betaine. Similarly, hepatic concentrations of 

dimethylglycine, which is formed from the demethylation of betaine, were higher in MVD + C 

mice, compared to both unsupplemented MVD groups (Figure 4D), indicating that choline 

supplementation increased the hepatic availability of methyl groups. Notably, increased hepatic 
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availability of the methyl donor betaine in MVD + C mice was associated with significantly lower 

hepatic concentrations of methionine (Figure 4A). Although methionine is critical for the 

formation of the universal methyl donor S-adenosylmethionine [41], which is necessary for PEMT 

activity [42] and VLDL export [18] from hepatocytes (Figure 5), reduced hepatic methionine in 

MVD + C mice was not associated with steatosis. The demonstration of decreased hepatic 

methionine without steatosis suggests that choline supplementation promoted more efficient 

methionine use in the context of the MVD.      

 

Figure 4.5. Dietary choline supports the production of phosphatidylcholine (PC) and 

VLDL export from hepatocytes through two pathways; (1) Choline provides direct 
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support for the CDP-choline pathway, in which choline is incorporated into the choline 

headgroup of PC, and (2) Choline indirectly supports PC synthesis by the 

phosphatidylethanolamine N-transferase pathway, in which choline is oxidized to betaine, 

a methyl donor that increases the availability of labile methyl groups for the trimethylation 

of phosphatidylethanolamine to PC. (3) PC produced through the PEMT and CDP-choline 

pathways supports the formation and secretion of VLDL. (4) When choline intake is 

insufficient to maintain PC synthesis, VLDL synthesis and export are impaired (indicated 

by red hash marks), resulting in triacylglycerol accumulations in the form of lipid 

droplets.  

Our demonstration of greater hepatic TMAO concentrations in choline supplemented mice 

(Figure 4E) is consistent with the fact that increased choline intake leads to increased availability 

of choline for metabolism by the gut microbiome, thus promoting the formation of TMAO [43]. 

Although increased TMAO has been associated with hepatic steatosis in humans [44], this was not 

the case in this investigation. Rather, MVD + C mice, which had the greatest concentrations of 

hepatic TMAO, did not develop steatosis. This finding is notable given the well described 

association between increased plasma TMAO and the risk for various metabolic disease states [45] 

closely associated with hepatic steatosis and suggests that increased TMAO does not by itself 

cause the pathogenesis of hepatic steatosis in undernutrition. The observation that TMAO levels 

were increased in the MVD + C mice but not chow mice, which consumed similar levels of choline, 

suggests that the short term feeding of the MVD altered TMAO handling. Future studies examining 

the composition of the gut microbiome, kinetics of TMAO metabolism, influence of TMAO on 

hepatic inflammation, as well as urinary and fecal excretion of TMAO, are warranted. 
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The observed trend of greater apolipoprotein-B100 transcription in mice consuming the MVD 

+ C diet (p = 0.059), suggests that choline supplementation also supported greater synthesis of 

apolipoprotein-B100, an essential component of VLDL, which is the primary vehicle of lipid 

export from the liver [46]. However, larger sample sizes are necessary to precisely characterize 

the molecular effects of choline supplementation in this novel undernourished mouse model. 

Our study was constrained by limitations that are important to consider. While the obtained 

metabolic data are relevant to hepatic PC synthesis, the small quantity of hepatic tissue available 

for analyses in this initial investigation limited our ability to quantify PC and PC subspecies. 

Similarly, the interpretability of transcriptional data was limited by the small number of tissue 

specimens available for analysis in this initial study, and also by the fact that transcriptional content 

is not necessarily a reliable proxy for the amount of protein translated. In addition to supporting 

PC synthesis through the PEMT pathway, choline also supports the direct synthesis of PC by the 

cytidine diphosphate (CDP)-choline pathway [16]. Although increased CDP-choline pathway 

activity is likely to have been metabolically relevant in MVD + C mice, accurate measurement of 

CDP activity requires stable isotope techniques that are beyond the scope of this initial study. 

Larger studies using isotopically labeled choline [47] are likely to provide more precise insight for 

understanding the predominant mechanism by which choline supplementation prevented hepatic 

steatosis in this novel mouse model of undernutrition. 

