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Abstract

Objective—Folic acid-fortified foods and multi-vitamin supplements containing folic acid (FA)
are widely used around the world, but the exact mechanisms/metabolic effects of FA are not
precisely identified. We have demonstrated that Ceramide Synthase 6 (CerS6) and Cqg:g-ceramide
mediate response to folate stress in cultured cells. Here we investigated the dietary FA effects on
mouse liver metabolome, with a specific focus on sphingolipids, CerS6 and Cg.o-ceramide.

Methods—Wild-type and CerS6~~ mice were fed FA-deficient, control, or FA over-
supplemented diets for 4 weeks. After dietary treatment, liver concentrations of ceramides,
sphingomyelins and hexosylceramides were measured by LC-MS/MS and complemented by
untargeted metabolomic characterization of mouse livers.

Results—Our study shows that alterations in dietary FA elicit multiple sphingolipid responses
mediated by CerS6 in mouse livers. Folic acid-deficient diet elevated C14:9-, C1g:0- and Cog-o-

but not C1¢.g-ceramide in WT male and female mice. Additionally, FA over-supplementation
increased multiple sphingomyelin species, including total sphingomyelins, in both sexes. Of note,
concentrations of Cq4.9- and C44.g-ceramides and hexosylceramides were significantly higher in
female livers than in male. The latter were increased by FD diet, with no difference between sexes
in total pools of these sphingolipid classes. Untargeted liver metabolomic analysis concurred with
the targeted measurements and showed broad effects of dietary FA and CerS6 status on multiple
lipid classes including sex-specific effects on phosphatidylethanolamines and diacylglycerols.
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Conclusions—Our study demonstrates that both dietary FA and CerS6 status exhibit pleiotropic
and sex-dependent effects on liver metabolism, including hepatic sphingolipids, diacylglycerols,
long chain fatty acids, and phospholipids.
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1. Introduction

Folic acid is a synthetic oxidized pro-vitamin form of the vitamin Bg, natural reduced
dietary forms of which are collectively called folate [1]. Neither folic acid nor folate can be
synthesized by higher animal’s cells but the latter is absolutely required for cell function.
Thus, vertebrate animals depend on dietary supply of folate to support metabolic needs.

In animal cells, folate is present in its fully reduced tetrahydrofolate (THF) form and
functions as a carrier of one-carbon groups. Folate-bound one carbon groups could be at
different oxidation levels and are linked to N5, N1g, or both nitrogen atoms of THF [2].
These folate derivatives function as precursors of, or as co-factors donating one-carbon
groups in numerous biosynthetic reactions, including nucleotide biosynthesis, amino acid
metabolism and methylation reactions [2—4]. The source of one-carbon groups loaded on
tetrahydrofolate are amino acids, mostly serine, glycine and histidine [1]. Liver is the first
organ encountered by absorbed folate and amino acids, and it is considered to be the

main organ of folate metabolism [5, 6]. Inadequate intake of folate in humans contributes
to folate deficiency which has widespread effects due to vitamin’s role in fundamental
cellular processes [7-9]. For this reason, multiple countries including US and Canada have
introduced fortification of grain foods with synthetic pro-vitamin, folic acid (FA) with the
goal to reduce incidence of neural tube defects [2]. Importantly, in the last two decades

a concern has been raised that folate over-supplementation, especially in the form of FA,
can be harmful, but studies so far delivered conflicting results [6, 10-12]. The NIH expert
workshop (August 2019) which performed rigorous systematic review of available evidence
of the FA/folate effects, concluded that comprehensive and stringent investigations are
warranted to determine safety of excess FA intake and elevated folate status [13].

Recently, research from our lab has demonstrated that metabolic stress induced by the
disruption of folate metabolism via folate withdrawal, impairment of folate enzymes, or
by antifolate drugs (generally termed “folate stress™), results in upregulation of Ceramide
Synthase 6 (CerS6) and elevation of Cy4.9-ceramide in cultured cells (A549, HCT116,
HepG2, etc.) [14, 15], indicating a metabolic connection between folate and sphingolipid
pathways.

Sphingolipids, the second largest class of lipids in biological membranes, share a common
structural element (the sphingoid base), comprise 10-20% of membrane lipids [16] and
define the unique biophysical properties of these membranes [17, 18]. Sphingolipids are
also involved in the regulation of fundamental cellular processes such as proliferation,
differentiation, migration, survival and senescence, as well as response to stress [16,

19, 20]. Therefore, it is not surprising that sphingolipids have been implicated in the
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development and progression of diseases including cancer, type 2 diabetes, cardiovascular
and Alzheimer’s disease [21-26]. Ceramides, sphingosine and sphingosine-1-phosphate are
often investigated as regulatory or signaling lipids [22, 27], however recently such roles have
also been proposed for complex sphingolipids [16].

Often viewed as central players in sphingolipid metabolism, ceramides are synthetized in
cells de novo, starting from the condensation of serine and palmitoyl-CoA followed by
reduction to dihydrosphingosine, N-acylation to dihydroceramide by ceramide synthases
(CerSes), and final conversion to ceramide by dihydroceramide desaturase [24]. Ceramides
can also be produced via degradation of pre-formed complex sphingolipids in the
endolysosomal pathway by acid sphingomyelinase and glycosidases, and by ceramide
synthases utilizing free sphingosine generated through the degradation of pre-formed
complex sphingolipids and S-1P (salvage pathway) [24]. Six members of the ceramide
synthase family (CerS1-6) have been identified [28, 29], and their functions and tissue
distribution have been reviewed extensively [24, 28-30]. These enzymes carry out the same
chemical reaction but differ in their preference for the specific acyl-CoA used, which results
in the unique balance of different ceramides in cells and tissues. Multiple studies have
shown that cellular effects of sphingolipids, in particular ceramides, depend on their specific
structural characteristics, including acyl chain length [30, 31] and underscored ceramides
roles in cardiovascular disease [26], metabolic syndrome [23] as well as alcoholic and non-
alcoholic liver disease [32—-35]. These investigations placed focus on ceramide synthases

as attractive targets both in biomedical research and in development of novel therapeutic
approaches for treatment of diseases [30, 36, 37].

CerS6, implicated in response to folate stress[14, 15], similar to another family member
CerS5, preferentially produces Cq4- and C1g-ceramides [29]. It is expressed in many tissues,
but generally at low levels, and can be upregulated by various types of stress resulting in the
increased production of Cq4.9-ceramide and anti-proliferative/apoptotic response [38—-41].
However, there is no information on whether the link between dietary folate, CerS6 and
sphingolipid pathways functions in the whole organism. We hypothesized that, similar to
cells in culture, the crosstalk between folate and sphingolipid pathways also operates in the
whole animal and consequently FA deficient diet will result in an increase of Cq¢.o-ceramide
in response to folate deficient diet.

