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Effect of diet and genotype on the lipidome
of mice with altered lipoprotein metabolism

Marco Busnelli,”*>* Stefano Manzini,’* Alice Colombo," Elsa Franchi,” Mitja L&&peri,” Reijo Laaksonen,?3

and Giulia Chiesa’*

SUMMARY

The present study describes and compares the impact of PCSK9 and LDLR, two pivotal players in choles-
terol metabolism, on the whole lipidome of plasma, liver and aorta in different dietary conditions. This
issue is relevant, since several lipid species, circulating at very low concentrations, have the ability to
impair lipid metabolism and promote atherosclerosis development. To this aim, wild-type, hypercholes-
terolemic LdIr-KO, and hypocholesterolemic Pcsk9-KO mice were fed a standard chow or a Western-
type diet up to 30 and 16 weeks of age, respectively. 42 lipids including cholesterol, cholesteryl esters,
several sphingolipids, phospholipids, and lysophospholipids, accumulated uniquely in the atherosclerotic
aorta of Western-type diet-fed LdIr-KO mice. In addition, multiple organ/tissue comparisons allowed us to
identify 16 lipids whose plasma and hepatic patterns mirrored the lipidome of the atherosclerotic aorta.
These lipid species, belonging to cholesteryl esters, glucosyl/galactosylceramide, lactosylceramide, glo-
botriaosylceramide, sphingomyelin, and phosphatidylcholine could be further investigated as circulating
biomarkers or therapeutic targets.

INTRODUCTION

Numerous studies have highlighted the significance of elevated levels of low-density lipoprotein cholesterol (LDL-C) as the primary cause of
atherosclerosis.”"” Patients diagnosed with familial hypercholesterolemia (FH) and possessing extremely high levels of LDL-C are more prone
to subclinical atherosclerosis and atherosclerosis progression, leading to a substantially increased risk of cardiovascular (CV) disease.’**
Despite statin therapy being the standard treatment for reducing lipid levels, patients with very high LDL-C rarely achieve the intended target
levels.” Proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitors have demonstrated effectiveness in reducing LDL-C levels, preventing
CV events, and regressing atherosclerotic burden.® They act by interfering with PCSK9, which would otherwise bind to the low-density lipo-
protein receptor (LDLR) triggering its degradation. Their action leads to high levels of LDLR on the cell surface, which translates to very low
LDL-C levels.

Extensive research has been conducted on the impact of PCSK9 function on LDL-C and cholesterol metabolism, but its overall impact on
the whole lipidome is far less explored. Yet, there is evidence to suggest that inhibiting PCSK9 may have a significant effect on lipid meta-
bolism. For example, a transgenic mouse model revealed that Pcsk9 deficiency affected plasma levels of several sphingolipids’ and in pa-
tients treated with PCSK9 inhibitors, several plasma lipid classes were reduced, and sphingolipid levels were the most affected®” This sug-
gests that atherosclerosis, and thus cardiovascular risk, could be modulated by lowering lipid classes further to cholesterol in its free and
esterified form.

Continuous improvements in mass spectrometry have made it possible in recent years to move rapidly from the identification of hundreds
of lipid species present in atherosclerotic plaques,'®"" to the association of different lipidomic signatures with specific features of human le-
sions, such as stable and unstable areas.'”

Moreover, the evaluation of plasma lipidome is currently considered a promising strategy to better predict the atherosclerotic cardiovas-
cular disease risk."*'® Ceramides represent a successful model in this regard, since the evaluation of this lipid class enabled the development
of two different risk scores to be used on top of clinical characteristics. In particular, the more recent of the two, which consists of an associ-
ation between four ceramides and three phospholipids, was developed and validated in three independent cohorts that included more than
ten thousand patients with coronary artery disease .'*"’

However, much effort remains to be made. From a clinical perspective, all these observations were the result of retrospective and
cohort-specific studies, thus, large prospective studies are required to compare current clinical risk scores with those lipidomics-based.
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Similarly, lipidomic analyses in experimental models may provide a relevant contribution to understanding the etiopathogenesis of
atherosclerosis.'®°

In the present study, Pcsk9 knockout and LdIr knockout mice, as opposite models of lipoprotein metabolism and atherosclerosis suscep-
tibility, and wild-type mice as control, were enrolled. The aim was to investigate simultaneously the lipidome of three key districts in lipid path-
ophysiology such as plasma, liver, and aorta. Since the composition of lipids in plasma and tissues is significantly influenced by diet,?'* lip-
idomic analysis was extended to mice fed both a standard rodent diet and a Western-type diet.