5. Conclusions 

In summary, feeding weaning mice a diet composed primarily of maize and vegetables that is 

similar to the diets consumed by children at risk for kwashiorkor resulted in hepatic steatosis, a 

defining organ level disturbance of kwashiorkor [30]. Notably, hepatic steatosis developed in as 

little as six days and was prevented by choline supplementation alone, without supplementing with 
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other essential one carbon nutrients such as folate or methionine, which like choline were 

minimally present in the MVD. Metabolic data suggested that the prevention of hepatic steatosis 

in mice fed a choline-supplemented MVD was associated with a significant increase in the hepatic 

availability of methyl groups. This finding is consistent with the observation that VLDL export 

from the liver has an absolute requirement for PC synthesized by PEMT [35,48] a methyl group 

dependent enzyme. Overall, these findings provide insight into the molecular mechanisms 

influenced by the addition of choline to a MVD, and highlight the potential role of one-carbon 

nutrients, such as choline, for preventing hepatic steatosis in children subsisting on low protein 

plant based diets that are associated with increased risk for kwashiorkor malnutrition. 

Supplementary Materials: The following are available online at www.mdpi.com/link: Table S1: 

Mineral and amino acid content of the maize vegetable diet and control chow; Table S2: Forward 

and reverse sequences of primers; Table S3: Baseline characteristics, growth data, and hepatic 

metabolite concentrations for different groups of mice; Figure S1: Hepatic concentrations of 

mRNA transcripts. 

 

 Maize Vegetable Diet Teklad 2020™ Control Chow 

Minerals 
  

Sodium mg/kg 11510 1396 

Potassium mg/kg 3302 4196 

Calcium mg/kg 835 8579 

Phosphorous mg/kg 1963 6782 

Magnesium mg/kg 783 2433 

Iron mg/kg 45 191.1 
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Zinc mg/kg 18 56.41 

Copper mg/kg 3 12.02 

Chromium mg/kg <1 6.68 

Arsenic mg/kg <0.05 0.11 

Selenium mg/kg 0.14 0.36 

Cadmium mg/kg <0.05 <0.05 

Lead mg/kg 0.22 0.1 

Manganese mg/kg 11 77.35 

Amino Acids   

Aspartic Acid mg/kg 4400 11100 

Threonine mg/kg 2200 5900 

Serine mg/kg 2800 8500 

Glutamic Acid mg/kg 11500 41900 

Proline mg/kg 5100 15900 

Glycine mg/kg 2400 6300 

Alanine mg/kg 4400 12500 

Valine mg/kg 3100 8500 

Isoleucine mg/kg 2200 6600 

Leucine mg/kg 6900 21500 

Tyrosine mg/kg 1700 6400 

Phenylalanine mg/kg 3100 9800 

Histidine mg/kg 1700 3900 

Lysine mg/kg 1900 7800 
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Arginine mg/kg 2800 7400 

Tryptophan mg/kg <500 1710 

Cysteine mg/kg 1150 3700 

Methionine mg/kg 1020 4600 

*Analyses of both diets were conducted by NP Analytic Laboratories, St. Louis Missouri 

 

 

 Gene Sequence (5'->3') Length Tm Slope 

Phosphatidylethan

olamine N-

Methyltransferase       -3.188 

Forward primer 

ACTCATGCATGCT

AGTCCCA 20 58.79  

Reverse primer 

AGCAGTGAAGGGC

TCTTCAT 20 59.01  

       

Apolipoprotein B     -.3798 

Forward primer 

TTGGCAAACTGCA

TAGCATCC 21 59.52  

Reverse primer 

TCAAATTGGGACT

CTCCTTTAGC 23 58.41  

       

Peroxisome 

Proliferator 

Activated 

Receptor Alpha     -3.49 

Forward primer 

AGAGCCCCATCTG

TCCTCTC 20 60.4  

Reverse primer 

ACTGGTAGTCTGC

AAAACCAAA 22 58.37  

       

Carnitine 

Palmitoyltransfer

ase 1 Alpha     -3.423 

Forward primer 

CTCCGCCTGAGCC

ATGAAG 19 60.52  

Reverse primer 

CACCAGTGATGAT

GCCATTCT 21 58.35  



24 
 

Beta 

Glucuronidase      -3.423 

Forward primer 

CCGACCTCTCGAA

CAACCG 19 60.44 -3.322 

Reverse primer 

GCTTCCCGTTCAT

ACCACACC 21 61.28  

 

 

 
MVD

6 
P Value MVD13 P Value MVD+C 

P 

Val

ue 

Chow 

  

MV

D6 

vs. 