We examined the effects of dietary folic acid supplementation (low, standard and high
levels of FA) on the sphingolipid profiles and liver metabolome in WT and CerS6~/~

mice to determine the broad effects of folate deficiency and over-supplementation on liver
sphingolipids, as well as overall metabolism and to evaluate the role of CerS6 and ceramide
in maintaining tissue homeostasis. Since liver is the primary site of folate metabolism

and the main organ processing dietary folate, and it expresses CerS6 among other CerS,

we initially limited our focus specifically on the changes to sphingolipid profiles and
metabolome of the liver tissue.
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2. Materials and Methods

2.1 Animals and husbandry

All animal experiments were approved by the Institutional Animal Care and Use Committee
(IACUC) at the North Carolina Research Campus (NCRC). CerS6~/~ mice were generated
in Dr. Ogretmen’s lab and we bred them back 5-6 generations to the C57B1/6NHsd

mice purchased from Envigo (Indianapolis, IN). For dietary experiments animals were
generated by breeding heterozygous (CerS6*/~) males and females and offspring genotype
was determined by PCR of lysed tails with specific primers (Supplementary Table 1).

Wild type (CerS6*/*) and knockout (KO, CerS6~/7) littermates, both male and female,

were randomized to dietary groups. Mice were group housed in microisolator cages under
standard conditions (12h light/dark cycle, temperature- and humidity-control) with ad /ib
access to water and one of the three purified synthetic diets containing 14.4% kcal from

fat, 66.5% kcal from carbohydrates, and 19.1% kcal from protein, and differing only in the
amount of folic acid (FA). All diets were purchased from Envigo: 1) folic acid deficient diet
(FD, catalog number TD.95247) with no added FA and containing only residual 0.2 ppm
FA coming from added protein; 2) control diet (Ctrl) with 2 ppm FA added (TD.160824),
which is the level of FA supplementation in standard rodent chow, and 3) folic acid over-
supplemented diet (FS) containing 12 ppm added FA (TD.160825). The amino acid sources
(casein and L-cystine) were consistent across diets, as were sources of carbohydrates (corn
starch, sucrose, maltodextrin), fat (soybean oil) and all vitamins except FA. Wild type (WT)
and CerS6~/~ (KO) littermates, both male and female, were placed on respective diets at 10
weeks of age and maintained on the diets for 4 weeks. Our previous studies have shown
that after two weeks on the FD diet, total blood folates in mice were reduced 2.2-fold, liver
folates were lower by 18% and lung folates dropped by 2.7 fold [42]. Thus, the dietary
exposure was chosen to be 4 weeks in order to detect early responses to alterations of dietary
FA in the liver.

Body mass and composition (lean and fat mass) were assessed before and after dietary
exposure using the EchoMRI-130 Body Composition Analyzer. At the end of dietary
exposure (14 weeks of age), mice were fasted for 4 hours before being euthanized, and
blood was drawn via retro-orbital bleed. Blood and major tissues were collected, sections of
liver were fixed in buffered formalin and the remaining tissues were snap-frozen in liquid
nitrogen for further analysis.

2.2 Western blot assays

Western blot assays were used for analysis of CerS6 expression and genotype confirmation
(Supplementary Figure 1). Fragments of frozen livers (~30 mg) were homogenized using
Dounce homogenizer in 750 pl of RIPA buffer containing phosphatase and protease inhibitor
cocktail (1:100, Sigma-Aldrich, St. Louis, MO), sonicated and centrifuged (20,000 x g,

5 min, 4°C). The supernatant was stored at —80°C. Aliquots of 20 pg of total protein

were subjected to SDS-PAGE followed by immunoblot with corresponding antibodies.

All antibodies were diluted in 3% BSA blocking buffer. Membranes were washed 4

times with 2% TWEEN-20 in TBS. Blots were developed with SuperSignal West Pico
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Chemiluminescent substrate and analyzed using the Odyssey Fc infrared scanner from
LI-COR.

2.3 LC-MS/MS analysis of sphingolipids

Aliquots of frozen tissues were homogenized in PBS using Dounce homogenizer.
Homogenate volumes containing 1 mg of total protein were immediately frozen and
stored at —80 ° C. Sphingolipid concentrations were measured using UHPLC-MS/MS

or SFC-MS/MS methodology as previously described [43], by the MUSC Lipidomics
Shared Resource. Measurements are presented as mean = SEM, pmol/mg of tissue protein.
Measurements of hexosylceramides include glucosyl- and galactosyl-ceramides, but not
lactosylceramide species.

2.4 Plasma Markers

Blood (after 4 hours fasting) was collected into EDTA-containing tubes and plasma was
separated via centrifugation at 6,000 x g for 10 minutes at 4°C. Plasma triacylglycerol,
cholesterol and glucose were measured using Thermo Fisher Scientific Infinity colorimetric
assays with appropriate standards (Stanbio glucose standard (100mg/dl), Pointe Scientific
TG standard (200mg/dl), and Pointe Scientific Cholesterol standard (200mg/dl)). All
samples were run in triplicate with n=5 per group. Plates were read using the BioTek
Synergy HT plate reader and validated with internal controls of pooled plasma.

2.5 Histology

Liver sections fixed in 10% formalin were embedded in paraffin blocks and 5 um sections
from the blocks were placed on slides, deparaffinized, re-hydrated and stained with
hematoxylin and eosin according to standard protocol. Images were taken on Keyence
BZ-X710 All-in-one fluorescence microscope at 2X, 10X, and 20X magnification.

2.6 Untargeted Metabolomics Analysis

Untargeted metabolomic analysis was performed by the commercial service provider
Metabolon® (Durham, NC). Snap-frozen tissue samples were subjected to extraction

with methanol and divided into aliquots for further analysis by ultrahigh performance
liquid chromatography/mass spectrometry (UHPLC/MS). The global biochemical profiling
consisted of four unique arms covering identification of both hydrophilic and hydrophobic
compounds under both positive and negative ionization conditions as described [44, 45].
Chromatographic conditions for polar compounds detection in the positive ionization mode
included Waters BEH C18 1.7um, 2.1 x 100 mm column, 0.1% formic acid and 0.05%
PFPA in water, pH ~2.5 as Mobile Phase A and 0.1% formic acid and 0.05% PFPA in
methanol, pH ~2.5 as Mobile Phase B. Linear gradient from 5% to 80% B over 3.35
minutes was used for metabolites elution. For lipid compounds identification in the positive
ionization mode, the same column type was used with 0.1% formic acid and 0.05% PFPA
in water, pH ~2.5 as Mobile Phase A and 0.1% formic acid and 0.05% PFPA in 50%
methanol/50% acetonitrile, pH ~2.5 as Mobile Phase B, with elution gradient from 40% to
99.5% B over 1.0 minute, then hold 99.5% B for 2.4 minutes. For detection in negative
ionization mode, separation was also performed on the Waters BEH C18 1.7um, 2.1 x
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100 mm column, with 6.5 mM ammonium bicarbonate in water, pH 8 as Mobile Phase A
and 6.5 mM ammonium bicarbonate in 95% methanol/5% water as Mobile Phase B using

