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ABSTRACT OF THE DISSERTATION

Metabolic and physiological functions of sphingolipid biosynthetic flux in cardiovascular disease

Jivani Manovathy Gengatharan

Doctor of Philosophy in Bioengineering
University of California San Diego, 2023

Professor Christian M. Metallo, Chair
Professor Pedro Cabrales, Co-Chair

Lipid metabolism plays a role in the pathogenesis of atherosclerotic cardiovascular
disease (ASCVD) through aberrant lipid biosynthesis and trafficking via lipoproteins. The
dysregulation of these pathways occurs across various tissues and understanding tissue-specific

lipid biosynthetic flux can unravel the metabolic contribution to physiological responses.
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Furthermore, understanding how these fluxes are regulated at the genetic level may uncover new
mechanisms to be exploited as clinical targets. Sphingolipids constitute a pool of bioactive lipids
that are critical in maintaining cell function and lipid homeostasis. Owing to their abundance in
circulation and enrichment in lipoproteins, sphingolipids have been emerging as biomarkers of
several diseases including ASCVD.

In this dissertation, we study the intersection of sphingolipid metabolism and dietary fat
in the progression of ASCVD and other co-morbidities of metabolic syndrome. First, we applied
mass spectrometry to quantify the metabolic flux of cis (CFAs) and trans monounsaturated fatty
acids (TFAs) into sphingolipids by the initial, rate-limiting enzyme serine palmitoyltransferase
(SPT). We identified novel sphingolipids synthesized from TFAs that exhibit high affinity for the
sphingolipid pathway through their preferential incorporation into the long-chain base of
sphingolipids and secretion from hepatocarcinoma cells.

Next, we designed custom high-fat diets (HFDs) with identical macronutrient
composition enriched in either CFAs or TFAs to characterize the role of sphingolipid
metabolism in the progression of hepatic steatosis and atherosclerosis induced by dietary fat.
Administration of a HFD enriched in TFAs to low-density lipoprotein receptor deficient (Ldlr-/-)
mice accelerated liver steatosis, hepatic very-low-density lipoprotein (VLDL) secretion, and
atherogenesis compared to a HFD enriched in CFAs. Mechanistically, we demonstrate that in
vivo SPT inhibition mitigated these phenomena while significantly diminishing atherogenic
VLDL consisting of TFA-derived polyunsaturated sphingolipids. SPT inhibition additionally
remodeled the lipidome by shifting hepatic fatty acids towards phospholipids, indicating that
diverting fatty acids away from SPT and downstream sphingolipids may be beneficial on these

HFDs.
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Collectively, we elucidate a novel mechanism in which SPT flux synergizes with hepatic
lipoprotein secretion to deliver atherogenic sphingolipids into circulation. Thus, we uncovered a
critical metabolic link between sphingolipids and lipoprotein metabolism that can be

therapeutically targeted in ASCVD in response to specific dietary fats.
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Chapter 1 Elucidating the role of sphingolipid metabolism in
atherosclerotic cardiovascular disease using mass
spectrometry

1.1 Introduction

Metabolism is a set of chemical reactions that convert nutrients to energy to maintain
cellular processes, synthesize macromolecules, and eliminate waste. Since this complex
network of metabolic pathways is critical for maintaining homeostasis, perturbations to pathway
flux can result in disease states. Within this large network, the subsection of lipid metabolism is
essential for membrane formation, signaling, and energy storage and its disruption in various
tissues has been implicated in several diseases.

The subject of this dissertation is the contribution of sphingolipid metabolism to
ASCVD induced by dietary fat. My studies focus on promiscuity of the rate-limiting enzyme of
sphingolipid biosynthesis, serine palmitoyltransferase (SPT), leading to aberrant fatty acid
incorporation and its influence on the atherogenicity of dietary trans fat. Specifically, we have
used stable isotope tracing via mass spectrometry and dietary interventions to quantitatively
highlight altered sphingolipid biosynthetic flux as a critical node in the pathogenesis of liver

steatosis and atherosclerosis induced by trans fat intake.

1.2 Dietary fat influences progression of atherosclerotic cardiovascular disease
Cardiovascular disease (CVD) is the leading cause of death globally, accounting for
approximately 18 million deaths each year. Several factors contribute to cardiovascular disease
including atherosclerosis, high blood cholesterol, hypertension, obesity, diabetes, smoking,

physical inactivity, and genetic risk factors. Dietary fat intake has long been proposed to



influence lipid and lipoprotein metabolism and initiate the progression of CVD and other
associated co-morbidities. Specifically saturated fat intake is known to raise low-density
lipoprotein cholesterol (LDL-C) [1], a key marker of cardiovascular risk due to its tendency to
aggregate in atherosclerotic lesions. While the total fat intake of the Western diet is similar to
that of the Mediterranean diet, the difference in fat composition to include more
monounsaturated fatty acids (MUFAs) and reduce saturated fatty acids (SFAs) in the
Mediterranean diet is sufficient to reduce cardiovascular risk[2].

Atherosclerosis is initiated by endothelial dysfunction allowing retention and oxidation of
atherogenic LDL or other lipoproteins in the intima. Endothelial cells are then activated to
promote the adhesion of monocytes and leukocytes and facilitate the infiltration of smooth
muscle cells into the intima. Monocytes then differentiate into macrophages and transform into
foam cells as they take up oxidized LDL and lipids via scavenger receptors. Subsequent release
of cytokines from foam cells enables the further development of atherosclerosis.

While clinical studies have measured effects on dietary fats on cardiovascular risk factors
such as lipid and lipoprotein profiles, mechanistic studies have been more thoroughly explored in
animal models. The most common models are mice with a deficiency in apolipoprotein E
(Apoe)[3] or the low-density-lipoprotein receptor (Ldlr) [4], which both develop
hypercholesterolemia. Mutations in these genes in humans are also associated with various types
of hypercholesterolemia or hyperlipidemia with increased ASCVD risk. Mice carry the majority
of their cholesterol in high-density lipoprotein (HDL) and do not typically develop
atherosclerosis. Humans contrastingly carry the majority of their cholesterol in LDL, which
enables the development of atherosclerosis. Therefore, developing non-HDL-derived

hypercholesterolemia, similar to humans, is required to induce atherosclerosis. ApoE is a ligand



on chylomicrons, very low-density lipoproteins, and their remnants required for their uptake by
hepatic LDL receptor and LDL receptor-related protein. Therefore, Apoe-/- mice exhibit
accumulation of atherogenic lipoproteins in circulation and advanced atherosclerotic lesions even
on a chow diet as early as 8 weeks[5]. LDLR is a membrane receptor required to endocytose
circulating LDL. Ldlr-/- mice exhibit reduced clearance of LDL, thereby emulating a similar
lipoprotein profile to humans. This atherogenic lipoprotein profile with elevated LDL-C can
drive atherosclerosis in the presence of dietary cholesterol [6] or at least a high fat diet [7].
Therefore, both murine models of atherosclerosis have been utilized to study the influence of

dietary fat on the progression of atherosclerosis.

1.3 Sphingolipids are a diverse class of bioactive lipids
Sphingolipids are bioactive lipids that play critical roles in maintaining cellular and

physiological homeostasis. Within the cell, they are essential structural components of the
plasma membrane in lipid rafts with cholesterol [8]-[13] and mediate several signaling cascades
in processes such as cell death [14], [15], differentiation [16], and proliferation [17]. The
synthesis of sphingolipids is initiated in the endoplasmic reticulum (ER) by the rate-limiting
enzyme serine palmitoyltransferase (SPT), which canonically condenses the amino acid serine
and the 16 carbon palmitoyl-CoA to synthesize sphinganine d18:0 (Figure 1.1). This long-chain
base (LCB) SA d18:0 can be N-acylated by one of six ceramide synthases (CerS) responsible for
adding fatty acids of specific chain lengths to form dihydroceramides (DHCer d18:0/N-acyl).
The final step of de novo sphingolipid synthesis is mediated by delta 4-desaturase (DEGS) to add
a double bond to form ceramides (Cer d18:1/N-acyl) (Figure 1.1). This central hub of ceramides

is transported to the Golgi and can then be further modified with sugar groups to form hexosyl-



ceramides, lactosyl-ceramides, and complex glycosphingolipids (Figure 1.1). Ceramides can
also be modified with a phosphocholine head group via sphingomyelin synthases (SMS1/2) to
synthesize sphingomyelin (SM), the most abundant sphingolipid in the body (Figure 1.1).
Sphingomyelin synthase pairs the synthesis of sphingomyelin with the conversion of
phosphatidylcholine (PC) to diacylglycerol (DAG) by transferring the phosphocholine head
group to ceramides to form SM. Ceramide can also be directly phosphorylated to form ceramide-

1-phosphate via ceramide kinase (CERK).
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Figure 1.1 Sphingolipid biosynthetic pathway.

SPT: serine palmitoyltransferase; KDSR: 3-dihydrosphingosine reductase; CerS: ceramide
synthase; UGCG: UDP-glucose ceramide glucosyltransferase; BAGALTS5/6: beta-4,5/4,6-
galactosyltransferase; Bgal: beta-galactosidase; GBA: glucocerebrosidase; CerK: ceramide
kinase; Pase: phosphatase; SMS: sphingomyelin synthase; SMPD: sphingomyelinase;
ASAH/ACER: acid ceramidase; SPHK: sphingosine kinase; SPP: sphingosine-1-phosphate
phosphatase; SGPL: sphingosine-1-phosphate lyase.



Sphingolipids can be degraded beginning with the conversion of complex sphingolipids
back into ceramides. This process is catalyzed by acid, neutral, or alkaline ceramidases and can
occur in several cellular compartments including the plasma membrane, ER, Golgi, or lysosome
(Figure 1.1). Ceramides are then broken into their LCB backbone sphingosine (SO d18:1) and
further phosphorylated by sphingosine kinase (SPHK1/2) (Figure 1.1). The phosphorylated
product sphingosine-1-phosphate (S1P) is degraded by the enzyme S1P lyase (SGPL1) to release
hexadecenal and phosphoethanolamine. The free LCB SO d18:1 can be re-acylated by Cers to
fuel sphingolipid recycling (Figure 1.1). Defects in the sphingolipid degradation pathway will
result in aberrant increase in sphingolipid intermediates that can give rise to lysosomal storage
disorders[18]. S1P is a critical signaling molecule that plays a role in various diseases and
processes including cancer[19]-[21], inflammation[22]—[24], atherosclerosis[25]-[27],
angiogenesis[28]—[30], and cell growth[31], [32].

Sphingolipid biosynthesis is tightly regulated by the feedback inhibition of ORMDL
proteins. The ORMDL family consists of ORMDL1, ORMDL2, and ORMDL3. These regulators
normally inhibit SPT in the presence of excess ceramides. However, free cholesterol induces
autophagy of ORMDL and thereby increases SPT flux[33]. ORMDL3 has been linked to
childhood asthma[34], ulcerative colitis[35], type I diabetes[36], and Crohn’s disease[37].
Dysregulation of sphingolipid biosynthesis is implicated in several diseases[38]-[40]. Increased
SPT flux can lead to toxic accumulation of pathway intermediates, which may have effects on

membrane fluidity, ER stress, and other cell functions.

1.4 Sphingolipids contribute to pathogenesis of atherosclerotic cardiovascular disease
Several studies over the years have characterized the role of sphingolipids in the progression

of atherosclerotic cardiovascular disease. Analysis of human aortas from autopsies 60 years ago



revealed the presence of sphingomyelin in atherosclerotic lesions that, like cholesterol, increase
with severity and account for up to 60-70% intimal phospholipids [41]. These sphingolipids can
be derived from local endothelial cells or from deposition of lipoproteins enriched in
sphingolipids. Specifically, LDL and VLDL, both of which contribute to atherosclerotic plaque
formation, contain more sphingolipids than HDL[42]. Early studies discovered further
processing of LDL sphingolipids by local sphingomyelinases increase the endothelial ceramide
content, which induces lipoprotein aggregation and subendothelial retention mediating the initial
stages of atherosclerosis[43], [44]. Ceramide content in LDL localized to atherosclerotic lesions
was 10-50 fold higher compared with ceramide levels in circulating plasma LDL [43], thereby
highlighting further enrichment within lesions beyond initial deposition of circulating
lipoproteins.

Studies focused on the role of particular nodes of sphingolipid metabolism in
pathogenesis of atherosclerosis have used either the Apoe-/- or Ldlr-/- mouse models. Acid
sphingomyelinase deficiency on either the Apoe-/- or Ldlr-/- background both reduced aortic root
lesions[45]. Deficiency of either sphingomyelin synthase (Sgms1/2) on Apoe-/- or Ldlr-/-
background was also sufficient to reduce lesions in the aortic arch and root[46]. The sphingolipid
degradation product S1P can be either pro- and anti-inflammatory depending on its localization
and receptor cascade [47] and its role in atherogenesis has been studied. However, mixed results
were achieved via genetic manipulations. SIPR3 deficiency on an Apoe-/- background had no
effect on lesion size while increasing smooth muscle cell content of lesions and decreasing
macrophage/monocyte recruitment. In contrast, SIPR2 deficiency on an Apoe-/- background
reducing atherosclerotic lesion area while reducing circulating inflammatory cytokines [48]. This

discrepancy is also reflected with S1P mimetic and S1PR agonist FTY-720 (fingolimod), in



which it reduced atherosclerotic lesion formation in Ldlr-/- mice on a high cholesterol (1.25%)
diet [49], but had no effect with moderate levels of dietary cholesterol (0.25%) in Ldlr-/- mice
[50]. Inhibition of de novo sphingolipid synthesis has also been explored to reduce
atherosclerotic lesions. Dietary incorporation or intraperitoneal administration of the SPT
inhibitor myriocin reduced atherosclerotic lesion areas in Apoe-/- mice fed chow long-term or
atherogenic western diets containing cholesterol [S1]—-[53].

Numerous clinical studies have revealed strong correlations between sphingolipids and
ASCVD prognosis. Sphingomyelin was the first sphingolipid identified as elevated in coronary
artery disease (CAD) patients compared to healthy controls[54]. Further clinical studies revealed
sphingomyelin was associated with myocardial infarction but not in patients with stable angina
[55]. SIP typically localizes to HDL; however, non-HDL-S1P increased with severity of CAD
symptoms and degree of stenosis in patients [27], [56]. Following this strong association of
sphingolipids and ASCVD, the Mayo Clinic (USA) has established a clinical test to measure

plasma ceramides in patients due to their strong ability to predict cardiovascular risk[57].

1.5 Stable isotope tracing via mass spectrometry can reveal changes in metabolism
Mass spectrometry is a robust analytic technique to identify and quantify several
compounds in a given sample through their mass-to-charge ratio (m/z). Mass spectrometers are
commonly coupled to gas or liquid chromatography (GC, LC) to additionally distinguish and
identify compounds via their retention time. The mass spectrum at a given time consisting of a
unique fragmentation pattern enables the identification of distinct compounds. Advancements in

mass spectrometry have fueled the field of metabolomics and lipidomics to take advantage of



various chromatography tools and powerful mass spectrometers including high resolution to
broaden the number and range of metabolites that can be measured in a single sample.

Metabolites such as fatty acids, amino acids, and cholesterol are identified commonly via
GC-MS with one round of fragmentation. However, more complex lipids such as sphingolipids,
triglycerides, and phospholipids require more advanced mass spectrometry, typically using two
rounds of fragmentation via LC-MS/MS to further identify distinct components of these complex
lipids. Multiple reaction monitoring (MRM) is a common quantitative method using the
transition of the precursor and product ion via MS/MS to identify and quantify sphingolipids and
other complex lipids. This is especially critical in sphingolipid quantitation as isobaric species
such as Cer d18:1/22:0 and Cer d16:1/24:0 co-elute via LC and MRMs specific to the LCB
enable accurate identification. For example, while both ceramides will have a precursor ion of
m/z 622.6, the product ion is m/z 264.2 for Cer d18:1/22:0 and m/z 236.2 for Cer d16:1/24:0.
This distinction in product ion will allow specific quantitation of each of the two species as well
as numerous other isobaric metabolites. Using standardized MRM:s for sphingolipids[58], we
have expanded our assay to include MRMs for atypical sphingolipids.

While metabolite abundances can provide insight on major changes contributing to
phenotypes, these stationary measurements do not comprehensively capture metabolism. Stable
isotope tracing enables the quantitation of metabolic flux to capture synthesis of metabolic
intermediates beyond their abundances. Changes in abundances may not reflect changes in
biosynthetic flux as rate of synthesis can be altered while pools are maintained. Stable isotope
tracers can be administered in cell culture medium in vitro or through drinking water, infusion,
oral gavage, or intraperitoneal injection in vivo. Metabolic flux can be quantified by measuring

the mass isotopologue distribution (MID) of a given metabolite. This distribution presents the



isotope labeling pattern as fractions. For example, when mice are provided the deuterated water
(D20) as a stable isotope tracer via drinking water and de novo lipogenesis is measured, the
presence of a M+1, M+2, M+3, or more isotopic enrichment on palmitate is noted in the MID
representing incorporation of deuterium into palmitate. This labeling pattern can be corrected for
natural isotope abundance and modeled to quantify the rate of synthesis of palmitate or other
metabolites.

Calculating metabolic flux of complex lipids requires other techniques given the
incorporation of various fatty acids. Using MRMs via LC-MS/MS, the incorporation of fatty
acids into complex lipids and their biosynthetic flux can be measured. For example, cells treated
with the tracer palmitate (C16:0)-d4, which replaced 4 hydrogens atoms for deuterium atoms,
can be scanned for +4 mass shifts in the MRMs of complex lipids via LC-MS/MS to determine
their incorporation of the tracer. If palmitate-d4 were only incorporated into the LCB of Cer
d18:1/22:0 to produce Cer d18:1-d4/22:0, then the MRM would include a precursor ion of m/z
626.6 and product ion of m/z 268.2, both of masses 4 Daltons greater than the MRM for Cer
d18:1/22:0. If palmitate-d4 were only incorporated into the N-acyl of Cer d18:1/22:0 in its
elongated form to produce Cer d18:1/22:0-d4, then the MRM would include the same precursor
ion of m/z 626.6 but a product ion of m/z 264.2 due to maintaining an unlabeled d18:1 LCB.
Therefore, MRMs can be precisely crafted to uncover the specific incorporation of stable isotope

fatty acid tracers into sphingolipids and other complex lipids via LC-MS/MS.
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Chapter 2 Unraveling the selective flux of CFAs versus
TFAs through sphingolipid metabolism

2.1 Abstract

Lipid metabolism is essential for membrane formation, signaling, and energy storage and
its disruption in various tissues has been implicated in the progression of several diseases.
Industrially-produced trans unsaturated fatty acids (TFAs) are associated with atherosclerotic
cardiovascular disease (ASCVD) in humans due to elevated total cholestererol, increased LDL-
C, and decreased HDL-C. Sphingolipids are diverse class of bioactive lipids due to substrate
promiscuity of the rate-limiting enzyme of sphingolipid biosynthesis, serine palmitoyltransferase
(SPT). Through liquid chromatography-mass spectrometry, we identified novel sphingolipids
preferentially incorporating the TFA elaidate into the long-chain base (LCB) of sphingolipids in
contrast to CFA isomer oleate in vitro. CFAs are instead predominantly incorporated into
phospholipids or the N-acyl chain of sphingolipids. This high affinity of TFAs to sphingolipid
biosynthesis is reflected in increased sphingomyelin extracellular flux from Huh?7
hepatocarcinoma cells, predominantly polyunsaturated sphingomyelin derived from TFAs as
determined via stable isotope tracing. These findings suggest SPT selectivity for atypical TFAs
may play a role in modulating flux through sphingolipid biosynthesis and lipid remodeling,

which in turn may contribute to the progression of atherosclerosis induced by trans fat intake.

2.2 Introduction

Sphingolipids are a class of bioactive lipids comprised of a long-chain base (LCB) backbone
that can be modified with an acyl chain or various head groups to construct more complex

species. They are essential structural components of the plasma membrane in lipid rafts[8]—-[11]
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and ceramide-rich domains[12], [13] and are key molecules in signal transduction pathways

mediating apoptosis[14], [15], proliferation[17], differentiation[16], and other processes[59].

The initial rate-limiting enzyme of sphingolipid biosynthesis, serine palmitoyltransferase
(SPT), canonically condenses the amino acid serine and palmitoyl-CoA to synthesize the long-
chain base (LCB) of sphingolipids. SPT is known to be promiscuous for the amino acid substrate
as it can use alanine or glycine as the amino acid substrate instead of its canonical substrate
serine. Specifically, promiscuity with the amino acid substrate is linked to disease states as
alanine incorporation forms the non-canonical products deoxysphingolipids[60], which are
implicated in implicated in hereditary sensory and autonomic neuropathy type 1 (HSAN 1)[61],
[62], diabetes mellitus[63], cancer[64], [65], and macular telangiectasia type 2[66]. Although
SPT’s canonical acyl-CoA substrate is palmitoyl-CoA, it can also use various acyl-CoAs from
10-26 carbons to make a diverse set of LCBs[67], [68]. The SPT enzyme complex comprises two
primary subunits and several accessory proteins that influence substrate choice and enzyme
activity[69]-[73]. SPTLCI encodes an obligate component of the enzyme with either SPTLC2 or
SPTLC3 required for catalytic activity. While SPTLCI and SPTLC?2 are ubiquitously expressed,
SPTLC3 is more selectively expressed across tissues including placenta, skin, some glands,
kidney, and liver [68], [74], [75]. SPTLC3 variants have been associated with elevated LDL-
C[76], myocardial infarction[77], and dyslipidemia[78]. Additionally, SPTLC3 has been shown
to enhance LCB diversity by facilitating incorporation of short-chain acyl-CoAs[70] and the
monomethyl branched-chain fatty acid (mmBCFA) anteiso-C17:0[73]. While saturated acyl-
CoAs are commonly used by SPT, unsaturated acyl-CoAs have been shown to differentially
modulate SPT activity[67]. However, the mechanism of utilization of unsaturated acyl-CoAs by

SPT has not been thoroughly explored.
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Several types of unsaturated fatty acids are found in the body with varying degrees of
desaturation and can be synthesized de novo or derived from the diet. Unsaturated fatty acids are
proposed to be beneficial as they do not induce the same toxicity as saturated fatty acids
including endoplasmic reticulum (ER) stress[79] and a reduction in membrane fluidity[80].
Monounsaturated fatty acids (MUFAs) such as oleic acid C18:1 (9Z) have been promoted as part
of the healthy Mediterranean diet for their ability to reduce atherogenic low density lipoprotein-
cholesterol (LDL-C) and other risk factors for metabolic syndrome and atherosclerotic
cardiovascular disease (ASCVD) [81], [82]. MUFAs such as oleic acid can be derived from the
diet in fat sources such as olive oil, avocado, nuts, and canola oil. Additionally, they can be
synthesized via de novo lipogenesis followed by desaturases such as stearoyl-coA desaturase
(SCD1). These desaturases provide an additional mechanism to reduce saturated fat toxicity by
diverting saturated fatty acids towards unsaturated fatty acids [83]. Natural unsaturated fatty
acids derived from diet or synthesized de novo contain one or more cis double bond, leading to a

kinked structure that affords more fluidity in membranes [80] .

In recent decades, trans unsaturated fatty acids (TFAs) have been incorporated into the food
supply through partial hydrogenation of vegetable oils to enhance flavor and improve shelf life.
TFAs contain one or more double bond in the trans configuration, leading to a straight-chain
structure similar to saturated fatty acids unlike the kinked structure of cis unsaturated fatty acids
(CFAs). Typically, the most abundant TFA in these processed fat sources is elaidic acid C18:1
(9E), the isomer of oleic acid C18:1 (9Z). Several clinical studies over the years revealed TFAs
induce an unfavorable blood lipid profile including increased total cholesterol and LDL-C as

well as decreased high-density lipoprotein-cholesterol (HDL-C)[84].
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Given SPT’s preference for saturated acyl-CoA substrates, we hypothesized that trans
unsaturated acyl-CoAs could be incorporated into the LCB of sphingolipids through SPT
promiscuity and this atypical incorporation could contribute to the toxicity and atherogenicity of
trans fats. We combined stable isotope tracing and mass spectrometry to reveal insights into trans

fat-induced sphingolipid biosynthetic flux.

2.3 Results

TFAs are preferentially metabolized by SPT over CFAs

The SPT complex catalyzes synthesis of LCBs and many studies [70], [73] have
highlighted its promiscuity with respect to amino acid and acyl-CoA substrate usage (Figure
2.1A). Consistent with these findings, Huh7 hepatocarcinoma cells treated with diverse saturated
fatty acid species bound to albumin for 48 hours contained LCBs for each of the fatty acids tested
including the canonical substrate C16:0 palmitate, C18:0 stearate, odd-chain fatty acid C17:0, and
monomethyl branched chain fatty acids (mmBCFAs) iso-C16:0, anteiso-C17:0, or iso-C17:0
(Figure 2.1B). While saturated acyl-CoAs have been primarily explored as alternate substrates for
SPT, monounsaturated fatty acids (MUFAs) are highly abundant in the diet and tissues, and
microsomal enzyme activity assays have previously indicated that both cis-C18:1(9Z) oleate and
trans-C18:1(9E) elaidate are metabolized by SPT to LCBs [67]. To examine the extent of MUFA
incorporation into LCBs and beyond, we cultured Huh7 cells with 100 uM of fatty acid bound to
albumin for 48 hours and measured SPT activity through quantification of hydrolyzed
sphingolipids to detect chromatographically-resolved, isobaric LCBs derived from oleate or
elaidate (Figures 2.1C-D). Elaidate was incorporated into its respective sphinganine d20:1 (SA
d20:1) and sphingosine d20:2 (SO d20:2) LCBs at levels 8-fold and 15-fold more than oleate,

respectively (Figure 2.1E). In contrast to oleate-derived LCBs, the elaidate-derived LCB SA
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d20:1(E) was produced at similar levels to other non-canonical LCBs, including those generated
in cells treated with odd- and branched-chain fatty acids (Figure S1.1A). To examine the fates of
oleate and elaidate through the lipidome more directly, we treated Huh7 cells with the 2H-labeled
tracers oleate-d9 and elaidate-d17 and used multiple-reaction monitoring (MRM) to quantify SA
d20:1 and SO d20:2 with mass shifts of 9 or 17, respectively (Table S3.1). Elaidate-d17 was
incorporated into its respective SA LCB 5-fold and SO LCB 13-fold more than oleate-d9 (Figure
2.1F). When Huh7 cells were treated with an equimolar mix of both tracers in direct competition
for SPT, we observed elaidate-d17 incorporation to be 17-fold higher for SA and 60-fold higher

for SO as compared to oleate-d9 (Figure S1.1B).
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Figure 2.1 TFAs are preferentially metabolized by SPT over CFAs.