MV

D13 

MVD

6 vs. 

MVD

+C 

MVD

6 vs. 

Chow 

 

MV

D13 

vs. 

MV

D+

C 

MVD

13 vs. 

Cho

w 

 

MV

D+

C 

vs. 

Cho

w 

 

Total number of 

mice / Number of 

female mice 

4 / 1    5 / 2   4 / 2  10 / 6 

Start Weight 

Body Wt. (g) on 

PND 21 

± SEM 

10.47 

± 

0.08 

0.91 0.014 0.06 
10.86 

± 0.2 
0.04 0.17 

12.59 

± 0.18 
0.55 

11.9 

± 

0.39 

Mean Daily Wt. Gain 

g/day ± SEM 

0.35 

± 

0.08 

0.36 <0.01 <0.01 
0.25 

± 0.07 
0.03 <0.01 

0.08 

± 0.03 

<0.0

1 

0.59 

± 

0.03 

Mean Daily Lean 

Wt. Gain 

g/day ± SEM 

 

0.32 

± 

0.03 

0.08 <0.01 0.21 
0.2 

± 0.02 
0.22 <0.01 

0.11 

± 0.01 

<0.0

1 

0.4 

± 

0.03 

Mean Daily Fat Wt. 

Gain 

g/day ± SEM 

0.04 

± 

0.02 

0.97 <0.01 <0.01 
0.03 

± 0.01 

<0.0

1 
<0.01 

-0.06 

± 0.01 

<0.0

1 

0.16 

± 

0.01 

Wt. Adjusted Food 

intake 

g / Bw.day (± SEM) 

0.25 

± 

0.01 

0.87 0.01 0.26 
0.26 

± 0.01 

<0.0

1 
0.04 

0.19 

± 0.01 
0.16 

0.22 

± 

0.01 

Wt. Adjusted Energy 

Intake 

Kcal / g BW.day (± 

SEM) 

0.91 

± 

0.03 

0.89 0.01 0.15 
0.94 

± 0.03 

<0.0

1 
0.02 

0.72 

± 0.03 
0.16 

0.81 

± 

0.03 

Feed Efficiency 

Δ Wt. g / g Feed (± 

SEM) 

0.12 

± 

0.01 

0.02 <0.01 <0.01 
0.08 

± 0.01 
0.02 <0.01 

0.03 

± 0.01 

<0.0

1 

0.17 

± 

0.01 
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Hepatic Methionine 

nmol/g (± SEM) 

304.6

7 

± 

50.33 

n=3 

0.49 0.11 0.729 

388.82 

± 43.44 

n=4 

0.01 0.982 

146.86 

± 12.14 

n=3 

0.02 

368.

11 

± 

42.7

1 

n=3 

Hepatic Choline 

nmol/g (± SEM) 

691.5

4 

± 

238.0

7 

n=4 

0.74 0.97 0.01 

895.35 

± 79.49 

n=4 

0.48 0.04 

598.45 

± 50.64 

n=3 

0.01 

1531

.88 

± 

171.

34 

n=3 

Hepatic 

Dimethylglycine 

nmol/g (± SEM) 

4.89 

± 

1.28 

n=4 

0.81 0.01 <0.01 

8.61 

± 1.85 

n=4 

0.02 0.02 

23.98 

± 1.96 

n=3 

0.44 

31.0

0 

± 

5.73 

n=3 

Hepatic Betaine 

nmol/g (± SEM) 

500.6

7 

± 

78.35 

n=4 

0.01 <0.01 0.64 

1566.01 

± 198.03 

n=4 

0.02 0.05 

2502.32 

± 252.35 

n=3 

<0.0

1 

811.

