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ABSTRACT

Background: The unusual phosphatidylcholine species, dilauroylphosphatidylcholine (DLPC), has
been reported to bind and activate the orphan nuclear receptor, liver receptor homolog-1 (LRH-
1). To date, DLPC has not been reported endogenously in metabolomicdatabases.

Objective: Herein, we test the hypothesis that the provision of the acyl constituent of DLPC, lauric
acid (C12:0), a saturated fatty acid rich in tropical oils such as coconut oil, will 1) result in
endogenous DLPC production and 2) enhance LRH-1 transcriptionalactivity.

Methods: We measured DLPC following provision of C12:0to HepG2 cells, C57/BL6J mice, and to
healthy human participants in an acute, randomized, controlled cross-over trial. LRH-1"" and
LRH-1" Albumin-Cre mice were used in ex vivo and in vivo approaches. to assess the impact of
C12:0 on LRH-1 target gene expression. 1-3C-lauric acid and methyl-d9-choline were used to
assess DLPC productiondynamics.

Results: DLPC was not observed in any C12:0-free approach. Provision of C12:0 in the culture
media or to C57/BL6J mice resulted in the rapid production of DLPC, including DLPC’s presence
in multiple LRH-1 expressing tissues. Coconut oil-fed human participants exhibited DLPC in
postprandial serum samples. Ex vivo and in vivo C12:0 provision resulted in increased mRNA
expression of LRH-1 target genes, an effect that was not observed in hepatic knockout mice.
Methyl-d9-choline administration revealed a complex reliance on CDP-choline-derived DLPC.

Conclusion: C12:0 provision results in endogenous production of the LRH-1 ligand, DLPC, and
LRH-1 transcriptional activation phenotypes. Our findings highlight pleiotropic effects of lauric
acid, a common hypercholesterolemicdietary saturated fatty acid, secondaryto LRH-1 agonism.
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INTRODUCTION

Nuclear receptors (NRs) are a superfamily of ligand-activated transcription factors that
regulate diverse aspects of mammalian physiology'. NRs are deemed either orphaned or
adopted based on the identification of an endogenous ligand. Ligand bindingto the ligand
bindingdomain (LBD) acts as an allostericregulator, initiating a series of biophysical events that
resultin direct regulation of specific target gene transcriptionin tissue-and cell type-specific
manners. Liver receptor homolog-1 (LRH-1; NR5A2) is an orphan nuclear receptor of the NR5A
subfamily thatis expressed primarily in tissues of endodermal origin, including the liver,
intestine, exocrine pancreas, ovary, and pre-adipocytes®™. Several regulatory roles have been
described for LRH-1, including the maintenance of pluripotency, metabolism of cholesterolinto
diverse, tissue-specific products (i.e. bile acids, progesterone, glucocorticoids) and recentlyasa
major regulator of methyl metabolism® making LRH-1 signaling an attractive target for both
therapeuticactivationand inhibition.

Investigationsinto the structure of LRH-1 have revealed an LBD occupied by several
phospholipid classes; this phospholipid bindingappears promiscuous and the ability of
phospholipids to resultin altered transcriptional activity under physiological conditionsremains
largely unexplored®™®. One report*®identified an ‘uncommon’ phosphatidylcholine (PC),
dilauroylphopshatidylcholine (DLPC) as a potent agonist ligand of human and mouse LRH-1,
ableto bind the LRH-1 LBD and induce LRH-1- related transcriptional phenotypes. Despite
convincing evidence that DLPC is indeed a LRH-1 ligand*'*2*3 DLPC has yet to be catalogued in
the Human Metabolomics Database or the Mouse Multiple Tissue Metabolomics Database®?, *°.

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), an uncommon structure
for PC species which typically contain a mix of saturated and unsaturatedfats at the sn-1 and
sn-2 respectively. While choline, methyl donors and fatty acids required to produce PCs
endogenously are common in cell culture media and mammalian diets, C12:0 is typically not
abundant.C12:0is either absent or a trace fatty acid in cell culture media supplied with fetal
bovine serum. Considered one of the three primary, dietary hypercholesterolemicsaturated
fats, C12:0 is only found in very low quantities in common foods, is absent from common chow
dietsfed to laboratory rodents,and is low in the diets of most humans consuming western -style
diets (<1% on kilocalorie intake on average in NHANES; Supplementary Figure 1). Endogenous
production of C12:0 may occur as an extremely minor product of fatty acid synthesisoras an
intermediatein fatty acid oxidation, butitis typically found at very low levelsin cultured cells
and likely does not exist in exchangeable pools available available PC synthesis*®*’. It may
therefore be considered unsurprisingthat DLPC has yet to be reported in vitro or in vivo. The
absence of DLPC from physiological systems may additionally be compounded by limited
incorporation into membrane phospholipids, suggesting phospholipids containing C12:0 should
be labile and unlikely to be detected in commonly available fasted blood samples®®*°.