RESULTS
Body weight, liver weight, atherosclerosis development
In all the genotypes, body weight was higher in WD-fed mice compared to CD. No difference in body weight was found among groups fed
CD, whereas, by comparing WD-fed mice, a lower weight of LdIr-KO vs. WT was observed (Figure 1A). This result is in line with previous data
using Western diets with a similar composition.”*?* WD was also associated to a significantly higher liver weight compared to CD in all ge-
notypes, with the highest weight observed in WT mice (Figure 1B). As expected, atherosclerosis development was observed only in LdIr-KO
mice either fed CD or WD. The atherosclerotic plaque area measured at the aortic sinus after 16 weeks on WD was more than forty times larger
than that measured in CD-fed LdIr-KO mice (Figures 1C and 1D).

Oil Red O staining of liver sections showed a relevant accumulation of neutral lipids in all genotypes fed WD (Figure 1E).

Global lipid patterns: Dimensionality reduction

Dimensionality reduction via PCA was applied to lipid concentrations to summarize the coarse features of individual samples within all others.
In plasma, all mice clustered together, with the exception of WD-fed LdIr-KO mice, which clustered away from the other experimental groups
(Figure 1F). In the liver, all the genotypes fed CD clustered similarly. On WD, LdIr-KO mice differentiated from WT and Pcsk9-KO (Figure 1G).
In the aorta, similarly to plasma and liver, all the genotypes fed CD clustered together. On WD, LdIr-KO mice showed a completely distinct
pattern with respect to WT and Pcsk?-KO (Figure TH).

Effect of diet on the lipidome of the three genotypes

The relative contribution of the lipid classes to the lipidome of plasma, liver, and aorta is shown in Figure S1. For all genotypes, the most
abundant classes in plasma were CE, PC, FC, LPC, and TAG. Administration of WD in place of CD moderately increased the relative abun-
dance of CE in WT (+13.6%) and Pcsk9-KO (+8.6%), whereas in LdIr-KO, the relative increase of CE was relevant (+24.4%). In the liver of CD-fed
mice, PC and FC were the main lipid classes in all genotypes. WD administration dramatically increased the relative percentage of TAG and
CE, while concomitantly reducing those of PC and FC. In the aorta, TAG was the most abundant lipid class, irrespective of diet and genotype.
The most remarkable difference was observed in WD-vs. CD-fed mice had a much higher relative abundance of CE occurring in LdIr-KO mice
fed WD compared to those fed CD (+1,414.3%).

The absolute concentrations of the 21 lipid classes measured in plasma, liver, and aorta of the six groups are shown in Figure 2 and a sche-
matic representation of the pathways affected by diet is shown in Figure 3. Plasma was the district in which the dietary treatment caused the
most changes in common among the three genotypes: CE, Cer d18:1, FC, Gb3, Glc/GalCer, LacCer, LPC, PC, PC O/PC P, PI, SM, TAG were
always significantly increased in WD vs. CD. In the liver, 9 classes showed higher concentrations in WD compared to CD in all genotypes (CE,
DAG, FC, Gb3, LacCer, LPI, PA, PG, TAG). In the aorta, significant variations common to WT, Pcsk9-KO, and LdIr-KO were limited to PE and
PG, which were higher in WD vs. CD.

Changes in individual lipid concentrations in plasma, liver, and aorta of mice fed CD vs. WD are shown in Figures S2-54, respectively. The
largest quantitative changes in plasma were observed in LdIr-KO mice, where several CE and TAG species were the ones mostly increased by
WD. No striking differences among genotypes were observed in the concentration changes of lipids in the liver and aorta, except for a major
accumulation of CE species in the aorta of LdIr-KO mice fed WD.

Consistent with the different content of fatty acids 18:1 and 18:2 between CD and WD (Table 1), the lipid species containing the fatty acid
18:1 were more concentrated in plasma, liver and aorta of all WD-fed mice, whereas the species containing the fatty acid 18:2 and 20:4 - being
18:2 the precursor of the endogenous synthesis of the fatty acid 20:4 - showed reduced or unaltered concentrations in plasma, liver and aorta
of WD-vs. CD-fed mice (Figures S2-54). With the inclusion of, but not limited to, 18:1- and 18:2-containing species, a narrow panel of 28 lipids
was found always increased (two CEs, one dihydroceramide, two TAGs, two LPC, three PC), or decreased/unchanged (all phospholipids; two
PC, several PE or PE O/PE P and PS), in plasma, liver, and aorta of all genotypes (Figure 4).

Effect of proprotein convertase subtilisin/kexin type 9 deletion on the lipidome of plasma, liver, and aorta
The most pronounced differences between the lipidomes of WT and Pcsk9-KO mice were found in plasma, where several lipid classes were
significantly less abundant in Pcsk?-KO mice, both on CD and WD (Figures 2A and 5).