(A) Schematic depicting promiscuity of the initial rate-limiting enzyme of sphingolipid
biosynthesis SPT in both amino acid and acyl-CoA substrates. Created with Biorender.com. (B)
Hydrolyzed LCBs synthesized from supplemented fatty acid treatments in Huh7 cells (n=3 per
group). (C) Hypothesized LCBs from oleate or elaidate incorporation by SPT. Oleate or elaidate
would first form a SA 20:1 (9Z) or SA d20:1 (9E) LCB, respectively, after SPT and KDSR
reactions and these LCBs would be maintained through CerS. They would next form a SO d20:2
(4E,11Z) or SO d20:2 (4E,11E) LCB, respectively, after CerS and DEGS reactions. The LCBs
derived from oleate or elaidate will be noted by their unique double bond configuration as SA
d20:1(Z) and SO d20:2(Z) from oleate and SA d20:1(E) and SO d20:2(E) from elaidate. Created
with Biorender.com. (D) After hydrolyzing sphingolipids from either oleate or elaidate treatment
to their LCBs, unique peaks were identified via LC-MS in only cells treated with elaidate,
corresponding to both the expected SA d20:1 (E) and SO d20:2 (E) LCBs. Another peak with the
same MRM eluting prior to this novel peak was present at low levels in vehicle-treated cells and
was increased upon oleate treatment. Through peak area increases corresponding to treatments of
the different fatty acids, the first peak was identified as derived from oleate while the second peak
was identified as derived from elaidate. (E) Hydrolyzed SA and SO LCBs synthesized from 100
uM oleate or 100 uM elaidate, respectively, in Huh7 cells (n=3 per group). (F) Hydrolyzed SA
and SO LCBs synthesized from oleate-d9 or elaidate-d17, respectively, in Huh7 cells (n=3 per
group). Data are mean + standard error of mean (SEM) and were analyzed using an independent
t-test (E-F). *p < 0.05, **p < 0.01, or *** p<0.001 unless otherwise noted.
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Molecular partitioning of CFAs and TFAs through sphingolipid metabolism

Next, we assessed MUFA incorporation into intact, cellular sphingolipids using specific
MRMs (Table S3.1). Consistent with its high abundance in obesogenic lard diets, oleate-d9 was
highly incorporated into the N-acyl chain of canonical ceramides only after elongation to C24:1-
d9 or further, not as its original form C18:1-d9 (Figure 2.2A). On the other hand, elaidate was
incorporated in a more versatile manner reminiscent of saturated acyl-CoAs (Figure 2.2A). We
additionally used specific MRMs to quantify incorporation into the LCB of ceramides and
glycosphingolipids (GSLs) (Figure 2.2B). While ceramides with an oleate-d9-derived LCB were
below the detection limit, we found distinct ceramide (Cer), glucosyl/galactosyl-ceramide
(Gluc/Gal-Cer), and lactosyl-ceramide (Lact-Cer) species with elaidate-d17 incorporated into the
LCB, suggesting that TFA-containing sphingolipids are processed throughout the pathway
(Figure 2.2C). This ceramide N-acyl profile was similar to that obtained with palmitate or stearate
treatments, indicating that ceramide synthases metabolize TFA-derived LCBs similarly to
canonical LCBs (Figures S1.2A-B). Only total incorporation of tracers into sphingomyelin (SM)
pools is observable with available MRMs (Table S3.1). Here, oleate-d9 was incorporated
predominantly into SM 42:2-d9, presumably via the abundant, canonical Cer d18:1/24:1-d9. We
detected no SM peaks with a mass shift of 18, indicating oleate-d9 is not incorporated into both
the LCB and N-acyl at detectable levels (Figure 2.2D). In contrast, elaidate-d17 was incorporated
into more diverse SM species, including several species with a mass shift of 34 suggestive of
elaidate incorporation into both the LCB and N-acyl. Overall, CFAs and TFAs appear to be
molecularly partitioned in the sphingolipid biosynthetic pathway, as TFAs are structurally similar

to canonical, saturated, SPT substrates and therefore preferentially incorporated in the LCB, while
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CFAs feed the ceramide pool through N-acylation (Figure 2.2E). Therefore,

configuration can affect flux through sphingolipid biosynthesis at different stages.
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Figure 2.2 Molecular partitioning of CFAs and TFAs through sphingolipid metabolism.

(A) N-Acyl 2H labeling on canonical ceramides d18:1 from oleate-d9 or elaidate-d17 in Huh7
cells (n=3 per group). (B) Schematic of elaidate-d17 incorporation into the LCB of sphingolipids.
(C) LCB 2H Ilabeling from elaidate-d17 producing a d20:2-d17 LCB in ceramides,
glucosyl/galactosyl-ceramides, and lactosyl-ceramides in Huh7 cells (n=3 per group). (D) 2H
labeling on sphingomyelin from oleate-d9 or elaidate-d17 in Huh7 cells (n=3 per group). (E)
Schematic of molecular partitioning of cis and trans fatty acids in the sphingolipid biosynthetic
pathway. Created with Biorender.com. Data are mean + standard error of mean (SEM) were
analyzed using an independent t-test (A, D).*p < 0.05, **p < 0.01, or *** p< 0.001 unless

otherwise noted.
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TFAs drive aberrant sphingomyelin secretion

We next assessed how these CFA and TFA treatments influence the broader lipidome,
quantifying the flux of oleate-d9 and elaidate-d17 into phospholipids and neutral lipids in Huh7
cells. Oleate was preferentially utilized in phospholipids phosphatidylcholine (PC) and
phosphatidylethanolamine (PE) while elaidate was preferentially found in lysophospholipids
(Figures 2.3A, S1.3A-F). This preferential utilization of oleate for phospholipids suggests that the
kinked structure provided by the cis double bond may be crucial for membrane fluidity and that
alterations in double bond configuration could lead to different downstream fates of lipid flux,
consistent with previous findings highlighting differential lipidomic profiles and incorporation of

CFAs and TFAs [85], [86].

19



>
o]

3 Oleate-d9 300

BN Elaidate-d17

200

c
s
®
8
<
)
&
=
(=]
2
T
o

g
Q
°3
s8¢
9%
oo
80

o
gL
53
anN
© G
2E
s 2
@
«

2
1
1
0.
0.

SM Extracellular flux
(Relative abundance/ug protein*hr)

Fatty Acid Treatments

T SM 340

N SM 34:1

B SM 34:2

B SM 34:2-d34
W SM 36:2-d17
BN SM 36:3-d34
W SM 38:3-d34
N SM42:2

= SM 42:2-d9
B Other SM

N

SM Extracellular flux
(Relative abundance/ug protein*hr)
)

o

8
=3

_** = Oleate-d9
o B Elaidate-d17
I

@
=}

@
L=}

o Serine 4 Palmitoyl-CoA =

) = El Oleate-d9

€ 80 =1 Oleate-d9 . o015 & 804

s " = Myriocin — l\' CoA+CO, % BN Elaidate-d17 s @ Oleate-d9 + Myriocin
5% B Elaidate-d17 g x5 .5
28 o - BN Elaidate-d17 + Myriocin . 2 gSOA 3 Bl Elaidate-d17
5 2 NADP T goo10 . 53 B Elaidate-d17 + Myriocin
@ g Sphinganine g é o B 3 g 40+
g3 ©§ o M g B
Eé & § o005 . gézo«"
g L Ll

2 5 B

§ & 0.000 oo oMy ﬁ 9=

© = O O A R P = A

X AT RN BSR4 N
\'6 »\{f} /\{ﬂ' \'b /\ﬂ' »\\q’ \'b q)«'b ,\?
D X & S X - 8 A
ST T P PP A 3
I R O T
AR S S i
& F F Y FF
ed (e [v3

Figure 2.3 TFAs drive aberrant sphingomyelin secretion.

(A) Total abundances of lipids with 2H labeling from oleate-d9 or elaidate-d17 normalized to
abundances following oleate-d9 supplementation in Huh7 cells (n=3 per group). (B) Stacked plot
of sphingomyelin (SM) extracellular flux from Huh7 cells following fatty acid supplementation
including oleate-d9 or elaidate-d17 (n=3 per group). (C) Total sphingomyelin (SM) extracellular
flux from Huh?7 cells with 2H labeling from oleate-d9 or elaidate-d17 (n=3 per group). (D) Total
phosphatidylcholine (PC) extracellular flux from Huh7 cells with 2H labeling from oleate-d9 or
elaidate-d17 (n=3 per group). (E) Schematic depicting mechanism of action of SPT inhibitor
Myriocin. (F) LCB 2H labeling from elaidate-d17 producing a d20:2-d17 LCB in ceramides
(Cer) in Huh7 cells treated with elaidate-d17 or elaidate-d17 and Myriocin (n=3 per group). (G)
Total sphingomyelin (SM) extracellular flux from Huh7 cells with 2H labeling from oleate-d9 or
elaidate-d17 in the presence or absence of myriocin (n=3 per group). Data are mean =+ standard
error of mean (SEM) were analyzed using an independent t-test (A, C-D, F), one-way ANOVA
(B), or two-way ANOV A with Fisher’s LSD post hoc test (G). Statistical analysis in (B) was
performed using total abundance.*p < 0.05, **p <0.01, or *** p<0.001 unless otherwise noted.

SM is the most abundant sphingolipid present in blood predominantly in lipoproteins, and
its presence in plasma correlates positively with ASCVD [87]. Therefore, we quantified secretion
of SM from Huh7 cells into culture media under various fatty acid treatments, including oleate-d9
and elaidate-d17. Elaidate induced the highest total SM efflux from Huh7 cells compared to its cis

isomer oleate or saturated palmitate and stearate (Figure 2.3B). This increase in SM efflux was
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significantly driven by SM with double incorporation of elaidate (36:3-d34) (Figure 2.3B), such
that nearly 10-fold more elaidate-incorporated SM was secreted compared to oleate-incorporated
SM (Figure 2.3C). This trend was specific to sphingolipids, as oleate-incorporated PCs were
secreted more than elaidate-incorporated PCs (Figure 2.3D), presumably due to the higher
abundance of intracellular, oleate-derived PCs (Figure S1.3C). This preferential secretion of
elaidate-derived SM further highlights the distinct metabolism of TFAs in the sphingolipid

biosynthetic pathway.

To determine if synthesis of these elaidate-derived sphingolipids can be modulated, we
treated cells with myriocin, a pharmacological inhibitor of SPT (Figure 2.3E). Myriocin reduced
production of the LCBs SA d20:1 (Z)-d9 and SO d20:2 (Z)-d9 from oleate-d9 and SA d20:1 (E)-
d17 and SO d20:2 (E)-d17 from elaidate-d17 following hydrolysis of sphingolipids (Figure
S1.3G). In cells treated with elaidate-d17, myriocin also reduced the intracellular abundance of
several Cer d20:2-d17, Gluc/Gal-Cer d20:2-d17, Lact-Cer d20:2-d17, SM-d17, and SM-d34
species under elaidate-d17 treatment (Figures 2.3F, S1.3H-J). Additionally, myriocin suppressed
the efflux of TFA-derived SM-d17 and SM-d34 species, suggesting that SPT activity and fatty

acid structure directly impact lipid secretion (Figure 2.3G).

2.4 Discussion

In this study, we have applied stable isotope tracing and mass spectrometry in vitro to
identify novel TFA-derived LCBs of sphingolipids. These TFA-derived LCBs are preferentially
synthesized compared to CFA-derived LCBs, presumably due to structural similarity of a trans
acyl-CoA to the canonical saturated palmitoyl-CoA substrate. The increased affinity of TFAs to

SPT is supported by previous findings measuring SPT activity with a variety of acyl-CoA
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substrates in rat brain microsomes[67]. These TFA-derived sphingomyelin are additionally
secreted from Huh7 cells, thereby driving increased total sphingomyelin efflux. While there were
was a trending increase in intracellular TFA-derived sphingomyelin compared to CFA-derived
sphingomyelin, the critical distinction in their incorporation was reflected in the media, further
highlighting the importance of considering sphingolipid secretion as part of sphingolipid
biosynthetic flux, especially from hepatocytes as they are major contributors to circulating
sphingolipids.

We additionally measured differential incorporation of elaidate and oleate into the
broader lipidome, with oleate being preferentially utilized as an acyl chain for phospholipids PC
and PE. Oleate is known to induce more fluidity in cell membranes compared to elaidate [88],
which corresponds to our results demonstrating increased flux of oleate into phospholipids. This
reduced ability for elaidate to be incorporated into phospholipids in vitro could influence the
shift of TFAs towards sphingolipids and the preferential secretion of TFA-derived sphingolipids.
Instead of altering membrane fluidity through phospholipid incorporation, the cell may prefer to
direct TFAs towards sphingolipid metabolism for its degradation potential and secretion via
very-low-density lipoproteins (VLDL) from hepatocytes.

Identifying novel substrates for SPT has been an ongoing area of research. While
promiscuity with the amino acid substrate to synthesize 1-deoxysphingolipids has been
implicated in HSAN1[61], [62], diabetes mellitus[40], and macular telangiectasia type 2[66], the
consequence of SPT promiscuity with the acyl-CoA substrate is not clear. SPTLC3 facilitates the
incorporation of a diverse set of acyl-CoAs[70], [73], [89]. SPTLC3 incorporates the mmBCFA
anteiso-C17:0[73], which is derived from branched chain amino acids known to be elevated in

type 2 diabetes[90]. Therefore, the presence of mmBCFAs-derived LCBs driven by increased
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BCAA catabolism may be a biomarker in type 2 diabetes, though this has not been demonstrated.
The largest diversity of LCBs with chain length C16-C26 was found in the skin [89], which also
contains high expression of SPTLC3[73], [91]. This diversity may be required in a specialized
tissue such as skin, which uses ceramides to maintain barrier function. Consistently, SPTLC3
expression is increased during differentiation of keratinocytes[89]. Therefore, determining the
functional role of these TFA-derived LCBs in sphingolipids and the purpose of SPT promiscuity
to incorporate these atypical fatty acids will be critical in understanding why SPT has evolved to

incorporate a diverse set of acyl-CoAs.

2.5 Material and methods
Cell culture experiments

Huh7 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin (P/S). Media was supplemented with 100 uM
fatty acid treatments conjugated with bovine serum albumin (BSA) for 48 hours. For *H flux
measurements of intact sphingolipids and broader lipidome, cells were treated with elaidic acid-
d17 (Cayman Chemical, 27715) or oleic acid-d9 (Avanti Polar Lipids, 861809) in DMEM
supplemented with 10% delipidated FBS and 1% P/S. To test direct competition of both fatty
acids, Huh7 cells were treated with an equimolar mix of elaidic acid-d17 and oleic acid-d9 at
concentrations of 50 uM each. For hydrolysis assays measuring the LCB derived from oleic acid-
d9 and elaidic acid-d17, standard FBS was utilized. To inhibit SPT flux in specific experiments,
myriocin was used at a concentration of 100 nM in DMSO. To calculate extracellular flux, 1.5 mL

of fresh or spent media was evaporated under vacuum at 4°C and resuspended into 0.1 mL of H>O.
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Concentrated media was extracted as described below. All cells were maintained at 37°C and 5%

CO» and periodically tested for mycoplasma.

Long-chain base hydrolysis

Cells were spiked with internal standards sphinganine-d7 (Avanti Polar Lipids, Cat#
860658) and sphingosine-d7 (Avanti Polar Lipids, Cat# 860657) and tissues were homogenized or
cells were scraped with 0.5 mL methanol. Homogenate aliquot of 50 pL was taken to determine
protein content using the BCA protein assay (Thermo Scientific). Samples were placed on a mixer
for 1 hr at 37°C and centrifuged at 2800g. Supernatant was transferred to a new Eppendorf tube
and hydrolyzed for 16 hr at 65°C. 100 uL 10M KOH, 625 pL chloroform, 100 uL 2N NH4OH,
and 500 pL alkaline water were added to samples followed by vortexing for 5 min and
centrifugation for 5 min at 16,000g. The lower organic phase was washed 3 times with alkaline
water and dried under air. Quantification of hydrolyzed long chain bases was performed on an
Agilent 6460 QQQ LC-MS/MS. Metabolite separation was achieved with a C18 column (Hypersil
GOLD aQ CI18 100 x 2.1 mm, 1.9 um particle size, Thermo Scientific). Mobile phase A was
composed of a 60:40 ratio of methanol:water containing 0.1% formic acid and 5 mM ammonium
formate. Mobile phase B consisted of 100% methanol containing 0.1% formic acid and 5 mM
ammonium formate. The gradient elution program consisted of holding at 40% B for 0.5 min,
linearly increasing to 100% B over 15 min, and maintaining it for 9 min, followed by re-
equilibration to the initial condition for 10 min. The capillary voltage was set to 3.5 kV, the drying
gas temperature was 350 °C, the drying gas flow rate was 10 L/min, and the nebulizer pressure
was 60 psi. Long chain bases were analyzed by multiple reaction monitoring (MRM) of the

transition from precursor to product ions at associated optimized collision energies and fragmentor
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voltages (Table S3.1). Long chain bases were then quantified from spiked internal standards

corresponding to respective long chain base class.

Targeted sphingolipid quantification

Cells or media were spiked with internal standards sphinganine-d7 (Avanti Polar Lipids,
Cat#t 860658), deoxysphinganine-d3 (Avanti Polar Lipids, Cat# 860474), d18:0-d7/13:0
dihydroceramide (Avanti Polar Lipids, Cat# 330726), d18:1-d7/15:0 ceramide (Avanti Polar
Lipids, Cat# 860681), d18:1-d7/15:0 glucosylceramide (Avanti Polar Lipids, Cat# 330729), d18:1-
d7/15:0 lactosylceramide (Avanti Polar Lipids, Cat# 330727), sphingosine-d7 (Avanti Polar
Lipids, Cat# 860657), and d18:1/18:1-d9 sphingomyelin (Avanti Polar Lipids, Cat# 791649) or
18:1 sphingomyelin (d18:1/18:1)-d9 (Avanti Polar Lipids, Cat#860740). Tissue was homogenized
and cells were scraped with 0.5 mL methanol and 0.5 mL H>0. Homogenate aliquot of 100 pL
was taken to determine protein content using the BCA protein assay (Thermo Scientific). The
remaining homogenate was transferred to a new Eppendorf tube and 1 mL chloroform was added.
For media, 0.5 mL methanol, 0.5 mL H>O, and 1 mL chloroform were added directly. Samples
were vortexed for 5 min and centrifuged for 5 min at 4 °C at 15,000g. The organic phase was
collected and 2 pL of formic acid was added to the remaining polar phase which was re-extracted
with 1 mL of chloroform. Combined organic phases were dried under nitrogen.

Quantification of sphingolipids was performed on an Agilent 6460 QQQ LC-MS/MS.
Sphingolipid species were separated on a C8 column (Spectra 3 um C8SR 150 x 3 mm inner
diameter, Peeke Scientific). 5 uL of sample was injected. Mobile phase A was composed of 100%
HPLC-grade water containing 2 mM ammonium formate and 0.2% formic acid, and mobile phase

B consisted of 100% methanol containing 0.2% formic acid and 1 mM ammonium formate. The
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gradient elution program consisted of the following profile: 0 min, 82% B; 3 min, 82% B; 4 min,
90% B, 18 min, 99% B; 25 min, 99% B; 27 min; 82% B; 30 min, 82% B. Column re-equilibration
followed each sample and lasted 10 min. The capillary voltage was set to 3.5 kV, the drying gas
temperature was 350 °C, the drying gas flow rate was 10 L/min, and the nebulizer pressure was 60
psi. Sphingolipid species were analyzed by multiple reaction monitoring (MRM) of the transition
from precursor to product ions at associated optimized collision energies and fragmentor voltages
(Table S3.1). Sphingolipids were then quantified from spiked internal standards corresponding to

respective sphingolipid class.

Targeted lipid quantification

Cells or media were spiked with internal standards 15:0-18:1(d7) phosphatidylcholine
(Avanti Polar Lipids, Cat #791637), 15:0-18:1(d7) phosphatidylethanolamine (Avanti Polar
Lipids, Cat #791638), 18:1(d7) lysophosphatidylcholine (Avanti Polar Lipids, Cat#791643),
18:1(d7) lysophosphatidylethanolamine (Avanti Polar Lipids, Cat #791644), 15:0-18:1(d7)
diacylglycerol (Avanti Polar Lipids, Cat #791647), 15:0-18:1(d7)-15:0 triacylglycerol (Avanti
Polar Lipids, Cat #791648). Cells were scraped with 0.5 mL methanol and 0.5 mL H-O.
Homogenate aliquot of 100 pL. was taken to determine protein content using the BCA protein
assay (Thermo Scientific). The remaining homogenate was transferred to a new Eppendorf tube
and 1 mL chloroform was added. For media, 0.5 mL methanol, 0.5 mL H»>O, and 1 mL chloroform
were added directly. Samples were vortexed for 5 min and centrifuged for 5 min at4 °C at 15,000g.
The organic phase was collected and 2 pL of formic acid was added to the remaining polar phase
which was re-extracted with 1 mL of chloroform. Combined organic phases were dried under

nitrogen.
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Targeted lipids were quantified on an Agilent 6460 QQQ LC-MS/MS equipped with an
Accucore C30, 150 x 2.1 mm, 2.6 um particle (Thermo) column at 40°C. 5 pL of sample was
injected. Mobile phase A was composed of a 60:40 ratio of acetonitrile:water containing 10 mM
ammonium formate and 0.1% formic acid and mobile phase B consisted of a 90:10 ratio of
isopropanol:acetonitrile with 10 mM ammonium formate and 0.1% formic acid. Both mobile
phases utilized a flow rate of 0.2 mL/min. The liquid chromatography gradient ran from 30%- 43%
B from 3-8 min, 43%-50% B from 8-9 min, 50-90% B from 9-18 min, 90-99% B from 18-26 min,
then held at 99% B from 26-30 min before returning to 30% B in 6 min and held for a further
4 min. Column re-equilibration followed each sample and lasted 10 min. The capillary voltage was
set to 3.5 kV, the drying gas temperature was 350 °C, the drying gas flow rate was 10 L/min, and
the nebulizer pressure was 60 psi. Lipids were analyzed by multiple reaction monitoring (MRM)
of the transition from precursor to product ions at associated optimized collision energies and
fragmentor voltages (Table S3.1). Lipids were then quantified from spiked internal standards

corresponding to respective lipid class.

Stastical analysis

Data are presented as mean + standard error of mean (SEM) of at least three biological
replicates as indicated in figure legends. Statistical analysis was performed with GraphPad Prism
9.3.1 using two-tailed independent #-test to compare two groups, one-way ANOVA with Fisher’s
least significant difference (LSD) post hoc test to compare more than two groups, and two-way
ANOVA with Fisher’s LSD post hoc test to compare two-factor study designs. For all tests, p<0.05

was considered significant with *p <0.05, **p < 0.01, or *** p<0.001 unless otherwise noted.
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Chapter 3 Altered sphingolipid biosynthetic flux and
lipoprotein trafficking contribute to trans fat-induced
atherosclerosis

3.1 Abstract

Dietary fat drives the pathogenesis of atherosclerotic cardiovascular disease (ASCVD), in
particular circulating cholesterol and triglyceride-rich lipoprotein remnants. Industrially produced
trans-unsaturated fatty acids (TFAs) incorporated into food supplies significantly promoted
ASCVD. However, the molecular trafficking of TFAs responsible for this association is not well
understood. Here, we comprehensively trace how cis-monounsaturated fatty acids (CFAs) and
TFAs are metabolized across the lipidome in cultured cells and low-density lipoprotein receptor
(LDLr) knockout mice, a murine model of atherosclerosis. We previously demonstrated that TFAs
are preferentially incorporated into sphingolipids by serine palmitoyltransferase (SPT) and
secreted from cells in vitro. Administering high-fat diets (HFD) enriched in TFAs to Ld/r-/- mice
accelerated liver steatosis, hepatic very-low-density lipoprotein (VLDL) secretion, and
atherogenesis compared to a CFA-enriched HFD. SPT inhibition mitigated these phenotypes and
reduced circulating atherogenic VLDL enriched in TFA-derived polyunsaturated sphingomyelin.
Transcriptional analysis of the liver revealed distinct regulation of SPTLC2 versus SPTLC3 subunit
expression consistent with human genetic correlations in ASCVD, further establishing
sphingolipid metabolism as a critical node mediating the progression of ASCVD in response to

specific dietary fats.

3.2 Introduction
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Sphingolipids are a diverse class of bioactive lipids that consist of a long-chain base (LCB)
with further modifications that can include an acyl chain or various head groups to construct more
complex species. They play diverse roles in membrane biology [8]—[13]and signaling [14]—[17],
[59] and are implicated in numerous diseases including ASCVD [41], [92], non-alcoholic fatty
liver disease[93], [94], obesity and associated insulin resistance disorders [95]—[97], diabetes [98]—
[101], peripheral neuropathy[102], [103], and neurodegeneration [ 104]. Owing to their abundance
and contribution to the blood lipid profile as components of VLDL, low-density lipoproteins
(LDL), and high-density lipoproteins (HDL) [42], ceramides and other sphingolipid species are
emerging as biomarkers for various diseases including ASCVD. Consequently, the Mayo Clinic

(USA) has implemented a clinical test to measure plasma ceramides as a gauge of cardiovascular

risk [57].

Dietary fat is absorbed and distributed throughout the body by the intestine and liver via
chylomicrons and very-low-density lipoproteins (VLDL), respectively. In many cases, fatty acids
are distinctly metabolized by cellular enzymes to influence their fate. Therefore, deciphering the
molecular mechanisms of fatty acid trafficking through the lipidome and lipoproteins will improve
our understanding of various diseases, including ASCVD where atherogenic lipoproteins are
retained in the endothelium and initiate atherosclerosis. Trans fatty acids (TFAs) are unsaturated
fatty acids with at least one double bond in the trans conformation, which leads to a straight-chain
structure similar to saturated fatty acids (SFAs) unlike the kinked structure of cis unsaturated fatty
acids (CFAs). A large percentage of TFAs are industrially produced through partial hydrogenation
of vegetable oils, of which the most abundant TFA is elaidate C18:1 (9E), the isomer of oleate
C18:1 (9Z). Trans fats were once widespread in the food supply and drove a marked increase in

ASCVD in the population, supported by large clinical studies that linked TFAs to increased
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cardiovascular risk and an unfavorable plasma lipid profile including increased total cholesterol
and LDL-cholesterol (LDL-C) as well as decreased HDL-cholesterol (HDL-C) [84]. While dietary
fatty acid composition influences the progression of various diseases, the contribution of fatty acid

flux through downstream lipid pathways to their pathogenesis warrants further investigation.

Here, we comprehensively tracked the fate and diversity of fatty acids through the sphingolipid
biosynthesis pathway to highlight how TFA incorporation by SPT promotes lipoprotein secretion
and ASCVD. We designed HFDs with identical macronutrient compositions differing distinctly in
their mono-unsaturated fatty acid species and used Ldlr-/- mice [4] to assess their impact on
ASCVD and associated pathologies. We found CFA diets induced poor glucose handling and
greater adiposity, while diets including TFAs exacerbated hepatic steatosis and drove
atherosclerotic plaque formation. Inhibiting SPT activity via dietary administration of myriocin, a
SPT inhibitor, profoundly reduced TFA-induced atherosclerosis while revealing specific
regulation of SPTLC2 and SPTLC3 subunit expression. Collectively, these findings highlight the
distinct trafficking of fatty acids through the lipidome and further establish sphingolipid

biosynthesis as a target for ASCVD.

3.3 Results

Inhibition of sphingolipid biosynthesis mitigates trans fat-induced hepatic steatosis

Given the strong correlations of circulating ceramides, SM, and cholesterol with
ASCVDI[87], we hypothesized that inhibition of sphingolipid biosynthesis could modulate
lipoprotein metabolism and reduce aortic plaque deposition induced by TFAs [105], [7], [106]. To
test this in vivo, we utilized LDL receptor-deficient (Ldlr-/~) mice[4] to model the impact on

hyperlipidemia and atherosclerosis. Ldlr-/- mice develop accelerated atherosclerosis due to
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reduced clearance of circulating atherogenic LDL-C[4]. We designed custom, high-fat diets
(HFDs) with identical macronutrient composition (60% kcal fat) enriched in either 62% cis
monounsaturated C18:1 fatty acids (Cis HFD) or a mixture of 28% trans monounsaturated C18:1
fatty acids and 34% cis monounsaturated C18:1 fatty acids (Trans HFD) (Figure 3.1A, Table
S3.2). Each diet was also supplemented with Myriocin, and we administered all four diets to Ld/r-
/- mice for 16 weeks to examine metabolic and physiological changes associated with
hyperlipidemia, liver steatosis, and atherosclerosis. Cholesterol supplementation was not included
in the diets to interrogate the dichotomy of CFA versus TFA ingestion without confounding dietary
cholesterol intake[107]. Mice fed Cis HFD gained the most weight, followed by mice fed Trans
HFD, while myriocin attenuated body weight gain under both dietary fat compositions (Figure
3.1B). Food intake was reduced by 12% under Trans HFD + Myriocin but was not significantly
different between the other diets (Figure S2.1A). Body weight differences largely reflected

changes in adiposity (Figures 3.1C, S2.1B).
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Figure 3.1 Inhibition of sphingolipid biosynthesis mitigates trans fat-induced liver steatosis.

(A) Fatty acid composition of Cis Unsaturated HFD derived from a combination of 34% lard and
66% olive oil and Trans Unsaturated HFD derived from 100% Primex. (B) Body weight over
course of 16 weeks in mice fed Cis HFD, Cis HFD + Myriocin, Trans HFD, or Trans HFD +
Myriocin (n=17 per group). (C) Inguinal adipose tissue 1IWAT) weight in mice fed Cis HFD, Cis
HFD + Myriocin, Trans HFD, or Trans HFD + Myriocin (n=15 per group). (D) Representative
images of hematoxylin and eosin (H&E) staining of the liver at 10x magnification highlighting
hepatic steatosis in mice fed Cis HFD, Cis HFD + Myriocin, Trans HFD, Trans HFD + Myriocin
(n=10 per group). (E) Liver weight in mice fed Cis HFD, Cis HFD + Myriocin, Trans HFD, or
Trans HFD + Myriocin (n=15 per group). (F) Hepatic de novo lipogenesis of palmitate in mice
fed Cis HFD, Cis HFD + Myriocin, Trans HFD, or Trans HFD + Myriocin (n=5 per group). (G)
Hepatic diacylglycerol (DAG) abundance in mice fed Cis HFD, Cis HFD + Myriocin, Trans
HFD, or Trans HFD + Myriocin (n=10 per group). (H) Hepatic phosphatidylcholine (PC)
abundance in mice fed Cis HFD, Cis HFD + Myriocin, Trans HFD, or Trans HFD + Myriocin
(n=10 per group). (I) Hepatic phosphatidylethanolamine (PE) abundance in mice fed Cis HFD,
Cis HFD + Myriocin, Trans HFD, or Trans HFD + Myriocin (n=10 per group). Data are mean =+
standard error of mean (SEM) were analyzed using a two-way ANOVA with Fisher’s LSD post
hoc test (B-C,E-I). *p < 0.05, **p < 0.01, or *** p<0.001 unless otherwise noted.