While C12:0 intake is low in most laboratory animal diets and typical human western -
style diets, it may be supplementeddirectly in the culture media/diet, or by including tropical
oils, such as palm kernel oil and coconut oil, which provide rich sources of C12:02°722 due to the
plant’s expression of medium chain acyl-ACP thioesterases. C12:0is also relativelyabundantin
murine and human milk, constitutingabout 5-10% of total fatty acids®3. Traditional diets of


http://sciwheel.com/work/citation?ids=3434341&pre=&suf=&sa=0
http://sciwheel.com/work/citation?ids=5519090,5519221,761627&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
http://sciwheel.com/work/citation?ids=2950414&pre=&suf=&sa=0
http://sciwheel.com/work/citation?ids=5519092,5522214,5522204,5522203&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
http://sciwheel.com/work/citation?ids=5519093&pre=&suf=&sa=0
http://sciwheel.com/work/citation?ids=648702,10144423&pre=&pre=&suf=&suf=&sa=0,0
http://sciwheel.com/work/citation?ids=10144420&pre=&suf=&sa=0
http://sciwheel.com/work/citation?ids=5519096&pre=&suf=&sa=0
http://sciwheel.com/work/citation?ids=5519097&pre=&suf=&sa=0
http://sciwheel.com/work/citation?ids=5519101,5522123&pre=&pre=&suf=&suf=&sa=0,0
http://sciwheel.com/work/citation?ids=5519104&pre=&suf=&sa=0
http://sciwheel.com/work/citation?ids=5519105&pre=&suf=&sa=0
http://sciwheel.com/work/citation?ids=5519107,5522246,5519211&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
http://sciwheel.com/work/citation?ids=5519069&pre=&suf=&sa=0
https://doi.org/10.1101/2021.02.01.429240

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.01.429240; this version posted February 2, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

rodent and human populations in Pacificlslands subsisting on coconut rich products can have
lauricacid constitutes up >20% of total caloric intake, reflected in high levels of lauricacid in
adipose tissue stores?'?*. High intakes of C12:0-containing products in traditional equatorial
diets despite C12:0’s classification as a cholesterol-raising saturated fatty acid have led to
substantial debate aboutitsimpact on cardiometabolichealth. Despite increases in risk factors,
particularly LDL, preclinical rodent models employing coconut oil have failed to observe
expected atherogenic®*?® and diabetogenic?’ phenotypes. Both clinical trial”® and observational
epidemiological investigations?*° have suggested beneficial cardiometabolic effects of C12:0
relative to other saturated fatty acids. Such observationsare consistent with pleiotropic effects
of C12:0, though few have been described to date, apart from C12:0’s relative high oxidation
rate in vivo 3! and ability to activate toll-like receptors at high concentrations in vitro 32734,

Herein, we utilize invitro, ex vivo, wild type and transgenicmurine models, as well as a
single blind, acute, randomized controlled cross-over feedingtrial in humansto test the
hypothesis that the provision of C12:0 in the available nutriture will result in the endogenous
production of DLPC, as well as LRH-1 activation phenotypes. Our results support the idea that
the lack of endogenous DLPC is due to the limited C12:0 acyl substrate for PC synthesis and
suggest that LRH-1 transactivation could contributeto its previously observed pleiotropic
effects.
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METHODS

In Vitro

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 performed
priorto passage 5. 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 cm?® dishes when cells reached 75% confluency. Control treatments received
an equivalentvolume of fatty acid-free bovine serum albumin-DPBS solution (BSA). Fatty acids
and theirrespective concentrations areindicatedin the figure legends. For pulse-chase
experiments, C12:0 (100uM) 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 C12:0; cell lysates were progressively harvested at the indicated time points for
LC/MS analysis.

Ex Vivo

Hepatocyte-specific LRH-1 knockout mice were generated via breeding LRH-1"" mice
with Albumin-Cre mice as previously described 3°. 12-week old hepatic LRH-1 wild type (Cre;
hLRH1-WT; n=2) and knockout (Cre*; hLRH1-KO; n=2) mice underwent primary hepatocyte
isolation, as previously described 3. Briefly, mice were euthanized with isofluraneand perfused
via inferior vena cava with Earle’s balanced salt solution containing 5mM EGTA followed by
100U/mL collagenase supplemented Hank’s balanced salt solution. The liver was removed,
massaged to dissociate hepatocytes, filtered, washed and layered onto Percoll for live cell
isolation. Followingisolation, cells were plated in 5% FBS-containing Williams E media, allowed
to rest for 12-16 hours, and subjected to 8 hours of treatment with 100uM of the indicated
BSA-bound free fatty acids or volume equivalent of vehicle (BSA). Following treatment, media
was aspirated, cells washed, collected in Trizol and snap-frozen for determination of LRH-1
target gene expression via qRT-PCR.