a linear gradient from 0.5% to 70% B over 4 minutes, then to 99% B in 0.5 minutes.
Negative ionization detection of polar compounds was carried using separation on Waters
BEH Amide 1.7um, 2.1 x 150mm column with Mobile Phase A as 10 mM ammonium
formate in 15%water/5% methanol/80% acetonitrile (effective pH 10.16 with NH40OH) and
Mobile Phase B as 10 mM ammonium formate in 50% water/50% acetonitrile (effective

pH 10.60 with NH4OH). Elution was carried out via a linear gradient from 5% to 50% B

in 3.5 minutes, then linear gradient from 50% to 95% B in 2 minutes. Metabolites were
identified by automated comparison of the ion features in the samples to a reference library
of chemical standards characteristics which included retention time, m/z (mass/charge) ratio,
predominant adducts and in-source fragmentation and associated spectra. Measurements on
736 identified metabolites, including two folate derivatives (FA, and 7,8-dihydrofolate) were
provided for this sample set.

2.7 Statistical analysis

For statistical analysis of differences between two groups Student’s t-test was performed
using GraphPad software. For the statistical analysis of differences between three or more
groups, one-way ANOVA was used with Sidak’s multiple comparisons test to determine
differences between specific groups. Statistical analysis of the fixed effects of sex, genotype
or diet, as well as their pair-wise interactions and the interaction of all three factors were
completed by Metabolon® using ANOVA comparisons (complete data are included in

the Supplementary Table 2). Metabolomics data were also analyzed using Qlucore Omics
Explorer v.3.4 software (Qlucore, Lund, Sweden).

3. Results

3.1. Alterations of dietary folic acid result in significant changes of liver folates

As expected, untargeted metabolomics analysis revealed that higher FA in the animals’ diets
resulted in the increased FA concentrations in both male and female livers (Figure 1a). The
tissue concentrations of 7,8-Dihydrofolate (DHF) significantly increased with elevation of
dietary FA in WT and KO males and in KO females, but changes in WT females did not
reach statistical significance (Figure 1b). The liver concentrations of FA and 7,8-DHF were
lower on FD vs CTRL diet by 69% and 57%, correspondingly, in WT females and by

79% -81% in KO females (Figure 1c). In males, differences of tissue FA and DHF on FD
compared to CTRL diet were even stronger, decreased by 88 and 86%, correspondingly, in
WT and 86 and 87% in KO mice, confirming the lowest liver folate pools on FD diet in our
experiments. Folic acid over-supplemented diet increased liver FA and DHF pools in both
sexes by 16% to 91%, compared to CTRL diet. This resulted in 3.8- and 3.2-fold increases
of FA and 7,8-dihydrofolate respectively, in WT females between FD and FS diets, and 7.3-
and 6.8-fold elevations in KO females between FD and FS diets (Figure 1¢). As in the case
of FD diet, responses to FS diet in males were stronger than in females, and concentrations
of FA and 7,8-DHF in WT livers were 12- and 7.4-fold higher, respectively, while in the KO
livers 10.7- and 14.2-fold differences were observed (Figure 1c).
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Surprisingly, 5-methyl-tetrahydrofolate, 5M-THF, one of the major reduced folates and the
folate storage form in liver, did not show significant differences between FD and CTRL
diets (Figure 1d). Furthermore, liver concentrations of 5M-THF were reduced by FS diet
compared to CTRL diet in males by 53% and 45% in WT and KO, respectively, and in
females by 46% and 51% in WT and KO respectively (Figures 1¢ & 1d). Importantly, in one
of the peripheral tissues, testes, 5M-THF was increased dose-dependently from FD to CTRL
to FS diet both in WT and KO males (Figure 1d).

Concentrations of formiminoglutamate (FIGLU, a product of histidine catabolism, requiring
tetrahydrofolate for its degradation, and used in the past as a marker of folate deficiency[46])
were elevated in the folate-deficient livers and reduced in folate over-supplemented tissues,
consistent with the role of tetrahydrofolate as the acceptor of the formimino group from
FIGLU (Supplementary table 1).

3.2 CerS6 knockout reduced accumulation of fat mass in male mice, independent of FA
supplementation

Animals body mass and composition were evaluated both before and after dietary treatment.
There were no significant differences in the pre-diet body weight between any of the
treatment groups, except the KO-FS male group. Due to random assignment of littermates
to dietary treatment groups, the average pre-diet weight of males in the KO-FS group was
slightly lower than in the KO-Ctrl group and this difference remained after the dietary
treatment (Figure 2), resulting in the absence of significant difference in the change of body
weight between the groups (Figure 2). At the end of dietary treatment WT male mice gained
more weight and showed higher percent of fat mass than their KO counterparts on all diets.
Additionally, WT-FS males gained more weight and had significantly higher fat mass than
WT-Ctrl group. Simple regression analyses of the pre-diet body weight among the three
male KO groups and several of the post-diet tested parameters, including change in body
weight, change in percent fat mass, liver FA concentration, or dihydrofolate concentration,
have shown absence of co-variation (Supplementary Figure 2). Thus, pre-diet body weight
was not considered as a co-variate in subsequent analyses.

Compared to male mice, WT females gained less weight and were overall leaner than males
on all diets, however KO females had overall higher percent of fat mass than KO males,
independent of diet. Additionally, there were no differences between WT and KO females in
the gain of body mass, or in percent of fat mass (Figure 2), indicating that CerS6 knockout
does not affect weight gain and fat mass increase in females on these diets.

Measurements of plasma glucose and cholesterol as well as evaluation of liver/body weight
ratios did not show significant differences between genotypes or dietary treatments for
both sexes (Supplementary Figure 3). Histological examination of livers from WT and

KO animals on different diets did not show obvious differences between genotypes or any
dietary treatments (Supplementary Figures 4 & 5).
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3.3 Alteration of dietary folic acid significantly affected liver sphingolipids

3.3.1 Both CerS6 knockout and folate deficiency affect ceramide profiles

of liver—As expected, C14.9- and Cqg.g-ceramides were significantly lower (2-3-fold) in
livers of CerS6 KO compared to WT mice for both sexes (Figure 3a). Consumption of

FD diet significantly increased C4:9-ceramide only in male WT mice. Concentrations of
Cig:0-ceramide in FD livers did not differ significantly from CTRL diet livers in both

sexes (Figure 3a), although male WT mice fed FS diet had a significant decrease in Cy¢:0-
ceramide compared to those fed the Ctrl diet. Of note, both C14.9- and C¢:0-ceramides were
significantly higher in WT females than in WT males. In KO mice Cy4:9-ceramide was also
significantly higher in FD females than in males (differences on CTRL and FS diets did not
quite reach the significance), but there was no difference in C1g:9-ceramide between sexes
(Figure 3b).