33



Cis HFD-fed mice exhibited elevated fasting blood glucose at 16 weeks (Figure S2.1C)
and glucose tolerance was correspondingly compromised under the Cis HFD compared to all other
diets (Figure S2.1D). However, Trans HFD-fed mice exhibited more advanced liver steatosis than
Cis HFD-fed mice (Figure 3.1D), consistent with prior comparisons of TFAs, SFAs, and
CFAs[108]-[110]. Liver weight was elevated on the Trans HFD compared to the Cis HFD, while
myriocin reduced liver weight and steatosis in both diets (Figure 3.1E). Expression of Collal, a
marker of fibrosis, was increased on the Trans HFD and reduced by myriocin, indicating a
mitigation of preliminary fibrosis (Figure S2.1E). Stable isotope tracing via *H>O to evaluate de
novo lipogenesis (DNL) revealed elevated palmitate synthesis on the Trans HFD compared to the
Cis HFD, which was attenuated by myriocin, consistent with previous observations of myriocin

influencing SREBP1 mRNA and protein[111] (Figure 3.1F).

To understand how these diets influenced molecular abundances across the lipidome, we
quantified tissue lipids using high-resolution mass spectrometry. Within the liver, diacylglycerol
(DAG) and total fatty acids were elevated under the Trans HFD compared to the Cis HFD, while
these species along with neutral lipids triacylglycerol (TAG) and cholesteryl ester (ChE) were
reduced by myriocin (Figures 3.1G, S2.1F-H). In contrast, hepatic PC and PE, as well as
lysophosphatidylcholine (LPC) and lysophosphatidylethanolamine (LPE) were all elevated on the
Trans HFD versus Cis HFD but further increased by myriocin (Figure 3.1H-I, Figure S3.11-J).
These results suggest myriocin reshapes lipid metabolism by diverting fatty acids away from

sphingolipid pools and towards phospholipids rather than reducing lipid uptake overall.

Despite these changes in phospholipids and neutral lipids, hepatic sphingolipid content was
not significantly altered between Cis and Trans HFD apart from deoxydihydroceramides

(doxDHCer) (Figure S2.1K). Since 1-deoxysphingolipids cannot be phosphorylated and further
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degraded[112], this finding suggests that hepatic sphingolipid biosynthetic flux is increased under
the Trans HFD. Myriocin effectively reduced total hepatic dihydroceramide (DHCer), ceramide
(Cer), deoxysphinganine (doxSA), and doxDHCer while having no significant impact on more
complex sphingolipids, suggesting that salvage pathways can compensate to maintain sphingolipid
pools (Figure S2.1K). Therefore, rather than accumulate in the liver, we hypothesized these
complex sphingolipids are secreted in lipoproteins at higher rates in Trans HFD- versus Cis HFD-

fed mice.

Trans fat-induced hepatic sphingolipid drive VLDL secretion and atherosclerosis

Dietary TFAs accelerate atherosclerosis compared to SFA, CFA or polyunsaturated fatty
acid (PUFA)-enriched diets in Ldlr-/- mice[105], [106], [7] and in the human population[84]. The
primary lipids in human atherosclerotic lesions are cholesterol, glycerophospholipids, and
sphingolipids, with SM accounting for approximately 60-70% of intimal phospholipids in
advanced human lesions[41], [113]. ApoB lipoproteins such as VLDL and LDL, which contain
more sphingolipids than HDL[38], accumulate in atherosclerotic lesions and pose an ASCVD
risk[114], [115]. Consistent with our hypothesis, the plasma lipoprotein profile was altered in
Trans HFD-fed mice, with increased VLDL-cholesterol (VLDL-C) and VLDL-triacylglycerol
(VLDL-TAG) compared to mice fed a Cis HFD, and myriocin attenuated the Trans HFD-induced
response (Figures 3.2A, S2.2A). We next measured hepatic VLDL secretion under these dietary
treatments as we hypothesized SPT activity supports the synthesis, packaging, and secretion of
VLDLs by the liver into blood (Figure 3.2B). Trans HFD accelerated hepatic VLDL secretion

compared to the Cis HFD, which was significantly mitigated by myriocin (Figures 3.2C, S2.2B).
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Figure 3.2 Trans fat-induced hepatic sphingolipids drive VLDL secretion and
atherosclerosis.

(A) Lipoprotein analysis of plasma cholesterol from mice fed Cis HFD, Cis HFD + Myriocin,
Trans HFD, Trans HFD + Myriocin (3 pooled plasma per group from n=3 each). CR:
chylomicron remnant, VLDL: very-low-density lipoprotein, IDL: intermediate-density
lipoprotein, LDL: low-density lipoprotein, HDL: high-density lipoprotein. (B) Schematic
depicting mechanism of action of Tyloxapol, a lipoprotein lipase inhibitor, used to measure
hepatic very-low-density lipoprotein (VLDL) secretion. Created with Biorender.com. (C)
Hepatic VLDL secretion after injection of Tyloxapol relative to t=0 in mice fed Cis HFD, Cis
HFD + Myriocin, Trans HFD, Trans HFD + Myriocin (n=4-5 per group). (D) Representative
images of modified Van Gieson staining of the aortic root highlighting atherosclerotic lesions in
mice fed Cis HFD, Cis HFD + Myriocin, Trans HFD, Trans HFD + Myriocin (n=10 per group).
(E) Atherosclerotic lesion quantitation in the aortic root including area under curve (AUC) of
mice fed Cis HFD, Cis HFD + Myriocin, Trans HFD, Trans HFD + Myriocin (n=9-10 per
group). (F) Newly synthesized cholesterol in plasma of mice fed Cis HFD, Cis HFD + Myriocin,
Trans HFD, Trans HFD + Myriocin (n=5 per group). (G) Abundance of plasma polyunsaturated
sphingomyelin (SM) containing >3 double bonds in mice fed Cis HFD, Cis HFD + Myriocin,
Trans HFD, Trans HFD + Myriocin (n=10 per group). (H) Lipoprotein analysis of plasma
polyunsaturated sphingomyelin containing >3 double bonds from mice fed Cis HFD, Cis HFD +
Mpyriocin, Trans HFD, Trans HFD + Myriocin (3 pooled plasma per group from n=3 each). CR:
chylomicron remnant, VLDL: very-low-density lipoprotein, IDL: intermediate-density
lipoprotein, LDL: low-density lipoprotein, HDL: high-density lipoprotein. (I) Hepatic mRNA
expression of genes involved in sphingolipid metabolism in mice fed Cis HFD, Cis HFD +
Mpyriocin, Trans HFD, Trans HFD + Myriocin (n=7-10 per group). (J) SPTLC2 versus SPTLC3
correlation to genes involved in hepatic VLDL secretion, including MTTP and APOB in human
liver. Data are mean + standard error of mean (SEM) were analyzed using a two-way ANOVA
with Fisher’s LSD post hoc test (C, E-G, I). *p <0.05, **p <0.01, or *** p<0.001 unless
otherwise noted.
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We next aimed to understand how SPT activity and TFAs influence the progression of
ASCVD by measuring atherosclerotic lesions in the valves of the aortic root. The Trans HFD
significantly increased atherosclerotic lesion area within the aortic root, characterized by intima
thickening and cholesterol crystals compared to the fatty streaks found with the Cis HFD. Myriocin
attenuated atherosclerotic lesion area under the Trans HFD (Figures 3.2D-E), consistent with
previous findings in 4poe-/- mice fed long-term chow or a Western diet[51]-[53]. 2H2O tracing
revealed increased newly synthesized cholesterol and palmitate in plasma from mice fed a Trans
HFD, indicating the increased lipid biosynthetic flux entering the pool of circulating lipids
(Figures 3.2F, S2.2C). Myriocin attenuated this elevation in newly synthesized plasma cholesterol
and palmitate (Figures 3.2F, S2.2C). Targeted plasma lipidomics additionally highlighted that
myriocin effectively reduced several lipid classes elevated on the Trans HFD, most notably the
sphingolipids DHCer, doxDHCer, SM, and phospholipids PC and PE (Figure S2.2D). The Trans
HFD also increased plasma levels of polyunsaturated SM species with 3 or more double bonds
that presumably include both cis- sphingadienes derived from FADS3[116], [117] and TFA-
containing LCBs as observed with stable isotope tracing in vitro, while myriocin reduced these
species (Figures 3.2G, S2.2E, 2.3B). Plasma dihydrosphingomyelin (DHSM) and
monounsaturated SM were unchanged between the Cis and Trans HFD (Figures S2.2F-G).
Diunsaturated SM, which can include a variety of canonical LCB and N-acyl combinations in
addition to TFA-derived LCBs, were slightly, but significantly, increased under the Trans HFD
and attenuated by Myriocin (Figures S2.2H). However, total VLDL-SM was elevated under the
Trans HFD including enrichment in polyunsaturated SM that was suppressed by myriocin
(Figures 3.2H, S2.2I). Collectively, these results suggest that TFA-driven SPT flux drives hepatic

lipoprotein secretion and atherosclerosis in Ldlr-/- mice.
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Finally, to gain insights into the molecular regulation of sphingolipid homeostasis, we
quantified the expression of various sphingolipid pathway enzymes in the livers of mice fed each
diet. While several biosynthetic and catabolic enzymes were downregulated under the Trans HFD
compared to Cis HFD, the most dramatic change we observed across all diets was downregulation
of the Sptic3 expression upon long term dietary myriocin treatment (Figure 3.2I). In contrast,
prolonged reduction of SPT activity by dietary myriocin slightly increased Sptlcl expression and
had no effect on Sptlc2 expression, suggesting distinct regulation and function of these subunits

(Figure 3.21).

SPTLC3 variants are associated with elevated LDL-C[76], myocardial infarction[77], and
dyslipidemia[78]. Furthermore, this subunit is primarily expressed in cells that mediate lipid
processing and/or serve as epithelial barriers including liver, intestine, and skin*. Given the above
regulation by myriocin (Figure 3.2I), we hypothesized that SPTLC3 has specialized function and
regulation associated with vesicular processing of lipids, which is critical for lipoprotein secretion.
To this end, we used Correlation AnalyzeR[118] to identify genes co-regulated with SPTLC3 and
SPTLC?2 in publicly available human transcriptional datasets. We identified that SPTLC3 has a
strong positive correlation with numerous VLDL secretion genes, including MTTP and APOB as
well as other APO genes in human liver. In contrast, SPTLC?2 has a strong negative correlation
with MTTP, APOB, and other APO genes, establishing these genes among the top differentially
correlated genes between SPTLC2 and SPTLC3 (Figure 3.2J, Table S3.5). These differential
correlations indicate opposing functions of SPTLC2 and SPTLC3 in regulating hepatic lipid
secretion that correspond to the demonstrated promiscuity of SPTLC3[70], [73]. Consistent with
human disease correlations, SPTLC3 acts to bridge hepatic sphingolipid biosynthetic flux to lipid

secretion via lipoproteins, which ultimately leads to atherosclerosis.

39


https://www.zotero.org/google-docs/?2HbXHT

3.4 Discussion

Here, using a combination of in vitro metabolic tracing, dietary manipulations,
pharmacological interventions, and physiological analyses, we have highlighted a functional role
for SPT in hepatic steatosis, lipoprotein metabolism, and ASCVD progression. We specifically
characterized distinct TFA-derived sphingolipids that are selectively secreted from cells, promote
VLDL secretion from liver, and accelerate deposition of atherosclerotic plaques in Ldlr-/- mice.
By quantifying how these species are trafficked through the lipidome in cells and animals, we have
elucidated key molecular mechanisms through which SPT activity contributes to the progression

of ASCVD.

While cholesterol metabolism has been identified as a major driver of trans fat-induced
ASCVD, there are many underlying mechanisms controlling the early pathogenesis that have not
been thoroughly explored. Ceramides in circulation are similarly linked to ASCVD
pathogenesis[119], and our results highlight specific benefits in reducing their production and
dissemination as sphingomyelin in lipoproteins. Arterial wall SMase is thought to hydrolyze
sphingomyelin to ceramides, and this increase in ceramides stimulates lipoprotein aggregation and
subendothelial retention in artery walls[43], [45], thereby mediating the initial stages of
atherosclerosis. We demonstrate that pharmacological inhibition of sphingolipid biosynthesis in
vivo reduces de novo lipogenesis to diminish TFA-induced liver steatosis and VLDL secretion,
which delivers sphingolipids, cholesterol, and triglycerides to blood. This reduction in circulating
atherogenic lipids including sphingomyelin on VLDL and subsequent transfer to LDL is sufficient
to restrict the progression of atherosclerosis induced by dietary TFAs. While these studies focused

on hepatic sphingolipid metabolism, SPT activity in enterocytes may also contribute to circulating
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atherogenic sphingolipids as dietary fatty acids are initially packaged and trafficked in
chylomicrons.

Although myriocin has previously been shown to mitigate progression of atherosclerosis, most
of these studies included cholesterol in the diet[51], [53], which is known to advance
atherosclerosis. Additionally, the majority of studies were performed in Apoe-/- mice[51]-[53],
which develop accelerated atherosclerosis on atherogenic diets and carry the majority of
cholesterol via VLDL unlike LDL in humans[120]. Here, we directly interrogated the role of
different MUFAs in atherosclerosis progression with specifically customized diets varying in CFA
versus TFA content without the influence of dietary cholesterol, using Ldlr-/- mice that have a
similar lipoprotein profile to humans. Myriocin can induce gastrointestinal dysfunction[121] and
limit intestinal cholesterol absorption[122]. A minor reduction in food intake was noted only in
mice fed Trans HFD + Myriocin in certain weeks. We also observed increased hepatic
phospholipid abundances under the Trans HFD + Myriocin diet, demonstrating that dietary lipids
are effectively absorbed and processed into complex lipids within tissues. This remodeling
indicates that shifting fatty acids away from SPT and downstream sphingolipids is beneficial on
these HFDs. Therefore, the absence of dietary cholesterol, increased abundance of hepatic
phospholipids, and potent reduction of circulating lipoproteins suggest that a reduction of hepatic
SPT activity can mitigate liver steatosis and atherosclerosis.

Our studies also highlight key differences in the fate of TFAs from CFAs, predominantly
oleate, which are readily incorporated into phospholipids and sphingolipids by ceramide synthases,
promote more adiposity, yet induce far less VLDL secretion and atherosclerotic plaque formation
compared to TFAs. We hypothesize that TFAs are more atherogenic due to their structural mimicry

of SFAs and reduced ability to be desaturated. Unlike SFAs that have mechanisms such as stearoyl-
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CoA desaturase (SCDI1) and fatty acid desaturase (FADS3) to be converted to CFAs or
sphingadienes[116], [117], respectively, to reduce saturated toxicity, TFAs may be ineffective
substrates for these desaturases, leading to greater accumulation and toxicity in ASCVD compared
to SFAs as has been reported[84]. The FADS3 gene has similarly been implicated in ASCVD
through human genetics[77], and SCD1 mediates saturated fat-induced inflammation and
associated atherosclerosis[83]. This dichotomy between CFAs and TFAs provides molecular
evidence for the benefit of Mediterranean diets enriched in CFAs compared to high SFA diets.

Characterization of SPT subunit expression in response to myriocin also suggested distinct
regulatory functions. We identified a strong positive correlation between SPTLC3 and hepatic
VLDL secretion genes in publicly available human liver transcriptional datasets. These findings
suggest distinct functions associated with lipid secretion encoded by SPTLC3, a gene that is
strongly linked to ASCVD by variants in human populations demonstrated in genome-wide
association studies (GWAS)[76]-[78]. Therefore, SPTLC3 may prove to be a more direct target
for reducing hepatic VLDL secretion and circulating atherogenic lipoproteins that typically carry
sphingolipids with a propensity to aggregate and initiate atherosclerosis.

Collectively, we highlight how SFAs, the canonical substrate for SPT, and similarly structured
TFAs heavily influence sphingolipid metabolism to promote ASCVD. CFAs are differentially
metabolized by enzymes in this pathway and drive divergent phenotypes including glucose
intolerance and obesity. While TFAs are largely banned worldwide, they are acceptable at levels
below 0.5 g per serving and naturally present in dairy and meat products. We have described a
biochemical pathway where TFAs and SPT flux synergize with hepatic lipoprotein secretion to
deliver atherogenic sphingolipids and cholesterol into circulation. Thus, SPT may serve as a

potential therapeutic target for mitigating TFA- and SFA-induced ASCVD.
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3.5 Materials and methods
Animal experiments

Experimental protocols were approved and performed according to the Institutional
Animal Care and Use Committee (IACUC) of the Salk Institute for Biological Studies. Four-five-
week-old Ldlr-/- C57BL/6J male and female mice (JAX# 002207) were fed with irradiated 60%
high fat diets (HFD) prepared by Dyets for 16 weeks. These diets include Cis Unsaturated HFD
(105063GI), Cis Unsaturated HFD with 2.2 mg/kg Myriocin Added (105064GI), Trans
Unsaturated HFD (105061GI), and Trans Unsaturated HFD with 2.2 mg/kg Myriocin Added
(105061GI). The Trans Unsaturated HFD was designed with 100% Primex, a partially
hydrogenated vegetable oil, and the Cis Unsaturated HFD was designed with 34% lard and 66%
olive oil. Dietary fatty acid composition is detailed in Table S3.2. Tissues were collected after mice
were fasted for 6 hours. Mice were anesthetized with isoflurane and tissues were freeze-clamped
immediately using Wollenberger clamps pre-cooled to the temperature of liquid nitrogen and
stored at -80°C until analysis. Liver, epididymal white adipose tissue (¢eWAT), and inguinal white
adipose tissue (iWAT) were weighed prior to being frozen. Blood was collected in EDTA-coated
tubes (Sarstedt Inc.) and centrifuged at 2000g for 5 min. The supernatant was transferred to a new

Eppendorf tube and stored at -80°C until analysis.

Glucose tolerance test
Ldlr-/- C57BL/6J male mice (n=10) fed the diets for 15 weeks were fasted overnight with
water provided ad libitum. Mice were weighed the following morning and baseline fasting blood

glucose was measured via tail bleed with a Contour Next glucometer (Bayer). Mice received an
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intraperitoneal bolus injection of 2 g glucose/kg body weight. Blood glucose was measured via tail

bleed at 15, 30, 60, 120, and 180 min post-injection.

Hepatic VLDL-TG secretion

Ldlr-/- C57BL/6J mice (n=5: 3 female, 2 male) fed the diets for 16 weeks were fasted for
5 hours with water provided ad libitum. Mice were weighed and baseline fasting blood was
collected via tail bleed. Tyloxapol (10% w/v in H20) at a dose of 0.5 g/kg body weight was injected
via tail vein after mice were anesthetized. Plasma was collected via tail vein at 15 min, 30 min, 60
min, and 120 min post-injection. Triglyceride and cholesterol levels were quantified via enzymatic

kits (234-60, 236-60, SE-035, Sekisui).

Fast protein liquid chromatography

Plasma from Ldlr-/- C57BL/6J male mice (n=9) per diet were combined into 3 pooled
plasma samples and separated via gel-filtration fast-protein liquid chromatography (FPLC).
Samples were loaded on a GE Superose 6 10/30 GL column in 0.15 M sodium chloride containing
1 mM ethylenediaminetetraacetic acid and 0.02% sodium azide with pH 7.4. Fractions of 0.5 mL
were collected at a flow rate of 0.5 mL/min. Triglyceride and cholesterol levels were quantified
via enzymatic kits (Sekisui, 234-60, 236-60, SE-035). Sphingomyelin was measured as described
below with the UltimateSPLASH One Mix (Avanti Polar Lipids, Cat #330820) used as internal

standards for quantification.

Histology
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Liver sections and the top half of the heart were fixed overnight in 10% neutral buffered
formalin. Fixed liver was washed with PBS and stored in 70% ethanol until sectioning. Fixed heart
for aortic root analysis was washed with PBS and stored in PBS with 30% sucrose and 0.01%
sodium azide until sectioning. Liver sections were stained with H&E (hematoxylin & eosin) to
visualize hepatic steatosis. Aortic root sections were stained with modified Van Gieson to visualize

atherosclerotic lesions.

Atherosclerotic plaque quantitation

Serial 5 pm sections of the aortic root from Ldlr-/- C57BL/6J male mice (n=9-10) were
stained with modified Van Gieson to measure atherosclerotic lesion sizes sequentially from the
beginning of the aortic valves and area under the curve. Aortic root cross-sectional atherosclerotic

lesion size was quantified via QuPath.

’H>0 De novo lipogenesis measurements

Ldlr-/- C57BL/6J male mice (n=5) fed the diets for 16 weeks were administered 2H-O in
0.9% NaCl at a dose of 0.027 mL/g body weight via intraperitoneal injection. Drinking water was
replaced with 8% *H»O drinking water for 30 hours. 24 hours post-injection, mice were fasted for
6 hours with 8% *H>O drinking water provided ad libitum. Tissues and blood were collected as
described above.

?H,0 enrichment in plasma from samples or standards was measured via deuterium acetone
exchange. 5 pL of sample or standard was reacted with 4 pL of 10N NaOH and 4 pL of 5% solution
of acetone in acetonitrile for 24 hours. Acetone was extracted after addition of 500 mg of Na>SO4

and 600 pL of chloroform. After 2 min centrifugation at 3000 g, 80 uL was transferred in triplicate
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into a GC-MS vial and plasma “H,O enrichment was quantified from external standard curve on
an Agilent DB-35MS column (30 m x 0.25 mm i.d. x 0.25 um, Agilent J&W Scientific) installed
in an Agilent 7890 A gas chromatograph (GC) interfaced with an Agilent 5975 C mass
spectrometer (MS) with the following temperature program: 60 °C initial, increase by 20 °C/min
to 100 °C, increase by 50 °C/min to 220 °C, and hold for 1 min.

De novo lipogenesis via 2H>O enrichment in various tissues was quantified by spiking 10-
20 mg of frozen tissue or 10 pL of plasma with internal standards palmitate-d31 (Cambridge
Isotope Laboratories) and coprostanol (Sigma, Cat# 7578) and homogenizing with 250 pL
methanol and 250 pL water. Homogenate aliquot of 50 pL was taken to determine protein content
using the BCA protein assay (Thermo Scientific). 500 pL chloroform was added to the remaining
homogenate, then samples were vortexed for 5 min and centrifuged for 5 min at 4 °C and 15 000g.
The chloroform phase was collected, dried, and resuspended with 500 pL 2% H2SO4 in methanol
for 2 hours at 50 °C. 100 pL of saturated NaCl and 500 pL of hexane were added, sample were
vortexed, and the upper hexane phase containing fatty acid methyl esters (FAMEs) was collected
and transferred into a GC-MS vial. FAMES were analyzed using a Select FAME column
(100 m % 0.25 mm i.d.) installed in an Agilent 7890 A GC interfaced with an Agilent 5975 C MS
using the following temperature program: 80 °C initial, increase by 20 °C/min to 170 °C, increase
by 1 °C/min to 204 °C, then 20 °C/min to 250 °C and hold for 10 min. The percent isotopologue
distribution of each fatty acid was determined and corrected for natural abundance using in-house

algorithms adapted from a previous report[123].

Long-chain base hydrolysis
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10-20 mg of frozen tissue were spiked with internal standards sphinganine-d7 (Avanti
Polar Lipids, Cat# 860658) and sphingosine-d7 (Avanti Polar Lipids, Cat# 860657) and tissues
were homogenized or cells were scraped with 0.5 mL methanol. Homogenate aliquot of 50 uL was
taken to determine protein content using the BCA protein assay (Thermo Scientific). Samples were
placed on a mixer for 1 hr at 37°C and centrifuged at 2800g. Supernatant was transferred to a new
Eppendorf tube and hydrolyzed for 16 hr at 65°C. 100 uL 10M KOH, 625 pL chloroform, 100 uL
2N NH4OH, and 500 pL alkaline water were added to samples followed by vortexing for 5 min
and centrifugation for 5 min at 16,000g. The lower organic phase was washed 3 times with alkaline
water and dried under air. Quantification of hydrolyzed long chain bases was performed on an
Agilent 6460 QQQ LC-MS/MS. Metabolite separation was achieved with a C18 column (Hypersil
GOLD aQ C18 100 x 2.1 mm, 1.9 pm particle size, Thermo Scientific). Mobile phase A was
composed of a 60:40 ratio of methanol:water containing 0.1% formic acid and 5 mM ammonium
formate. Mobile phase B consisted of 100% methanol containing 0.1% formic acid and 5 mM
ammonium formate. The gradient elution program consisted of holding at 40% B for 0.5 min,
linearly increasing to 100% B over 15 min, and maintaining it for 9 min, followed by re-
equilibration to the initial condition for 10 min. The capillary voltage was set to 3.5 kV, the drying
gas temperature was 350 °C, the drying gas flow rate was 10 L/min, and the nebulizer pressure
was 60 psi. Long chain bases were analyzed by multiple reaction monitoring (MRM) of the
transition from precursor to product ions at associated optimized collision energies and fragmentor
voltages (Table S3.1). Long chain bases were then quantified from spiked internal standards

corresponding to respective long chain base class.

Targeted sphingolipid quantification
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Frozen tissue (20-30 mg) or plasma were spiked with internal standards sphinganine-d7
(Avanti Polar Lipids, Cat# 860658), deoxysphinganine-d3 (Avanti Polar Lipids, Cat# 860474),
d18:0-d7/13:0 dihydroceramide (Avanti Polar Lipids, Cat# 330726), d18:1-d7/15:0 ceramide
(Avanti Polar Lipids, Cat# 860681), d18:1-d7/15:0 glucosylceramide (Avanti Polar Lipids, Cat#
330729), d18:1-d7/15:0 lactosylceramide (Avanti Polar Lipids, Cat# 330727), sphingosine-d7
(Avanti Polar Lipids, Cat# 860657), and d18:1/18:1-d9 sphingomyelin (Avanti Polar Lipids, Cat#
791649) or 18:1 sphingomyelin (d18:1/18:1)-d9 (Avanti Polar Lipids, Cat#860740). Tissue was
homogenized and cells were scraped with 0.5 mL methanol and 0.5 mL H>0. Homogenate aliquot
of 100 nL was taken to determine protein content using the BCA protein assay (Thermo Scientific).
The remaining homogenate was transferred to a new Eppendorf tube and 1 mL chloroform was
added. For plasma, 0.5 mL methanol, 0.5 mL H>O, and 1 mL chloroform were added directly.
Samples were vortexed for 5 min and centrifuged for 5 min at 4 °C at 15,000g. The organic phase
was collected and 2 pL of formic acid was added to the remaining polar phase which was re-
extracted with 1 mL of chloroform. Combined organic phases were dried under nitrogen.

Quantification of sphingolipids was performed on an Agilent 6460 QQQ LC-MS/MS.
Sphingolipid species were separated on a C8 column (Spectra 3 um C8SR 150 x 3 mm inner
diameter, Peeke Scientific). 5 uL of sample was injected. Mobile phase A was composed of 100%
HPLC-grade water containing 2 mM ammonium formate and 0.2% formic acid, and mobile phase
B consisted of 100% methanol containing 0.2% formic acid and 1 mM ammonium formate. The
gradient elution program consisted of the following profile: 0 min, 82% B; 3 min, 8§2% B; 4 min,
90% B, 18 min, 99% B; 25 min, 99% B; 27 min; 82% B; 30 min, 82% B. Column re-equilibration
followed each sample and lasted 10 min. The capillary voltage was set to 3.5 kV, the drying gas

temperature was 350 °C, the drying gas flow rate was 10 L/min, and the nebulizer pressure was 60
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psi. Sphingolipid species were analyzed by multiple reaction monitoring (MRM) of the transition
from precursor to product ions at associated optimized collision energies and fragmentor voltages
(Table S3.1). Sphingolipids were then quantified from spiked internal standards corresponding to

respective sphingolipid class.