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 (wild-type experiments) or
Baylor College of Medicine (transgenicexperiments), and were conducted in accordance with
the Guide forthe Care and Use of Laboratory Animals. C57/BL6J mice were purchased from
Jackson Laboratories and housedin 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).
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Acute, Wild-Type Feeding

Lauric Acid: To assess the effects of C12:0 provision on acute production of DLPC, male
and female mice (n=3 per group) 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
CO, euthanasia. Fatty acids, oil mixtures, and their doses are as stated in figure legends. A
single mouse was gavaged with 125mg of 1-*3C-lauricacid in order to confirm direct
incorporation of exogenous C12:0 into DLPC.

De Novo Lipogenesis

To confirmthe inability of endogenous C12:0 pools to facilitate DLPC production,
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, as previously described 3¢, sacrificed, and metabolic
tissues (intestine, liver, pancreas, kidney) were collected for LC/MS analysis.

Chronic Feeding

To assess the effects of habitual C12:0 consumptionon DLPC production, 12 8-week old
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% kcal from fat; 18% kcal from C12:0) for 1 month,
simulatingtraditional C12:0intakesin Polynesian atolls. 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 50uL 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, splenicside pancreas,
kidney, hindlimb skeletal muscle (rectus femoris, vastus lateralis), whole brain, testis, and
ovaries.

Acute, Transgenic Feeding

At 10-12 weeks of age, male Cre* hepatic LRH-1 knockout mice (hLRH1-KO) and Cre”
hepatic LRH-1 wild-type (hLRH1-WT) mice were randomly assigned to 10 days of feeding of
custom purified diets (Research Diets, Inc, New Brunswick, NJ) with 21% kcal from fat, and
either 10%kcal from C12:0 or an isocaloriccomparator, C16:0 (palmiticacid); diet composition
can be found in Supplementary Table 3. Three separate feeding cohorts utilizing sibling-
matched hLRH1-KO and hLRH1-WT mice were undertaken to achieve the final sample size, as
follows: hLRH1-WT-C12:0, n=7; hLRH1-WT-C16:0, n=7; hLRH1-KO-C12:0, n=7; hLRH1-KO-C16:0,
n=9. Given LRH-1’s feeding-related circadian rhythm *3’, mice were sacrificed after a brief (2
hour) fast in the morning. Liver tissue was harvested and snap-frozen for RNA isolation and
gRT-PCR.
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Deuterium-labeled Choline Administration

To assess the contribution of the CDP-choline and PEMT pathwaytoin vivo production
of DLPC, the stableisotope, methyl-d9-choline (Cambridge Isotopes Laboratory, Andover, MA,
USA), was administered to 2 female C57/BL6J mice consumed 45% high fat diet (10% C12:0)
and drinking water containing4mM d9-choline for 8 weeks. Mice were sacrificed ad libitum and
tissues were harvested for labeled and unlabeled DLPC analysis (see LC-MS methods).

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

To assessthe impact of C12:0 consumption on DLPC production in humans, we
undertookan acute, randomized, single-blind, cross-over feedingtrial in 10 healthy, human
subject participants (ClinicalTrials.gov NCT034816080). A CONSORT diagram and participant
characteristics can be found in Supplementary Figure 2 and Supplementary Table 3,
respectively. 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 containingeither 27.2g of refined coconut
(Nutiva Organic, Neutral Tasting) or refined olive oil (Filippo Berio). The unit of randomization
was the orderin which the study test oils were consumed. Breakfast shakes were prepared
usinggram scales in the metabolickitchen at the HMRU. Participants provided a fasted blood
draw at each visit, followed by additionalblood draws 2, 4 and 6 hours postprandially. Whole
blood was allowed to clot for 30 minutes at room temperature and centrifuged at 2000 x g for
15 minutes at 4°C to obtain serum and stored at -80°C. Participants were instructed to not
consume additional food priorto theirlast blood draw; participants were allowed to consume
water, and black coffee/tea ad libitum. Participants completed the second study visit following
at leasta 1 week washout period.