C18:0-» C18:1-, C20:0-, and Cyq.1-ceramides were progressively decreased with increase of
FA supplementation, while C»,- and C;,.1-ceramides were significantly increased on FS
compared to CTRL diet in both sexes. Despite the similar pattern of response to FA, liver
concentrations of 18-carbon chain ceramides were significantly higher in females, while
both 20- and 22-carbon chain ceramides were significantly higher in males. Additionally,
very-long-chain ceramides (C24:0-, Co6:0- and Cog:1) Were increased in male KO livers
compared to WT on CTRL diet, but not on FD diet (Supplementary Figure 7a). No such
elevation was observed in females (Supplementary Figure 7b). Overall, the total ceramide
concentrations were not significantly different between different genotypes and different
diets, both in males and females with the exception of female KO FD mice compared to
female KO FS mice (Supplementary Figure 7).

3.3.2 Hexosylceramides are modulated by dietary folic acid—Similar to C14-o-
and Cqg.0-ceramide, hexosylceramides with C14.9- and Cyg:0-acyl chains were significantly
higher in WT female livers than in male (Figure 4a). Total HexCer levels were more similar
between male and female mice with only one group, KO-FD, demonstrating a significant
difference between male and female mice (Figure 4a). Interestingly, concentrations of Cyg.q-
hexosylceramide in WT females were 2.4 times higher than in WT males, with both FD and
FS diets further increasing this difference to 2.6-fold. C14-9-hexosylceramide showed even
greater differences between sexes and also increased in response to FD diet in both WT and
KO mice (Figure 4a). The FD diet significantly increased Cyq-g- and Cyo.g-hexosylceramides
in male WT mice compared to Ctrl or FS diet fed mice, however in female mice this

effect was seen in KO animals but did not reach significance in the WT (Figure 4b). There
were few significant changes in other hexosyl ceramides in CerS6 KO male livers, with
exception of Cyy.1-HexCer which was significantly lower on FS diet. Similarly, total HexCer
concentrations were lower in KO vs WT males on every diet (the differences, however, did
not reach statistical significance, Supplementary Figure 8). On the other hand, in females
several HexCer species (C1g:0, C18:1, C20:1, C22:1, C24:0) demonstrated significantly higher
concentrations on the FD than on FS diet for both genotypes (Supplementary Figure 8).
Total HexCer concentrations were significantly increased due the FD diet in WT and CerS6
KO mice of both sexes. Furthermore, in females the total HexCer concentrations were
significantly lower in KO-Ctrl compared to WT-Ctrl mice (Supplementary Figure 8).
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3.3.3 Excess of dietary folic acid significantly increased sphingomyelin
concentrations while CerS6 KO has little effect on sphingomyelins—FS diet
elevated multiple sphingomyelin species in WT and KO mice: Cyg.0, C20:1, C22:0, C22:1
and Cy4.1 in both sexes (Figure 5), as well as Cqg:.1 in males and Coy.g and Cog:1 in
females (Supplementary Figure 9). Total sphingomyelin concentrations were higher in
females, compared to males and also were significantly elevated in both sexes by folic
acid over-supplementation (Figure 5). However, no significant differences in C14:9- and
C16:0-sphingomyelins at different dietary FA levels were found in either WT or KO males
(Supplementary Figure 9). Wild-type females demonstrated significantly elevated C14.o-
and Cyg:0-sphingomyelins on FS compared to FD diet only (Supplementary Figure 9),
and similar increase of C1g:9- and C1g.1-SM was found in males but not in females
(Supplementary Figure 9).

3.3.4 Sphingosine and sphingosine-1-phosphate are not affected by either
dietary folic acid or genotype.—Sphingosine (Sph) was significantly elevated by
consumption of FD diet in both male and female KO mice (Supplementary Figure 10).
There were no changes in WT mice. No significant differences in sphingosine-1-phosphate
(Sph-1-P) concentrations were observed in WT or KO animals on different diets.

3.4 Both CerS6 knockout and dietary FA induce sex-dependent alterations of liver
metabolome.

3.4.1 Mouse liver metabotypes show significant differences based on sex,
genotype and diet, with diet effects being less pronounced—Untargeted
metabolomic analysis provided measurements of 736 named biochemicals in mouse liver
tissues. Statistical comparisons of the measured metabolites using principal component
analysis (PCA) and hierarchical clustering (HC) demonstrated the strongest separation of
the metabotypes by sex (Figure 6a) and genotype (Figure 6b), with separation by diet being
also discernible (Figure 6¢). To that end, 550 metabolites were statistically significantly
(p<0.05) different between male and female mice regardless of diet and genotype whereas
298 and 273 metabolites differed significantly between dietary interventions and genotype,
respectively (Supplementary Figure 11a). Heat map analysis also demonstrates clear
separation of metabotypes by sex, genotype and by diet (Figure 6d).

Random forest analysis, an unbiased supervised classification approach which splits

the samples into groups based on the biochemicals providing the best separation
between groups, showed a predictive accuracy of 64% compared to 8.3% due to
random chance alone, when all 12 groups were included in the analysis (Supplementary
Figure 11b). The biochemical importance plot lists the top 30 metabolites which

make the highest contribution to the separation of group’s metabotypes (Supplementary
Figure 12). Thus, the concentrations of ceramides and sphingomyelins with Cqg-acyl
chain (reflect the genotype of the groups), folate derivatives and formiminoglutamate
(reflect the dietary supplementation and animal’s folate status), as well as several
glycerophosphoethanolamines (linked to phosphatidylcholines required for sphingomyelin
biosynthesis) are the strongest discriminators between groups’ metabotypes.
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3.4.2 Not only ceramide and ceramide-based lipids, but also free fatty acids,
diglycerides and phospatidylethanolamines are altered in CerS6 KO mice—
Similar to our targeted measurements of ceramides, sphingomyelins and hexosylceramides,
untargeted metabolomics demonstrated significant decreases in Cqg-acyl chain containing
sphingolipids in the CerS6 KO mouse livers (Supplementary Table 3). Decreases of 30 —

65 % were observed for most of these sphingolipids (d18:0/16:0; d18:1/16:0; d16:1/16:0;
d18:1/16:0(20H); d18:2/16:0), while N-palmitoyl-heptadecasphigosine (d17:1/16:0)
decreased over 90% and glycosyl-N-palmitoyl-sphingosine dropped more than 75%, in
both males and females (Supplementary Table 3a). C1g-sphingomyelins (d18:1/16:0;
d16:1/16:0; d18:1/16:1 and C17:1/16:0) showed similar decreases (Supplementary Table
3b). Slight changes (<30%) in a few very-long-chain ceramides were noted (Cyg:9, C22:0
and C»4.1), but most of these did not reach significance. At the same time very-long-chain
sphingomyelins (C1g:9, C22-0, C24:0) demonstrated statistically significant increases of up to
70% with elevation in females seen more often (Supplementary Table 3b). Overall, multiple
sphingomyelin species in female livers, both WT and KO, were significantly higher than in
male livers, reaching over six-fold differences, with very few showing similar or two-fold
lower concentrations (Supplementary Table 3b).