In the liver, the lipidome of the two genotypes was substantially indistinguishable, and only two classes differed after WD feeding: CE,
which was less abundant, and Cer d18:1, which was more abundant in Pcsk?-KO mice (Figures 2B and 5).

In the aorta, where both genotypes do not develop atherosclerosis, the major differences were evident on CD: only CE was significantly
less abundant in Pcsk?-KO mice, whereas the concentrations of PA and several sphingolipid classes (Cer d18:0, Glc/GalCer, Gb3) were higher
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Figure 1. Effect of dietary treatment on mouse phenotype and global lipid pattern
Body weight (A) and liver weight (B) at the end of the dietary treatments are shown. Histological measurement of atherosclerosis development (C) and
representative hematoxylin and eosin staining of atherosclerotic plaques in the aortic sinus of mice fed CD and WD (D) are also shown, together with

@ WTCD

@ Pcsk9-KO CD
LdIr-KO CD

X WTWD

X Pcsk9-KO WD

X LdIr-KO WD

representative images of Oil Red O staining of WD-fed mouse livers (E). Scatterplots of the first two principal components (PCs) are shown for each sample,
calculated from each analyte concentration in plasma (F), liver (G), and aorta (H). Bar length = 500 pm. Data are shown as mean + SD. *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001. Significant differences within the same genotype (diet comparison) were determined by T-test, whereas differences among
groups fed the same diet (genotype comparison) were determined by ANOVA followed by Tukey's post-hoc test. n = 4-6 per group.

in Pcsk9-KO. On WD, the differences between the two genotypes were few, and only PG and TAG were lower in Pcsk?-KO mice (Figures 2C

and 5).

Analysis of the individual species (Figures S5-510) showed that between WT and Pcsk9-KO there were no lipids varying independently of
dietin the liver and aorta. In contrast, in plasma, 32 lipids were significantly less abundant in Pcsk?-KO with both dietary treatments (Figure 6).
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Figure 2. Lipid class concentrations in the three districts analyzed

Concentration of lipid classes in plasma (A), liver (B), and aorta (C) are shown as mean £ SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Significant
differences within the same genotype (diet comparison) were determined by T-test, whereas differences among groups fed the same diet (genotype
comparison) were determined by ANOVA followed by Tukey's post-hoc test. n = 4-6 per group.

Effect of low-density lipoprotein receptor deletion on the lipidome of plasma, liver, and aorta

LdIr deficiency, predisposing to severe hyperlipidemia, primarily impacted on plasma. In this district, LdIr-KO mice had increased plasma con-
centrations of almost all classes analyzed compared with the other two genotypes after both dietary treatments (CE, Cer d18:0, Cer d18:1,
DAG, FC, Gb3, Glc/GalCer, LacCer, LPC, PC, PC O/PC P, PE, PE O/PE P, PI, PS, SM, TAG) (Figures 2A and 7). In line with what was observed
for the classes, on both diets, most of the lipid species were significantly more concentrated in LdIr-KO than in the other two genotypes. Under
no case, a single lipid species was found significantly more abundant in WT or Pcsk9-KO than in LdIr-KO mice (Figures S5 and Sé).

In liver, on the other hand, the impact due to the lack of Ldl receptor was very small: on CD only the PA class was significantly increased
compared with the other two genotypes. On WD, two classes of phospholipids (PE O/PE P and PG) and three classes of sphingolipids (Gb3,
LacCer, and SM) were increased in LdIr-KO mice (Figures 2B and 7). Coherently with this observation, on CD only a few species belonging to
CE, LPC, PC, PE, and TAG were more concentrated in LdIr-KO than in WT and Pcsk9-KO (Figure S7). On WD, several species belonging to
Gb3, LacCer, and SM had significantly increased concentrations in LdIr-KO (Figure S8). Although CE class concentration was not different
among genotypes (Figure 2B), several CE species were more abundant in LdIr-KO mice (Figure S8). Interestingly, only two lipid species
were less abundant in the liver of LdIr-KO mice compared with WT and Pcsk9-KO: Cer(d18:0/20:0) and Cer(d18:1/20:0) (Figure S8).

In the aorta, the differences between LdIr-KO and the other two genotypes on CD were limited to CE, LPC, and PC O/PC P (Figures 2C and
7). Looking at individual lipids, there was a very limited number of species that were more abundant in the aorta of LdIr-KO mice than in the
other two genotypes, including all measured CE (16:0, 16:1, 18:1, 18:2, 20:4, 20:5, 22:6), several LPC (18:0, 18:2, 22:6) and one SM (d18:1/15:0)
(d18:1/14:1-OH) (Figure S9). No species belonging to LacCer, PG, PI, PS, or TAG differed between the two athero-resistant genotypes and
LdIr-KO mice (Figure S9).