Liquid Chromatography-Mass Spectrometry Analysis of Phosphatidylcholines

Total lipid extraction from serum and other tissues was undertaken usingan adaptation
of the method of Koc et al *%. Briefly, 0.02-0.05 g of solid tissue or 150 pL of serum
homogenized in 400uL 2:1 methanol:chloroform with 5nM/LPC 9:0-9:0 (Avanti Polar Lipids,
Alabaster, Alabama) as an internal standard. The samples were incubated overnight (18 hrs
minimum) at -20°C. Homogenates were centrifuged at 5000 rpm for 5 min and upper fractions
were transferred into newtubes. To the remaining of the solid residue, 250uL of 2:1:0.8
(methanol:chloroform:water) was added. After vortexing and centrifugation (5 min 14000 rpm),
the upper fraction was combined with the previously collected fraction. To separate water-
soluble compoundsfrom lipid-soluble, 100uL of chloroform and 100uL of water were added to
the tubes. Following centrifugation, the lower layer was collected and dried in Savant
SpeedVac. Extracts were reconstituted in 100uL of 6:1 (methanol:chloroform).

The extract (5pL) was injected on the UPLC-MS system containingan 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 usinga
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
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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 5°C; the
column’s temperature was held at 30°C. 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 350°C; 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; AGCtarget 2e4; isolation window 1 m/z; HCE 20. The inclusion list contained m/z
680.45 which represented a DLPC anionized adduct [M+0Ac]- 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 anionicloss of CH3, m/z 606.39, was used as DLPC qualifier. Full scan mode (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).

Quantitative Real Time Polymerase Chain Reaction (qRT-PCR)

To assess the ability of lauric-acid induced DLPC production to agonize LRH-1, we
measured the relative abundance of the downstream LRH-1 transcripts, CYP8B1 and GNMT
usingboth primary hepatocytes and whole liver tissue obtained from hLRH1-WT and hLRH1-KO.
RNA was extracted from primary hepatocytes treated with indicated fatty acids and liver tissue
derived from LRH-1"" Alb-Cre feeding studies with Trizol reagent (Invitrogen™) using the
manufacturer’s protocol. RNA concentrationand quality were assessed usinga NanoDrop ND-
1000 spectrophotometer (ThermoFisher Scientific). cDNA was generated usinga high capacity
cDNA reverse transcriptionkit (Applied Biosystems, Thermo Fisher Scientific) and an Eppendorf
5331 Mastercycler. Quantitative PCR was performed with a Roche LightCycler 480 Il using SYBR
green supermix reagents (Bio-Rad Laboratories). A panel of reference genes was utilized to
determine the most stably expressed reference target (NormFinder, Aarhus University Hospital,
Denmark). Forward and reverse primer sequences are shown in Supplementary Table 2. Primer
efficiencies were calculated following amplification of a standard curve. Melting curves were
included at the end of amplification cycles to validate specificity of the PCR product. The A,ACt
method was used to calculate fold changes.

Statistical Analysis

All statistical analyses reported for DLPC production are within treatment analyses,
owing to the lack of DLPC observed outside of contexts where C12:0 was provided. Repeated
measures ANOVA were used to determine the significant effects of C12:0 on DLPC production
across a time coursein cultured cells, and in post-prandial blood samples from humans fed
coconut oil diets. 1-way ANOVAs were performed to compare the effect of different C12:0
doses on DLPC production in cultured cells. 2-way ANOVA with Tukey’s post-hoctest was used
to assess the impact of fatty acid provision on LRH-1-dependent gene expression.
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RESULTS

C12:0 Provision Results in Rapid Production of DLPC In Vitro

Consistent with the reported lack of DLPC in cultured cells, we observed no DLPC
productionin anycell 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 uM dosage) and across a range of doses (4 hour treatments) (Figure 1A;1B).
Consistent with previous data showingthat C12:0 exhibits lowincorporationinto membranes,
and that regulation of nuclear receptor signaling occurs by degradation of endogenous ligands,
we observed a very short half-life of exogenously added DLPC, estimated to be ~47 min (Figure
1C). We also observed DLPC productionwith 4 hour C12:0 treatment across several diverse cell
types, including Hela, JEG3, C2C12 and Caco-2 cells, suggesting that C12:0 is readily
incorporated into fatty acid pools available forincorporation into diacylglycerols and
subsequent phosphatidylcholine synthesis across a range of cell types (Supp x and data not
shown). Collectively, these findings suggest that C12:0 provision results in DLPC productionin
cultured cells.