Importantly, knockout of CerS6 induced changes in other lipid classes, besides
sphingolipids. Elevation of phosphatidylethanolamines (16:0/16:0, 16:0/18:0, 16:0/18:1,
16:0/18:2, 16:0/20:4, 16:0/22:6, 18:0/18:1, 18:0/18:2,18:0/20:4, 18:0/22:6, 18:1/18:2,
18:1/20:4, 18:1/22:6,18:2/18:2 and 18:2/20:4) was found both in males and females, with
more abundant changes in males (Table 1). On the contrary, diacylglycerols (with acyl
chains C15 — Cy»), as well as long chain (C14 — C») and polyunsaturated fatty acids
(20:3n3 or n6; 22:5n6; 20:2n6; 22:2n6) were significantly reduced, also more frequently
in males than females (Supplementary Tables 4 & 5). Interestingly, phosphatidylcholines
showed significantly fewer alterations in both sexes, with only 16:0/18:2 and 16:0/18:3n6
being changed in opposite direction to corresponding diacylglycerols and only in males
(Supplementary Table 6).

3.4.3 Effects of sex, genotype and diet on liver metabolome, as well as their
interactions are apparent from metabolomic data—Three-way ANOVA was used
to analyze the metabolomics data to determine fixed effects of sex, genotype and diet

on metabolite levels as well as interactions between the three factors (Supplementary
Table 2). Out of 550 metabolites showing significant differences in liver concentrations
between the sexes, 487 showed statistically significant differences (p<0.01) with the
fold-differences ranging from 1.5 to over 20. The top 46 metabolites showing such

effect are involved in amino acid metabolism, mannose and amino-sugar metabolism as
well as lipid metabolism (Supplementary Tables 7 and 8). The fixed effect of genotype
was linked to differences in 273 metabolites, with 173 of these showing significant
differences (p<0.01, Supplementary Table 9). The top 46 metabolites in this group are
presented by sphingolipids, phosphatidylethanolamines, acylcholines, diacylglycerols, and
phosphatidylcholine (Supplementary Table 9). Fixed effect of dietary FA was found

to significantly affect 298 metabolites with 167 of these with a p<0.01. Folic acid

affected folate/one-carbon and multiple vitamins metabolism, amino acid metabolism,
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glycogen metabolism, TCA cycle, purine metabolism and multiple branches of lipid
metabolism (sphingolipid metabolism, fatty acid metabolism, phospholipid metabolism,
lysolipid metabolism as well as bile acids metabolism, Supplementary Table 10 shows

top 46 metabolites). Importantly, sex, genotype and diet displayed significant interactions
with each other. Thus, significant genotype:diet interactions were shown for 86 metabolites
involved in amino acid, nucleotide, carbohydrate and lipid metabolism (Supplementary
Table 11). Significant sex:diet interactions indicating that dietary FA levels affected
metabolites differently in males compared to females, irrespective of genotype, were shown
for 113 metabolites (Supplementary Table 12 shows top 46 of them). This interaction

was highly statistically significant (p<0.01) for metabolites of lipid pathways, such as
polyunsaturated and monohydroxy fatty acids, lysophospholipids, ceramide, sphingomyelin
and several phospholipids. Additionally, metabolites from glycolysis, pentose and glycogen
pathways, glutathione, methionine and lysine metabolism, as well as several essential
vitamin’s intermediates displayed significant interactions. On the other hand, genotype:sex
interactions were found for 143 metabolites. Among these, metabolites displaying highest
statistical significance (p<0.01) belong to the groups of ceramides and ceramide-derived
sphingolipids, diacylglycerols, as well as some pentose metabolites, purine, pyrimidine and
TCA cycle metabolites (Supplementary Table 13). Finally, 44 metabolites involved in amino
acid, nucleotide, amino sugar and lipid metabolism were showing significant differences
depending on all three factors: sex, genotype and diet (Supplementary Table 14).

4. Discussion

Folic acid is a synthetic pro-vitamin Bg which is widely present in fortified foods and
multivitamin supplements in numerous countries, however the precise effects of dietary FA
on metabolism in humans (or animals in general) have not been evaluated. The August
2019 NIH expert workshop identified the pressing need to investigate the effects of FA
supplementation and its mechanisms, establish dose-response relations, and causal nature
of such relations[13]. Previously, we have demonstrated the crosstalk between folate and
sphingolipid pathways which is mediated by CerS6 and Cqg-ceramide, in cell culture
models. Here we investigated the effects of dietary FA in a whole animal model using
CerS6 KO and WT mice. Folate stress was induced in the animals by feeding them with
purified Envigo diets that contained no FA added for folate-deficient diet (FD), or 12 ppm
FA for folate over-supplemented diet (FS). Effects of these diets were compared to control
diet with 2 ppm FA (average rodent chows contain 2-3 ppm FA). Since we are interested in
the animal response to physiological folate restriction and not to severe vitamin deficiency,
we abstained from the use of antibiotic in the FD diet.

Untargeted metabolomic analysis of the liver tissues has confirmed that, over the course of
4 weeks, selected diets were able to alter liver folate pools in all mice. We observed both
sex- and genotype-dependent differences in response to alterations of dietary FA. Liver FA
accumulation showed dose-dependency in both sexes and both genotypes. However, while
the tissue FA concentrations on FD diet were slightly higher in females compared to males
(without reaching significance), on FS diet male livers accumulated higher concentrations
of FA than female livers of the same genotype, and for each sex, KO mice accumulated
more FA in livers than their WT counterparts. Thus, fold-increases of liver FA in males
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on FS vs FD diets were 12 and 10.7 for WT and KO mice respectively, while in females
fold-increases were 3.8 and 7.25 for WT and KO respectively (Figure 1 a & d). Similarly,
for 7,8-DHF fold-increases on FS vs FD diet were 7.4 and 14.2 in WT and KO males,
respectively, and only 3.2 and 6.8 in WT and KO females, respectively (Figure 1 b & d).