General lipidomics quantification

Frozen tissue or plasma was spiked with internal standards 18:1-d7 cholesteryl ester
(Avanti Polar Lipids, Cat #791645), 15:0-18:1(d7) phosphatidylcholine (Avanti Polar Lipids, Cat
#791637), 15:0-18:1(d7) phosphatidylethanolamine (Avanti Polar Lipids, Cat #791638), 18:1(d7)
lysophosphatidylcholine (Avanti Polar Lipids, Cat#791643), 18:1(d7)
lysophosphatidylethanolamine (Avanti Polar Lipids, Cat #791644), 15:0-18:1(d7) diacylglycerol
(Avanti Polar Lipids, Cat #791647), 15:0-18:1(d7)-15:0 triacylglycerol (Avanti Polar Lipids, Cat
#791648). Tissue was homogenized with 0.5 mL methanol and 0.5 mL H>O. Homogenate aliquot
of 100 puL was taken to determine protein content using the BCA protein assay (Thermo
Scientific). The remaining homogenate was transferred to a new Eppendorf tube and 1 mL
chloroform was added. For plasma, 0.5 mL methanol, 0.5 mL H>O, and 1 mL chloroform were
added directly. Samples were vortexed for 5 min, centrifuged for 5 min at 4 °C at 15,000g. The
organic phase was collected and 2 pL of formic acid was added to the remaining polar phase which

was re-extracted with 1 mL of chloroform. Combined organic phases were dried under nitrogen.

Chromatographic separation and lipid species identification was performed using Q
Exactive orbitrap mass spectrometer with a Vanquish Flex Binary UHPLC system (Thermo
Scientific) equipped with an Accucore C30, 150 x 2.1 mm, 2.6 um particle (Thermo) column at

40 °C. 5 puL of sample was injected. Chromatography was performed using a gradient of 40:60 v/v

49



water: acetonitrile with 10 mM ammonium formate and 0.1% formic acid (mobile phase A) and
10:90 v/v acetonitrile: propan-2-ol with 10 mM ammonium formate and 0.1% formic acid (mobile
phase B), both at a flow rate of 0.2 mL/min. The liquid chromatography gradient ran from 30% to
43% B from 3—8 min, then from 43% to 50% B from 8-9 min, then 50-90% B from 9—18 min, then
90-99% B from 18-26 min, then held at 99% B from 26—30 min, before returning to 30% B in

6 min and held for a further 4 min.

Lipids were analyzed in positive mode using spray voltage 3.2 kV. Sweep gas flow was 1
arbitrary units, auxiliary gas flow 2 arbitrary units and sheath gas flow 40 arbitrary units, with a
capillary temperature of 325 °C. Full mass spectrometry (scan range 200—2,000 m/z) was used at
70,000 resolution with 106 automatic gain control and a maximum injection time of 100 ms. Data
dependent MS2 (Top 6) mode at 17,500 resolution with automatic gain control set at 105 with a
maximum injection time of 50 ms was used. Lipids were then quantified from spiked internal
standards corresponding to respective lipid class. Lipid species specific fragments used for

identification and quantification are presented in the Table S3.3.

RNA isolation and quantitative RT-PCR

RNA was extracted from 10-20 mgs liver using Direct-zol RNA kit (Direct-Zol RNA
Miniprep Plus kit, Zymo Research). cDNA synthesis was performed using iScript Reverse
Transcription Supermix for RT-PCR (iScript Reverse Transcription Supermix, Bio-Rad) with the
following thermocycler protocol: 5 min at 25°C, 20 min 46°C, 1 min 95°C. PCR reactions were
carried out using 96-well plates on an Applied Biosystems ViiA 7 Real-Time PCR System using
the following parameters: 95°C for 20 s, 40 cycles of 95°C for 1 s, and 60°C for 20 s. The final

volume (10 pL) of PCR SYBR-Green reaction consisted of 5 puL. fast SYBR-Green Master Mix
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(Applied Biosystems), 2 uL cDNA, 1 uL of 10 uM forward and reverse primers, and 2 pL of

water. Primers are noted in Table S3.4.

Gene co-expression correlation analysis

Co-expression analysis of SPTLC2 and SPTLC3 in human liver was performed using the
online tool CorrelationAnalyzeR"’. SPTLC2 and SPTLC3 were selected to be analyzed in normal
liver tissue in the gene versus gene comparison platform. The top 100 differentially correlated
genes with SPTLC2 and SPTLC3, as determined by their Pearson correlation coefficients (r), are
listed in Table S3.5. These correlations coefficients against SPTLC2 and SPTLC3 for each gene

are plotted in Figure 5J.

Statistical analysis

Data are presented as mean + standard error of mean (SEM) of at least three biological
replicates as indicated in figure legends. Statistical analysis was performed with GraphPad Prism
9.3.1 using two-tailed independent #-test to compare two groups, one-way ANOVA with Fisher’s
least significant difference (LSD) post hoc test to compare more than two groups, two-way
ANOVA with Fisher’s LSD post hoc test to compare two-factor study designs, and Pearson
correlation coefficient (r) for gene co-expression correlation analysis. For all tests, p<0.05 was

considered significant with *p <0.05, **p <0.01, or *** p<0.001 unless otherwise noted.
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Chapter 4 Conclusions

4.1 Summary and significance

The studies in this dissertation establish metabolic flux through the sphingolipid
biosynthesis pathway as critical to the progression of ASCVD. Specifically, sphingolipid
biosynthetic flux coordinates trafficking of dietary fat through lipoprotein metabolism to initiate
dissemination of lipids and atherosclerosis. While sphingolipids may not constitute a large
percentage of circulating lipids compared to cholesterol, triglycerides, and phospholipids, the
metabolic flux of these less abundant lipids is an important component of lipoprotein metabolism
that drives atherosclerosis as demonstrated via dietary interventions with pharmacological
inhibition of SPT, the rate-limiting enzyme of sphingolipid biosynthesis.

The first chapter, “Elucidating the role of sphingolipid metabolism in atherosclerotic
cardiovascular disease using mass spectrometry,” encompasses existing literature focused on the
influence of dietary fat in ASCVD and the broader roles sphingolipids play in the pathogenesis
of atherosclerosis. This work also delves into mass spectrometry approaches to measure lipid
abundances and quantify lipid biosynthetic flux via stable isotope tracing.

The second chapter, “Unraveling the selective flux of CFAs versus TFAs through
sphingolipid metabolism,” combines stable isotope tracing and mass spectrometry in vitro to
highlight differential incorporation of fatty acids into the LCB of sphingolipids via SPT
promiscuity. We detected the preferential incorporation of TFAs versus CFAs by SPT into
sphingolipids and characterized novel sphingolipids with the TFA elaidate in the LCB. This
atypical sphingolipid flux was also exhibited in the increased secretion of TFA-derived
sphingolipids from Huh7 cells. Overall, we identified a high affinity of TFAs to the sphingolipid

biosynthetic pathway contributing to intracellular as well as extracellular flux of sphingolipids.
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The third chapter, “Altered sphingolipid biosynthetic flux and lipoprotein trafficking
contribute to trans fat-induced atherosclerosis,” aims to discover the physiological role of TFA-
derived sphingolipids in the liver steatosis and atherosclerosis induced by trans fat intake. We
combined stable isotope tracing in vivo, dietary interventions, lipidomics, and histological
measurements of the liver and aortic root to assess the intersection of sphingolipids and dietary
trans fat in vivo metabolically and physiologically. Via myriocin, a pharmacological inhibitor of
SPT, we demonstrated that SPT flux contributes to trans fat-induced hepatic steatosis and VLDL
secretion, which supplies atherogenic lipids that initiate atherosclerosis.

These chapters comprehensively bridge analytical chemistry and physiology to highlight
SPT flux and sphingolipid metabolism as a distinct node mediating the progression of ASCVD
as a result of specific dietary fats. We have demonstrated that stable isotope tracing via mass
spectrometry and quantitation of metabolic flux can elucidate changes in metabolism that are
physiologically relevant to the pathogenesis of various diseases. Overall, these results should
support the further study of metabolic flux in different disease states as these metabolic changes

are intertwined in physiological responses that can initiate the progression of diseases.

4.2 Future outlook

We have demonstrated that sphingolipid metabolism and specifically SPT flux are linked
with hepatic lipid homeostasis and secretion. While triglyceride loading via microsomal
triglyceride transfer protein (MTTP) is the rate-limiting step for VLDL assembly and
secretion[124], the biosynthetic flux and incorporation of sphingolipids also appear to influence
VLDL secretion. Despite sphingolipids exhibiting low enrichment in VLDL compared to

triglycerides and cholesterol, in vivo inhibition of SPT was sufficient to reduce VLDL secretion.
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Therefore, aberrant SPT flux disrupts hepatic lipid homeostasis to alter VLDL secretion and
contribute to an atherogenic circulating lipid profile.

We also noted SPT inhibition via myriocin shifted fatty acids towards phospholipids on
Trans HFD. The Cis HFD did not induce the same diversion, indicating it only occurs in
conditions with higher reliance on SPT flux. This lipid remodeling suggests an important
interplay between sphingolipids and phospholipids. There are specific enzymes that connect the
metabolic flux of both lipid classes. Sphingomyelin synthase (SMS) coordinates PC conversion
to DAG with ceramide conversion to SM. Sphingolipid degradation via S1P lyase (SGPL1) also
releases ethanolamine which can fuel the synthesis of PE via head group addition. Therefore,
altered sphingolipid biosynthetic and degradation flux have direct links to influence homeostasis
across the lipidome. This remodeling towards phospholipids is beneficial as mice fed Trans HFD
+ Myriocin demonstrated attenuated hepatic steatosis and de novo lipogenesis compared to Trans
HFD feeding. While phospholipids appear to play a role in mediating lipid homeostasis, two
major bioactive lipid classes that are thought to promote hepatic dysfunction and steatosis are
DAGs and ceramides[125]-[128]. While the debate regarding the relative toxicity of DAGs and
ceramides continues, our studies elucidate the need to consider compensation by other lipid
classes in the presence of disrupted lipid homeostasis that causes accumulation in toxic
intermediates such as DAGs and ceramides.

While hepatic lipids provide insight into aberrant metabolism that leads to disease states
such as steatosis, we highlight the need to consider circulating lipids as part of hepatic lipid
biosynthetic flux. For example, reducing VLDL secretion can enhance hepatic steatosis as
intracellular lipids accumulate[129]. Our studies demonstrate that dietary trans fat intake

elevated de novo lipogenesis and consequently drove hepatic steatosis while accelerating VLDL
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secretion. Therefore, maintaining a balance between intracellular lipids and lipid secretion is
critical in preventing the onset of liver steatosis and other hepatic disorders. In Huh7 cells,
intracellular sphingomyelin did not appear to be drastically different among different fatty acid
treatments. However, sphingomyelin efflux was significantly altered by trans fatty acid
treatment. We observed a similar distinction between hepatic and circulating lipids in vivo as
several hepatic sphingolipids were unchanged between both HFDs while specific circulating
sphingolipids were altered following the Trans HFD. These differences were enhanced when
considering the lipoprotein carrier such as VLDL-sphingolipids, further establishing the
extension of hepatic lipid metabolism in circulating lipoproteins such as VLDL and importance
of measuring both compartments. Further experiments should continue to measure media of
hepatic-derived cell lines and compare both hepatic and circulating lipid profiles in vivo to
capture the full picture of hepatic lipid biosynthetic flux. Models including primary hepatocytes
or human liver organoids can provide a simpler but more representative view of this exchange
between intracellular and secreted lipids into media compared to Huh7 or HepG2 hepatoma cells
prior to expanding in vivo.

MUPFAs such as oleic acid have been promoted as part of the healthy Mediterranean diet
due to their propensity to reduce circulating atherogenic LDL-C[130]. Additionally, oleic acid
has been demonstrated to reduce inflammation[131]—[133], non-metastatic tumor growth[134]—
[136], and neurodegeneration[137]-[139]. Our studies support the benefit of dietary oleic acid as
the 60% HFD enriched in oleic acid (Cis HFD) only induced glucose intolerance and obesity
while the 60% HFD enriched in TFAs (Trans HFD) additionally enhanced hepatic steatosis and
atherogenesis. These findings highlight a dichotomy in the processing of isomeric CFAs and

TFAs to influence disease states. Just a change in double bond configuration can elicit different
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physiological responses such that TFAs drive lipotoxic phenotypes such as hepatic steatosis
atherosclerosis while CFAs induce weight gain. This increase in adiposity fueled by the Cis HFD
is the expected and appropriate response to a fat overload, not accumulation in other tissues as
found with the Trans HFD. Therefore, further studies modulating dietary oleic acid or preventing
its endogenous synthesis via SCD1 can elucidate positive health effects of MUFAs while
highlighting desaturase mechanisms such as SCD1 to convert toxic SFAs to MUFAs as critical
to preventing the onset of lipotoxic disease states induced by dietary SFAs [83], [140], [141].
Sphingolipid metabolism is one of the only lipid metabolic pathways that canonically
requires a particular acyl-CoA substrate — palmitoyl-CoA. The promiscuity with regards to acyl-
CoA substrate maintains selectivity towards saturated substrates [67]. Our findings highlight that
atypical trans unsaturated fatty acid substrates are highly utilized by SPT due to their structural
mimicry of the canonical saturated substrate. This structural preference in substrate makes
sphingolipid metabolism a distinct node that can be directly influenced by dietary fat
composition. We highlight that a diet consisting of TFAs, which are structurally similar to SFAs,
drives sphingolipid metabolism partially due to increased substrate availability and in turn
promotes hepatic VLDL secretion. Therefore, dietary fatty acid composition influences
sphingolipid metabolism to make it a critical metabolic vulnerability in diet-induced obesity and
co-morbidities such as liver steatosis and ASCVD. Further studies focused on the relative
contributions of various lipid biosynthetic pathways depending on dietary fat composition are
warranted to determine novel therapeutic targets and identify precision nutrition-based
treatments. SFAs are still present in various fat sources and their reliance on sphingolipid
metabolism in vivo has not been thoroughly characterized by sufficient studies[142], [143]

despite their preferential usage as acyl-CoA substrates of SPT[67]. Administering HFDs
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enriched in SFAs while modulating SPT genetically or via myriocin can elucidate the importance
of sphingolipid metabolism in processing excess SFAs, which is relevant in current Western
diets.

While the World Health Organization (WHO) announced in 2018 a global plan to
eliminate TFAs from food supplies by the end of 2023, several countries have yet to establish
policies to eliminate TFAs from processed fat sources. WHO reported more than 100 countries
have still failed to remove trans fats in their food supplies, which puts approximately 5 billion
people at risk for the atherogenic effects of dietary trans fats [144]. TFAs are also still
acceptable below 0.5 g per serving in the USA with the ban and are naturally present in dairy and
meat. The progressive ban has reduced cardiovascular incidents in the USA [145]. However,
chronic intake of these alternate sources with low TFAs may induce long-term perturbations to
hepatic and circulating lipid homeostasis that can still promote ASCVD. Given the high
percentage of the global population still at risk for the atherogenicity of trans fats, our study and
others are required to highlight new mechanisms of atherogenicity beyond major drivers such as
cholesterol to identify alternative therapeutic targets. While clinical studies primarily focus on
circulating lipid profiles, rodent models can continue to reveal insight into hepatic and local
endothelial contribution to atherogenic lipids.

Myriocin has been used for several years to inhibit SPT through intraperitoneal or oral
administration. It can induce gastrointestinal dysfunction[121] and exhibits immunosuppressive
potential [146]. Therefore, alternative approaches to modulating SPT activity should be
considered. Novel pharmacological inhibitors have been designed to target SPT without gut
toxicity [147]. AAV-mediated genetic knockout of SPTLCI1 can also bypass certain side effects

and target SPT in a tissue-specific manner to modulate local sphingolipid biosynthesis [148]. In
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the context of our study, AAV8-mediated depletion of SPTLC1 in the liver may directly support
the link between SPT flux and hepatic VLDL secretion found with myriocin.

Polyunsaturated SM were elevated upon TFA treatment in vitro and Trans HFD
administration in vivo. These species may serve as biomarkers of aberrant TFA flux through SPT
and sphingolipid metabolism. Stable isotope tracing with the 2H-labeled TFA elaidate revealed
the polyunsaturated SM were derived from elaidate. However, this distinction cannot be clearly
made in vivo due to the cost of administering tracers long-term to obtain sufficient enrichment in
sphingolipids. Additionally, SM can only be identified by the sum of their acyl chains as the
MRM only captures the loss of the phosphocholine head group. Therefore, SM can be denoted
by the number of their double bonds without positional information in vivo. However, in vitro
results suggest that while the number of double bonds may be the same between different SM
species, the double bond position and configuration may be different. Canonical SM will have
typically have a trans double bond (4E) via DEGS and can have an additional cis double bond
(14Z) via FADS3. TFA-derived SM will have the canonical trans double bond (4E) via DEGS
as well as the trans double bond derived from the original TFA. Therefore, the presence of
various isobaric SM species complicates the interpretation of elevated levels of polyunsaturated
SM. MS" with further fragmentation of the molecule may provide insight into double bond
position and configuration to confirm incorporation of TFAs into the LCB. Revealing structural
information through this advanced mass spectrometry can enhance the accuracy of identifying
these complex, redundant lipids and further advance the field of lipidomics to identify novel
biomarkers.

S1P is an important signaling sphingolipid involved in mediating various cellular

processes and the progression of several diseases including cancer[19]-[21], inflammation[22]—
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[24], atherosclerosis[25]-[27], angiogenesis[28]—[30], and cell growth[31], [32]. Canonically,
S1P is derived from a palmitoyl-CoA substrate for SPT to form S1P d18:1. We expect the TFA
elaidate to similarly form S1P d20:2 (E) with an additional trans double bond derived from
elaidate itself. While we were not able to use our methods to detect S1P, the presence of TFA-
derived S1P may prevent expected S1P signaling with its structural differences. Alternatively,
synthesis of TFA-derived S1P may reduce production of canonical S1P, thereby diminishing its
ability to initiate specific cellular processes or mediate disease progression. Therefore, further
studies in the degradation of TFA-derived sphingolipids will provide more insight on the altered
sphingolipid flux induced by TFAs and whether it is due to improper degradation or truly
elevated biosynthetic flux.

Long-term myriocin treatment in vivo exhibited a distinct regulation of SPT subunits with
a dramatic reduction in Spt/lc3 mRNA expression. SPTLC3 has been correlated to cardiovascular
risk factors and events such as dyslipidemia[78], LDL-C[76], and myocardial infarction[77].
This unfavorable plasma lipid profile correlated to SPTLC3 may be derived from the perturbed
hepatic VLDL secretion as evidenced with myriocin with Trans HFD in our studies. From
publicly available transcriptional databases, we also identified a strong correlation of SPTLC3 to
VLDL secretion genes MTTP and various APO genes. Therefore, these correlations establish a
specific SPT subunit as a coordinator of hepatic lipid secretion that influences cardiovascular
risk. SPTLC3 may prove to be a promising candidate as a therapeutic target for ASVCD. AAV-
mediated overexpression of Sptl/c3 in mice upon HFD administration can mechanistically
elucidate the link between this specific SPT subunit and hepatic VLDL secretion in vivo through
inhibition of lipoprotein lipases. In addition, CRISPR-Cas9-mediated KO of SPTLC3 in a human

hepatocarcinoma cell line such as Huh7 cells treated with exogenous fatty acids can reveal the
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connection between SPT flux and VLDL secretion that corresponds to human genetic
correlations[ 78], [77], [76].

SPTLC3 is also highly expressed in tissues with high lipid processing and secretory
functions. These tissues include skin, intestine, hepatocytes, and macrophages, which actively
secrete lipids as lamellar bodies, chylomicrons, VLDL, and HDL, respectively. SPTLC3 has
been shown to promote LCB diversity through the incorporation of atypical fatty acid
substrates[70], [73]. This diversity has been thought to aid in barrier function of specialized
tissues such as skin and intestine with high SPTLC3 expression. Given the secretory capabilities
of these cells, SPTLC3-induced LCB diversity may also be required to facilitate lipid secretion,
thereby maintaining lipid homeostasis and cell function. Therefore, investigating SPTLC3 in
diverse cell types can uncover the role of sphingolipids in various diseases as cells with high
SPTLC3 expression may contribute to the pathogenesis.

Overall, there are gaps in our understanding of the role of sphingolipids in various
diseases including ASCVD and there is much to be learned about the mechanisms by which they
disrupt lipid homeostasis and cell function in these disease states. Progress in advanced mass
spectrometry technology will enable accurate quantitation of lipid metabolism to uncover critical
links to physiological perturbations. These new tools and analytical techniques should be utilized
to identify metabolic vulnerabilities and develop novel therapeutic targets for any disease of

interest including ASCVD.
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Chapter S1 Supplement to Chapter 2
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Figure S1.1 TFAs are preferentially metabolized by SPT over CFAs.

(A) Hydrolyzed LCBs synthesized from supplemented fatty acid treatments in Huh7 cells (n=3
per group). (B) Hydrolyzed SA and SO LCBs synthesized from co-treatment of 50 uM oleate-d9
and 50 pM elaidate-d17 in Huh7 cells (n=3 per group). Data are mean =+ standard error of mean
(SEM) were analyzed using an independent t-test (B). *p < 0.05, **p < 0.01, or *** p<0.001
unless otherwise noted.
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Figure S1.2 Molecular partitioning of CFAs and TFAs through sphingolipid metabolism.

(A) Ceramide d18:1 profile following 100 uM palmitate supplementation in Huh7 cells (n=3 per
group). (B) Ceramide d20:1 profile following 100 uM stearate supplementation in Huh7 cells
(n=3 per group). Data are presented as mean =+ standard error of mean (SEM). *p < 0.05, **p <
0.01, or *** p<0.001 unless otherwise noted.
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Figure S1.3 TFAs drive aberrant sphingomyelin secretion.

(A) Profile of lysophosphatidylcholine (LPC) species with 2H labeling from oleate-d9 or
elaidate-d17 in Huh7 cells (n=3 per group). (B) Profile of lysophosphatidylethanolamine(LPE)
species with 2H labeling from oleate-d9 or elaidate-d17 in Huh7 cells (n=3 per group). (C)
Profile of phosphatidylcholine (PC) species with 2H labeling from oleate-d9 or elaidate-d17 in
Huh7 cells (n=3 per group). (D) Profile of phosphatidylethanolamine (PE) species with 2H
labeling from oleate-d9 or elaidate-d17 in Huh7 cells (n=3 per group). (E) Profile of
diacylglycerol (DAG) species with 2H labeling from oleate-d9 or elaidate-d17 in Huh7 cells
(n=3 per group). (F) Profile of triacylglycerol (TAG) species with 2H labeling from oleate-d9 or
elaidate-d17 in Huh7 cells (n=3 per group). (G) Hydrolyzed SA and SO LCBs synthesized from
oleate-d9 or elaidate-d17, respectively, in Huh7 cells treated with elaidate or elaidate and
myriocin (n=3 per group). (H) LCB 2H labeling from elaidate-d17 producing a d20:2-d17 LCB
in glucosyl/galactosy-ceramides (Gluc/Gal-Cer) in Huh7 cells treated with elaidate-d17 or
elaidate-d17 and myriocin (n=3 per group). (I) LCB 2H labeling from elaidate-d17 producing a
d20:2-d17 LCB in lactosyl-ceramides (Lact-Cer) in Huh7 cells treated with elaidate-d17 or
elaidate-d17 and myriocin (n=3 per group). (J) 2H labeling on sphingomyelin from oleate-d9 or
elaidate-d17 in Huh7 cells treated with elaidate-d17 or elaidate-d17 and myriocin (n=3 per
group). Data are mean + standard error of mean (SEM) were analyzed using an independent t-
test (H-I) or two-way ANOVA with Fisher’s LSD post hoc test (G,J). *p < 0.05, **p <0.01, or
*#% p<(0.001 unless otherwise noted.
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Figure S2.1 Inhibition of sphingolipid biosynthesis mitigates trans fat-induced
atherosclerosis.

(A) Food intake over course of 16 weeks in mice fed Cis HFD, Cis HFD + Myriocin, Trans
HFD, Trans HFD + Myriocin (n=15 per group). (B) Epididymal adipose tissue (¢eWAT) weight
in mice fed Cis HFD, Cis HFD + Myriocin, Trans HFD, or Trans HFD + Myriocin (n=15 per
group) (C) Fasting blood glucose concentration over the course of 16 weeks in mice fed Cis
HFD, Cis HFD + Myriocin, Trans HFD, Trans HFD + Myriocin (n=10 per group). (D) L.P.
glucose tolerance test after 15 weeks of feeding mice Cis HFD, Cis HFD + Myriocin, Trans
HFD, or Trans HFD + Myriocin (n=10 per group). (E) Hepatic mRNA expression of Col/al in
mice fed Cis HFD, Cis HFD + Myriocin, Trans HFD, Trans HFD + Myriocin (n=7-10 per
group). (F) Hepatic total fatty acid abundance in mice fed Cis HFD, Cis HFD + Myriocin, Trans
HFD, or Trans HFD + Myriocin (n=5 per group). (G) Hepatic triacylglycerol (TAG) abundance
in mice fed Cis HFD, Cis HFD + Myriocin, Trans HFD, or Trans HFD + Myriocin (n=10 per
group). (H) Hepatic cholesteryl ester (ChE) abundance in mice fed Cis HFD, Cis HFD +
Mpyriocin, Trans HFD, or Trans HFD + Myriocin (n=10 per group). (I) Hepatic
lysophosphatidylcholine (LPC) abundance in mice fed Cis HFD, Cis HFD + Myriocin, Trans
HFD, or Trans HFD + Myriocin (n=10 per group). (J) Hepatic lysophosphatidylethanolamine
(LPE) abundance in mice fed Cis HFD, Cis HFD + Myriocin, Trans HFD, or Trans HFD +
Myriocin (n=10 per group). (K) Hepatic total sphingolipid class abundances in mice fed Cis
HFD, Cis HFD + Myriocin, Trans HFD, or Trans HFD + Myriocin (n=9-10 per group). Data are
mean + standard error of mean (SEM) were analyzed using a two-way ANOVA with Fisher’s
LSD post hoc test (A-K). *p < 0.05, **p <0.01, or *** p< 0.001 unless otherwise noted.
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Figure S2.2 Inhibition of sphingolipid biosynthesis mitigates trans fat-induced
atherosclerosis.

(A) Lipoprotein analysis of plasma triglycerides from mice fed Cis HFD, Cis HFD + Myriocin,
Trans HFD, Trans HFD + Myriocin (3 pooled plasma per group from n=3 each). CR:
chylomicron remnant, VLDL: very-low-density lipoprotein, IDL: intermediate-density
lipoprotein, LDL: low-density lipoprotein, HDL: high-density lipoprotein (B) Baseline
triglyceride concentration prior to administering Tyloxapol to measure hepatic VLDL secretion
(n=5 per group). (C) Newly synthesized palmitate in plasma of mice fed Cis HFD, Cis HFD +
Myriocin, Trans HFD, Trans HFD + Myriocin (n=5 per group). (D) Plasma lipidomics of mice
fed Cis HFD, Cis HFD + Myriocin, Trans HFD, Trans HFD + Myriocin (n=10 per group). (E)
Profile of plasma di- and poly-unsaturated sphingomyelin (SM) containing >2 double bonds in
mice fed Cis HFD, Cis HFD + Myriocin, Trans HFD, Trans HFD + Myriocin (n=10 per group).
(F) Plasma abundance of dihydrosphingomyelin (SM) containing 0 double bonds in mice fed Cis
HFD, Cis HFD + Myriocin, Trans HFD, Trans HFD + Myriocin (n=10 per group). (G) Plasma
abundance of monounsaturated sphingomyelin (SM) containing 1 double bonds in mice fed Cis
HFD, Cis HFD + Myriocin, Trans HFD, Trans HFD + Myriocin (n=10 per group). (H) Plasma
abundance of diunsaturated sphingomyelin (SM) containing 2 double bonds in mice fed Cis
HFD, Cis HFD + Myriocin, Trans HFD, Trans HFD + Myriocin (n=10 per group). (I)
Lipoprotein analysis of plasma sphingomyelin from mice fed Cis HFD, CIs HFD + Myriocin,
Trans HFD, Trans HFD + Myriocin (3 pooled plasma per group from n=3 each). CR:
chylomicron remnant, VLDL: very-low-density lipoprotein, IDL: intermediate-density
lipoprotein, LDL: low-density lipoprotein, HDL: high-density lipoprotein. Data are mean +
standard error of mean (SEM) were analyzed using a two-way ANOVA with Fisher’s LSD post
hoc test (B-H). *p < 0.05, **p < 0.01, or *** p<0.001 unless otherwise noted.
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Chapter S3 Supplemental tables to Chapters 2 and 3

Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and

fragmentor voltages for LC-MS.