65 

± 

31.2

9 

n=3 

Hepatic TMAO 

nmol/g (± SEM) 

1.25 

± 

0.86 

n=4 

0.96 0.01 0.97 

0.15 

± 0.03 

n=4 

<0.0

1 
1.0 

11.17 

± 3.4 

n=3 

<0.0

1 

0.29 

± 

0.09 

n=3 

Relative PEMT 

Expression 

3.34 

± 1.3 

n=3 

0.5 0.73 0.26 

0.28 

± 0.08 

n=3 

0.14 0.96 

5.53 

± 2.63 

n=3 

0.26 

1.28 

± 

0.44 

n=3 

Relative CPT1a 

Expression 

3.55 

± 

1.95 

n=3 

0.93 1.0 0.99 

1.03 

± 0.37 

n=3 

0.06 0.79 

14.11 

± 5.52 

n=3 

0.2 

4.91 

± 0.4 

n=3 

Relative Apo B100 

Expression 

2.68 

± 

1.05 

n=3 

0.98 1.0 0.26 

0.58 

± 0.21 

n=3 

0.41 0.39 

2.41 

± 1.09 

n=3 

0.48 

4.91 

± 0.4 

n=3 

Relative PPAR α 

Expression 

0.43 

± 

0.08 

n=3 

0.98 0.86 0.18 

0.83 

± 0.35 

n=2 

0.99 0.99 

1.18 

± 0.29 

n=3 

0.48 

2.63 

± 

1.21 

n=3 

Hepatic Fat % 

Objects staining red 

in liver (± SEM) 

0.72 

± 

0.01 

0.99 0.01 0.01 

0.71 

± 0.01 

n=2 

0.03 0.03 

0.18 

± 0.12 

n=4 

1.0 

0.18

3 

±0.1 
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n=3 n=4 
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CHAPTER FIVE: CONCLUSIONS AND FINAL REMARKS 

 

 In this dissertation, we have added to our understanding of the impact of diet and 

reproductive life-stage on phosphatidylcholines with emerging functional roles. Using cultured 

cells, mouse models, human controlled feeding trials, stable isotopes, and modern molecular and 

biochemical methods, we have convincingly demonstrated that provision of lauric acid results in 

the endogenous production of the LRH-1 ligand, dilauroyphosphatidylcholine, through the 

Kennedy pathway of PC, in an FABP-5 independent manner. Additionally, we have shown that 

pregnancy and lactation are associated with reduced plasma LPC-DHA concentrations relative to 

the non-pregnant state, in response to controlled diets. Using deuterium labeled choline, we have 

provided the first evidence that LPC-DHA in plasma is sourced predominantly from the PEMT 

pathway in humans. We observed increased enrichments of d3-LPC and d3-LPC-DHA 

associated with increased choline intakes, consistent with high dietary choline intakes being 

oxidized to betaine and serving as a methyl donor source of Ptd-Cho biosynthesis.  

  

Lauric Acid 

Several areas of direct study may follow from this research. Current dietary 

recommendations emphasize reduced consumption of saturated fatty acids, owing to the impact 

of lauric (C12), myristic (C14) and palmitic (C16) acids on LDL-cholesterol concentrations. To 

date, no additional mechanisms of action have been put forth that could plausibly suggest an 

offsetting of this hypercholesterolemic effect. Thus, the use of LDL-C as a surrogate marker of 

disease risk, coupled with older, moderate quality randomized controlled trials examining the 

relationship between saturated fatty acids and cardiovascular events, have justified current 

dietary recommendations to reduce saturated fatty acids. Our research provides the first plausible 

mechanism by which the dietary saturated fatty acid, lauric acid, might have diverse impacts of 
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physiology and disease risk, secondary to its incorporation into DLPC and enhanced LRH-1 

agonism. Our results call for more long-term, human randomized controlled trials that test the 

effect of lauric acid on additional outcomes related to LRH-1 agonism, such as glucose tolerance. 