Tissue levels of folate coenzymes are defined by the dietary supply of the vitamin, its
transport, as well as by folate enzymes and binding proteins (the cell concentration of

these is higher than the total folate concentration [47]). Two major facilitative transporters,
the ubiquitously expressed reduced folate carrier (RFC) and the proton-coupled folate
transporter (PCFT), which has more limited tissue expression profile, support the transport
of folates and FA into the tissue cells [48]. While for RFC a rather complex transcriptional
and post-transcriptional regulation of protein levels has been established [49], the PCFT

is significantly less studied and for both transporters no information on sex differences in
expression or regulation is currently available. Thus, the understanding of how exactly folate
transport and metabolism are regulated in different sexes is still missing. Moreover, the fact
that on FS diet CerS6 knockout animals accumulated more FA or DHF than WT mice of the
same sex (Figures 1a & b) points to potential involvement of ceramides in transporters or
DHFR activity regulation.

Liver concentrations of the major transport and storage form of folate, 5-MTHF, did not
show significant differences between genotypes or sexes (Figure 1c). However, we observed
a decrease in tissue 5-MTHF concentrations both in males (55% and 60% for WT and

KO, respectively) and in females (64% and 50% for WT and KO, respectively) at the
highest FA supplementation (Figures 1 ¢ & d). While counter-intuitive at the first glance,
our data agree with the published observations for WT and methylenetetrahydrofolate
reductase-deficient mice (MTHFR*/~) that were fed diets over-supplemented with FA (20
ppm FA) for 6 months [11]. This earlier study found that FA inhibits the activity of MTHFR
(the only enzyme producing 5-MTHF) in vitro, reduces overall MTHFR concentrations

in over-supplemented animals and increases phosphorylation of the enzyme reducing its
activity [11]. These mechanisms diminished liver methylation capacity, mobilized methyl
group use from choline and betaine, altered expression of one-carbon and lipid metabolism
genes and led to hepatocyte degeneration. In this regard, our experiments demonstrate that
same metabolic perturbations in liver methyl group metabolism are noticeable much earlier,
within four weeks of FA over-supplementation, and argue for caution with regard to use of
high-dose FA supplements even for a shorter time.

Interestingly, 5SM-THF in a peripheral tissue, specifically in the testes, was increased dose-
dependently with FA supplementation. This could be explained by the fact that all peripheral
tissues are exposed to blood folate only, where 83 - 95% is represented by 5-MTHF [42,
50-52]. Thus, peripheral tissues may be less affected by the inhibitory effects of high dietary
FA on MTHFR. Of note, testes were selected for metabolomic analyses because our early
experiments indicated histological abnormalities in male reproductive organs of CerS6 KO
mice. However, no differences in FA metabolites were found between WT and CerS6~/~
testes.
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In contrast to the MTHFR deficiency study, our work found no major histopathological
changes related to specific diet or genotype in our animals, that could be explained by
shorter duration of the dietary treatment (Supplementary Figures 4 & 5). Only occasional
lipid droplets formation could be seen on any of the 3 diets, though more often in livers
of FA-deficient mice. Importantly, livers of the KO FA-supplemented animals of both
sexes were protected from steatosis. This observation is consistent with the previously
demonstrated involvement of CerS6 in lipid droplet biology [53]. Indeed, while the above
referenced study of FA over-supplementation has shown increase of liver and spleen mass,
as well as liver steatosis in animals after six months on FA- over-supplemented compared
to control diet [11], in our experiment liver mass did not differ between groups and no
significant differences in plasma glucose and cholesterol concentrations were observed
(Supplementary Figure 3).

Overall, our data show perturbations in liver folate metabolism of mice supplemented with
high doses of FA, which could also be an important issue for people taking high doses of this
vitamin form, especially for prolonged periods. However, this point requires more thorough
and focused investigation as well as consideration of the effects of different vitamin forms
and of the metabolic differences between the species (mice vs humans).

Despite the fact that at the end of dietary treatment the animals body weights were not
different between different dietary groups, the KO males on all diets gained significantly less
weight than WT males and had significantly lower fat mass (Figure 2). The protection of
KO males from weight gain is in agreement with the results obtained in a different CerS6
KO model, where protection from obesity and improvement of glucose tolerance were found
[54], thus, spurring the interest in pharmacological inhibition of CerS6 for development

of therapeutic approaches to combat obesity and type 2 diabetes. Subsequent investigation
of the CerS6 downregulation using CerS6 targeting antisense oligonucleotides confirmed
lower weight gain and protection from insulin-resistance in the CerS6 knockdown group
[55]. Experiments with myocyte targeted double-knockout of CerS5 and CerS6 did not show
alterations in adiposity or systemic insulin sensitivity indicating that muscle Cg-ceramide
plays minor role in overall control of adiposity or insulin resistance [56]. The mechanisms
by which CerS6 and Cqg-ceramide control weight gain and insulin resistance are not known.
The simultaneous activation of anabolic and catabolic pathways of lipid metabolism found
in epididymal white adipose tissue of CerS5 KO mice (also depletes Cqg-ceramide) was
hypothesized to result in futile metabolic cycle and improvement of adipose tissue balance
[57]. Alternatively, C1g-ceramide produced specifically by CerS6 but not by CerS5, was
shown to bind to the mitochondrial fission factor (Mff) at the outer mitochondrial membrane
and promote mitochondrial fission which impairs mitochondrial function and induces insulin
resistance [58]. In our case, the absence of CerS6-produced ceramide could promote highly
efficient mitochondrial function that may help in fatty acids utilization and reducing storage.
Interestingly, protection from weight accumulation by CerS6 knockout was not observed

in female mice in our experiments. It should be noted that, almost all published studies

have used only male mice in their experiments, thus the concept of “protection by CerS6
inhibition” requires further investigation of the CerS6 function. Importantly, sex differences
in the C1¢:.g-ceramide response to obesity-inducing diet have been demonstrated for mouse
livers [55], but no information on female’s body weight was presented. Thus, extremely
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scarce information on dietary effects in females further underscores the importance of taking
into account sex differences in response to dietary interventions as well as pharmacological
interventions targeting ceramides.

The data generated in this study confirmed our hypothesis that in the whole animal,
ceramides (and other sphingolipids) respond to alterations of dietary folic acid. Thus, folate
depletion in WT male livers caused significant increase in C14:g-ceramide concentrations,
however Cqg.o-ceramide concentrations were not significantly different between control and
FD livers in WT animals of both sexes (Figure 3). The observed lack of Cy¢.0-ceramide
elevation could be explained by the tight control of this sphingolipid mediator due to

its role in lipotoxicity [59]. Additionally, ceramides are important regulatory molecules

and their concentrations must be tightly controlled [60, 61]. Homeostatic concentrations

of ceramides could be maintained via their conversion to complex sphingolipids, such

as sphingomyelins and/or hexosylceramides, that could function as a safety mechanism
protecting from damaging effect of response to dietary alterations [62, 63]. Potentially,
re-distribution of ceramide to other tissues (including the lipoprotein particles in blood)
could help control liver ceramide levels, however, this aspect merits a separate study.