Product

Fragmentor

Lipid Species Precursor Ion Ton V) CE (V)
SA d18:0 d7 309.4 291.4 120 9
SA d12:0 218.4 200.4 120 9
SA d14:0 246.4 2284 120 9
SA d16:0 274.4 256.4 120 9
SA d17:0 288.4 270.4 120 9
SA d18:0 302.4 284.4 120 9
SA d18:1 300.4 282.4 120 9
SA d18:1-d17 317.4 299.4 120 9
SA d18:1-d9 309.4 2914 120 9
SA d19:0 316.4 298.4 120 9
SA d20:0 330.4 3124 120 9
SA d20:1 3284 310.4 120 9
SA d20:1-d17 3454 3274 120 9
SA d20:1-d9 337.4 3194 120 9
SA d22:0 3584 340.4 120 9
SA d22:1 356.4 3384 120 9
SA d22:1-d17 373.4 3554 120 9
SA d22:1-d9 3654 347.4 120 9
SA d24:0 386.4 368.4 120 9
SA d24:1 384.4 366.4 120 9
SA d24:1-d17 401.4 383.4 120 9
SA d24:1-d9 393.4 375.4 120 9
DHCer d18:0-d7/13:0 505.5 273.4 100 17
DHCer d18:0/12:0 484.5 266.4 100 17
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Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and
fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pri)(()ll:ld Frag(@;:ntor CE (V)
DHCer d18:0/14:0 512.5 266.4 100 17
DHCer d18:0/15:0 526.5 266.4 100 17
DHCer d18:0/16:0 540.5 266.4 100 17
DHCer d18:0/16:0 540.5 266.4 100 17
DHCer d18:0/16:1 538.5 266.4 100 17
DHCer d18:0/16:1-d17 555.5 266.4 100 17
DHCer d18:0/16:1-d9 547.5 266.4 100 17
DHCer d18:0/17:0 554.6 266.4 100 17
DHCer d18:0/18:0 568.6 266.4 100 17
DHCer d18:0/18:1 566.6 266.4 100 17
DHCer d18:0/18:1-d17 583.6 266.4 100 17
DHCer d18:0/18:1-d9 575.6 266.4 100 17
DHCer d18:0/19:0 582.6 266.4 100 17
DHCer d18:0/20:0 596.6 266.4 100 17
DHCer d18:0/20:1 594.6 266.4 100 17
DHCer d18:0/20:1-d17 611.6 266.4 100 17
DHCer d18:0/20:1-d9 603.6 266.4 100 17
DHCer d18:0/21:0 610.6 266.4 100 17
DHCer d18:0/22:0 624.6 266.4 100 17
DHCer d18:0/22:1 622.6 266.4 100 17
DHCer d18:0/22:1-d17 639.6 266.4 100 17
DHCer d18:0/22:1-d9 631.6 266.4 100 17
DHCer d18:0/23:0 638.6 266.4 100 17
DHCer d18:0/24:0 652.7 266.4 100 17
DHCer d18:0/24:0 652.7 266.4 100 17
DHCer d18:0/24:1 650.6 266.4 100 17
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Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and
fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pri)(()ll:ld Frag(@;:ntor CE (V)
DHCer d18:0/24:1-d17 667.6 266.4 100 17
DHCer d18:0/24:1-d9 659.6 266.4 100 17
DHCer d18:0/25:0 666.7 266.4 100 17
DHCer d18:0/26:0 680.7 266.4 100 17
DHCer d18:0/26:1 678.7 266.4 100 17
DHCer d18:0/26:1-d17 695.7 266.4 100 17
DHCer d18:0/26:1-d9 687.7 266.4 100 17
DHCer d20:0/12:0 512.5 294 .4 100 17
DHCer d20:0/14:0 540.5 294 .4 100 17
DHCer d20:0/15:0 554.6 294 .4 100 17
DHCer d20:0/16:0 568.6 294 .4 100 17
DHCer d20:0/16:1 566.6 294 .4 100 17
DHCer d20:0/16:1-d17 583.6 294 .4 100 17
DHCer d20:0/16:1-d9 575.6 294 .4 100 17
DHCer d20:0/17:0 582.6 294 .4 100 17
DHCer d20:0/18:0 596.6 294 .4 100 17
DHCer d20:0/18:0 596.6 294 .4 100 17
DHCer d20:0/18:0 596.6 294 .4 100 17
DHCer d20:0/18:1 594.6 294 .4 100 17
DHCer d20:0/18:1-d17 611.6 294 .4 100 17
DHCer d20:0/18:1-d9 603.6 294.4 100 17
DHCer d20:0/19:0 610.6 294.4 100 17
DHCer d20:0/20:0 624.6 294.4 100 17
DHCer d20:0/20:1 622.6 294.4 100 17
DHCer d20:0/20:1-d17 639.6 294.4 100 17
DHCer d20:0/20:1-d9 631.6 294 .4 100 17
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Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and
fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pri)(()ll:ld Frag(@;:ntor CE (V)
DHCer d20:0/21:0 638.6 294.4 100 17
DHCer d20:0/22:0 652.7 294.4 100 17
DHCer d20:0/22:1 650.6 294.4 100 17
DHCer d20:0/22:1-d17 667.6 294.4 100 17
DHCer d20:0/22:1-d9 659.6 294.4 100 17
DHCer d20:0/23:0 666.7 294 .4 100 17
DHCer d20:0/24:0 680.7 294 .4 100 17
DHCer d20:0/24:0 680.7 294 .4 100 17
DHCer d20:0/24:0 680.7 294 .4 100 17
DHCer d20:0/24:1 678.7 294 .4 100 17
DHCer d20:0/24:1-d17 695.7 294.4 100 17
DHCer d20:0/24:1-d9 687.7 294 .4 100 17
DHCer d20:0/25:0 694.7 294 .4 100 17
DHCer d20:0/26:0 708.7 294 .4 100 17
DHCer d20:0/26:1 706.7 294 .4 100 17
DHCer d20:0/26:1-d17 723.7 294 .4 100 17
DHCer d20:0/26:1-d9 715.7 294 .4 100 17
DHCer d20:1-d17/12:0 527.5 309.4 100 17
DHCer d20:1-d17/14:0 555.5 309.4 100 17
DHCer d20:1-d17/15:0 569.5 309.4 100 17
DHCer d20:1-d17/16:0 583.5 309.4 100 17
DHCer d20:1-d17/16:1 581.5 309.4 100 17
DHCer d20:1-d17/16:1-d17 598.5 309.4 100 17
DHCer d20:1-d17/17:0 597.5 309.4 100 17
DHCer d20:1-d17/18:0 611.5 309.4 100 17
DHCer d20:1-d17/18:1 609.5 309.4 100 17
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Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and
fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pri)(()ll:ld Frag(@;:ntor CE (V)
DHCer d20:1-d17/18:1-d17 626.5 309.4 100 17
DHCer d20:1-d17/19:0 625.5 309.4 100 17
DHCer d20:1-d17/20:0 639.5 309.4 100 17
DHCer d20:1-d17/20:1 637.5 309.4 100 17
DHCer d20:1-d17/20:1-d17 654.5 309.4 100 17
DHCer d20:1-d17/21:0 653.5 309.4 100 17
DHCer d20:1-d17/22:0 667.5 309.4 100 17
DHCer d20:1-d17/22:1 665.5 309.4 100 17
DHCer d20:1-d17/22:1-d17 682.5 309.4 100 17
DHCer d20:1-d17/23:0 681.5 309.4 100 17
DHCer d20:1-d17/24:0 695.5 309.4 100 17
DHCer d20:1-d17/24:1 693.5 309.4 100 17
DHCer d20:1-d17/24:1-d17 710.5 309.4 100 17
DHCer d20:1-d17/25:0 709.5 309.4 100 17
DHCer d20:1-d17/26:0 723.5 309.4 100 17
DHCer d20:1-d17/26:1 721.5 309.4 100 17
DHCer d20:1-d17/26:1-d17 738.5 309.4 100 17
DHCer d20:1-d9/12:0 519.5 301.4 100 17
DHCer d20:1-d9/14:0 547.5 301.4 100 17
DHCer d20:1-d9/15:0 561.5 301.4 100 17
DHCer d20:1-d9/16:0 575.5 301.4 100 17
DHCer d20:1-d9/16:1 573.5 301.4 100 17
DHCer d20:1-d9/16:1-d9 582.5 301.4 100 17
DHCer d20:1-d9/17:0 589.5 301.4 100 17
DHCer d20:1-d9/18:0 603.5 301.4 100 17
DHCer d20:1-d9/18:1 601.5 301.4 100 17
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Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and
fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pri)(()ll:ld Frag(@;:ntor CE (V)
DHCer d20:1-d9/18:1-d9 610.5 301.4 100 17
DHCer d20:1-d9/19:0 617.5 301.4 100 17
DHCer d20:1-d9/20:0 631.5 301.4 100 17
DHCer d20:1-d9/20:1 629.5 301.4 100 17
DHCer d20:1-d9/20:1-d9 638.5 301.4 100 17
DHCer d20:1-d9/21:0 645.5 301.4 100 17
DHCer d20:1-d9/22:0 659.5 301.4 100 17
DHCer d20:1-d9/22:1 657.5 301.4 100 17
DHCer d20:1-d9/22:1-d9 666.5 301.4 100 17
DHCer d20:1-d9/23:0 673.5 301.4 100 17
DHCer d20:1-d9/24:0 687.5 301.4 100 17
DHCer d20:1-d9/24:1 685.5 301.4 100 17
DHCer d20:1-d9/24:1-d9 694.5 301.4 100 17
DHCer d20:1-d9/25:0 701.5 301.4 100 17
DHCer d20:1-d9/26:0 715.5 301.4 100 17
DHCer d20:1-d9/26:1 713.5 301.4 100 17
DHCer d20:1-d9/26:1-d9 722.5 301.4 100 17
Cer d18:1-d7/15:0 531.5 271.4 110 25
Cer d18:1/12:0 482.5 264.4 110 25
Cer d18:1/14:0 510.5 264.4 110 25
Cer d18:1/15:0 524.5 264.4 110 25
Cer d18:1/16:0 538.5 264.4 110 25
Cer d18:1/16:1 536.5 264.4 110 25
Cer d18:1/16:1-d17 553.5 264.4 110 25
Cer d18:1/16:1-d9 545.5 264.4 110 25
Cer d18:1/17:0 552.5 264.4 110 25



Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and
fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pr;)(()ll:ld Frag(@;:ntor CE (V)
Cer d18:1/18:0 566.6 264.4 110 25
Cer d18:1/18:1 564.5 264.4 110 25
Cer d18:1/18:1-d17 581.5 264.4 110 25
Cer d18:1/18:1-d9 573.5 264.4 110 25
Cer d18:1/18:1-d9 571.5 264.4 110 25
Cer d18:1/19:0 580.6 264.4 110 25
Cer d18:1/20:0 594.6 264.4 110 25
Cer d18:1/20:1 592.6 264.4 110 25
Cer d18:1/20:1-d17 609.6 264.4 110 25
Cer d18:1/20:1-d9 601.6 264.4 110 25
Cer d18:1/21:0 608.6 264.4 110 25
Cer d18:1/22:0 622.6 264.4 110 25
Cer d18:1/22:1 620.6 264.4 110 25
Cer d18:1/22:1-d17 637.6 264.4 110 25
Cer d18:1/22:1-d9 629.6 264.4 110 25
Cer d18:1/23:0 636.6 264.4 110 25
Cer d18:1/24:0 650.6 264.4 110 25
Cer d18:1/24:1 648.6 264.4 110 25
Cer d18:1/24:1-d17 665.6 264.4 110 25
Cer d18:1/24:1-d9 657.6 264.4 110 25
Cer d18:1/25:0 664.7 264.4 110 25
Cer d18:1/26:0 678.7 264.4 110 25
Cer d18:1/26:1 676.7 264.4 110 25
Cer d18:1/26:1-d17 693.7 264.4 110 25
Cer d18:1/26:1-d9 685.7 264.4 110 25
Cer d20:1/12:0 510.5 2924 110 25
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Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and
fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pr;)(()ll:ld Frag(@;:ntor CE (V)
Cer d20:1/14:0 538.5 292.4 110 25
Cer d20:1/15:0 552.5 292.4 110 25
Cer d20:1/16:0 566.6 292.4 110 25
Cer d20:1/16:1 564.6 292.4 110 25
Cer d20:1/16:1-d17 581.6 292.4 110 25
Cer d20:1/16:1-d9 573.6 292.4 110 25
Cer d20:1/17:0 580.6 292.4 110 25
Cer d20:1/18:0 594.6 292.4 110 25
Cer d20:1/18:1 592.6 292.4 110 25
Cer d20:1/18:1-d17 609.6 292.4 110 25
Cer d20:1/18:1-d9 601.6 292.4 110 25
Cer d20:1/19:0 608.6 292.4 110 25
Cer d20:1/20:0 622.6 292.4 110 25
Cer d20:1/20:1 620.6 292.4 110 25
Cer d20:1/20:1-d17 637.6 292.4 110 25
Cer d20:1/20:1-d9 629.6 292.4 110 25
Cer d20:1/21:0 636.6 292.4 110 25
Cer d20:1/22:0 650.6 292.4 110 25
Cer d20:1/22:1 648.6 292.4 110 25
Cer d20:1/22:1-d17 665.6 292.4 110 25
Cer d20:1/22:1-d9 657.6 2924 110 25
Cer d20:1/23:0 664.7 2924 110 25
Cer d20:1/24:0 678.7 2924 110 25
Cer d20:1/24:1 676.7 2924 110 25
Cer d20:1/24:1-d17 693.7 2924 110 25
Cer d20:1/24:1-d9 685.7 2924 110 25
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Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and
fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pr;)(()ll:ld Frag(@;:ntor CE (V)
Cer d20:1/25:0 692.7 292.4 110 25
Cer d20:1/26:0 706.7 292.4 110 25
Cer d20:1/26:1 704.7 292.4 110 25
Cer d20:1/26:1-d17 721.7 292.4 110 25
Cer d20:1/26:1-d9 713.7 292.4 110 25
Cer d20:2/12:0 508.5 290.4 110 25
Cer d20:2/14:0 536.5 290.4 110 25
Cer d20:2/15:0 550.5 290.4 110 25
Cer d20:2/16:0 564.5 290.4 110 25
Cer d20:2/16:1 562.5 290.4 110 25
Cer d20:2/17:0 578.6 290.4 110 25
Cer d20:2/18:0 592.6 290.4 110 25
Cer d20:2/18:1 590.6 290.4 110 25
Cer d20:2/19:0 606.6 290.4 110 25
Cer d20:2/20:0 620.6 290.4 110 25
Cer d20:2/20:1 618.6 290.4 110 25
Cer d20:2/21:0 634.6 290.4 110 25
Cer d20:2/22:0 648.6 290.4 110 25
Cer d20:2/22:1 646.6 290.4 110 25
Cer d20:2/23:0 662.6 290.4 110 25
Cer d20:2/24:0 676.7 290.4 110 25
Cer d20:2/24:1 674.6 290.4 110 25
Cer d20:2/25:0 690.7 290.4 110 25
Cer d20:2/26:0 704.7 290.4 110 25
Cer d20:2/26:0 702.7 290.4 110 25
Cer d20:2-d17/12:0 525.5 307.4 110 25



Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and
fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pr;)(()ll:ld Frag(@;:ntor CE (V)
Cer d20:2-d17/14:0 553.5 307.4 110 25
Cer d20:2-d17/15:0 567.5 307.4 110 25
Cer d20:2-d17/16:0 581.5 307.4 110 25
Cer d20:2-d17/16:1 579.5 307.4 110 25
Cer d20:2-d17/16:1-d17 596.5 307.4 110 25
Cer d20:2-d17/17:0 595.6 307.4 110 25
Cer d20:2-d17/18:0 609.6 307.4 110 25
Cer d20:2-d17/18:1 607.6 307.4 110 25
Cer d20:2-d17/18:1-d17 624.6 307.4 110 25
Cer d20:2-d17/19:0 623.6 307.4 110 25
Cer d20:2-d17/20:0 637.6 307.4 110 25
Cer d20:2-d17/20:1 635.6 307.4 110 25
Cer d20:2-d17/20:1-d17 652.6 307.4 110 25
Cer d20:2-d17/21:0 651.6 307.4 110 25
Cer d20:2-d17/22:0 665.6 307.4 110 25
Cer d20:2-d17/22:1 663.6 307.4 110 25
Cer d20:2-d17/22:1-d17 680.6 307.4 110 25
Cer d20:2-d17/23:0 679.6 307.4 110 25
Cer d20:2-d17/24:0 693.6 307.4 110 25
Cer d20:2-d17/24:1 691.6 307.4 110 25
Cer d20:2-d17/24:1-d17 708.6 307.4 110 25
Cer d20:2-d17/25:0 707.6 307.4 110 25
Cer d20:2-d17/26:0 721.6 307.4 110 25
Cer d20:2-d17/26:1 719.6 307.4 110 25
Cer d20:2-d17/26:1-d17 736.6 307.4 110 25
Cer d20:2-d9/12:0 517.5 299.4 110 25
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Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and
fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pr;)(()ll:ld Frag(@;:ntor CE (V)
Cer d20:2-d9/14:0 545.5 299.4 110 25
Cer d20:2-d9/15:0 559.5 299.4 110 25
Cer d20:2-d9/16:0 573.5 299.4 110 25
Cer d20:2-d9/16:1 571.5 299.4 110 25
Cer d20:2-d9/16:1-d9 580.5 299.4 110 25
Cer d20:2-d9/17:0 587.5 299.4 110 25
Cer d20:2-d9/18:0 601.6 299.4 110 25
Cer d20:2-d9/18:1 599.6 299.4 110 25
Cer d20:2-d9/18:1-d9 608.6 299.4 110 25
Cer d20:2-d9/19:0 615.6 299.4 110 25
Cer d20:2-d9/20:0 629.6 299.4 110 25
Cer d20:2-d9/20:1 627.6 299.4 110 25
Cer d20:2-d9/20:1-d9 636.6 299.4 110 25
Cer d20:2-d9/21:0 643.6 299.4 110 25
Cer d20:2-d9/22:0 657.6 299.4 110 25
Cer d20:2-d9/22:1 655.6 299.4 110 25
Cer d20:2-d9/22:1-d9 664.6 299.4 110 25
Cer d20:2-d9/23:0 671.6 299.4 110 25
Cer d20:2-d9/24:0 685.6 299.4 110 25
Cer d20:2-d9/24:1 683.6 299.4 110 25
Cer d20:2-d9/24:1-d9 692.6 299.4 110 25
Cer d20:2-d9/25:0 699.6 299.4 110 25
Cer d20:2-d9/26:0 713.6 299.4 110 25
Cer d20:2-d9/26:1 711.6 299.4 110 25
Cer d20:2-d9/26:1-d9 720.6 299.4 110 25
SDiene d18:2/12:0 480.5 262.4 110 25
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Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and
fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pr;)(()ll:ld Frag(@;:ntor CE (V)
SDiene d18:2/14:0 508.5 262.4 110 25
SDiene d18:2/15:0 522.5 262.4 110 25
SDiene d18:2/16:0 536.5 262.4 110 25
SDiene d18:2/16:1 534.5 262.4 110 25
SDiene d18:2/16:1-d17 551.5 262.4 110 25
SDiene d18:2/16:1-d9 543.5 262.4 110 25
SDiene d18:2/17:0 550.5 262.4 110 25
SDiene d18:2/18:0 564.6 262.4 110 25
SDiene d18:2/18:1 562.5 262.4 110 25
SDiene d18:2/18:1-d17 579.5 262.4 110 25
SDiene d18:2/18:1-d9 571.5 262.4 110 25
SDiene d18:2/19:0 578.6 262.4 110 25
SDiene d18:2/20:0 592.6 262.4 110 25
SDiene d18:2/20:1 590.6 262.4 110 25
SDiene d18:2/20:1-d17 607.6 262.4 110 25
SDiene d18:2/20:1-d9 599.6 262.4 110 25
SDiene d18:2/21:0 606.6 262.4 110 25
SDiene d18:2/22:0 620.6 262.4 110 25
SDiene d18:2/22:1 618.6 262.4 110 25
SDiene d18:2/22:1-d17 635.6 262.4 110 25
SDiene d18:2/22:1-d9 627.6 262.4 110 25
SDiene d18:2/23:0 634.6 262.4 110 25
SDiene d18:2/24:0 648.6 262.4 110 25
SDiene d18:2/24:1 646.6 262.4 110 25
SDiene d18:2/24:1-d17 663.6 262.4 110 25
SDiene d18:2/24:1-d9 655.6 262.4 110 25
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Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and
fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pri)(()ll:ld Frag(@;:ntor CE (V)
SDiene d18:2/25:0 662.7 262.4 110 25
SDiene d18:2/26:0 676.7 262.4 110 25
SDiene d18:2/26:1 674.7 262.4 110 25
SDiene d18:2/26:1-d17 691.7 262.4 110 25
SDiene d18:2/26:1-d9 683.7 262.4 110 25
Gluc/Gal-Cer d18:1-d7/15:0 693.6 271.2 123 37
Gluc/Gal-Cer d18:1/12:0 644.5 264.4 123 37
Gluc/Gal-Cer d18:1/14:0 672.5 264.4 123 37
Gluc/Gal-Cer d18:1/15:0 686.6 264.4 123 37
Gluc/Gal-Cer d18:1/16:0 700.6 264.4 123 37
Gluc/Gal-Cer d18:1/16:1 698.6 264.4 123 37
Gluc/Gal-Cer d18:1/16:1-d17 715.6 264.4 123 37
Gluc/Gal-Cer d18:1/16:1-d9 707.6 264.4 123 37
Gluc/Gal-Cer d18:1/17:0 714.6 264.4 123 37
Gluc/Gal-Cer d18:1/18:0 728.6 264.4 123 37
Gluc/Gal-Cer d18:1/18:1 726.6 264.4 123 37
Gluc/Gal-Cer d18:1/18:1-d17 743.6 264.4 123 37
Gluc/Gal-Cer d18:1/18:1-d9 735.6 264.4 123 37
Gluc/Gal-Cer d18:1/19:0 742.6 264.4 123 37
Gluc/Gal-Cer d18:1/20:0 756.6 264.4 123 37
Gluc/Gal-Cer d18:1/20:1 754.6 264.4 123 37
Gluc/Gal-Cer d18:1/20:1-d17 771.6 264.4 123 37
Gluc/Gal-Cer d18:1/20:1-d9 763.6 264.4 123 37
Gluc/Gal-Cer d18:1/21:0 770.7 264.4 123 37
Gluc/Gal-Cer d18:1/22:0 784.7 264.4 123 37
Gluc/Gal-Cer d18:1/22:1 782.7 264.4 123 37
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Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and
fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pri)(()ll:ld Frag(@;:ntor CE (V)
Gluc/Gal-Cer d18:1/22:1-d17 799.7 264.4 123 37
Gluc/Gal-Cer d18:1/22:1-d9 791.7 264.4 123 37
Gluc/Gal-Cer d18:1/23:0 798.7 264.4 123 37
Gluc/Gal-Cer d18:1/24:0 812.7 264.4 123 37
Gluc/Gal-Cer d18:1/24:1 810.7 264.4 123 37
Gluc/Gal-Cer d18:1/24:1-d17 827.7 264.4 123 37
Gluc/Gal-Cer d18:1/24:1-d9 819.7 264.4 123 37
Gluc/Gal-Cer d18:1/25:0 826.7 264.4 123 37
Gluc/Gal-Cer d18:1/26:0 840.7 264.4 123 37
Gluc/Gal-Cer d18:1/26:1 838.7 264.4 123 37
Gluc/Gal-Cer d18:1/26:1-d17 855.7 264.4 123 37
Gluc/Gal-Cer d18:1/26:1-d9 847.7 264.4 123 37
Gluc/Gal-Cer d20:1/12:0 672.5 292.4 123 37
Gluc/Gal-Cer d20:1/14:0 700.6 292.4 123 37
Gluc/Gal-Cer d20:1/15:0 714.6 292.4 123 37
Gluc/Gal-Cer d20:1/16:0 728.6 292.4 123 37
Gluc/Gal-Cer d20:1/16:1 726.6 292.4 123 37
Gluc/Gal-Cer d20:1/16:1-d17 743.6 292.4 123 37
Gluc/Gal-Cer d20:1/16:1-d9 735.6 292.4 123 37
Gluc/Gal-Cer d20:1/17:0 742.6 292.4 123 37
Gluc/Gal-Cer d20:1/18:0 756.6 292.4 123 37
Gluc/Gal-Cer d20:1/18:1 754.6 292.4 123 37
Gluc/Gal-Cer d20:1/18:1-d17 771.6 292.4 123 37
Gluc/Gal-Cer d20:1/18:1-d9 763.6 292.4 123 37
Gluc/Gal-Cer d20:1/19:0 770.7 292.4 123 37
Gluc/Gal-Cer d20:1/20:0 784.7 292.4 123 37
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Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and
fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pri)(()ll:ld Frag(@;:ntor CE (V)
Gluc/Gal-Cer d20:1/20:1 782.7 292.4 123 37
Gluc/Gal-Cer d20:1/20:1-d17 799.7 292.4 123 37
Gluc/Gal-Cer d20:1/20:1-d9 791.7 292.4 123 37
Gluc/Gal-Cer d20:1/21:0 798.7 292.4 123 37
Gluc/Gal-Cer d20:1/22:0 812.7 292.4 123 37
Gluc/Gal-Cer d20:1/22:1 810.7 292.4 123 37
Gluc/Gal-Cer d20:1/22:1-d17 827.7 292.4 123 37
Gluc/Gal-Cer d20:1/22:1-d9 819.7 292.4 123 37
Gluc/Gal-Cer d20:1/23:0 826.7 292.4 123 37
Gluc/Gal-Cer d20:1/24:0 840.7 292.4 123 37
Gluc/Gal-Cer d20:1/24:1 838.7 292.4 123 37
Gluc/Gal-Cer d20:1/24:1-d17 855.7 292.4 123 37
Gluc/Gal-Cer d20:1/24:1-d9 847.7 292.4 123 37
Gluc/Gal-Cer d20:1/25:0 854.7 292.4 123 37
Gluc/Gal-Cer d20:1/26:0 868.8 292.4 123 37
Gluc/Gal-Cer d20:1/26:1 866.7 292.4 123 37
Gluc/Gal-Cer d20:1/26:1-d17 883.7 292.4 123 37
Gluc/Gal-Cer d20:1/26:1-d9 875.7 292.4 123 37
Gluc/Gal-Cer d20:2/12:0 670.5 290.4 123 37
Gluc/Gal-Cer d20:2/14:0 698.6 290.4 123 37
Gluc/Gal-Cer d20:2/15:0 712.6 290.4 123 37
Gluc/Gal-Cer d20:2/16:0 726.6 290.4 123 37
Gluc/Gal-Cer d20:2/16:1 724.6 290.4 123 37
Gluc/Gal-Cer d20:2/17:0 740.6 290.4 123 37
Gluc/Gal-Cer d20:2/18:0 754.6 290.4 123 37
Gluc/Gal-Cer d20:2/18:1 752.6 290.4 123 37
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Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and
fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pr;)(()ll:ld Frag(@;:ntor CE (V)
Gluc/Gal-Cer d20:2/19:0 768.6 290.4 123 37
Gluc/Gal-Cer d20:2/20:0 782.7 290.4 123 37
Gluc/Gal-Cer d20:2/20:1 780.6 290.4 123 37
Gluc/Gal-Cer d20:2/21:0 796.7 290.4 123 37
Gluc/Gal-Cer d20:2/22:0 810.7 290.4 123 37
Gluc/Gal-Cer d20:2/22:1 808.7 290.4 123 37
Gluc/Gal-Cer d20:2/23:0 824.7 290.4 123 37
Gluc/Gal-Cer d20:2/24:0 838.7 290.4 123 37
Gluc/Gal-Cer d20:2/24:1 836.7 290.4 123 37
Gluc/Gal-Cer d20:2/25:0 852.7 290.4 123 37
Gluc/Gal-Cer d20:2/26:0 866.7 290.4 123 37
Gluc/Gal-Cer d20:2/26:1 864.7 290.4 123 37
Gluc/Gal-Cer d20:2-d17/12:0 687.5 307.4 123 37
Gluc/Gal-Cer d20:2-d17/14:0 715.5 307.4 123 37
Gluc/Gal-Cer d20:2-d17/15:0 729.6 307.4 123 37
Gluc/Gal-Cer d20:2-d17/16:0 743.6 307.4 123 37
Gluc/Gal-Cer d20:2-d17/16:1 741.6 307.4 123 37
fl}lll;c/Gal-Cer d20:2-d17/16:1- 758 6 307.4 123 37
Gluc/Gal-Cer d20:2-d17/17:0 757.6 307.4 123 37
Gluc/Gal-Cer d20:2-d17/18:0 771.6 307.4 123 37
Gluc/Gal-Cer d20:2-d17/18:1 769.6 307.4 123 37
Ei}lh;c/Gal-Cer d20:2-d17/18:1- 736.6 307.4 123 37
Gluc/Gal-Cer d20:2-d17/19:0 785.6 307.4 123 37
Gluc/Gal-Cer d20:2-d17/20:0 799.6 307.4 123 37
Gluc/Gal-Cer d20:2-d17/20:1 797.6 307.4 123 37



Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and

fragmentor voltages for LC-MS.