This will ideally follow trials demonstrating strong evidence of DLPC’s relevance in humans, as 

current evidence is most compelling for cultured cells and mouse models. Lauric acid feeding 

trials will be critical for a more comprehensive assessment of the health impacts of lauric acid 

beyond its effects on circulating lipoproteins. Lauric acid has been traditionally consumed in 

high amounts by Pacific Islanders and other populations in tropical regions with good 

cardiovascular health; while this is likely due to their overall healthier lifestyle, this may be 

related in part to their saturated fatty acid intakes being predominantly coconut-based, as 

opposed to modern saturated fatty acid intakes sourced from dairy and animal meats.  

 In addition to human trials assessing lauric acid intakes effect on glucoregulatory 

outcomes, lauric acid consumption and/or restriction may be beneficial in additional areas of 

health and nutrition. For example, LRH-1 plays a role in progesterone synthesis by the ovary and 

low activity has been implicated in recurrent pregnancy loss. The impact of dietary lauric acid 

consumption on ovarian health may be warranted. Conversely, LRH-1 activity is a target in 

many cancers, particularly breast cancer and colorectal cancer. Given the popularity of coconut 

oil in certain alternative health and medicine spheres, the study of dietary lauric acid’s impacts 

on cancer development and progression may be warranted. Much of this evidence will require a 

substantial body of preclinical evidence to confirm bioplausibility and will be necessary to 

determine whether pharmacological doses of DLPC are required for meaningful agonism. To this 

end, tissue-specific LRH-1 knockouts coupled with coconut oil/lauric acid feedings will be 

critical for determining the relevance of dietary interventions.  
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 Epidemiological analyses of lauric acid will remain a challenge for the field of nutrition. 

Self reported dietary lauric acid intakes are low, limiting variability in this exposure variable. 

Additionally, we did not observe DLPC in red blood cell membranes in our animal model 

experiments and RBC lauric acid concentrations are typically exceeding low if present at all. 

This limits the use of an objective biomarker of lauric acid intake to assess its relationship to 

disease outcomes. Furthermore, lauric acid intake is primarily derived from the intake of other 

sources of saturated fatty acids, namely dairy and meat, and thus is highly correlated with other 

nutrients in this food matrix. Thus, it is not surprising that current epidemiology observes a 

positive relationship between all three hypercholesterolemic saturated fatty acids and 

cardiovascular disease risk. Whether lauric acid has an independent effect remains to be 

characterized.  

 Our results have suggested that dilauroylphosphatidylcholine can indeed be an 

endogenous ligand for LRH-1. This raises interesting questions about the relevance of DLPC 

throughout human evolution, given the high quantity of lauric acid in tropical oils, and the 

evolution of hominid species in tropical environments. Whether humans were exposed to higher 

quantities of lauric acid throughout evolution remains an intriguing notion but one that is 

difficult to confirm.  

 Our results demonstrate that although DLPC can be made endogenously, it has a 

relatively short half life. Concentrations of endogenous ligands typically are regulated by the 

nuclear receptor to which they bind, acting as a negative feedback on the nuclear receptor 

signaling. It remains to be seen whether LRH-1 regulates phospholipases that degrade DLPC. 

The effect of LRH-1 on phospholipase expression remains a low hanging fruit research question. 

This regulation may not be direct; for example, LRH-1 has been shown to regulate 
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glucocorticoid synthesis, and the gene for human Phospholipase A2 contains a glucocorticoid 

response element.  

 Collectively, our results open up a new avenue by which dietary saturated fats may 

regulate gene expression. Whereas much focus in the study of dietary fats has focused on 

polyunsaturated fatty acid regulation of PPAR and RXR, the body of research on phospholipids 

and SF-1/LRH-1 suggest that shorter chain, saturated fatty acids may regulate gene expression 

secondary to their incorporation into phospholipids. The field of nutrition should take interest in 

efforts to identify ligands for this family of nuclear receptors and further clarify their role in 

nutritional sciences. 