Since we did not observe significant changes in Cq4.9- and Cqg:0- SM in male livers
(Supplementary Figure 9), SM biosynthesis is likely not the mechanism of ceramide
concentrations stabilization. However, we found increases of liver Cy¢:.g-hexosylceramide
in male and female WT mice on FD diet, while CerS6 KO mice showed significantly
lower concentrations of this hexosylceramide, indicating that the increase in response to
FD diet is coming from the CerS6-generated ceramide. Hexosylceramides are produced
via glycosylation of corresponding ceramides, thus the increase of Cqg.g-hexosylceramide
apparently masked the increase in production of ceramide by CerS6.

C14:0-hexosylceramide was significantly higher in females than in males for both genotypes
fed FD diet, while C1¢.g-hexosylceramide was also higher in females than in males for

WT mice regardless of diet, and showed no significant difference in KO mice, pointing

to sex-specific regulation of liver C14.9-ceramide by CerS6 (Figure 4). Interestingly,
hexosylceramides were overall less sensitive to folate depletion in males than females.

Total HexCer showed a stepwise decrease with increasing dietary FA for male WT and

KO mice and female WT mice. Female KO mice, however, had significantly elevated

total HexCer on FD diet while levels in mice fed Ctrl or FS diets were very similar
(Supplementary Figure 8). The consequences of this response are not clear at present.
Hexosylceramides are the simplest members and precursors for a whole class of membrane
lipids, the glycosphingolipids [64]. Only glucose or galactose can be added to ceramide head
group in mammalian cells [65] and 85% of complex sphingolipids have glucose as a first
sugar [66]. Apart from serving as basic substrates for building complex glycosphingolipids,
hexosylceramides also have their own biochemical functions. Glucosylceramide is required
for intracellular membrane transport, involved in control of cell proliferation and survival,
multidrug resistance, natural killer T-cell functions, while galactosylceramide plays major
role in myelin formation, promotion of immunotolerance and induction of cytokines [65].
Unfortunately, our analysis did not differentiate between glucosyl- and galactosylceramide.
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Our cell-culture studies implied that only CerS6 responded to folate supplementation [14].
The observed increased concentrations of ceramides with longer acyl chains in KO males
could be explained by the compensatory mechanisms induced upon the knockout, similar
to those observed in cultured cells upon individual CerS knockdown [67]. In cultured

cells, CerS6 knockdown was accompanied by upregulation of CerS1, CerS4 and CerS5
producing Cqg-; C1g- Cyg- and Cq4- C15- ceramides correspondingly. Such up-regulation
could explain medium-long-chain ceramide elevation in our KO mice. At the same time,
increase in expression of CerS5 in the knock-out could also favor hetero-dimerization of
CerS5 and CerS2 (shown in cultured cells), which had increased activity of CerS5 by a
fraction, and activity of CerS2 three-fold in CerS6~/~ cells [68]. Thus, heterodimerization
mechanism could also account for the increase in very-long-chain ceramides in the KO
males. Overall, due to such compensatory changes of ceramide concentrations in males and
rather limited ceramide responses in females, total ceramide concentration remained fairly
similar among groups although female KO mice fed FD diet had significantly elevated total
Cer concentrations compared to KO FS group (Supplementary Figure 7).

Of note, we observed increase of multiple SM species on FS diet which was sex-

specific for long chain sphingomyelins but showed no sex differences for very-long-chain
sphingomyelins. The increase in SMs on FA over-supplemented diet could be explained by
the function of folate metabolism as a supplier of methyl groups for the metabolic processes,
including the formation of phosphatidylcholine (PC) from phosphatidylethanolamine (PE)
via PEMT pathway [69, 70], with phosphatidylcholine donating the phosphocholine group
for the biosynthesis of SM.

Overall, our study has shown that dietary FA affects ceramides as well as complex
sphingolipids in both sex and genotype-dependent manner. Sphingolipids, and ceramides
in particular, are established regulators of proliferation, differentiation, senescence and
apoptosis. Thus, it is reasonable to conclude that alteration of dietary FA could have

an effect on these important cellular processes. Sex differences in sphingolipid response
observed in our experiments are also in agreement with conclusions from a study of

the relationship between hepatic ceramides and insulin resistance in the Hybrid Mouse
Diversity Panel [71]. This work has found large differences in genetic, hormonal and
dietary regulation of liver C1g:9-, C1g:0- and Coq.g-ceramides indicating that different
ceramides have different effects in males and females. It also demonstrated that part

of the sex differences could be explained by inhibitory effect of testosterone on the
expression of sphingolipid biosynthesis enzymes, such as Sptfc1, CerS6, Degs1, Asahl,
Cerk and Kdsr[71]. Additionally, sex-specific associations of several genomic loci with
C16:0-» C18:0- and Cyq.g-ceramides were found. Sex-specific differences in sphingolipid
metabolism in the aging human brains [72] and sex-specific regulation of CerS6 in a
study of experimental autoimmune encephalomyelitis [73] have also been reported. It
should be noted that evidence for sex-specific regulation and function of sphingolipids
has been accumulating since 1985 [74], however the information regarding sex-dependent
activity and regulation of sphingolipids (as well as their mechanisms) is still scarce. Thus,
investigation of sphingolipid effects, as well as approaches to target them, need to be
evaluated mechanistically in each sex.
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We employed untargeted metabolomics to investigate how broadly the response to dietary
FA affects liver metabolism. Anova comparisons of the main effects of genotype, gender
and diet revealed that sex was the strongest factor separating the liver metabolomes

(356 from 736 measured metabolites were different between sexes with a p<0.0001),
while genotype and diet were weaker discriminators (106 metabolites showed differences
between genotypes and 67 were different between diets, all with the p<0.001). Moreover,
three-way ANOVA analysis demonstrated that the three factors differentiating our mouse
groups, genotype, sex and diet interact with each other. Thus, 19% of metabolites showed
genotype:sex interaction, 14.7% showed sex:diet interaction and 11.7 % metabolites
exhibited genotype:diet interaction (Supplementary Tables 10-12), with at least 6% of
total measured metabolites manifesting interaction of all three factors (Supplementary Table
13). Among the top 30 biochemicals important for separating liver metabotypes of the
groups are the Cyg-acyl chain containing ceramides, SMs and glucosyl-ceramides, folate
coenzymes, FIGLU and gamma-glutamyl-peptides. All of them are directly linked to the
effect of genotype and dietary FA (Supplementary Tables 8 & 9). Additionally, changes
in phosphoethanolamines (Table 1), as well as diacylglycerols and long chain fatty acids
(Supplementary Tables 4 & 5) indicate broader effects on liver metabotype. Apparently,
changes in sphingolipid biosynthesis due to the absence of CerS6 altered free fatty acid
utilization as well as phospholipid homeostasis.