On WD, atherosclerotic lesions developed only in the aorta of LdIr-KO mice. Coherently, differences between the pro-atherogenic ge-
notype and the other two genotypes increased dramatically and as many as 15 lipid classes were more concentrated in LdIr-KO mice
(Figures 2C and 7). The sterol pathway (CE, FC), the whole sphingolipid pathway (Cer d18:0, Cer d18:1, LacCer, Glc/GalCer, Gb3, SM),
and much of the phospholipid pathway (LPC, LPE, PA, PC, PC O/PC P, PE O/PE P, Pl) were upregulated. Conversely, glycerolipids
(DAG and TAG) were unmodified (Figure 7). In terms of lipid species, CE was present in markedly increased amounts, particularly the spe-
cies containing 16:0, 18:1, 20:3, and 22:6 residues (Figures 8 and S10). Other species whose concentration was particularly high in LdIr-KO
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Figure 3. Overall effect of the Western diet on the lipid pathways analyzed
The pathways involving the lipid classes measured in plasma, liver, and aorta of the three genotypes are represented. Triangles identify those lipid classes whose
concentration was increased by WD in all genotypes.
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Table 1. Mean percentage of the fatty acid content of the two diets (% w/w)

Fatty acid Chow (4RF21) Western (TD.88137)
C4:0 ND 0.435
C6:0 ND 0.311
C8:0 ND 0.228
C10:0 ND 0.538
C12:0 0.006 0.683
C14:0 0.030 2.194
C16:0 0.383 5.982
C16:1 0.024 0.311
C18:0 0.084 2.588
C18:1 oleic 0.511 4.326
C18:1 isomers ND 0.828
C18:2 linoleic 1.298 0.476
C18:2 isomers ND 0.269
C18:3 linolenic 0.247 0.145

mice were: FC, Glc/GalCer(d18:1/16:0), Glc/GalCer(d18:1/22:0) Glc/GalCer(d18:1/22:1) Glc/GalCer(d18:1/23:0) Glc/GalCer(d18:1/24:0)
Glc/GalCer(d18:1/24:1) Glc/GalCer(d18:1/26:0), Glc/GalCer(d18:1/26:1), LacCer(d18:1/16:0), LacCer(d18:1/22:0), LacCer(d18:1/23:0), Lac-
Cer(d18:1/24:0), LacCer(d18:1/24:1), LPC 16:0, LPC 16:1, LPC 18:0, LPC 18:1, LPC 18:2, LPC 20:3, SM (d18:1/15:0) (d18:1/14:1-OH) (Figures 8
and S10). It is noteworthy to observe that Cer(d18:1/20:0) was the only less abundant lipid in the aorta of LdIr-KO mice than in WT and

WT - WD vs CD Pcsk9-KO - WD vs CD LdIr-KO - WD vs CD
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Figure 4. Median changes of the 28 lipid species whose concentration is increased or decreased/unchanged by Western diet in all districts and
genotypes

Lipid species increased by WD vs. CD in plasma, liver and aorta of WT, Pcsk9-KO, and LdIr-KO mice are shown with red bars, whereas those decreased by WD are
shown with blue bars. Significant differences were determined by T test. *p < 0.05; **p < 0.01, ***p < 0.001. n = 3-6 per group.
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Figure 5. Overall effect of Pcsk9 deletion on the lipid pathways analyzed

The pathways involving the lipid classes measured in plasma, liver, and aorta of Pcsk9-KO and WT mice are represented. Squares/diamonds identify decreases
and triangles identify increases in those lipid classes whose concentration was significantly different between Pcsk9-KO and WT mice. Filled symbols refer to
differences between CD-fed mice, chequered symbols highlight differences between WD-fed mice.

Pcsk9-KO mice. Additionally, there were 78 lipid species whose amount did not vary across athero-prone and athero-resistant genotypes
(Figure S10).

Some lipids never showed increased concentration in the presence of aortic atherosclerosis, either when LdIr-KO were compared with the
other two genotypes or when the two dietary treatments were compared in LdIr-KO: PE 18:0/20:5, PS 16:1/18:0, SM(d18:0/17:0)(d18:1/16:
0-OH), P1 18:1/18:1, DAG 16:1/18:0, PS 18:0/22:5, Cer(d18:0/18:0), Cer(d18:1/20:0), Cer(d18:1/18:0) (Figures S4 and S10).