 

LPC-DHA 

 The identification of MFSD2A as a symporter for LPC species, with a high affinity for 

LPC-DHA, has raised both important questions for both DHA researchers and choline 

researchers within the field of nutrition. Our work has suggested that LPC-DHA may have 

differential roles in different life-stages. Several outstanding questions remain following our 

work. It is tempting to assume that the reduced plasma LPC-DHA concentrations in pregnancy 

and lactation result from enhanced uptake by the placenta and mammary gland, respectively. 

However, divergent mechanisms for reductions in this static marker may exist. For example, 

LPC-DHA may be reduced in lactating individuals secondary to a shift in DHA metabolism 

towards triacylglycerol biosynthesis, thus reducing plasma LPC-DHA. Other explanations might 

include increases in the total LPC pool (the denominator of our LPC-DHA outcome variable), 

changes in LCAT activity or changes in the Lands cycle (phospholipase activity and 

lysophosphatidylcholine acyltransferases). Additional research in preclinical models are essential 
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for teasing out the metabolic fate of LPC-DHA and its relevance to fetal/milk DHA 

concentrations. 

 The results of our stable isotope work suggest that PEMT activity is critical for supplying 

LPC-DHA to the plasma, and that consumption of additional dietary choline likely provides 

substrate for PEMT activity, and that some of this PC is hydrolyzed to LPC. This importance of 

PEMT contrasts with the results of our models examining the impacts of genetic variants in 

PEMT that did not observe an effect of inactivating variants on PEMT-derived LPC or LPC-

DHA. Further research combining both relative and absolute LPC-DHA values is required before 

strong conclusions can be made about this discordant observation. Regardless, our stable isotope 

data clearly highlights the importance of PEMT in generating plasma LPC-DHA. This may have 

relevance outside of the reproductive life span, particularly as PEMT has been highlighted as 

target for cardiovascular disease prevention and would impact not only LPC-DHA but also PC 

species enriched with DHA.   

 The impact of choline on d3-LPC and d3-LPC-DHA enrichments across reproductive 

life-stages warrant further investigations into better understanding how choline supplementation 

impacts measures of total DHA status. To further address this, we are currently undertaking a 

randomized, controlled trial of choline supplementation in the 2nd and 3rd trimesters of human 

pregnancy. In Appendix 1A of this dissertation, the Clinical Trials.Gov registry for this trial can 

be found with additional information about this ongoing effort.  

Our current research focused on LPC-DHA as a proportion of the total LPC pool; future 

research should take into account not only this relative value but the absolute concentrations of 

LPC-DHA in plasma. Effects of genotypes and choline on LPC-DHA as a percentage of the total 

pool may not have revealed effects because increases in LPC-DHA also increased total LPC 
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levels. This is a critical point, given that the MFSD2A transporter appears to selectively prefer 

LPC species enriched with DHA, suggesting that total LPC-DHA concentrations in plasma may 

be more relevant than relative amounts of LPC-DHA in the total LPC pool. Thus, many 

questions remain about the effect of reproductive life-stage, choline intake, and 1 carbon 

metabolic genotypes on LPC metabolism.  

 

Kwashiorkor 

 Decades of research has remained unsuccessful in identifying the causative factor(s) 

involved in the pathogenesis of kwashiorkor, and popular theories, including protein deficiency 

coupled to energy imbalance, impaired Apolipoprotein B synthesis and increased exposure to 

infectious diseases, have recently had doubt cast upon their validity. In our work, we hope to 

stimulate further considerations of the role of choline and other one-carbon nutrients in the 

context of malnutrition diseases, particularly for cases of severe malnutrition complicated by 

edema and fatty liver. Our data used a novel preclinical mouse model fed diets composed of the 

foods most commonly consumed by children who develop kwashiorkor to suggest that the fatty 

liver phenotype associated with the consumption of this diet is sensitive to dietary choline.  