C12:0 Provision Results in Rapid Intestinal Production of DLPC and Exposure to LRH-1
Expressing Tissues In Vivo

We observed rapid production of DLPC in the duodenum of male and female mice
followingacute (1.5h) oral gavage of olive oil supplemented with free C12:0 and coconut oil, a
dietary source of C12:0 (Figure 2A). Supplementation *C-C12:0also resulted in direct
incorporation of 1*C-C12:0 into DLPC (Figure 2A). As predicted from the absence of endogenous
C12:0in exchangeable pools available for PC biosynthesis, only DLPC molecules containing two
13C-C12:0s detected. DLPC was also detected at low concentrations in postprandial serum
(Figure 2B). Chronicfeeding (1 month) of high fat coconut oil diets (60% kcal; 18% lauricacid)
resulted in low but detectable presence of DLPC in multiple organsin addition to the intestine,
including kidney, liver, skeletal muscle and ovary (Figure 2C). DLPC was not observed in fasting
serum samples, washed red blood cells, brain, or testes. These concentrations of DLPC were
measured after overnight fastingand likely underestimate tissue exposure to some degree,
based on the rapid degradation of DLPC observed in vitro.

De Novo Lipogenic Diets Are Insufficient to Induce Endogenous DLPC Production

To confirmthe presumption that de novo lipogenesis is not sufficient to generate a
physiological poolof C12:0 available for DLPC production, 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, high sucrose
dietis a model of enhanced de novo lipogenesis, previously shown to generate a fatty acid
synthase-derived PC species that acts as an endogenous ligand for the peroxisome proliferator
activated receptoralpha®. We did not detect DLPC in major metabolictissues (intestine, liver,
pancreas, kidney) followingthis lipogenicdiet. These results support our hypothesis that DLPC
production requires exogenous provision of C12:0 in the diet/culture media.
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Deuterium-Labeled Choline Reveals Intestinal CDP-Choline-Derived DLPC with Broad Extra-
Intestinal Remodeling of PC Species to Facilitate Endogenous DLPC Production

Production of di-saturated PC species has been reported with specific tissues exhibiting
the capacity to produce high quantities, such as the lung’s production of the surfactant,
dipalmitoylphosphatidylcholine. It remains unclear whetherintestinal production of DLPC is the
predominantsource of DLPC for extra-intestinal tissues, or whether other tissue types are able
to produce DLPC when presented with C12:0. To begin to address this, we provided female
mice d9-methyl-cholinein their drinking water for 4 weeks; this deuterated form of choline has
been used to assess production of PC species through the CDP-choline vs the
Phosphatidylethanolamine N-Methyltransferase (PEMT) pathway of PC synthesis3°°. PC
produced through the CDP-choline pathway retains all 9 deuterated methyl groups (d9-PC),
whereas PEMT-derived-PC predominantly exhibits a d3-label (d3-PC), followingincorporation of
d9-choline label into the methyl pool. d3-PC also results from the CDP-choline pathway,
following phospholipase D activity on PEMT-derived-PC, liberating a d3-choline moiety to be
utilized by tissues via the CDP-choline pathway. In the ad libitum state, d9-methyl-choline
supplementation resultedin comparable amounts of total d9- and d3-PC in the intestine,
indicating contributions of both pathways (Table 1). In contrast, the striking 100x
predominance of intestinal d9-DLPC relative to d3-DPLC indicates dependence on the CDP-
choline pathway, which is consistent with the reported lack of detectable intestinal PEMT
expression/activity**. Unlike the intestine, and contrary to the notion that the intestine supplies
DLPC for the mammalian body, plasma enrichmentsexhibited near equivalent ratios of d3-and
d9-DLPC. Notably, theliver,an organ with very high expression of PEMT, showed low levels of
d9-DLPC but undetectable levels of d3-DLPC, despite a greater enrichment of d3-PC relative to
d9-PC. Collectively, the labeling scheme across these three compartments support a model
whereby the CDP-choline pathway is critical for producing DLPC, either through direct
condensation of CDP-choline with dlauroylglycerol, or remodeling of CDP-choline-derived PCs.
The plasma compartment’s enrichment with d3-DLPC likely results from recycling of the d3-
choline moiety from d3-PC through the CDP-choline pathway and is broadly indicative of the
extra-intestinal capacity to produce DLPC.

C12:0 Provision Results in the Appearance of DLPC in Postprandial Serum of Coconut
Oil-Fed Healthy Human Subjects

Healthy human participants (n=10) participated in an acute, randomized, controlled
cross-over feedingtrial to assess the impact of a C12:0 containing breakfast smoothie (prepared
with 11.38g of C12:0 in the form of coconut oil) relative to a C12:0-free control (0g; provided as
olive oil). Consistentwith DLPC beingabsentin 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. As hypothesized, we did observe DLPC in postprandial serum following consumption of
breakfast shakes prepared with coconut oil (Figure 3). Consistent with our resultsin acute
animal gavage experiments, DLPC appeared in serum 2 h postprandially and furtherincreased
at4and 6 h.
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C12:0 Provision Results in Induction of LRH-1 target gene expression Ex Vivo and In Vivo