We acknowledge that our current study has limitations such as measurement of sphingolipid
pools in liver but not in plasma or other tissues, as well as the lack of differentiation between
glucosyl and galactosy! ceramides. Nevertheless, it successfully tested our hypothesis and
presented a significant amount of biochemical data, some of which are unexpected and
warrant further investigation, but nevertheless are very important for understanding of how
essential nutrient for folate pathway can communicate with multiple other pathways in the
whole organism.

5. Conclusion

In conclusion, our study experimentally confirmed the hypothesis that dietary folic acid
depletion or over-supplementation affect ceramides and complex sphingolipids in mouse
liver and that CerS6 plays a central role in this adaptation. Sphingolipid response to dietary
folic acid in our study depended on sex and CerS6 genotype. Moreover, sphingolipids with
C14- and Cqg-acyl chains were found at significantly higher concentrations in female than in
male livers. This finding underscores the need for establishing sex-specific reference values
for sphingolipid biomarkers and for identifying sex-specific mechanisms of their regulation.

Additionally, while CerS6 and CerS5 are being increasingly implicated in development

of obesity and metabolic syndrome [54, 55, 57], the data regarding both short- and long-
term effects of dietary micronutrient changes on sphingolipid levels are limited. Precise
understanding of how sphingolipids respond to diet is imperative for translating the studies
targeting sphingolipids into therapies for humans. Despite the fact that folate is required in
relatively small quantities in the diet, it is clearly affecting both sphingolipid and overall
liver metabolism.
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Our untargeted metabolomic analysis indicates that both dietary folic acid and CerS6
knockout have pleiotropic effects on liver metabolome. Further studies of the mechanisms
connecting folate and sphingolipid metabolism as well as characterization of the effects of
dietary FA on liver metabolic pathways may help to avoid potential unwanted side-effects of
over-supplementation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CerS Ceramide Synthase

SM Sphingomyelin

S1P Sphingosine-1-phosphate

WT Wild type

KO Knock-out

FD Folate deficient

Ctrl Control

FS Folate over-supplemented

FA Folic Acid

7,8-DHF 7,8-dihydrofolate

THF Tetrahydrofolate

FIGLU Formiminoglutamate

MTHFR Methylenetetrahydrofolate reductase
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Highlights
. Over-supplementation with FA depletes liver 5-methyl-tetrahydrofolate.
. Dietary FA affects multiple liver sphingolipid classes in a CerS6-dependent
manner.
. Individual sphingolipid species concentrations significantly differ between
Sexes.
. Folic acid over-supplementation significantly increased multiple

sphingomyelins.
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Figure 1.
Alteration of dietary folic acid supplementation differentially affects the concentrations of

liver folate derivatives. Tissue folic acid (a), 7,8-dihydrofolic acid (b) and 5-methyl-THF

(c) demonstrate distinct dose responses. Fold changes of each metabolite for different
comparison groups can be seen in panel (d). Metabolon® measurements presented as box
plots showing minimum and maximum values were plotted using Prism software, n=5.
Checkered bars, FD diet; solid bars, Control diet; striped bars, FS diet. WT shown in black
and KO shown in grey. *, p<0.05; **, p<0.01; ***, p<0.001; **** p<0.0001, determined by
One-way ANOVA with Sidak’s multiple comparisons test.
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Figure 2.
CerS6 KO male but not female mice gained significantly less weight and fat mass, regardless

of dietary folate supplementation. Body mass and composition were measured before and
after dietary intervention. Change in body mass was calculated by subtracting pre-diet
animal body mass from the post-diet mass. Fat mass was measured by Body Composition
Analyzer. Data represent mean = SEM, n=5. Checkered bars - FD diet; solid bars - Control
diet; striped bars - FS diet. WT shown in black and KO shown in grey. *, p<0.05; **,
p<0.01; ***, p<0.001; **** p<0.0001, determined by One-way ANOVA with Sidak’s
multiple comparisons test.
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Figure 3.
Sex-specific differences in C14.9- and Cq4-0- liver ceramide concentrations and their

response to dietary FA. Effect of FA supplementation on C14.¢- and Cyg:9- ceramide
concentrations in WT and CerS6 KO mice (a) and comparison of these ceramide species

in male and female mice (b). Data are shown as mean + SEM, n=5. Checkered bars, FD diet;
solid bars, Control diet; striped bars, FS diet. WT shown in black and KO shown in grey. *,
p<0.05; **, p<0.01; *** p<0.001; ****, p<0.0001, determined by One-way ANOVA with
Sidak’s multiple comparisons test.
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Figure 4.
Sex-specific differences in C14.0-, C16:0- and Cyy-o- liver hexosylceramide concentrations

and their response to dietary FA. Effects of FA supplementation on C14.¢-, C16:0- and total
hexosylceramides in males and females (a) and on Cyg.g- and Cyy-g-species (B). Data are
shown as mean + SEM, n=5. Checkered bars, FD diet; solid bars, Control diet; striped bars,
FS diet. WT shown in black and KO shown in grey. *, p<0.05; **, p<0.01; ***, p<0.001;
**** p<0.0001, determined by One-way ANOVA with Sidak’s multiple comparisons test.
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Figure 5.
FA over-supplementation increased very-long-chain sphingomyelin concentrations in WT

and CerS6 KO mice of both sexes. Data presented as mean + SEM, n=5. Checkered bars,
FD diet; solid bars, Control diet; striped bars, FS diet. WT shown in black and KO shown
in grey. *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001, determined by One-way
ANOVA with Sidak’s multiple comparisons test.
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Figure 6.
Clear separation of liver samples by sex (a), genotype (b) and diet (c) by Principal

Component Analysis (PCA) of measured metabolites demonstrates. Triangulated spheres
represent: WT mice (a), male mice (b), and WT mice (c). Heat Map (HM) analysis (d)
demonstrates differences of group’s metabotypes. For panel d, only metabolite differences
with p-value <0.02 were included. Analysis was performed using Qlucore Omics Explorer
v.3.4 software.
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Multiple liver phosphatidylethanolamine concentrations differ in male vs female livers and are increased by
CerS6 KO. Red, p<0.05; pink, p<0.1; green, p<0.05; light geen, p<0.1.
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