Overall observations
To evaluate if each genotype was characterized by a peculiar lipid pattern that emerged independently from the dietary treatment, lipidome
variations among WT, Pcsk9-KO, and LdIr-KO mice fed both CD and WD were compared.

Comparison among the lipidomes of CD-fed mice showed that the same three lipids (CE18:2, CE20:4, CE22:6) were increased in LdIr-KO
plasma, aorta and liver vs. both WT and Pcsk?-KO mice (Figures S5, S7, S9, and S11). On WD, among all lipid species measured in the three
organs/tissues, only 16 were always significantly more concentrated in LdIr-KO than in the other two genotypes: CE 18:2, CE 20:3, CE 22:6,
Gb3(d18:1/22:0), Gb3(d18:1/24:0), Gb3(d18:1/24:1), Glc/GalCer(d18:1/16:0), LacCer(d18:1/16:0), LacCer(d18:1/22:0), LacCer(d18:1/24:0), Lac-
Cer(d18:1/24:1), PC 16:0/16:0, PC P-18:0/20:4 (PC O-18:1/20:4), SM(d18:1/15:0) (d18:1/14:1-OH), SM(d18:1/16:0) (d18:1/15:1-OH), SM(d18:1/
16:1) (d18:1/15:2-OH) (Figure 9). Moreover, as described above, Cer(d18:1/20:0) was the only species to be significantly less abundant in the
aorta and liver of LdIr-KO mice compared with WT and Pcsk9-KO mice (Figures S8, S10, and S11).

By cross-referencing the lipid profiles obtained from the comparison of the dietary treatments in LdIr-KO mice with those obtained from
the comparison of WD-fed LdIr-KO mice with the other two genotypes, it was possible to identify 42 species whose aortic concentration was
always increased in WD-fed LdIr-KO mice, i.e., in the presence of atherosclerotic plagues (Figure 10).
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DISCUSSION

Itis well known that, in humans, loss-of-function mutations in the LDLR gene determine familial hypercholesterolemia,25 whereas loss-of-func-
tion mutations in the PCSK9 gene are associated with hypocholesterolemia and reduced risk of developing coronary heart disease.”

The aim of this work was to move beside cholesterol levels and analyze how the whole lipidome varied in plasma, liver, and aorta obtained
from WT mice, as well as mice constitutively lacking PCSK9 or LDLR. In order to achieve a more informative characterization, mice were fed a
standard chow diet (CD) or a Western diet (WD).

These two diets differ in the amount of fat and the relative abundance of different fatty acids. Most importantly, they differ in the amount of
cholesterol: only trace amounts are present in the chow diet, and about 100 times more are in the Western diet.

The comparison in terms of class concentrations indicated that plasma was the main district to be affected by dietary changes in all geno-
types. Coherently to its relevant role in lipid metabolism, also the liver showed several increases in lipid class concentrations in all WD-fed
groups, whereas in the aorta, only two classes of phospholipids were affected by diet in a genotype-independent manner. Looking at individual
lipids, species belonging to most lipid classes increased after the administration of the WD, with those belonging to CE showing the greatest
increase in plasma of all genotypes and, limited to LdIr-KO mice, in the aorta. In the liver, in addition to CE, several TAG analytes increased
dramatically following WD administration in a genotype-independent manner. Indeed, fatty liver disease was detected in all groups fed WD.

The different fatty acid compositions of the two diets impacted the concentration of these residues in several lipid classes of all the districts
analyzed. Specifically, the dietary concentration of the essential fatty acid 18:2 (0.476% w/w in WD vs. 1.298% w/w in CD) may explain why
plasma, liver, and aorta of mice fed WD showed low levels of lipid species carrying this fatty acid as residue. Further, being the fatty acid
18:2 the precursor in the endogenous synthesis of fatty acid 20:4, most lipids containing 20:4 residue were also at lower concentration in
WD-fed mice compared with CD-fed mice. The difference in the 18:1 content of the two diets also explained the higher concentrations of
18:1-containing species in WD fed mice, in all districts.

The extremely high content of palmitic acid in WD significantly increased the concentration of lipids containing fatty acid 16:0 mostly in
plasma and liver. Saturated fatty acids are known to exert pro-inflammatory effects on many leukocyte subsets of the innate and adaptive
immunity,””*® and macrophages exposed to fatty acid 16:0 have been shown to increase their secretion of several cytokines/chemokines
as well as neutrophil-attracting nucleotides.””*° Likewise, excess cholesterol may promote the activation and migration into tissues of proin-
flammatory innate and adaptive immune cells. Cholesterol accumulation in plasma membranes of neutrophils and macrophages results in
increased toll-like receptor signaling and NLRP3 inflammasome priming.*"** Additionally, plasma membrane cholesterol increases T cell re-
ceptor signaling in in CD8" T-cells, thus increasing lymphocyte proliferation.” All these observations are extremely relevant in view of the
established role of inflammation in both fatty liver disease and atherosclerosis.