While we observed the production ofthe LRH-1 ligand, DLPC, from the provision of its
acyl constituent, C12:0, it remained unclear if this resultsin ligand-induced enhanced
transcriptional activity. To address this, LRH-1""mice and Albumin-Cre mice were bred to
generate hepaticknockout (Cre+; LRH1-LKO) and wild-type (LRH1-WT; Cre-, LRH-1"" and LRH-
17} and used to assess LRH-1 target gene expression in primary hepatocyte (ex vivo) and
feeding (in vivo) experiments. Following treatment for 8 hours, primary hepatocytes (n=6 per
treatment-x-genotype group) from LRH1-WT mice treated with C12:0 exhibited significantly
increased expression of the LRH-1 target gene, CYP8B1, but not GNMT, relative to C16:0,
C18:1n-9 or vehicle (Figure 4 A,B); as expected, expression of both target genes was
significantly reduced in LRH1-LKO mice relative to LRH1-WT, with no evidence of C12:0-induced
enhanced transcriptional in LRH1-LKO mice. After 10 days of feeding, LRH1-WT mice fed C12:0
(n=7) exhibited significantly higher expression of both CYP8B1 and GNMT relative to C16:0-fed
LRH1-WT (n=7) as well as C12:0-(n=7) and C16:0-(n=9) fed LRH1-LKO mice. Collectively, these
LRH-1 dependent, C12:0-induced increases in established LRH-1 target genes, are consistent
with C12:0 provision resultingin functional LRH-1ligand production.
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DISCUSSION

Herein, we report the endogenous production ofthe LRH-1 agonist ligand DLPC
followingthe provision of its acyl constituent, C12:0/lauricacid, across cultured cells, C57BL6)
mice, and in a human randomized cross-over trial. Endogenous production of DLPC was not
observed under conditionswithout the provision of exogenous C12:0/lauricacid, including
under conditions of enhanced de novo lipogenesisin mice fed a 0% fat diet. We confirmed the
need for exogenous C12:0 with *C-labeled C12:0, and further demonstrated a reliance on the
intestinal CDP-choline pathway of phosphatidylcholine biosynthesisto produce DLPC initially
followingintake, with evidence of complex whole body synthesis from plasma isotopic
enrichment schemes. Provision of C12:0 both ex vivo and in vivo was associated with increased
expression of hepatic LRH-1 target genes in wild-type, but not hepatic LRH-1 knockout mice,
indicating that provision of C12:0 not only produces DLPC but resultsin LRH-1 activation.

Our investigation has strengths, limitations and need for follow-up investigation:

We rigorously tested the hypothesis that the absence of DLPC is due to insufficient
availability of its acyl constituent, C12:0, across multiple cell lines, acute and chronic animal
feeding studies, and in a single-blind randomized controlled cross-over feedingtrial. The
production of DLPC by lauricfeeding was complemented by the use of transgenicanimalsto
show evidence of hepaticLRH-1 agonismvia C12:0 supplementation ex vivo and feedingin vivo,
an effect not observed in mice lacking hepatic LRH-1. Our investigation focused strongly on the
effects of C12:0 provision relative to other purified fatty acids, whereas the literature/media
commonly makes claims related to C12:0 from its classification asa medium chain fatty acid
utilizing studies confounded by co-provision of additional, uniquely bioactive fatty acids*2.
Additionally, we incorporated stable isotope methodologies to assess inferences about the
metabolic pathways required to produce DLPC, though the enzymaticsteps required for DLPC
production from C12:0 provision require further investigation.

While we have evidence of LRH-1 agonism following C12:0 provision, itis notable that
there remains no way to specifically block DLPC synthesis following C12:0 provision, without
additional confounding, to show that C12:0 does notinfluence LRH-1 through a non-DLPC
pathway. It remains possible that other metabolites resulting from C12:0 provision may
influence LRH-1 activity via ligand binding or other under-investigated mechanisms, such asthe
impact of C12:0 as a post-translational modification'®. Though the amount of DLPC produced
from C12:0 is small as a proportion of the total PC pool/per gramtissue, the subcellular
localization of DLPC remains un-characterized. It is notable that PC pools differingin
composition are compartmentalizedin the cell, with endonuclear PC enriched in saturated fatty
acids****. The functional purpose of this pool remains unclear, but may indeed be to facilitate
local production of nuclear receptor ligands. Future investigations are necessary to determine
whether C12:0 intakes resultin preferential enrichment of C12:0-induced DLPC in endonuclear
PC pools.