 Our research calls for a greater understanding of the role of dietary choline in preventing 

malnutrition-related fatty liver in humans. Current guidance from the World Health Organization 

on refeeding individuals with severe forms of malnutrition does not have specific 

recommendations for dietary choline or methyl-related nutrients. Future trials may consider 

utilizing choline-fortified ready to use therapeutic foods in the treatment of malnutrition to 

determine choline’s relevance in the syndrome. 
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 In our data, we did not observe significant effects of choline on growth. However, our 

data should be viewed with caution, as supplemental choline in the form of choline bitartate 

exhibits a sour taste, and may not have been well tolerated by our mice. Additionally, our study 

is relatively short (6-13 days) in duration and observations of the effect of choline on growth 

kinetics may require longer exposure to the malnourished state. Future work should consider 

measuring markers of energy expenditure in response to choline supplementation to confirm the 

sensitivity of the malnutrition wasting phenotype to choline deficiency.  

 Our hepatic metabolite data suggest that supplemental dietary choline was partitioned 

towards oxidation to betaine. This data is consistent with our hypothesis that choline’s 

partitioning into CDP-choline-derived PC might be reduced, and choline utilized to support PC 

synthesis through methyl metabolism. Further evidence utilizing deuterium-labeled choline in 

the context of the maize vegetable diet is required to confirm alterations in choline’s handling 

directly and a partitioning of dietary choline away from the CDP-choline pathway and towards 

methyl metabolism and increased PC derived from the PEMT pathway. 
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APPENDIX 

 

ClinicalTrials.gov Protocol Registration and Results System (PRS) Receipt Release Date: June 

19, 2017 

ClinicalTrials.gov ID: [Not yet assigned] 

Study Identification 

Unique Protocol ID: IRB #: 1702006936 

Brief Title: Synergy Between Choline and DHA 

Official Title: Maternal Choline Supplementation and Its Impact on Docosahexaenoic Acid 

Supply in Human Pregnancy 

Secondary IDs: 

Study Status 

Record Verification: June 2017 

Overall Status: Recruiting 

Study Start: July 15, 2017 [Anticipated] 

Primary Completion: June 2018 [Anticipated] 

Study Completion: December 2018 [Anticipated] 

Sponsor/Collaborators 

Sponsor: Cornell University 

Responsible Party: Sponsor 

Collaborators: Balchem Corporation 
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Oversight 

U.S. FDA-regulated Drug: No 

U.S. FDA-regulated Device: No 

U.S. FDA IND/IDE: No 

Human Subjects Review: Board Status: Approved 

Approval Number: 1702006936 Board Name: Institutional Review Board for Human 

Participants Board Affiliation: Cornell University Phone: 607-255-5138 Email: 

irbhp@cornell.edu Address: 

East Hill Office Building 395 Pine Tree Road, Suite 320 Cornell University 
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Ithaca, NY 14850 

Data Monitoring: No 

Plan to Share IPD: 

Study Description 

Brief Summary: The purpose of this study is to determine whether choline supplementation 

influences the availability of docosahexaenoic acid throughout pregnancy. 

Detailed Description: Metabolic synergy exists between choline, phospholipid, and 

polyunsaturated 

fatty acid metabolism. Previous evidence from our laboratory has shown that higher dietary 

choline intakes increase the amount of docosahexaenoic acid (DHA) incorporated into 

phosphatidylcholine (PC), as measured by PC-DHA concentrations in circulating erythrocytes. 

PC-DHA results from the production of PC through the phosphatidyl N-ethanolamine 

methyltransferase (PEMT) pathway and is critical for exporting fat from the liver to peripheral 

tissues. We are expanding this work to pregnant women, for whom DHA intake is critical to 

support the developing infant’s growth, by undertaking a double blind, randomized controlled 

trial of choline supplementation (500mg) throughout the 2nd and 3rd trimesters of pregnancy. 

All women will consume 200mg of docosahexaenoic acid (DHA), a prenatal vitamin, and 25-

50mg of deuterated choline (choline d9) daily throughout the duration of the trial. The use of a 

stable isotope will allow for modeling of choline dynamics throughout the 2nd and 3rd trimester 

of pregnancy, and calculate the activity of PEMT in pregnant women. Consenting participants 

will provide a baseline blood draw, followed by 2 additional blood draws throughout their 

pregnancies, and maternal/cord blood at birth, in addition to the placenta. This trial will test the 
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hypothesis that choline supplementation increases the amount of PC-DHA in the blood of 

pregnant women and increase its supply to the developing fetus. 