A focus of this work was the evaluation of a possible lipidome modification in the presence or absence of PCSK9. In plasma, the lack of
Pcsk? deeply influenced lipid class composition after both dietary treatments and these changes affected sterols, phospholipids and sphin-
golipids. Surprisingly, these perturbations in circulating lipids were not paralleled by comparable changes in the liver: no variations were
observed between WT and Pcsk?-KO on CD, and only two classes varied on WD.
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Figure 7. Overall effect of Ldir deletion on the lipid pathways analyzed
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The lipid species that were less abundant in the plasma of Pcsk9-KO vs. WT after both diets belonged to CE, FC, sphingomyelins
(Cer d18:1, Glc/GalCer, LacCer, SM), and phospholipids. A previous study already showed a reduction in plasma lipids belonging to
these classes in liver-specific Pcsk? knockout mice compared with WT mice when fed a standard rodent diet, without investigating
the effect determined by Western diet administration.” Our result is also remarkably in line with that obtained in a study comparing
the plasma lipidome obtained from patients receiving anti-Pcsk9 therapy or placebo for 29 days. In that investigation, the inhibition
of Pcsk9, besides plasma levels of LDL-C and non-HDL-cholesterol, markedly reduced sphingolipids (Cer d18:0, Cer d18:1, Gb3,
Glc/GalCer, LacCer, SM), CE and FC, and to a lesser extent phospholipids.” Is it interesting to note that the absence of Pcsk9 did
not lead to a specific lipid signature in the liver and aorta, since no relevant differences between Pcsk9-KO and WT mice were consis-
tently observed with both dietary treatments.

A second focus of this work was the evaluation of the impact of the LDL receptor deficiency on the whole lipidome, additional to the well-
known hypercholesterolemic condition.

In the plasma of LdIr-KO, the concentration of almost all lipid classes was higher than in the other two genotypes on both dietary treat-
ments. Also in these comparisons, the liver was much less susceptible to genotype-related lipidome variations than plasma.

In the aorta, as expected, a relevant increase of several lipid classes and species was observed only in LdIr-KO fed WD where atheroscle-
rotic plaques developed compared with the two athero-resistant genotypes. The analysis was performed on the entire aorta and not only on
atherosclerotic plaques, so it is not surprising that the most abundant lipid class was TAG, which, by contrast, does not contribute to plaque
burden.* Specifically, no differences in TAG species were observed between WT and LdIr-KO, whereas Pcsk9-KO showed a different profile,
in which several aortic TAG species were significantly less concentrated than in both LdIr-KO and WT.
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Figure 8. Median changes of the lipid species showing the highest increase in the aorta of LdIr-KO mice vs. both WT and Pcsk9-KO mice on WD feeding
Red bars indicate that the concentration is increased in the first comparison term, blue bars indicate that the concentration is reduced in the first comparison term.
Significant differences were determined by T test. *p < 0.05; **p < 0.01, ***p < 0.001. n = 3-6 per group. See also Figure S10.

A number of lipid species belonging mainly to DAG, PE, and PE O/PE P did not differ between LdlIr-KO and the other two genotypes.
These species could belong to classes that do not accumulate in the plaque or whose concentrations are finely regulated as fundamental
elements in the homeostasis of the arterial wall.

In contrast, only in the presence of atherosclerotic plagues, the whole aorta lipidome showed increased concentrations of 42 lipid species.
Such lipids might indeed represent markers that accumulate in the arterial wall only in the presence of established lesions.

A handful of CE together with FC were abundant in plaques: it is well known that LDL that aggregate in the subendothelial space contain a
core rich in CE that undergoes extracellular hydrolysis and this leads to the accumulation of abundant FC in atherosclerotic plaques.®

A large number of sphingolipids (25 out of 42 lipid species) showed significantly increased concentrations in the presence of atheroscle-
rotic lesions; these included Cer d18:0, Cer d18:1, LacCer, Glc/GalCer, Gb3, and SM. These increases were so marked that even at the level of
lipid classes, sphingolipids were more abundant in the diseased aorta than in the healthy aorta. Several studies have demonstrated the impor-
tance of sphingolipids, and particularly ceramides, in inflammatory-related diseases, such as atherosclerosis.* Indeed, an increased concen-
tration of ceramide modulates toll-like receptor stimulation of macrophages, whereas, in neutrophils, it mediates cell migration, generation of
reactive oxygen species, and neutrophil extracellular trap formation.”’*® Moreover, ceramides are also involved in the fine-tuning of T
lymphocyte responses.®”