We set out to test whether C12:0 feeding resulted in LRH-1 agonism utilizing
hepatocyte-specific LRH-1 knockout mice, due to the embryoniclethality of whole body LRH-1
knockout mice and the mild phenotype of heterozygous LRH-1 knockout mice. We utilized
hepatocyte-specific LRH-1 knockout mice to test our hypothesis because of the well-defined
hepatic LRH-1 cistrome® and the role of LRH-1 in regulating target genes involved in multiple
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metabolic pathways (CYP8B1/lipid, GNMT/methyl) in this tissue. This unique characteristic of
LRH-1in the liverallowed us to limit the impact of a priori concerns unique to studies of
nutrition, whereby the lack of a true placebo and need for choosingan isocaloriccomparator
introduces novel potential for confounding. Future studies investigating dietary-induced
agonism of nuclear receptors on both transcriptionaland physiological outcomes will require
careful planningand interpretation of isocaloricmacronutrientcomparators, particularly in
tissues with few known LRH-1 targets that are metabolicallyindependent of one another. For
example, C16:0 may or may not be an appropriate comparator for intestine-specific LRH-1
knockout studies, whereby inflammatory triggers are key toinducing LRH-1 transcriptional
networks and influencing CYP11A1 expression®®.

Lastly, our feeding study, while highly controlled and utilizing a strong cross-over design,
does not show evidence for LRH-1 agonism; future studies with C12:0 feedingand tissue
biopsies will be required to assess this. Our study notably needs to be repeated in disease-
specific populationsto ensure uncompromised DLPC production/presence in target tissues, as
well asin longer term feeding trials with diverse metabolic, surrogate and quality of life
outcomes. Certain disease states where LRH-1 is clearly implicated, such as inflammatory bowel
disorders*®™* are high priority for investigating C12:0-modified diets and medical nutrition
products.

There are several implicationsof our work, for both the fields of nuclear receptor
biology and nutritional sciences. Our results highlight the importance of considering the fatty
acid composition of nutrient exposures when assessing potentialligands for nuclear receptors.
Indeed, the lack of C12:0 in culture mediums and laboratory animal diets likely facilitated the
identification of DLPC as a LRH-1 ligand, and suggest that manipulation of fatty acid availability
may reveal other potential agonists relevant to nuclear receptor signaling.

Our study findings, coupled with several observations throughouttheliterature,
contribute 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 0il**~°. The World Health Organization specifically recommends reductions in
the intake of three common hypercholesteremicsaturated fatty acids: C12:0 (lauricacid), C14:0
(myristic acid) and C16:0 (palmiticacid)®’. All three of these fatty acids raise LDL-C?°, a causal
factor in the development of cardiovascular disease®?. To date, randomized controlled trials
testingthe hypothesis that cholesterol lowering diets, of which reduced saturated fat
consumption are a core component, have primarily limited fat sources abundantin C14:0 and
C16:0 (e.g. high fat meats and dairy products)®3. No trial has tested the impact of C12:0 rich oils
(e.g. coconut, palm kernel oil) on disease endpoints, and thus, decisions about healthimpacts
of these are limited to surrogate endpoints. Assessingthe health impact of an interventionvia a
single surrogate endpoint has significant limitations>®, particularly in that pleiotropic effects
of interventions may modify the overall clinical effect size on actual disease endpoints. In the
case of nutrients, pleiotropic effects of nutrients are often context-dependent, and may over-
or under-estimate the impacts on health outcomes.

There is evidence that C12:0 may have effects quite distinct from those of other
saturated fatty acids consistent with pleitropy. Notably, coconut oil and/or laurichave been
consistently observed as outlier sources of saturated fatin the preclinical and clinical literature
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assessing cardiometabolic outcomes 21:2°2773957-0 gince the earliest investigations by Paigen
and colleagues defining atherogenicdiets for use in murine models, saturated fatty acids have
been shown to be highly correlated with atherosclerosis lesion size - with coconut oil being the
notable exception®. Coconut oil and C12:0also failed to induce insulin resistance to the degree
that various comparator oils/fats do in rodent models?’>”°8, Protective cardiometabolic effects
of C12:0 in human feeding trials®® and epidemiological 3® > investigations, relative to longer-
chain saturated fats, have also begun to emerge. Pleiotropic effects of C12:0 through LRH-1
signaling, which has well-described roles in glucose sensingand whole body cholesterol
regulation, protecting against insulinresistance®®, beta cell dysfunction®%%3, and
atherosclerosis® remains speculative but plausible 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
cardiometabolichealth. Advancing speculation and ultimately, our understanding of C12:0 on
health outcomes will require tissue-specific-LRH-1 knockout murine feeding trials, well-
designed human feedingtrials with multiple isocaloriccomparatorsand surrogate endpoints
across a range of intakes, and a revisiting of dietary assessment methodologiesin large
epidemiological studies to capture lauric-acid containing oils. While much of this discussion
surrounds cardiometabolichealth, the impact of C12:0 intake (increased or reduced) on other
disease categoriesinfluenced by LRH-1 are worthwhile, including pathophysiological states
characterized by reduced ovarian progesterone synthesis (e.g. recurrent pregnancy loss) ¢,
cancer®’®® and intestinalinflammatory conditions*®. Additionally, the high content of C12:0 in
mammalian milk warrantsinvestigationinto the potential relevance of LRH-1 agonism at this
life-stage 23.