Conditions 

Conditions: Pregnancy 

Keywords: Nutrition 

choline pregnancy docosahexaenoic acid DHA fatty acids 

Study Design 

Study Type: Interventional 

Primary Purpose: Basic Science 

Study Phase: N/A 

Interventional Study Model: Parallel Assignment 

Number of Arms: 2 

Masking: Participant, Care Provider, Outcomes Assessor 

All investigators interacting with participants will be masked to the study arm assignment. Only 

the Primary Investigator and Laboratory Manager (prepares supplements) will have access to 

participant’s study assignment. 

Allocation: Randomized 
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Enrollment: 40 [Anticipated] 

Arms and Interventions 

Arms Assigned Interventions No Intervention: Placebo 

Administration of the deuterated choline chloride will take place in a grape juice cocktail 

solution. For individuals in the placebo arm of the trial, no additional choline chloride will be 

added to the cocktail. Experimental: Supplemental Choline 

Administration of the deuterated choline chloride will take place in a grape juice cocktail 

solution. For individuals in the placebo arm of the trial, supplemental choline chloride will be 

added to the cocktail. 

Dietary Supplement: Choline 

Choline chloride is a water soluble choline salt that will be provided in a juice solution to 

participants to be consumed daily. The intervention will increase dietary choline intake by 

500mg/day. 

Outcome Measures 

Primary Outcome Measure: 

1. DHA-Containing Phosphatidylcholine Species in Circulating Erythrocytes 

Phosphatidylcholine species contain 2 fatty acid tails; phosphatidylcholines containing DHA at 

either the sn-1 or sn-2 positions are found circulating in erythrocytes and serve as a long term 

marker of DHA status. Erythrocyte PC-DHA is partially supplied by albumin bound 

lysophosphatidylcholine enriched with DHA, a product of the phosphatidylethanolamine 

methyltransferase pathway in the liver . which has been shown to be sensitive to dietary choline 

intakes in non-pregnant women. 
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[Time Frame: Gestational Weeks 12-16 through Gestational Weeks 38-41] 

Secondary Outcome Measure: 

2. Circulating labeled and unlabeled choline metabolites in maternal plasma 

The concentrations and isotopic enrichments of choline and its metabolites (betaine, 

dimethylglycine,sarcosine, total phosphatidylcholine) will be determined in the maternal, 

placental and fetal compartments. 

[Time Frame: Gestational Weeks 12-16 through Gestational Weeks 38-41] 

3. The impact of dietary choline on total DHA concentrations in the maternal, fetal and placental 

compartments 

The total concentrations of docosahexaenoic acid (DHA) will be measured in the maternal blood 

throughout this study. Additionally, at term, placenta and cord blood will be collected and 

analyzed for total DHA measurements. 

[Time Frame: Gestational Weeks 12-16 through Gestational Weeks 38-41] 

Eligibility 

Minimum Age: 21 Years 

Maximum Age: 40 Years 

Sex: Female 

Gender Based: Yes 

Accepts Healthy Volunteers: Yes 

Criteria: Inclusion Criteria: 

• healthy, singleton pregnant women gestational weeks 12-16, ages 21-40, willingness to comply 
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with the study protocol 

Exclusion Criteria: 

• Habitually high choline/DHA intake 

• BMI >32 

• Pregnancy complications and comorbidities (at baseline and throughout the study) 

• Current smokers, drinkers, or drug users 

Contacts/Locations 

Central Contact Person: Marie A. Caudill, PhD 

Telephone: 607-254-7456 Email: mac379@cornell.edu 

Central Contact Backup: Kevin C. Klatt 

Telephone: 267-978-8889 Email: kck68@cornell.edu 

Study Officials: Marie A. Caudill, PhD 

Study Principal Investigator Cornell University 

Locations: United States, New York 

Human Metabolic Research Unit, Cornell University [Recruiting] 

Ithaca, New York, United States, 14853 Contact: Erica Bender, MSN, CNM 607-255-9417 

eb572@cornell.edu Principal Investigator: Marie A. Caudill, PhD 
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