According to our findings, it has been previously demonstrated that LDL within atherosclerotic lesions is particularly enriched in ceram-
ides.”” Thus, plasma ceramides have been investigated as potential markers of cardiovascular disease, and the ratios between specific plasma
ceramides [Cer(d18:1/16:0)/Cer(d18:1:/24:0), Cer(d18:1/18:0)/Cer(d18:1:/24:0), Cer(d18:1/24:1)/Cer(d18:1:/24:0)] have been proposed as pre-
dictive for fatal cardiovascular events above currently used lipid markers.*" In our study, only the Cer(d18:1/24:1)/Cer(d18:1:/24:0) ratio was
significantly increased in plasma of LdIr-KO fed WD compared with both LdIr-KO fed CD (p = 0.0000003671, data not shown) and WT
mice fed WD (p = 0.0000108608, data not shown), but not with Pcsk9-KO (p = 0.217, data not shown).

Sphingomyelins were the first class of sphingolipids to be identified in atherosclerotic plaques.’” Beyond sphingomyelins, the presence of
ceramides, lactosylceramides, and glucosylceramides was subsequently identified as a common sphingolipid signature of carotid pla-
ques.”*" In addition, although globotriaosylceramides have never been directly implicated in atherosclerosis, it has been observed that their
excessive accumulation in the lysosomes of Fabry Disease subjects promotes endothelial dysfunction.”>*® Therefore, their contribution to
atherosclerosis development cannot be excluded and indeed requires further investigation.

Several phospholipids and lysophospholipids were particularly abundant in the presence of arterial lesions. Several lysophospholipid spe-
cies have been recently identified as atheroma-specific lipids in plaques developing in the aortic root of athero-prone mice, including LdIr-KO
mice.”’ In particular, LPCs have been recognized as relevant signaling molecules produced under physiological conditions by the action of
phospholipase A2 on phosphatidylcholine.”” LPC species have been associated with the high-risk plaque phenotype’® and are particularly
abundant on oxidized LDL that accumulates in the subendothelial space.”” Since LPC has an activating effect on a wide range of immune
cells,”** many proinflammatory effects of oxidized LDL are thought to depend on bioactive LPC.*/

These 42 species could therefore represent markers or molecular targets to be addressed, dietetically or pharmacologically. To give
further relevance to these potential markers, their levels were assessed in lipidomics previously performed by our group in apoE-KO
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Figure 9. Lipid species increased in plasma, liver, and aorta of WD-fed LdIr-KO mice compared with WT and Pcsk9-KO mice

Median changes (A) and absolute concentrations in plasma (B), liver (C) and aorta (D) are shown. Sixteen lipid species emerged from this analysis. Red bars
indicate that the concentration is increased in the first comparison term, and blue bars indicate that the concentration is reduced in the first comparison
term. Significant differences were determined by T test. *p < 0.05; **p < 0.01, ***p < 0.001. n = 4-6 per group.

mice.”" Although all the same lipid species were not available, also in this pro-atherogenic model it was possible to confirm that most of these
lipids had increased concentration in aortic segments with large atherosclerotic plaques (Figures S12A and S12B).

However, atherosclerotic plaques develop over decades in several arterial districts. Often, the detection of plaques occurs when cardiovas-
cular/cerebrovascular symptoms are already underway such that emergency interventions are required. Therefore, even more relevant would be
the identification of lipids in circulation or other body districts that serve as reliable and readily quantifiable markers for better profiling/strat-
ification of patients. To this aim, in this work, 16 lipid species were identified that, in addition to being most prevalent in atherosclerotic plaque,
were concurrently increased in circulating plasma and liver (Figure 9). Among them, CE 18:2 is enriched in both the plasma and liver of patients
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Figure 10. Absolute concentrations of the lipid species increased in the aorta of WD-fed LdIr-KO mice compared with WD-fed WT and Pcsk9-KO mice
and with CD-fed LdIr-KO mice
Forty-two lipid species emerged from this analysis. Significant differences were determined by T test. *p < 0.05; **p < 0.01, ***p < 0.001. n = 3-6 per group.

with NAFLD .>° In addition, low-density lipoproteins infiltrating in plaques present CE 18:2 as the most abundant polyunsaturated fatty acid.'***
CE 22:6 is likewise a cholesteryl ester identified in human endarterectomies compared with healthy carotid artery tissue.'?