Product

Fragmentor

Lipid Species Precursor Ion Ton V) CE (V)
dGlll;c/Gal-Cer d20:2-d17/20:1- R14.6 307 4 123 37
Gluc/Gal-Cer d20:2-d17/21:0 813.6 307.4 123 37
Gluc/Gal-Cer d20:2-d17/22:0 827.7 307.4 123 37
Gluc/Gal-Cer d20:2-d17/22:1 825.6 307.4 123 37
dGlll;c/Gal-Cer d20:2-d17/22:1- R4 7 307 4 123 37
Gluc/Gal-Cer d20:2-d17/23:0 841.7 307.4 123 37
Gluc/Gal-Cer d20:2-d17/24:0 855.7 307.4 123 37
Gluc/Gal-Cer d20:2-d17/24:1 853.7 307.4 123 37
fi}llgc/Gal-Cer d20:2-d17/24:1- 270.7 307 4 123 37
Gluc/Gal-Cer d20:2-d17/25:0 869.7 307.4 123 37
Gluc/Gal-Cer d20:2-d17/26:0 883.7 307.4 123 37
Gluc/Gal-Cer d20:2-d17/26:1 881.7 307.4 123 37
fl}lll;c/Gal-Cer d20:2-d17/26:1- 298 7 307.4 123 37
Gluc/Gal-Cer d20:2-d9/12:0 679.5 299.4 123 37
Gluc/Gal-Cer d20:2-d9/14:0 707.5 299.4 123 37
Gluc/Gal-Cer d20:2-d9/15:0 721.5 299.4 123 37
Gluc/Gal-Cer d20:2-d9/16:0 735.6 299.4 123 37
Gluc/Gal-Cer d20:2-d9/16:1 733.6 299.4 123 37
Gluc/Gal-Cer d20:2-d9/16:1-d9 742.6 299.4 123 37
Gluc/Gal-Cer d20:2-d9/17:0 749.6 299.4 123 37
Gluc/Gal-Cer d20:2-d9/18:0 763.6 299.4 123 37
Gluc/Gal-Cer d20:2-d9/18:1 761.6 299.4 123 37
Gluc/Gal-Cer d20:2-d9/18:1-d9 770.6 299.4 123 37
Gluc/Gal-Cer d20:2-d9/19:0 777.6 299.4 123 37
Gluc/Gal-Cer d20:2-d9/20:0 791.6 299.4 123 37



Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and
fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pri)(()ll:ld Frag(@;:ntor CE (V)
Gluc/Gal-Cer d20:2-d9/20:1 789.6 299.4 123 37
Gluc/Gal-Cer d20:2-d9/20:1-d9 798.6 299.4 123 37
Gluc/Gal-Cer d20:2-d9/21:0 805.7 299.4 123 37
Gluc/Gal-Cer d20:2-d9/22:0 819.7 299.4 123 37
Gluc/Gal-Cer d20:2-d9/22:1 817.7 299.4 123 37
Gluc/Gal-Cer d20:2-d9/22:1-d9 826.7 299.4 123 37
Gluc/Gal-Cer d20:2-d9/23:0 833.7 299.4 123 37
Gluc/Gal-Cer d20:2-d9/24:0 847.7 299.4 123 37
Gluc/Gal-Cer d20:2-d9/24:1 845.7 299.4 123 37
Gluc/Gal-Cer d20:2-d9/24:1-d9 854.7 299.4 123 37
Gluc/Gal-Cer d20:2-d9/25:0 861.7 299.4 123 37
Gluc/Gal-Cer d20:2-d9/26:0 875.7 299.4 123 37
Gluc/Gal-Cer d20:2-d9/26:1 873.7 299.4 123 37
Gluc/Gal-Cer d20:2-d9/26:1-d9 882.7 299.4 123 37
Lact-Cer d18:1-d7/15:0 855.7 271.2 88 41
Lact-Cer d18:1/12:0 806.6 264.4 88 41
Lact-Cer d18:1/14:0 834.6 264.4 88 41
Lact-Cer d18:1/15:0 848.6 264.4 88 41
Lact-Cer d18:1/16:0 862.6 264.4 88 41
Lact-Cer d18:1/16:1 860.6 264.4 88 41
Lact-Cer d18:1/16:1-d17 877.6 264.4 88 41
Lact-Cer d18:1/16:1-d9 869.6 264.4 88 41
Lact-Cer d18:1/17:0 876.6 264.4 88 41
Lact-Cer d18:1/18:0 890.7 264.4 88 41
Lact-Cer d18:1/18:1 888.6 264.4 88 41
Lact-Cer d18:1/18:1-d17 905.6 264.4 88 41
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Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and
fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pri)(()ll:ld Frag(@;:ntor CE (V)
Lact-Cer d18:1/18:1-d9 897.6 264.4 88 41
Lact-Cer d18:1/19:0 904.7 264.4 88 41
Lact-Cer d18:1/20:0 918.7 264.4 88 41
Lact-Cer d18:1/20:1 916.7 264.4 88 41
Lact-Cer d18:1/20:1-d17 933.7 264.4 88 41
Lact-Cer d18:1/20:1-d9 925.7 264.4 88 41
Lact-Cer d18:1/21:0 932.7 264.4 88 41
Lact-Cer d18:1/22:0 946.7 264.4 88 41
Lact-Cer d18:1/22:1 944.7 264.4 88 41
Lact-Cer d18:1/22:1-d17 961.7 264.4 88 41
Lact-Cer d18:1/22:1-d9 953.7 264.4 88 41
Lact-Cer d18:1/23:0 960.7 264.4 88 41
Lact-Cer d18:1/24:0 974.8 264.4 88 41
Lact-Cer d18:1/24:1 972.7 264.4 88 41
Lact-Cer d18:1/24:1-d17 989.7 264.4 88 41
Lact-Cer d18:1/24:1-d9 981.7 264.4 88 41
Lact-Cer d18:1/25:0 988.8 264.4 88 41
Lact-Cer d18:1/26:0 1002.8 264.4 88 41
Lact-Cer d18:1/26:1 1000.8 264.4 88 41
Lact-Cer d18:1/26:1-d17 1017.8 264.4 88 41
Lact-Cer d18:1/26:1-d9 1009.8 264.4 88 41
Lact-Cer d20:1/12:0 834.6 292.4 88 41
Lact-Cer d20:1/14:0 862.6 292.4 88 41
Lact-Cer d20:1/15:0 876.6 292.4 88 41
Lact-Cer d20:1/16:0 890.7 292.4 88 41
Lact-Cer d20:1/16:1 888.6 292.4 88 41
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Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and
fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pri)(()ll:ld Frag(@;:ntor CE (V)
Lact-Cer d20:1/16:1-d17 905.6 292.4 88 41
Lact-Cer d20:1/16:1-d9 897.6 292.4 88 41
Lact-Cer d20:1/17:0 904.7 292.4 88 41
Lact-Cer d20:1/18:0 918.7 292.4 88 41
Lact-Cer d20:1/18:1 916.7 292.4 88 41
Lact-Cer d20:1/18:1-d17 933.7 292.4 88 41
Lact-Cer d20:1/18:1-d9 925.7 292.4 88 41
Lact-Cer d20:1/19:0 932.7 292.4 88 41
Lact-Cer d20:1/20:0 946.7 292.4 88 41
Lact-Cer d20:1/20:1 944.7 292.4 88 41
Lact-Cer d20:1/20:1-d17 961.7 292.4 88 41
Lact-Cer d20:1/20:1-d9 953.7 292.4 88 41
Lact-Cer d20:1/21:0 960.7 2924 88 41
Lact-Cer d20:1/22:0 974.8 2924 88 41
Lact-Cer d20:1/22:1 972.7 2924 88 41
Lact-Cer d20:1/22:1-d17 989.7 2924 88 41
Lact-Cer d20:1/22:1-d9 981.7 2924 88 41
Lact-Cer d20:1/23:0 988.8 2924 88 41
Lact-Cer d20:1/24:0 1002.8 292.4 88 41
Lact-Cer d20:1/24:1 1000.8 292.4 88 41
Lact-Cer d20:1/24:1-d17 1017.8 2924 88 41
Lact-Cer d20:1/24:1-d9 1009.8 2924 88 41
Lact-Cer d20:1/25:0 1016.8 2924 88 41
Lact-Cer d20:1/26:0 1030.8 2924 88 41
Lact-Cer d20:1/26:1 1028.8 2924 88 41
Lact-Cer d20:1/26:1-d17 1045.8 2924 88 41
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Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and
fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pri)(()ll:ld Frag(@;:ntor CE (V)
Lact-Cer d20:1/26:1-d9 1037.8 292.4 88 41
Lact-Cer d20:2/12:0 832.6 290.4 88 41
Lact-Cer d20:2/14:0 860.6 290.4 88 41
Lact-Cer d20:2/15:0 874.6 290.4 88 41
Lact-Cer d20:2/16:0 888.6 290.4 88 41
Lact-Cer d20:2/16:1 886.6 290.4 88 41
Lact-Cer d20:2/17:0 902.7 290.4 88 41
Lact-Cer d20:2/18:0 916.7 290.4 88 41
Lact-Cer d20:2/18:1 914.7 290.4 88 41
Lact-Cer d20:2/19:0 930.7 290.4 88 41
Lact-Cer d20:2/20:0 944.7 290.4 88 41
Lact-Cer d20:2/20:1 942.7 290.4 88 41
Lact-Cer d20:2/21:0 958.7 290.4 88 41
Lact-Cer d20:2/22:0 972.7 290.4 88 41
Lact-Cer d20:2/22:1 970.7 290.4 88 41
Lact-Cer d20:2/23:0 986.8 290.4 88 41
Lact-Cer d20:2/24:0 1000.8 290.4 88 41
Lact-Cer d20:2/24:1 998.8 290.4 88 41
Lact-Cer d20:2/25:0 1014.8 290.4 88 41
Lact-Cer d20:2/26:0 1028.8 290.4 88 41
Lact-Cer d20:2/26:1 1026.8 290.4 88 41
Lact-Cer d20:2-d17/12:0 849.6 307.4 88 41
Lact-Cer d20:2-d17/14:0 877.6 307.4 88 41
Lact-Cer d20:2-d17/15:0 891.6 307.4 88 41
Lact-Cer d20:2-d17/16:0 905.6 307.4 88 41
Lact-Cer d20:2-d17/16:1 903.6 307.4 88 41
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Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and
fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pri)(()ll:ld Frag(@;:ntor CE (V)
Lact-Cer d20:2-d17/16:1-d17 920.6 307.4 88 41
Lact-Cer d20:2-d17/17:0 919.6 307.4 88 41
Lact-Cer d20:2-d17/18:0 933.7 307.4 88 41
Lact-Cer d20:2-d17/18:1 931.7 307.4 88 41
Lact-Cer d20:2-d17/18:1-d17 948.7 307.4 88 41
Lact-Cer d20:2-d17/19:0 947.7 307.4 88 41
Lact-Cer d20:2-d17/20:0 961.7 307.4 88 41
Lact-Cer d20:2-d17/20:1 959.7 307.4 88 41
Lact-Cer d20:2-d17/20:1-d17 976.7 307.4 88 41
Lact-Cer d20:2-d17/21:0 975.7 307.4 88 41
Lact-Cer d20:2-d17/22:0 989.7 307.4 88 41
Lact-Cer d20:2-d17/22:1 987.7 307.4 88 41
Lact-Cer d20:2-d17/22:1-d17 1004.7 307.4 88 41
Lact-Cer d20:2-d17/23:0 1003.7 307.4 88 41
Lact-Cer d20:2-d17/24:0 1017.7 307.4 88 41
Lact-Cer d20:2-d17/24:1 1015.7 307.4 88 41
Lact-Cer d20:2-d17/24:1-d17 1032.7 307.4 88 41
Lact-Cer d20:2-d17/25:0 1031.8 307.4 88 41
Lact-Cer d20:2-d17/26:0 1045.8 307.4 88 41
Lact-Cer d20:2-d17/26:1 1043.8 307.4 88 41
Lact-Cer d20:2-d17/26:1-d17 1060.8 307.4 88 41
Lact-Cer d20:2-d9/12:0 841.6 299.4 88 41
Lact-Cer d20:2-d9/14:0 869.6 299.4 88 41
Lact-Cer d20:2-d9/15:0 883.6 299.4 88 41
Lact-Cer d20:2-d9/16:0 897.6 299.4 88 41
Lact-Cer d20:2-d9/16:1 895.6 299.4 88 41
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Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and
fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pri)(()ll:ld Frag(@;:ntor CE (V)
Lact-Cer d20:2-d9/16:1-d9 904.6 299.4 88 41
Lact-Cer d20:2-d9/17:0 911.7 299.4 88 41
Lact-Cer d20:2-d9/18:0 925.7 299.4 88 41
Lact-Cer d20:2-d9/18:1 923.7 299.4 88 41
Lact-Cer d20:2-d9/18:1-d9 932.7 299.4 88 41
Lact-Cer d20:2-d9/19:0 939.7 299.4 88 41
Lact-Cer d20:2-d9/20:0 953.7 299.4 88 41
Lact-Cer d20:2-d9/20:1 951.7 299.4 88 41
Lact-Cer d20:2-d9/20:1-d9 960.7 299.4 88 41
Lact-Cer d20:2-d9/21:0 967.7 299.4 88 41
Lact-Cer d20:2-d9/22:0 981.7 299.4 88 41
Lact-Cer d20:2-d9/22:1 979.7 299.4 88 41
Lact-Cer d20:2-d9/22:1-d9 988.7 299.4 88 41
Lact-Cer d20:2-d9/23:0 995.8 299.4 88 41
Lact-Cer d20:2-d9/24:0 1009.8 299.4 88 41
Lact-Cer d20:2-d9/24:1 1007.8 299.4 88 41
Lact-Cer d20:2-d9/24:1-d9 1016.8 299.4 88 41
Lact-Cer d20:2-d9/25:0 1023.8 299.4 88 41
Lact-Cer d20:2-d9/26:0 1037.8 299.4 88 41
Lact-Cer d20:2-d9/26:1 1035.8 299.4 88 41
Lact-Cer d20:2-d9/26:1-d9 1044.8 299.4 88 41
SM (d18:1/18:1)-d9 738.6 193 82 25
SM d18:1/18:1-d9 738.6 184 82 25
SM 30:0 649.5 184 82 25
SM 30:1 647.5 184 82 25
SM 30:1-d17 664.5 184 82 25
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Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and
fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pri)(()ll:ld Frag(@;:ntor CE (V)
SM 30:1-d9 656.5 184 82 25
SM 32:0 677.6 184 82 25
SM 32:1 675.5 184 82 25
SM 32:1-d17 692.5 184 82 25
SM 32:1-d9 684.5 184 82 25
SM 32:2 673.5 184 82 25
SM 32:2-d17 690.5 184 82 25
SM 32:2-d18 691.5 184 82 25
SM 32:2-d34 707.5 184 82 25
SM 32:2-d9 682.5 184 82 25
SM 32:3 671.5 184 82 25
SM 32:3-d17 688.5 184 82 25
SM 32:3-d18 689.5 184 82 25
SM 32:3-d34 705.5 184 82 25
SM 32:3-d9 680.5 184 82 25
SM 34:0 705.6 184 82 25
SM 34:1 703.6 184 82 25
SM 34:1-d17 720.6 184 82 25
SM 34:1-d9 712.6 184 82 25
SM 34:2 701.6 184 82 25
SM 34:2-d17 718.6 184 82 25
SM 34:2-d18 719.6 184 82 25
SM 34:2-d34 735.6 184 82 25
SM 34:2-d9 710.6 184 82 25
SM 34:3 699.5 184 82 25
SM 34:3-d17 716.5 184 82 25
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Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and
fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pri)(()ll:ld Frag(@;:ntor CE (V)
SM 34:3-d18 717.5 184 82 25
SM 34:3-d34 733.5 184 82 25
SM 34:3-d9 708.5 184 82 25
SM 34:4 697.5 184 82 25
SM 36:0 733.6 184 82 25
SM 36:1 731.6 184 82 25
SM 36:1-d17 748.6 184 82 25
SM 36:1-d9 740.6 184 82 25
SM 36:2 729.6 184 82 25
SM 36:2-d17 746.6 184 82 25
SM 36:2-d18 747.6 184 82 25
SM 36:2-d34 763.6 184 82 25
SM 36:2-d9 738.6 184 82 25
SM 36:3 727.6 184 82 25
SM 36:3-d17 744.6 184 82 25
SM 36:3-d18 745.6 184 82 25
SM 36:3-d34 761.6 184 82 25
SM 36:3-d9 736.6 184 82 25
SM 36:4 725.6 184 82 25
SM 38:0 761.7 184 82 25
SM 38:1 759.6 184 82 25
SM 38:1-d17 776.6 184 82 25
SM 38:1-d9 768.6 184 82 25
SM 38:2 757.6 184 82 25
SM 38:2-d17 774.6 184 82 25
SM 38:2-d18 775.6 184 82 25
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Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and
fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pri)(()ll:ld Frag(@;:ntor CE (V)
SM 38:2-d34 791.6 184 82 25
SM 38:2-d9 766.6 184 82 25
SM 38:3 755.6 184 82 25
SM 38:3-d17 772.6 184 82 25
SM 38:3-d18 773.6 184 82 25
SM 38:3-d34 789.6 184 82 25
SM 38:3-d9 764.6 184 82 25
SM 38:4 753.6 184 82 25
SM 40:0 789.7 184 82 25
SM 40:1 787.7 184 82 25
SM 40:1-d17 804.7 184 82 25
SM 40:1-d9 796.7 184 82 25
SM 40:2 785.7 184 82 25
SM 40:2-d17 802.7 184 82 25
SM 40:2-d18 803.7 184 82 25
SM 40:2-d34 819.7 184 82 25
SM 40:2-d9 794.7 184 82 25
SM 40:3 783.6 184 82 25
SM 40:3-d17 800.6 184 82 25
SM 40:3-d18 801.6 184 82 25
SM 40:3-d34 817.6 184 82 25
SM 40:3-d9 792.6 184 82 25
SM 40:4 781.6 184 82 25
SM 42:0 817.7 184 82 25
SM 42:1 815.7 184 82 25
SM 42:1-d17 832.7 184 82 25
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Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and
fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pri);ll:ld Frag(@;:ntor CE (V)
SM 42:1-d9 824.7 184 82 25
SM 42:2 813.7 184 82 25
SM 42:2-d17 830.7 184 82 25
SM 42:2-d18 831.7 184 82 25
SM 42:2-d34 847.7 184 82 25
SM 42:2-d9 822.7 184 82 25
SM 42:3 811.7 184 82 25
SM 42:3-d17 828.7 184 82 25
SM 42:3-d18 829.7 184 82 25
SM 42:3-d34 845.7 184 82 25
SM 42:3-d9 820.7 184 82 25
SM 42:4 809.7 184 82 25
SM 44:0 845.7 184 82 25
SM 44:1 843.7 184 82 25
SM 44:1-d17 860.7 184 82 25
SM 44:1-d9 852.7 184 82 25
SM 44:2 841.7 184 82 25
SM 44:2-d17 858.7 184 82 25
SM 44:2-d18 859.7 184 82 25
SM 44:2-d34 875.7 184 82 25
SM 44:2-d9 850.7 184 82 25
SM 44:3 839.7 184 82 25
SM 44:3-d17 856.7 184 82 25
SM 44:3-d18 857.7 184 82 25
SM 44:3-d34 873.7 184 82 25
SM 44:3-d9 848.7 184 82 25
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Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and

fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pr;)(()ll:ld Frag(@;:ntor CE (V)
SM 44:4 837.7 184 82 25
SO d18:1 d7 307.4 289.4 112 9
SO d12:1 216.4 198.4 112 9
SO d14:1 244 .4 226.4 112 9
SO d16:1 272.4 254.4 112 9
SO d17:1 286.4 268.4 112 9
SO d18:1 300.4 282.4 112 9
SO d18:2 298.4 280.4 112 9
SO d18:2-d17 3154 297.4 112 9
SO d18:2-d9 307.4 289.4 112 9
SO d19:1 314.4 296.4 112 9
SO d20:1 328.4 310.4 112 9
SO d20:2 326.4 308.4 112 9
SO d20:2-d17 343.4 3254 112 9
SO d20:2-d9 3354 317.4 112 9
SO d22:1 356.4 338.4 112 9
SO d22:2 354.4 336.4 112 9
SO d22:2-d17 371.4 3534 112 9
SO d22:2-d9 363.4 345.4 112 9
SO d24:1 384.4 366.4 112 9
SO d24:2 382.4 364.4 112 9
SO d24:2-d17 399.4 381.4 112 9
SO d24:2-d9 3914 373.4 112 9
doxSA-C18:0 d3 289.3 271.5 118 13
doxSA-C18:0 286.4 268.4 118 13
doxDHCer m18:0/14:0 496.4 268.3 104 29
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Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and
fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pri)(()ll:ld Frag(@;:ntor CE (V)
doxDHCer m18:0/16:0 524.5 268.3 104 29
doxDHCer m18:0/18:0 552.5 268.3 104 29
doxDHCer m18:0/18:1 550.5 268.3 104 29
doxDHCer m18:0/20:0 580.5 268.3 104 29
doxDHCer m18:0/22:0 608.6 268.3 104 29
doxDHCer m18:0/22:1 606.6 268.3 104 29
doxDHCer m18:0/23:0 622.6 268.3 104 29
doxDHCer m18:0/24:0 636.6 268.3 104 29
doxDHCer m18:0/24:1 634.6 268.3 104 29
doxDHCer m18:0/26:0 664.6 268.3 104 29
doxDHCer m18:0/26:1 662.6 268.3 104 29
LPC 18:1-d7 529.4 184.1 100 40
LPC 14:0 468.3 184.1 100 40
LPC 15:0 482.3 184.1 100 40
LPC 16:0 496.3 184.1 100 40
LPC 16:1 494.3 184.1 100 40
LPC 16:1-d17 511.3 184.1 100 40
LPC 16:1-d9 503.3 184.1 100 40
LPC 17:0 510.3 184.1 100 40
LPC 18:0 524.3 184.1 100 40
LPC 18:1 522.3 184.1 100 40
LPC 18:1-d17 539.3 184.1 100 40
LPC 18:1-d9 531.3 184.1 100 40
LPC 18:2 520.3 184.1 100 40
LPC 18:3 518.3 184.1 100 40
LPC 20:0 552.3 184.1 100 40
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Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and
fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pri)(()ll:ld Frag(@;:ntor CE (V)
LPC 20:1 550.3 184.1 100 40
LPC 20:1-d17 567.3 184.1 100 40
LPC 20:1-d9 559.3 184.1 100 40
LPC 20:4 544.3 184.1 100 40
LPC 20:5 542.3 184.1 100 40
LPC 22:0 580.3 184.1 100 40
LPC 22:1 578.3 184.1 100 40
LPC 22:1-d17 595.3 184.1 100 40
LPC 22:1-d9 587.3 184.1 100 40
LPC 22:6 568.3 184.1 100 40
LPE 18:1-d7 487.3 44.05 100 40
LPE 14:0 426.3 44.05 100 40
LPE 15:0 440.3 44.05 100 40
LPE 16:0 454.3 44.05 100 40
LPE 16:1 466.3 44.05 100 40
LPE 16:1-d17 483.3 44.05 100 40
LPE 16:1-d9 475.3 44.05 100 40
LPE 17:0 468.3 44.05 100 40
LPE 18:0 482.3 44.05 100 40
LPE 18:1 480.3 44.05 100 40
LPE 18:1-d17 497.3 44.05 100 40
LPE 18:1-d9 489.3 44.05 100 40
LPE 20:0 510.3 44.05 100 40
LPE 20:1 508.3 44.05 100 40
LPE 20:1-d17 5253 44.05 100 40
LPE 20:1-d9 517.3 44.05 100 40

99



Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and
fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pri)(()ll:ld Frag(@;:ntor CE (V)
LPE 20:4 502.3 44.05 100 40
LPE 20:5 500.3 44.05 100 40
LPE 22:0 538.3 44.05 100 40
LPE 22:1 536.3 44.05 100 40
LPE 22:1-d17 5533 44.05 100 40
LPE 22:1-d9 545.3 44.05 100 40
LPE 22:6 526.3 44.05 100 40
PC 15:0/18:1-d7 753.6 184.1 100 40
PC 32:0 734.6 184.1 100 40
PC 32:1 732.6 184.1 100 40
PC 32:1-d17 749.6 184.1 100 40
PC 32:1-d9 741.6 184.1 100 40
PC 32:2 730.6 184.1 100 40
PC 32:2-18 748.6 184.1 100 40
PC 32:2-34 764.6 184.1 100 40
PC 32:2-d17 747.6 184.1 100 40
PC 32:2-d9 739.6 184.1 100 40
PC 34:0 762.6 184.1 100 40
PC 34:1 760.6 184.1 100 40
PC 34:1-d17 777.6 184.1 100 40
PC 34:1-d9 769.6 184.1 100 40
PC 34:2 758.6 184.1 100 40
PC 34:2-d17 775.6 184.1 100 40
PC 34:2-d18 776.6 184.1 100 40
PC 34:2-d34 792.6 184.1 100 40
PC 34:2-d9 767.6 184.1 100 40
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Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and
fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pri)(()ll:ld Frag(@;:ntor CE (V)
PC 34:3 756.6 184.1 100 40
PC 34:3-d17 773.6 184.1 100 40
PC 34:3-d18 774.6 184.1 100 40
PC 34:3-d34 790.6 184.1 100 40
PC 34:3-d9 765.6 184.1 100 40
PC 36:0 790.6 184.1 100 40
PC 36:1 788.6 184.1 100 40
PC 36:1-d17 805.6 184.1 100 40
PC 36:1-d9 797.6 184.1 100 40
PC 36:2 786.6 184.1 100 40
PC 36:2 786.6 184.1 100 40
PC 36:2-d17 803.6 184.1 100 40
PC 36:2-d18 804.6 184.1 100 40
PC 36:2-d34 820.6 184.1 100 40
PC 36:2-d9 795.6 184.1 100 40
PC 36:3 784.6 184.1 100 40
PC 36:3-d17 801.6 184.1 100 40
PC 36:3-d18 802.6 184.1 100 40
PC 36:3-d34 818.6 184.1 100 40
PC 36:3-d9 793.6 184.1 100 40
PC36:4 782.6 184.1 100 40
PC 36:4-d17 799.6 184.1 100 40
PC 36:4-d18 800.6 184.1 100 40
PC 36:4-d34 816.6 184.1 100 40
PC 36:4-d9 791.6 184.1 100 40
PC 36:5 780.6 184.1 100 40
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Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and
fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pri)(()ll:ld Frag(@;:ntor CE (V)
PC 36:5-d17 797.6 184.1 100 40
PC 36:5-d18 798.6 184.1 100 40
PC 36:5-d34 814.6 184.1 100 40
PC 36:5-d9 789.6 184.1 100 40
PC 36:6 778.6 184.1 100 40
PC 36:6-d17 795.6 184.1 100 40
PC 36:6-d18 796.6 184.1 100 40
PC 36:6-d34 812.6 184.1 100 40
PC 36:6-d9 787.6 184.1 100 40
PC 38:0 818.7 184.1 100 40
PC 38:1 816.7 184.1 100 40
PC 38:1-d17 833.7 184.1 100 40
PC 38:1-d9 825.7 184.1 100 40
PC 38:2 814.7 184.1 100 40
PC 38:2-d17 831.6 184.1 100 40
PC 38:2-d18 832.6 184.1 100 40
PC 38:2-d34 848.6 184.1 100 40
PC 38:2-d9 823.6 184.1 100 40
PC 38:3 812.7 184.1 100 40
PC 38:3-d17 829.6 184.1 100 40
PC 38:3-d18 830.6 184.1 100 40
PC 38:3-d34 846.6 184.1 100 40
PC 38:3-d9 821.6 184.1 100 40
PC 38:4 810.7 184.1 100 40
PC 38:4-d17 827.6 184.1 100 40
PC 38:4-d18 828.6 184.1 100 40
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Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and
fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pri)(()ll:ld Frag(@;:ntor CE (V)
PC 38:4-d34 844.6 184.1 100 40
PC 38:4-d9 819.6 184.1 100 40
PC 38:5 808.7 184.1 100 40
PC 38:5-d17 825.6 184.1 100 40
PC 38:5-d18 826.6 184.1 100 40
PC 38:5-d34 842.6 184.1 100 40
PC 38:5-d9 817.6 184.1 100 40
PC 38:6 806.7 184.1 100 40
PC 38:6-d17 823.6 184.1 100 40
PC 38:6-d18 824.6 184.1 100 40
PC 38:6-d34 840.6 184.1 100 40
PC 38:6-d9 815.6 184.1 100 40
PC 38:7 804.6 184.1 100 40
PC 38:7-d17 821.6 184.1 100 40
PC 38:7-d18 822.6 184.1 100 40
PC 38:7-d34 838.6 184.1 100 40
PC 38:7-d9 813.6 184.1 100 40
PC 40:0 846.7 184.1 100 40
PC 40:1 844.7 184.1 100 40
PC 40:1-d17 861.7 184.1 100 40
PC 40:1-d9 853.7 184.1 100 40
PC 40:2 842.7 184.1 100 40
PC 40:2-d17 859.7 184.1 100 40
PC 40:2-d18 860.7 184.1 100 40
PC 40:2-d34 876.7 184.1 100 40
PC 40:2-d9 851.7 184.1 100 40
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Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and
fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pri)(()ll:ld Frag(@;:ntor CE (V)
PC 40:3 840.7 184.1 100 40
PC 40:3-d17 857.7 184.1 100 40
PC 40:3-d18 858.7 184.1 100 40
PC 40:3-d34 874.7 184.1 100 40
PC 40:3-d9 849.7 184.1 100 40
PC 40:4 838.7 184.1 100 40
PC 40:4-d17 855.7 184.1 100 40
PC 40:4-d18 856.7 184.1 100 40
PC 40:4-d34 872.7 184.1 100 40
PC 40:4-d9 847.7 184.1 100 40
PC 40:5 836.7 184.1 100 40
PC 40:5-d17 853.7 184.1 100 40
PC 40:5-d18 854.7 184.1 100 40
PC 40:5-d34 870.7 184.1 100 40
PC 40:5-d9 845.7 184.1 100 40
PC 40:6 834.7 184.1 100 40
PC 40:6-d17 851.7 184.1 100 40
PC 40:6-d18 852.7 184.1 100 40
PC 40:6-d34 868.7 184.1 100 40
PC 40:6-d9 843.7 184.1 100 40
PC 40:7 832.7 184.1 100 40
PC 40:7-d17 849.7 184.1 100 40
PC 40:7-d18 850.7 184.1 100 40
PC 40:7-d34 866.7 184.1 100 40
PC 40:7-d9 841.7 184.1 100 40
PC 42:0 874.7 184.1 100 40