Ultimately, substantial research on the relevance of DLPC-induced LRH-1 agonismin
humans, either by diet or pharmacological administration, is essential before dietary
recommendations about C12:0should be altered.

CONCLUSIONS

Herein, we demonstrate the endogenous production of DLPC, an agonist ligand for the
orphan nuclear receptor LRH-1, followingthe provision of the saturated fatty acid, C12:0/lauric
acid. C12:0 provision increases expression of LRH-1 target genes, as expected from the agonist
activity of DLPC, an effect thatis lostin the genetic absence of LRH-1. These results support the
potential for pleiotropiceffects of C12:0 and warrant furtherinvestigationinto the physiological
and pathophysiological effects of C12:0-containing oils.
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FIGURE LEGENDS

Figure 1: C12:0 Provision Results in Rapid Production of DLPC In Vitro

A) HepG2 cells were cultured across a time course with 100uM of lauricacid. B) HepG2 cells
were cultured with varying concentrations (OuM to 100uM) of lauricacid for 4 hours. C)
HepG2 cells were cultured with 100uM of lauricacid for 4 hours, washed and replaced with
unsupplemented media and harvested at serial time points.

Figure 2: C12:0 Provision Results in Rapid Intestinal Production of DLPC and Exposure to
Broad LRH-1 Expressing Tissues In Vivo

A) Acute, oral gavage (n=3) of C12 containingoils and duodenal DLPC production (~1.5hr
post-gavage). B) Appearance of DLPC in postprandial serum. C) Tissue Atlas of DLPC
Productionin both Fasted (14 hour) and Postprandial (14 hour fast + 3 hour gavage) states

(n=3/group).

Figure 3: C12:0 Provision Results in the Appearance of DLPC in Postprandial Serum of
Coconut Oil-Fed Healthy Human Subjects

Participants (n=10) 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. Statistically significant (p<0.05) differences between time points were assessed by 1-
Way ANOVA.

Figure 4: C12:0 Provision Results in LRH-1 Agonism Ex Vivo and In Vivo

A,B) Primary hepatocytes were isolated from hepatic LRH-1 wild type (hLRH1-WT) and hepaticLRH-1
knockout (hLRH-KO) mice (n=4; 2 per genotype) and underwent theirindicated fatty acid or vehicle
treatments for 8 hours. Expression of the LRH-1 target genes, CYP8B1 and GNMT, were assessed as
evidence of LRH-1 activation. C,D) Hepatic LRH-1 wild type (hLRH1-WT) and hepatic LRH-1 knockout
(hLRH-KO) mice were fed purified diets with 10% of kilocalories derived from C12:0 or C16:0 for 10
days; final sample sizes were as follows: h(LRH1-WT-C12:0, n=7; hLRH1-WT-C16:0, n=7; hLRH1-KO-
C12:0, n=7; hLRH1-KO-C16:0, n=9. Expression of the LRH-1 target genes, CYP8B1 and GNMT, were
assessed as evidence of LRH-1 activation. Differences in gene expression were assessed using 2-way
ANOVA with Tukey’s posthoccomparisons. Statistically significant differences between groups
(p<0.05) are indicated via superscript lettering.
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Figure 2: C12:0 Provision Results in Rapid Production of DLPC and Exposure to Broad LRH-1 Expressing Tissues In Vivo
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Figure 3: C12:0 Provision Results in the Appearance of DLPC in Postprandial Serum of Coconut
Qil-Fed Healthy Human Subjects
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Figure 4: C12:0 Provision Results in LRH-1 Agonism Ex Vivo and In Vivo
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TABLES

Table 1: d9-Choline Provision Reveals CDP-Choline-Dependent, Dynamic DLPC Synthesis from C12:0

% Total PC Enrichment

Tissue Intestine Serum Liver
d9-DLPC 0.032 0.0072 0.00030

d9-PC 10.95 8.53 7.55
d3-DLPC 0.00033 0.0075 Undetectable

d3-PC 12.04 16.77 13.31
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