104



Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and

fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pri)(()ll:ld Frag(@;:ntor CE (V)
PC 42:1 872.7 184.1 100 40
PC 42:1-d17 889.7 184.1 100 40
PC 42:1-d9 881.7 184.1 100 40
PC 42:2 870.7 184.1 100 40
PC 42:2-d17 887.7 184.1 100 40
PC 42:2-d18 888.7 184.1 100 40
PC 42:2-d34 904.7 184.1 100 40
PC 42:2-d9 879.7 184.1 100 40
PE 15:0/18:1-d7 711.6 570.5 100 40
PE 30:0 664.4 523.5 100 40
PE 31:0 678.4 537.5 100 40
PE 32:0 692.4 551.5 100 40
PE 32:1 690.4 549.5 100 40
PE 32:1-d17 707.4 566.5 100 40
PE 32:1-d9 699.4 558.5 100 40
PE 32:2 688.4 547.5 100 40
PE 32:2-d17 705.4 564.5 100 40
PE 32:2-d18 706.4 565.5 100 40
PE 32:2-d34 722.4 581.5 100 40
PE 32:2-d9 697.4 556.5 100 40
PE 34:0 720.6 579.5 100 40
PE 34:1 718.5 577.5 100 40
PE 34:1-d17 735.5 594.5 100 40
PE 34:1-d9 727.5 586.5 100 40
PE 34:2 716.5 575.5 100 40
PE 34:2-d17 733.5 592.5 100 40
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Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and
fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pri)(()ll:ld Frag(@;:ntor CE (V)
PE 34:2-d18 734.5 593.5 100 40
PE 34:2-d34 750.5 609.5 100 40
PE 34:2-d9 725.5 584.5 100 40
PE 36:0 748.6 607.5 100 40
PE 36:1 746.6 605.5 100 40
PE 36:1-d17 763.6 622.5 100 40
PE 36:1-d9 755.6 614.5 100 40
PE 36:2 744.6 603.5 100 40
PE 36:2-d17 761.6 620.5 100 40
PE 36:2-d18 762.6 621.5 100 40
PE 36:2-d34 778.6 637.5 100 40
PE 36:2-d9 753.6 612.5 100 40
PE 36:3 742.5 601.5 100 40
PE 36:3-d17 759.5 618.5 100 40
PE 36:3-d18 760.5 619.5 100 40
PE 36:3-d34 776.5 635.5 100 40
PE 36:3-d9 751.5 610.5 100 40
PE 36:4 740.5 599.5 100 40
PE 36:4-d17 757.5 616.5 100 40
PE 36:4-d18 758.5 617.5 100 40
PE 36:4-d34 774.5 633.5 100 40
PE 36:4-d9 749.5 608.5 100 40
PE 36:5 738.5 597.5 100 40
PE 36:5-d17 755.5 614.5 100 40
PE 36:5-d18 756.5 615.5 100 40
PE 36:5-d34 772.5 631.5 100 40
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Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and
fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pri)(()ll:ld Frag(@;:ntor CE (V)
PE 36:5-d9 747.5 606.5 100 40
PE 38:0 776.6 635.5 100 40
PE 38:1 774.6 633.5 100 40
PE 38:1-d17 791.6 650.5 100 40
PE 38:1-d9 783.6 642.5 100 40
PE 38:2 772.6 631.5 100 40
PE 38:2-d17 789.6 648.5 100 40
PE 38:2-d18 790.6 649.5 100 40
PE 38:2-d34 806.6 665.5 100 40
PE 38:2-d9 781.6 640.5 100 40
PE 38:3 770.6 629.5 100 40
PE 38:3-d17 787.6 646.5 100 40
PE 38:3-d18 788.6 647.5 100 40
PE 38:3-d34 804.6 663.5 100 40
PE 38:3-d9 779.6 638.5 100 40
PE 38:4 768.6 627.5 100 40
PE 38:4-d17 785.6 644.5 100 40
PE 38:4-d18 786.6 645.5 100 40
PE 38:4-d34 802.6 661.5 100 40
PE 38:4-d9 777.6 636.5 100 40
PE 38:5 766.6 625.5 100 40
PE 38:5-d17 783.6 642.5 100 40
PE 38:5-d18 784.6 643.5 100 40
PE 38:5-d34 800.6 659.5 100 40
PE 38:5-d9 775.6 634.5 100 40
PE 38:6 764.6 623.5 100 40
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Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and
fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pri)(()ll:ld Frag(@;:ntor CE (V)
PE 38:6-d17 781.6 640.5 100 40
PE 38:6-d18 782.6 641.5 100 40
PE 38:6-d34 798.6 657.5 100 40
PE 38:6-d9 773.6 632.5 100 40
PE 40:0 804.7 663.5 100 40
PE 40:1 802.7 661.5 100 40
PE 40:1-d17 819.7 678.5 100 40
PE 40:1-d9 811.7 670.5 100 40
PE 40:2 800.7 659.5 100 40
PE 40:2-d17 817.7 676.5 100 40
PE 40:2-d18 818.7 677.5 100 40
PE 40:2-d34 834.7 693.5 100 40
PE 40:2-d9 809.7 668.5 100 40
PE 40:3 798.6 657.5 100 40
PE 40:3-d17 815.6 674.5 100 40
PE 40:3-d18 816.6 675.5 100 40
PE 40:3-d34 832.6 691.5 100 40
PE 40:3-d9 807.6 666.5 100 40
PE 40:4 796.6 655.5 100 40
PE 40:4-d17 813.6 672.5 100 40
PE 40:4-d18 814.6 673.5 100 40
PE 40:4-d34 830.6 689.5 100 40
PE 40:4-d9 805.6 664.5 100 40
PE 40:5 794.6 653.5 100 40
PE 40:5-d17 811.6 670.5 100 40
PE 40:5-d18 812.6 671.5 100 40
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Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and
fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pri)(()ll:ld Frag(@;:ntor CE (V)
PE 40:5-d34 828.6 687.5 100 40
PE 40:5-d9 803.6 662.5 100 40
PE 40:6 792.6 651.5 100 40
PE 40:6-d17 809.6 668.5 100 40
PE 40:6-d18 810.6 669.5 100 40
PE 40:6-d34 826.6 685.5 100 40
PE 40:6-d9 801.6 660.5 100 40
PE 40:7 790.6 649.5 100 40
PE 40:7-d17 807.6 666.5 100 40
PE 40:7-d18 808.6 667.5 100 40
PE 40:7-d34 824.6 683.5 100 40
PE 40:7-d9 799.6 658.5 100 40
DAG 15:0/18:1-d7 605.6 299 100 40
DAG 14:0/16:0 558.5 313 100 40
DAG 14:0/16:1 556.5 311 100 40
DAG 14:0/16:1-d17 573.5 328 100 40
DAG 14:0/16:1-d9 565.5 320 100 40
DAG 14:0/18:0 586.5 341 100 40
DAG 14:0/18:1 584.5 339 100 40
DAG 14:0/18:1-d17 601.5 356 100 40
DAG 14:0/18:1-d9 593.5 348 100 40
DAG 15:0/16:0 572.5 313 100 40
DAG 15:0/16:1 570.5 311 100 40
DAG 15:0/16:1-d17 587.5 328 100 40
DAG 15:0/16:1-d9 579.5 320 100 40
DAG 15:0/18:0 600.5 341 100 40
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Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and
fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pri)(()ll:ld Frag(@;:ntor CE (V)
DAG 15:0/18:1 598.5 339 100 40
DAG 15:0/18:1-d17 615.5 356 100 40
DAG 15:0/18:1-d9 607.5 348 100 40
DAG 16:0/16:0 586.5 313 100 40
DAG 16:0/16:1 584.5 313 100 40
DAG 16:0/16:1-d17 601.5 313 100 40
DAG 16:0/16:1-d9 593.5 313 100 40
DAG 16:0/17:0 600.5 313 100 40
DAG 16:0/18:0 614.5 313 100 40
DAG 16:0/18:1 612.5 313 100 40
DAG 16:0/18:1-d17 629.5 313 100 40
DAG 16:0/18:1-d9 621.5 313 100 40
DAG 16:0/18:2 610.5 313 100 40
DAG 16:0/20:0 642.5 313 100 40
DAG 16:0/20:4 634.5 313 100 40
DAG 16:0/20:5 632.5 313 100 40
DAG 16:0/22:0 670.5 313 100 40
DAG 16:0/22:6 658.5 313 100 40
DAG 16:0/24:0 698.5 313 100 40
DAG 16:1/18:0 612.5 311 100 40
DAG 16:1/18:1 610.5 311 100 40
DAG 16:1/18:2 608.5 311 100 40
DAG 16:1/20:0 640.5 311 100 40
DAG 16:1/20:4 632.5 311 100 40
DAG 16:1/20:5 630.5 311 100 40
DAG 16:1/22:0 668.5 311 100 40
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Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and
fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pri)(()ll:ld Frag(@;:ntor CE (V)
DAG 16:1/22:6 656.5 311 100 40
DAG 16:1/24:0 696.5 311 100 40
DAG 16:1-d17/18:0 629.5 328 100 40
DAG 16:1-d17/18:1 627.5 328 100 40
DAG 16:1-d17/18:1-d17 644.5 328 100 40
DAG 16:1-d9/18:0 621.5 320 100 40
DAG 16:1-d9/18:1 619.5 320 100 40
DAG 16:1-d9/18:1-d9 629.5 320 100 40
DAG 17:0/17:0 614.5 327 100 40
DAG 17:0/18:0 628.5 327 100 40
DAG 17:0/18:1 626.5 327 100 40
DAG 17:0/18:1-d17 643.5 327 100 40
DAG 17:0/18:1-d9 635.5 327 100 40
DAG 17:0/18:2 624.5 327 100 40
DAG 17:0/20:0 656.5 327 100 40
DAG 17:0/20:5 646.5 327 100 40
DAG 17:0/22:0 684.5 327 100 40
DAG 17:0/22:6 672.5 327 100 40
DAG 18:0/18:0 642.5 341 100 40
DAG 18:0/18:1 640.5 341 100 40
DAG 18:0/18:1-d17 657.5 341 100 40
DAG 18:0/18:1-d9 649.5 341 100 40
DAG 18:0/18:2 638.5 341 100 40
DAG 18:0/20:0 670.5 341 100 40
DAG 18:0/20:4 662.5 341 100 40
DAG 18:0/20:5 660.5 341 100 40
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Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and

fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pri)(()ll:ld Frag(@;:ntor CE (V)
DAG 18:0/22:0 698.5 341 100 40
DAG 18:0/22:6 686.5 341 100 40
DAG 18:0/24:0 726.5 341 100 40
DAG 18:1/18:1 638.5 339 100 40
DAG 18:1/18:2 636.5 339 100 40
DAG 18:1/20:0 668.5 339 100 40
DAG 18:1/20:4 660.5 339 100 40
DAG 18:1/20:5 658.5 339 100 40
DAG 18:1/22:0 696.5 339 100 40
DAG 18:1/22:6 684.5 339 100 40
DAG 18:1/24:0 724.5 339 100 40
DAG 18:1-d17/18:1 655.5 356 100 40
DAG 18:1-d17/18:1-d17 672.5 356 100 40
DAG 18:1-d17/18:2 653.5 356 100 40
DAG 18:1-d17/20:0 685.5 356 100 40
DAG 18:1-d17/20:4 677.5 356 100 40
DAG 18:1-d17/20:5 675.5 356 100 40
DAG 18:1-d17/22:0 713.5 356 100 40
DAG 18:1-d17/22:6 701.5 356 100 40
DAG 18:1-d17/24:0 741.5 356 100 40
DAG 18:1-d9/18:1 647.5 348 100 40
DAG 18:1-d9/18:1-d9 656.5 348 100 40
DAG 18:1-d9/18:2 645.5 348 100 40
DAG 18:1-d9/20:0 677.5 348 100 40
DAG 18:1-d9/20:4 669.5 348 100 40
DAG 18:1-d9/20:5 667.5 348 100 40
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Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and
fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pri)(()ll:ld Frag(@;:ntor CE (V)
DAG 18:1-d9/22:0 705.5 348 100 40
DAG 18:1-d9/22:6 693.5 348 100 40
DAG 18:1-d9/24:0 733.5 348 100 40
DAG 18:2/18:2 634.5 337 100 40
DAG 18:2/20:0 666.5 337 100 40
DAG 18:2/20:4 658.5 337 100 40
DAG 18:2/20:5 656.5 337 100 40
DAG 18:2/22:0 694.5 337 100 40
DAG 18:2/22:6 682.5 337 100 40
DAG 18:2/24:0 722.5 337 100 40
TAG 15:0/18:1-d7/15:0 (d30:0) 829.8 523.5 100 40
TAG 48:0 (d32:0) 824.8 551.5 100 40
TAG 48:1 (d32:0) 822.8 551.5 100 40
TAG 48:1-d17 (d32:0) 839.8 551.5 100 40
TAG 48:1-d9 (d32:0) 831.8 551.5 100 40
TAG 48:2 (d32:1) 820.8 549.5 100 40
TAG 48:2 (d32:2) 820.8 547.5 100 40
TAG 48:2-d17 (d32:1) 837.8 549.5 100 40
TAG 48:2-d17 (d32:2-d17) 837.8 564.5 100 40
TAG 48:2-d18 (d32:1) 838.8 549.5 100 40
TAG 48:2-d18 (d32:2-d18) 838.8 565.5 100 40
TAG 48:2-d34 (d32:1) 854.8 549.5 100 40
TAG 48:2-d34 (d32:2-d34) 854.8 581.5 100 40
TAG 48:2-d9 (d32:1) 829.8 549.5 100 40
TAG 48:2-d9 (d32:2-d9) 829.8 556.5 100 40
TAG 48:3 (d32:2) 818.8 547.5 100 40
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Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and
fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pri)(()ll:ld Frag(@;:ntor CE (V)
TAG 48:3-d17 (d32:2) 835.8 547.5 100 40
TAG 48:3-d18 (d32:2-d9) 836.8 556.5 100 40
TAG 48:3-d34 (d32:2-d17) 852.8 564.5 100 40
TAG 48:3-d9 (d32:2) 827.8 547.5 100 40
TAG 50:0 (d32:0) 852.8 551.5 100 40
TAG 50:1 (d32:0) 850.8 551.5 100 40
TAG 50:1-d17 (d32:0) 867.8 551.5 100 40
TAG 50:1-d9 (d32:0) 859.8 551.5 100 40
TAG 50:2 (d32:0) 848.8 551.5 100 40
TAG 50:2 (d32:1) 848.8 549.5 100 40
TAG 50:2 (d32:2) 848.8 547.5 100 40
TAG 50:2-d17 (d32:1) 865.8 549.5 100 40
TAG 50:2-d17 (d32:2-d17) 865.8 564.5 100 40
TAG 50:2-d18 (d32:1-d9) 882.8 566.5 100 40
TAG 50:2-d18 (d32:2-d18) 866.8 565.5 100 40
TAG 50:2-d34 (d32:1-d17) 882.8 566.5 100 40
TAG 50:2-d34 (d32:2-d34) 882.8 581.5 100 40
TAG 50:2-d9 (d32:1) 857.8 549.5 100 40
TAG 50:2-d9 (d32:2-d9) 857.8 556.5 100 40
TAG 50:3 (d32:0) 846.8 551.5 100 40
TAG 50:3 (d32:1) 846.8 549.5 100 40
TAG 50:3 (d32:2) 846.8 547.5 100 40
TAG 50:3-d17 (d32:1-d17) 863.8 566.5 100 40
TAG 50:3-d17 (d32:2) 863.8 547.5 100 40
TAG 50:3-d18 (d32:2-d9) 864.8 556.5 100 40
TAG 50:3-d27 (d32:2-d18) 873.8 565.5 100 40
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Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and
fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pri)(()ll:ld Frag(@;:ntor CE (V)
TAG 50:3-d34 (d32:2-d17) 880.8 564.5 100 40
TAG 50:3-d51 (d32:2-d34) 897.8 581.5 100 40
TAG 50:3-d9 (d32:1-d9) 855.8 558.5 100 40
TAG 50:3-d9 (d32:2) 855.8 547.5 100 40
TAG 52:0 (d32:0) 880.8 551.5 100 40
TAG 52:0 (d34:0) 880.8 579.5 100 40
TAG 52:1 (d36:1) 878.8 605.5 100 40
TAG 52:1-d17 (d36:1-d17) 895.8 622.5 100 40
TAG 52:1-d9 (d36:1-d9) 887.8 614.5 100 40
TAG 52:2 (d34:1) 876.8 577.5 100 40
TAG 52:2 (d34:2) 876.8 575.5 100 40
TAG 52:2-d17 (d34:1) 893.8 577.5 100 40
TAG 52:2-d17 (d34:2-d17) 893.8 592.5 100 40
TAG 52:2-d18 (d34:1-d9) 894.8 586.5 100 40
TAG 52:2-d18 (d34:2-d18) 894.8 593.5 100 40
TAG 52:2-d34 (d34:1-d17) 910.8 594.5 100 40
TAG 52:2-d34 (d34:2-d34) 910.8 609.5 100 40
TAG 52:2-d9 (d34:1) 885.8 577.5 100 40
TAG 52:2-d9 (d34:2-d9) 885.8 584.5 100 40
TAG 52:3 (d34:1) 874.8 577.5 100 40
TAG 52:3 (d34:2) 874.8 575.5 100 40
TAG 52:3-d17 (d34:1-d17) 891.8 594.5 100 40
TAG 52:3-d17 (d34:2) 891.8 575.5 100 40
TAG 52:3-d18 (d34:2-d9) 892.8 584.5 100 40
TAG 52:3-d27 (d34:2-d18) 901.8 593.5 100 40
TAG 52:3-d34 (d34:2-d17) 908.8 592.5 100 40
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Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and
fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pri)(()ll:ld Frag(@;:ntor CE (V)
TAG 52:3-d51 (d34:2-d34) 925.8 609.5 100 40
TAG 52:3-d9 (d34:1-d9) 883.8 586.5 100 40
TAG 52:3-d9 (d34:2) 883.8 575.5 100 40
TAG 52:4 (d32:0) 872.8 551.5 100 40
TAG 52:4 (d34:2) 872.8 575.5 100 40
TAG 52:4 (d34:3) 872.8 573.5 100 40
TAG 52:4-d17 (d34:2-d17) 889.8 592.5 100 40
TAG 52:4-d17 (d34:3) 889.8 573.5 100 40
TAG 52:4-d18 (d34:2-d18) 890.8 593.5 100 40
TAG 52:4-d18 (d34:3-d9) 890.8 582.5 100 40
TAG 52:4-d27 (d34:3-d18) 899.8 591.5 100 40
TAG 52:4-d34 (d34:2-d34) 906.8 609.5 100 40
TAG 52:4-d34 (d34:3-d17) 906.8 590.5 100 40
TAG 52:4-d51 (d34:3-d34) 923.8 607.5 100 40
TAG 52:4-d9 (d34:2-d9) 881.8 584.5 100 40
TAG 52:4-d9 (d34:3) 881.8 573.5 100 40
TAG 52:5 (d32:0) 870.8 551.5 100 40
TAG 52:5 (d32:1) 870.8 549.5 100 40
TAG 52:5 (d34:2) 870.8 575.5 100 40
TAG 52:5-d17 (d32:1-d17) 887.8 566.5 100 40
TAG 52:5-d17 (d34:2-d17) 887.8 592.5 100 40
TAG 52:5-d18 (d34:2-d34) 888.8 593.5 100 40
TAG 52:5-d34 (d34:2-d34) 904.8 609.5 100 40
TAG 52:5-d9 (d32:1-d9) 879.8 558.5 100 40
TAG 52:5-d9 (d34:2-d9) 879.8 584.5 100 40
TAG 52:6 (d30:0) 868.8 523.5 100 40
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Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and
fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pri)(()ll:ld Frag(@;:ntor CE (V)
TAG 54:0 (d36:0) 908.9 607.6 100 40
TAG 54:0 (d38:0) 908.9 635.6 100 40
TAG 54:1 (d36:1) 906.9 605.6 100 40
TAG 54:1-d17 (d36:1-d17) 923.9 622.6 100 40
TAG 54:1-d9 (d36:1-d9) 915.9 614.6 100 40
TAG 54:2 (d36:1) 904.9 605.6 100 40
TAG 54:2 (d36:2) 904.9 603.6 100 40
TAG 54:2-d17 (d36:1) 921.9 605.6 100 40
TAG 54:2-d17 (d36:2-d17) 921.9 620.6 100 40
TAG 54:2-d18 (d36:2-d18) 9229 621.6 100 40
TAG 54:2-d34 (d36:1-d17) 938.9 622.6 100 40
TAG 54:2-d34 (d36:2-d34) 938.9 637.6 100 40
TAG 54:2-d9 (d36:1) 913.9 605.6 100 40
TAG 54:2-d9 (d36:1-d9) 9229 614.6 100 40
TAG 54:2-d9 (d36:2-d9) 913.9 612.6 100 40
TAG 54:3 (d36:2) 902.9 603.6 100 40
TAG 54:3-d17 (d36:2) 919.9 603.6 100 40
TAG 54:3-d18 (d36:2-d9) 920.9 612.6 100 40
TAG 54:3-d27 (d36:2-d18) 929.9 621.6 100 40
TAG 54:3-d34 (d36:2-d17) 936.9 620.6 100 40
TAG 54:3-d51 (d36:2-d34) 953.9 637.6 100 40
TAG 54:3-d9 (d36:2) 911.9 603.6 100 40
TAG 54:4 (d34:1) 900.8 577.5 100 40
TAG 54:4 (d36:2) 900.8 603.5 100 40
TAG 54:4 (d36:3) 900.8 601.5 100 40
TAG 54:4-d17 (d34:1-d17) 917.8 594.5 100 40
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Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and
fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pri)(()ll:ld Frag(@;:ntor CE (V)
TAG 54:4-d17 (d36:2-d17) 917.8 620.5 100 40
TAG 54:4-d17 (d36:3) 917.8 601.5 100 40
TAG 54:4-d18 (d36:2-d18) 918.8 621.5 100 40
TAG 54:4-d18 (d36:3-d9) 918.8 610.5 100 40
TAG 54:4-d27 (d36:3-d18) 927.8 619.5 100 40
TAG 54:4-d34 (d36:2-d34) 934.8 637.5 100 40
TAG 54:4-d34 (d36:3-d17) 934.8 618.5 100 40
TAG 54:4-d51 (d36:3-d34) 951.8 635.5 100 40
TAG 54:4-d9 (d34:1-d9) 909.8 586.5 100 40
TAG 54:4-d9 (d36:2-d9) 909.8 612.5 100 40
TAG 54:4-d9 (d36:3) 909.8 601.5 100 40
TAG 54:5 (d36:4) 898.8 599.5 100 40
TAG 54:5-d17 (d36:4) 915.8 599.5 100 40
TAG 54:5-d18 (d36:4-d9) 916.8 608.5 100 40
TAG 54:5-d27 (d36:4-d18) 925.8 617.5 100 40
TAG 54:5-d34 (d36:4-d17) 932.8 616.5 100 40
TAG 54:5-d51 (d36:4-d34) 949.8 633.5 100 40
TAG 54:5-d9 (d36:4) 907.8 599.5 100 40
TAG 54:6 (d32:0) 896.8 551.5 100 40
TAG 54:6 (d34:1) 896.8 577.5 100 40
TAG 54:6 (d34:2) 896.8 575.5 100 40
TAG 54:6 (d36:5) 896.8 597.5 100 40
TAG 54:6-d17 (d34:1-d17) 913.8 594.5 100 40
TAG 54:6-d17 (d34:2-d17) 913.8 592.5 100 40
TAG 54:6-d17 (d36:5) 913.8 597.5 100 40
TAG 54:6-d18 (d34:2-d18) 914.8 593.5 100 40
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Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and
fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pri)(()ll:ld Frag(@;:ntor CE (V)
TAG 54:6-d18 (d36:5-d9) 914.8 606.5 100 40
TAG 54:6-d27 (d36:5-d18) 923.8 615.5 100 40
TAG 54:6-d34 (d34:2-d34) 930.8 609.5 100 40
TAG 54:6-d34 (d36:5-d17) 930.8 614.5 100 40
TAG 54:6-d51 (d36:5-d34) 947.8 631.5 100 40
TAG 54:6-d9 (d34:1-d9) 905.8 586.5 100 40
TAG 54:6-d9 (d34:2-d9) 905.8 584.5 100 40
TAG 54:6-d9 (d36:5) 905.8 597.5 100 40
TAG 56:0 (d40:0) 936.9 663.5 100 40
TAG 56:1 (d32:0) 934.9 551.5 100 40
TAG 56:1 (d38:0) 934.9 635.5 100 40
TAG 56:1 (d40:1) 934.9 661.5 100 40
TAG 56:1-d17 (d32:0) 951.9 551.5 100 40
TAG 56:1-d17 (d38:0) 951.9 635.5 100 40
TAG 56:1-d17 (d40:1-d17) 951.9 678.5 100 40
TAG 56:1-d9 (d32:0) 943.9 551.5 100 40
TAG 56:1-d9 (d38:0) 943.9 635.5 100 40
TAG 56:1-d9 (d40:1-d9) 943.9 670.5 100 40
TAG 56:2 (d36:1) 932.9 605.5 100 40
TAG 56:2 (d38:1) 932.9 633.5 100 40
TAG 56:2-d17 (d36:1) 949.9 605.5 100 40
TAG 56:2-d17 (d38:1) 949.9 633.5 100 40
TAG 56:2-d18 (d36:1-d9) 950.9 605.5 100 40
TAG 56:2-d18 (d38:1-d9) 950.9 642.5 100 40
TAG 56:2-d34 (d36:1-d17) 966.9 622.5 100 40
TAG 56:2-d34 (d38:1-d17) 966.9 650.5 100 40
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Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and
fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pri)(()ll:ld Frag(@;:ntor CE (V)
TAG 56:2-d9 (d36:1) 941.9 605.5 100 40
TAG 56:2-d9 (d38:1) 941.9 633.5 100 40
TAG 56:3 (d36:2) 930.9 603.5 100 40
TAG 56:3 (d38:2) 930.9 631.5 100 40
TAG 56:3-d17 (d36:2) 947.9 603.5 100 40
TAG 56:3-d17 (d38:2) 947.9 631.5 100 40
TAG 56:3-d18 (d36:2-d9) 948.9 612.5 100 40
TAG 56:3-d18 (d38:2-d9) 948.9 640.5 100 40
TAG 56:3-d27 (d36:2-d18) 957.9 621.5 100 40
TAG 56:3-d27 (d38:2-d18) 957.9 649.5 100 40
TAG 56:3-d34 (d36:2-d17) 964.9 620.5 100 40
TAG 56:3-d34 (d38:2-d17) 964.9 648.5 100 40
TAG 56:3-d51 (d36:2-d34) 981.9 637.5 100 40
TAG 56:3-d51 (d38:2-d34) 981.9 665.5 100 40
TAG 56:3-d9 (d36:2) 939.9 603.5 100 40
TAG 56:3-d9 (d38:2) 939.9 631.5 100 40
TAG 56:4 (d36:2) 928.9 603.5 100 40
TAG 56:4 (d38:3) 928.8 629.5 100 40
TAG 56:4-d17 (d36:2) 945.9 603.5 100 40
TAG 56:4-d17 (d38:3) 945.8 629.5 100 40
TAG 56:4-d18 (d36:2-d9) 946.9 612.5 100 40
TAG 56:4-d18 (d38:3-d9) 946.8 638.5 100 40
TAG 56:4-d27 (d38:3-d18) 955.8 647.5 100 40
TAG 56:4-d34 (d36:2-d17) 962.9 620.5 100 40
TAG 56:4-d34 (d38:3-d17) 962.8 646.5 100 40
TAG 56:4-d51 (d38:3-d34) 979.8 663.5 100 40
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Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and

fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pri)(()ll:ld Frag(@;:ntor CE (V)
TAG 56:4-d9 (d36:2) 937.9 603.5 100 40
TAG 56:4-d9 (d38:3) 937.8 629.5 100 40
TAG 56:5 (d32:0) 926.8 551.5 100 40
TAG 56:5 (d36:1) 926.8 605.5 100 40
TAG 56:5 (d36:2) 926.8 603.5 100 40
TAG 56:5 (d38:4) 926.8 627.5 100 40
TAG 56:5-d17 (d36:1-d17) 943.8 622.5 100 40
TAG 56:5-d17 (d36:2) 943.8 603.5 100 40
TAG 56:5-d17 (d38:4) 943.8 627.5 100 40
TAG 56:5-d18 (d36:2) 944.8 612.5 100 40
TAG 56:5-d18 (d38:4-d9) 944.8 636.5 100 40
TAG 56:5-d27 (d38:4-d18) 953.8 645.5 100 40
TAG 56:5-d34 (d36:2-d17) 960.8 620.5 100 40
TAG 56:5-d34 (d38:4-d17) 960.8 644.5 100 40
TAG 56:5-d51 (d38:4-d34) 977.8 661.5 100 40
TAG 56:5-d9 (d36:1-d9) 935.8 614.5 100 40
TAG 56:5-d9 (d36:2) 935.8 603.5 100 40
TAG 56:5-d9 (d38:4) 935.8 627.5 100 40
TAG 56:6 (d34:0) 924.9 579.5 100 40
TAG 56:6 (d36:1) 924.9 605.6 100 40
TAG 56:6 (d36:2) 924.9 607.6 100 40
TAG 56:6 (d36:2) 924.8 603.5 100 40
TAG 56:6 (d38:5) 924.8 625.5 100 40
TAG 56:6-d17 (d36:2) 941.8 603.5 100 40
TAG 56:6-d17 (d38:5) 941.8 625.5 100 40
TAG 56:6-d18 (d36:2-d9) 942.8 612.5 100 40
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Table S3.1 Lipid multiple reaction monitoring (MRMs), collision energies, and

fragmentor voltages for LC-MS.

Lipid Species Precursor Ion Pri)(()ll:ld Frag(@;:ntor CE (V)
TAG 56:6-d18 (d38:5-d9) 942.8 634.5 100 40
TAG 56:6-d27 (d38:5-d18) 951.8 643.5 100 40
TAG 56:6-d34 (d36:2-d17) 958.8 620.5 100 40
TAG 56:6-d34 (d38:5-d17) 958.8 642.5 100 40
TAG 56:6-d51 (d38:5-d34) 975.8 659.5 100 40
TAG 56:6-d9 (d36:2) 933.8 603.5 100 40
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Table S3.2 Dietary fatty acid composition.

Fatty Acid Composition (%) Cis Unsaturated HFD Trans Unsaturated HFD
SFA 23.6 26.7
MUFA 63.9 62.5
PUFA 12.4 10.9
Total C18:1 62.2 62.4
C14:0 0.4 0.2
C16:0 16.0 16.5
Cl6:1 (92) 1.3 0
C17:0 0.2 0.1
C18:0 6.5 9.2
C18:1 (92) 59.0 23.3
C18:1(112) 3.0 0
other cis C18:1 0.1 10.6
C18:1 (9E) 0.0 3.5
C18:1 (11E) 0.0 6
other trans C18:1 0.1 19
C18:2 (9Z, 122) 11.2 6.1
C18:2 (9E, 12E) 0.0 02
other trans C18:2 0.0 4.1
Cl18:3 0.8 0.3
total trans C18:3 0.0 0.2
C20:0 0.3 0.3
C20:1 0.4 0.1
C20:2 0.2 0
C20:4 (52,87, 11Z, 147) 0.1 0
C22:0 0.1 0.3
C24:0 0.0 0.1
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Table S3.3 Orbitrap high-resolution (QE) mass spectrometry lipid analysis.

Lipid Species Precursor Ion Product Ion

Lysophosphatidylcholine (LPC)

18:1(d7) LPC 529.3999 184.0734
LPC(14:0) 468.3084 184.0734
LPC(16:0) 496.3405 184.0734
LPC(16:1) 494.3246 184.0734
LPC(18:0) 524.3721 184.0734
LPC(18:1) 522.3566 184.0734
LPC(18:2) 520.3407 184.0734
LPC(18:3) 518.3249 184.0734
LPC(20:0) 552.4039 184.0734
LPC(20:1) 550.3877 184.0734
LPC(20:2) 548.3721 184.0734
LPC(20:3) 546.3563 184.0734
LPC(20:4) 544.3405 184.0734
LPC(22:0) 580.4346 184.0734
LPC(22:1) 578.4194 184.0734
LPC(22:3) 574.3880 184.0734
LPC(22:4) 572.3725 184.0734
LPC(22:5) 570.3556 184.0734
LPC(22:6) 568.3405 184.0734
LPC(24:0) 608.4656 184.0734
LPC(24:1) 606.4502 184.0734
Lysophosphatidylethanolamine

(LPE)

18:1(d7) LPE 487.3533 346.4
LPE(16:0) 454.2929 3133
LPE(18:0) 482.3247 341.3



Table S3.3 Orbitrap high-resolution (QE) mass spectrometry lipid analysis.

Lipid Species Precursor Ion Product Ion
LPE(18:1) 480.3087 339.3
LPE(18:2) 478.2931 337.3
LPE(20:3) 504.3080 363.3
LPE(20:4) 502.2937 361.3
LPE(22:5) 528.3093 387.3
LPE(22:6) 526.2927 385.3

Phosphatidylcholine (PC)

15:0-18:1(d7) PC 753.6151 184.0734
PC(32:0) 734.5704 184.0734
PC(32:1) 732.5546 184.0734
PC(32:2) 730.5389 184.0734
PC(32:3) 728.5238 184.0734
PC(34:0) 762.6011 184.0734
PC(34:1) 760.5860 184.0734
PC(34:2) 758.5704 184.0734
PC(34:3) 756.5545 184.0734
PC(34:4) 754.5388 184.0734
PC(34:5) 752.5232 184.0734
PC(36:1) 788.6172 184.0734
PC(36:2) 786.6018 184.0734
PC(36:3) 784.5859 184.0734
PC(36:4) 782.5701 184.0734
PC(36:5) 780.5546 184.0734
PC(36:6) 778.5391 184.0734
PC(36:7) 776.5225 184.0734
PC(36:0) 790.6304 184.0734
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Table S3.3 Orbitrap high-resolution (QE) mass spectrometry lipid analysis.

Lipid Species Precursor Ion Product Ion
PC(38:1) 816.6466 184.0734
PC(38:2) 814.6334 184.0734
PC(38:3) 812.6169 184.0734
PC(38:4) 810.6016 184.0734
PC(38:5) 808.5853 184.0734
PC(38:6) 806.5699 184.0734
PC(38:7) 804.5544 184.0734
PC(38:8) 802.5393 184.0734
PC(40:2) 842.6628 184.0734
PC(40:3) 840.6475 184.0734
PC(40:4) 838.6324 184.0734
PC(40:5) 836.6166 184.0734
PC(40:6) 834.6016 184.0734
PC(40:7) 832.5853 184.0734
PC(40:8) 830.5697 184.0734
PC(42:4) 866.6641 184.0734
PC(42:5) 864.6492 184.0734
PC(42:6) 862.6326 184.0734
PC(42:7) 860.6176 184.0734
PC(42:8) 858.5995 184.0734
PC(42:9) 856.5840 184.0734
PC(42:10) 854.5703 184.0734

Phosphatidylethanolamine (PE)

15:0-18:1(d7) PE 711.5670 570.6
PE 34:1 718.5397 577.5
PE 34:2 716.5229 575.5
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Table S3.3 Orbitrap high-resolution (QE) mass spectrometry lipid analysis.

Lipid Species Precursor Ion Product Ion
PE 36:1 746.5696 605.6
PE 36:2 744.5558 603.6
PE 36:3 742.5398 601.5
PE 36:4 740.5230 599.5
PE 36:5 738.5079 597.5
PE 38:5 766.5388 625.5
PE 38:6 764.5223 623.5
PE 38:7 762.5068 621.5
PE 40:7 790.5390 649.5
PE 40:8 788.5209 647.5
Diacylglycerol (DAG)

15:0-18:1(d7) DG 605.5858 346.3
DG 32:0 586.5417 313.3
DG 32:1 584.5258 339.3
DG 32:2 582.5099 311
DG 34:0 614.5727 313.3
DG 34:1 612.5576 313.3
DG 34:2 610.5408 313.3
DG 34:3 608.5259 337.3
DG 36:0 642.6047 341.3
DG 36:1 640.5890 341.3
DG 36:2 638.5724 339.3
DG 36:3 636.5574 339.3
DG 36:4 634.5411 337.3
DG 38:1 668.6195 369.3
DG 38:2 666.6041 3393
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Table S3.3 Orbitrap high-resolution (QE) mass spectrometry lipid analysis.

Lipid Species Precursor Ion Product Ion
DG 38:3 664.5876 339.3
DG 38:4 662.5729 339.3
DG 38:5 660.5569 339.3
DG 38:6 658.5408 337.3
Triacylglycerol (TAG)

15:0-18:1(d7)-15:0 TG 829 7999 570.5
TG(48:0) 824.7711 551.5
TG(48:1) 822.7556 549.5
TG(48:2) 820.7396 549.5
TG(48:3) 818.7233 575.5
TG(50:0) 852.8030 579.5
TG(50:1) 850.7874 577.5
TG(50:2) 848.7714 575.5
TG(50:3) 846.7550 575.5
TG(50:4) 844.7386 575.5
TG(50:5) 842.7229 575.5
TG(50:6) 840.7082 573.5
TG(50:7) 838.6925 571.5
TG(52:0) 880.8342 579.5
TG(52:1) 878.8138 579.5
TG(52:2) 876.7993 577.5
TG(52:3) 874.7872 575.5
TG(52:4) 872.7712 575.5
TG(52:5) 870.7539 603.5
TG(52:6) 868.7397 603.5
TG(52:7) 866.7242 599.5
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Table S3.3 Orbitrap high-resolution (QE) mass spectrometry lipid analysis.

Lipid Species Precursor Ion Product Ion
TG(52:8) 864.7097 597.5
TG(54:1) 906.8501 605.5
TG(54:2) 904.8340 605.5
TG(54:3) 902.8186 603.5
TG(54:4) 900.8030 601.5
TG(54:5) 898.7865 577.5
TG(54:6) 896.7709 575.5
TG(54:7) 894.7560 573.5
TG(54:8) 892.7405 571.5
TG(56:1) 934.8813 635.6
TG(56:2) 932.8657 633.6
TG(56:3) 930.8497 631.6
TG(56:4) 928.8342 629.6
TG(56:5) 926.8177 605.5
TG(56:6) 924.8026 603.5
TG(56:7) 922 7872 577.5
TG(56:8) 920.7714 575.5
TG(58:1) 962.9119 663.6
TG(58:2) 960.8968 661.6
TG(58:3) 958.8812 661.6
TG(58:4) 956.8651 659.6
TG(58:5) 954.8492 633.6
TG(58:6) 952.8335 605.5
TG(58:7) 950.8183 605.5
TG(58:8) 948.8023 603.5
TG(60:1) 990.9429 605.5
TG(60:2) 988.9284 689.6
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Table S3.3 Orbitrap high-resolution (QE) mass spectrometry lipid analysis.

Lipid Species Precursor Ion Product Ion
TG(60:3) 986.9127 687.6
TG(60:4) 984.8966 687.6
TG(60:5) 982.8820 659.6
TG(60:6) 980.8641 681.6
TG(60:7) 978.8497 631.6
TG(60:8) 976.8337 631.6
Cholesteryl Esters (ChE)

ChE 18:1-d7 675.6782 376.4
ChE(16:0) 642.6198 369.4
ChE(16:1) 640.6038 369.4
ChE(18:0) 670.6506 369.4
ChE(18:1) 668.6349 369.4
ChE(18:2) 666.6195 369.4
ChE(18:3) 664.6035 369.4
ChE(20:1) 696.6658 369.4
ChE(20:2) 694.6506 369.4
ChE(20:3) 692.6348 369.4
ChE(20:4) 690.6194 369.4
ChE(20:5) 688.6036 369.4
ChE(22:4) 718.6506 369.4
ChE(22:5) 716.6349 369.4
ChE(22:6) 714.6194 369.4
ChE(24:3) 748.6976 369.4
ChE(24:4) 746.6824 369.4
ChE(24:5) 744.6667 369.4
ChE(24:6) 742 6507 369.4
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Table S3.4 Mouse qPCR primer sequences

Gene Forward primer sequence (5’-3°) Reverse primer sequence (5°-3’)
Sptlcl  GTTGCAGGAGCGTTCTGATCT GGCCGGACACGATGTTGTAG
Sptlc2 GTGAGGAACGGGTACTTGAGG CAACCAGCATGGGTGTTTCTT
Sptlc3  ACACAATCCTAAGACCCAGCA AGACTGGCTTATCCTCAGCATA
Sptssa ACCGTGTTCAATTCGATGCTG CTGGGGCATGAAGACGTAGC
Sptssb CGTGAAGGAGTATTTTGCCTGG GCCACAATGGTCAGTATGATGGT
Ormdll ACAGTGAGGTAAACCCCAATACT  GCAAAAACACATACATCCCCAGA
Ormdl2 CACAGCGAAGTAAACCCCAAC AGGGTCCAGACAACAGGAATG
Ormdl3 CCAACCTTATCCACAACCTGG GACCCCGTAGTCCATCTGC
Degsl  GAATGGGTCTACACGGACCAG AGTCATGGAGTGGTTAAGGCA
Fads3  TGACCTACCAGGCGACAAGT CAATCAACAGGGGTTTCAGGAA
Cert AGTGCCTCTGACGATGTTCAC ACCAGTTGCCAATTTGCATCA
Cers2  TATGACTACTTCTGGTGGGAACG GTATCGAATGACGAGAAAGAGCA
Cers4  CTGGTGGCTGTGCGAATTG CCGGGTTGGGCTTTATCTTTC
Cers5 CGGGGAAAGGTGTCTAAGGAT GTTCATGCAGTTGGCACCATT
Sgmsl  GAAGGAAGTGGTTTACTGGTCAC GACTCGGTACAGTGGGGGT
Sgms2  CCACCAACACTTACACAAGCC GCACCCTTTCGTAACCCGTT
Smpdl  ACTCCACGGTTCTTTGGGTTC CGGCGCTATGGCACTGAAT
Smpd2 TGGGACATCCCCTACCTGAG TAGGTGAGCGATAGCCTTTGC
Smpd3  ACACGACCCCCTTTCCTAATA GGCGCTTCTCATAGGTGGTG
Sgppl  GATGCAGAGACCGAGGTTCG CGGCAAGTTGCTCACTTTGAC
Sgpp2  CACCCACTGGAATATCGACCC AAGTCTCACAACGGGAGGAAA
Sphkl ~ ACTGATACTCACCGAACGGAA CCATCACCGGACATGACTGC
Sphk2 ~ ACAGCGACTACGCCCAAAG GTGGGTAGGTGTAGATGCAGA
Sgpll CTGAAGGACTTCGAGCCTTATTT GACACTCCACGCAATGAGC
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Table S3.5 Top 100 differentially correlated genes with SPTLC2 and SPTLC3 in human

liver.

Gene Name Gene Description SPTLC3 SPTLC2 Average Variance
AICF gﬁg?ECl complementation  co5 o484 01055  0.695021
TPM4 tropomyosin 4 0.619 0559  -0.03  0.693842
GRB14 If;’ig:;’fﬁ ﬁcmr receporbound o (39 0537 0051 0.691488
GAS2 growth arrest specific 2 0.602 -0.551 0.0255  0.664705
GPRI176 G protein-coupled receptor 176  -0.581 0.567 -0.007 0.658952
MYOF myoferlin 0496  0.651  0.0775  0.657805
TTR transthyretin 0.635 -0.511 0.062 0.656658
UPBI beta-ureidopropionase 1 0.589 -0.554 0.0175  0.653225
KLB klotho beta 0692  -045  0.121  0.652082
GBA3 é‘;ﬁ‘e’fgsliﬁ?;g‘ei?f beta 3 0705  -0436  0.1345  0.650941
EPHX? epoxide hydrolase 2 0.661  -0479  0.091  0.6498
RBP4 retinol binding protein 4 0.612 -0.524 0.044 0.645248
MTTP ?;;flrs‘;:fglrftgfly"eﬁde 0.693  -0443  0.125  0.645248
KIF3C kinesin family member 3C -0.571 0.562 -0.0045  0.641845
APOB apolipoprotein B 0.672 -0.458 0.107 0.63845
PAH phenylalanine hydroxylase 0.629 -0.5 0.0645  0.637321
AMBP glrl"é};;l:ficrogl‘)bmin/ bikunin 579 0546 00165 0632813
DDC dopa decarboxylase 0.667 -0.458 0.1045  0.632813
MB21D2 Mab-21 domain containing 2 -0.559 0.566 0.0035 0.632813
MARCI ?;ggsﬁgféﬁlpﬁéﬂ?’fme 0.619  -0.501  0.059  0.6272
FAMS74 family with sequence similarity -~ 519 ¢ 5 -0.0595  0.626081

57 member A

UBASH3B ggig;fzjsts;ﬁg%and SH3 0470 0647 00875  0.626081
ADH6 3};"1‘01 dehydrogenase 6 (class ) 45 9470 00865  0.623845
AFAPI actin filament associated 058  0.53 0028 0.622728

protein 1
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Table S3.5 Top 100 differentially correlated genes with SPTLC2 and SPTLC3 in human

liver.
Gene Name Gene Description SPTLC3 SPTLC2 Average Variance
PFKP phosphofructokinase, platelet -0.517 0.599 0.041 0.622728
TF transferrin 0.613 -0.502 0.0555  0.621613
MTMR?2 myotubularin related protein 2 -0.459 0.655 0.098 0.620498
ATP binding cassette

ABCC6P1 subfamily C member 6 0.628 -0.484 0.072 0.618272
pseudogene 1

GJBI gap junction protein beta 1 0.628 -0.484 0.072 0.618272

GFPT? glutamine-fructose-6-phosphate g 596 514 0,041  0.61605
transaminase 2

[0Gap2 ~ \Qmotifcontaining GTPase 10 5396 150 061605
activating protein 2

MAOB monoamine oxidase B 0.633 -0.477 0.078 0.61605

SERPINDI serpin family D member 1 0.621 -0.487 0.067 0.613832

F2 coagulation factor II, thrombin  0.588 -0.519 0.0345  0.612725

HK1 hexokinase 1 -0.522 0.585 0.0315 0.612725

SMLRI1 small leucine rich protein 1 0.627 -0.479 0.074 0.611618

SLC1943 ~ Solute carrier family 19 0.608 0496 0056  0.609408
member 3

CHSY1 chondroitin sulfate synthase 1 -0.481 0.622 0.0705  0.608305

HLF HLF, PAR BZIP transcription g 63 0470 0.079  0.607202
factor

SLC2249 ~ Solute carrier family 22 0.563  -0.539 0012  0.607202
member 9
low density lipoprotein

LDLRAD3 receptor class A domain -0.475 0.626 0.0755  0.606101
containing 3

LRPI2 LDL receptor related protein 12 -0.529 0.572 0.0215  0.606101

GATM glycine amidinotransferase 0.657 -0.443 0.107 0.605

10GAPI 1Q motif containing GTPase 4154 (676 0126  0.605
activating protein 1

LOXL? lysyl oxidase like 2 -0.581 0.519 -0.031 0.605
SPARC (osteonectin), cwcv

SPOCK1 and kazal like domains -0.55 0.55 0 0.605
proteoglycan 1

Acsmzp  AoybCoAsynthetasemedium o 06 463 00865 0.603901

chain family member 2B
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Table S3.5 Top 100 differentially correlated genes with SPTLC2 and SPTLC3 in human

liver.

Gene Name Gene Description SPTLC3 SPTLC2 Average Variance

CYP4F3 cytochrome P430 family 4 0593  -0.505  0.044  0.602802
subfamily F member 3

AGMAT agmatinase 0.61 -0.487 0.0615  0.601705

ABCC6 ATP binding cassette 0.601  -0.495  0.053  0.600608
subfamily C member 6

PTK7 protein tyrosine kinase 7 0555  0.541  -0.007  0.600608
(inactive)

ZNF385B zinc finger protein 385B 0.663 -0.433 0.115 0.600608

AGMO alkylglycerol monooxygenase  0.657 -0.438 0.1095  0.599513

PROXI1 prospero homeobox 1 0.654 -0.441 0.1065  0.599513

ANKS4B ankyrin repeat and sterile alpha o 70 545 127 0598418
motif domain containing 4B

ALB albumin 0.606 -0.488 0.059 0.598418

ARHGAP23 2R3ho GTPascactivating protein 51 584 0037 0.598418

PDLIM4 PDZ and LIM domain 4 -0.596 0.498 -0.049 0.598418

PONI paraoxonase 1 0.624 -0.47 0.077 0.598418

ASGR2 asialoglycoprotein receptor 2 0.564 -0.527 0.0185 0.595141

TPBG trophoblast glycoprotein -0.564 0.526 -0.019 0.59405
enoyl-CoA hydratase and 3-

EHHADH hydroxyacyl CoA 0.686 -0.4 0.143 0.589698
dehydrogenase

RNF145 ring finger protein 145 -0.461 0.625 0.082 0.589698

RGN regucalcin 0.575 -0.511 0.032 0.589698

NRIH4 nuclear receptor subfamily I 563 9520 0.0205  0.588613
group H member 4

ABCCI ATP binding cassette 0571 0513 0029  0.587528
subfamily C member 1

BHMT? betaine--homocysteine 5- 0585 0499  0.043  0.587528
methyltransferase 2

CPB2 carboxypeptidase B2 0.626 -0.458 0.084 0.587528

SLC304170 ~ SOlute carrier family 30 0.632 0452 009  0.587528
member 10

FABPI fatty acid binding protein 1 0.575 -0.505 0.035 0.5832

METTLY methyltransferase like 9 -0.503 0.577 0.037 0.5832
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Table S3.5 Top 100 differentially correlated genes with SPTLC2 and SPTLC3 in human

liver.

Gene Name Gene Description SPTLC3 SPTLC2 Average Variance

AGXT?2 alanine--glyoxylate 0.643  -0.436  0.1035  0.582121
aminotransferase 2

SLC4747  Solute carrier family 47 0.626  -0453  0.0865  0.582121
member 1

Acsmzgq - AYECoAsynthetasemedium ) o7 451 0088 0.581042
chain family member 2A

ANGPTL3 angiopoietin like 3 0.62 -0.458 0.081 0.581042

cyp3oqq ~ SYiochromePAS0 family 39 o 5436 0413 0.581042
subfamily A member 1

120).(o%; forkhead box C2 -0.602 0.476 -0.063 0.581042
polypeptide N-

GALNT7 acetylgalactosaminyltransferase -0.509 0.569 0.03 0.581042
7

RASA3 RAS p21 protein activator 3 -0.499 0.579 0.04 0.581042

APOH apolipoprotein H 0.599 -0.478 0.0605 0.579965

EHD?2 EH domain containing 2 -0.526 0.551 0.0125  0.579965

RUNXI o related transcription factor o 661 0476 _0.0625 0579965

TCEA3 oyseription clongationfactor o 547 0534 0004 0578888

XXYLTI xyloside xylosyltransferase 1 -0.536 0.538 0.001 0.576738

IFNWP19 llrgerfemn omega I pseudogene 599 0495 0042 0576738
methylenetetrahydrofolate
dehydrogenase (NADP+

MTHFD?2 dependent) 2, -0.574 0.5 -0.037 0.576738
methenyltetrahydrofolate
cyclohydrolase

CYTH3 cytohesin 3 -0.512 0.561 0.0245  0.575665

DGAT2 diacylglycerol O- 0.625  -0.448  0.0885  0.575665
acyltransferase 2

F5 coagulation factor V 0.632 -0.441 0.0955  0.575665

DRP2 dystrophin related protein 2 -0.586 0.486 -0.05 0.574592

SERPINH]I serpin family H member 1 -0.628 0.444 -0.092 0.574592

CTTNBP2NL CTTNBP2 N-terminal like -0.44 0.631 0.0955  0.573521

CERCap  cerebral endothelial cell -0.583 0486  -0.0485 0.571381

adhesion molecule
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Table S3.5 Top 100 differentially correlated genes with SPTLC2 and SPTLC3 in human

liver.

Gene Name Gene Description SPTLC3 SPTLC2 Average Variance

CREB3LI cAMP responsive element 20.609 046 0.0745  0.571381
binding protein 3 like 1

KNGI kininogen 1 0613  -0456  0.0785  0.571381

TUBAIA tubulin alpha 1a -0.53 0.539  0.0045 0571381

HGD homogentisate 1,2-dioxygenase 0.598 -0.47 0.064 0.570312

ITIH? inter-alpha-trypsin inhibitor 0.585  -0.483 0051  0.570312
heavy chain 2

SLCI7A1 solute carrier family 17 0616  -0452  0.082  0.570312
member 1

CALU calumenin -0.46 0.607 0.0735 0.569245

PIPOX pipecolic acid and sarcosine 0.634  -0433  0.1005  0.569245
oxidase

APOC3 apolipoprotein C3 0.598 -0.468 0.065 0.568178

CD44 CD44 molecule (Indian blood /o 597 0064 0568178
group)

ALDHI4]  dehyde dehydrogenase 1 0.611 20454  0.0785  0.567113
family member Al

HINF4A gfg}f‘;"cyte nuclear factor 4 0.619  -0.446 00865 0.567113

ORM? orosomucoid 2 0582  -0.483  0.0495  0.567113

UGT2B4 UDP glucuronosyltransferase o0 g45 00825 0567113
family 2 member B4

APOCI apolipoprotein C1 0.556 -0.508 0.024 0.566048

HPX hemopexin 0.604 -0.46 0.072 0.566048

KLKBI kallikrein B1 0.621 20442 0.0895  0.564985
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