Gb3(d18:1/22:0) was found to be associated with hypobetalipoproteinemia, an inborn error of metabolism.”” More recently, Gb3(d18:1/
22:0) was among the most significant molecular lipid species associated with early markers of osteoporosis-atherosclerosis comorbidity.>®

Glc/GalCer(d18:1/16:0) has been previously observed to be reduced in the plasma of both human carriers of PCSK? loss-of-function mu-
tations and Pcsk9-KO mice.” It is therefore possible that its concentration is somehow related to circulating LDL-C concentration, which is
markedly increased in LdIr-KO mice.

Four out of 16 lipid species belonged to LacCer. As mentioned above, LacCer accumulates in human atherosclerotic plaques
compared with healthy vasculature.” In addition, LacCer enhances macrophage migration in plaques because of increased expression
of adhesion molecules on endothelial cells™*“?; at the same time, it has been shown that oxidized LDL increases LacCer synthesis in
macrophages.®' Also in the liver, LacCer accumulation is associated with the hepatic oxidative stress and activation of hepatic inflam-
matory pathways.®?

Finally, higher SM plasma levels have been measured in patients with coronary artery disease. In addition, atherosclerotic coronary arteries
obtained during coronary artery bypass grafting show higher SM concentration than healthy arteries.**

In order to give further consistency to these 16 markers, their concentrations were checked in plasma and aorta from apoE-KO mice fed CD
or a high-fat diet.?' The results showed that 13 of the 16 markers had increased concentration in both plasma and atherosclerotic aorta of
apoE-KO mice that received the high-fat diet (the three Gb3 species included in the 16 markers, as well as liver data, were not available
from this previous analysis) (Figure S12C).

In conclusion, the present study is an in-depth evaluation of the changes affecting the lipidomic profile of plasma, liver, and aorta, three
districts critical for the development of atherosclerosis, in normocholesterolemic or dyslipidemic mice. In addition, data evaluation al-
lowed: i) the identification of lipid species specifically associated with the presence of atherosclerotic plaques in the aorta; ii) to discover
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the existence of lipids whose plasma pattern mirrors those found in the liver and aorta. Such lipids could represent future therapeutic tar-
gets or biomarkers for better stratification of patients.

Limitations of the study

The present experimental setting allowed the identification of potential lipid markers of atherosclerosis, but it cannot provide evidence of a
causal role of those lipids in the onset and progression of the disease. Targeted experiments will be required to clarify this issue. Due to the
complexity of the experimental protocol (three genotypes, three districts, and two diets), a unique time point was considered in the analysis of
the lipidomic profile. Further experiments will be required to explore if the lipids emerging from this study as potential markers of athero-
sclerosis could also identify the progression of the disease, starting from an early-stage condition.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

Diet: Standard rodent chow Mucedola 4RF21

Diet: Western-type Envigo TD.88137
Isoflurane Merial NO1AB06
Tissue-Tek O.C.T. Compound Sakura Finetek 4583
Hematoxylin Bio-Optica 05-06002
Eosin Bio-Optica 05-10003

Oil Red O Bio-Optica 04-220923

Deposited data

Lipid quantification data
(produced by this study)

EMBL-EBI Biostudies Database

BioStudies: S- BSST1634 -
https://doi.org/10.6019/S-BSST1634

Experimental models: Organisms/strains

Mouse: C57BL6/J
Mouse: LdIr-KO
Mouse: Pcsk9-KO

JAX/Charles River Laboratories
JAX/Charles River Laboratories
JAX/Charles River Laboratories

Strain: 000664; RRID: IMSR_JAX:000664
Strain: 002207; RRID: IMSR_JAX:002207
Strain: 005993; RRID: IMSR_JAX:005993

Software and algorithms

numpy (van der Walt et al.*”) https://numpy.org/

pandas (McKinney et al.*%) https://pandas.pydata.org/

matplotlib (Hunter et al.®®) https://bioconductor.org/packages/
release/bioc/html/DESeq2.html

seaborn Waskom et al.*%) https://seaborn.pydata.org/

scikit-learn (Pedregosa et al.%’) https://scikit-learn.org/

liputils (Manzini et al.*®) https://github.com/Stemanz/liputils

Prism 9 GraphPad https://www.graphpad.com/

Tableau Salesforce https://www.tableau.com/

NDP.view2 Hamamatsu Photonics https://www.hamamatsu.com/jp/en/

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Animals and diets

Procedures involving animals and their care were conducted in accordance with institutional guidelines that are in compliance with national
(D.L. No. 26, March 4, 2014, G.U. No. 61 March 14, 2014) and international laws and policies (EEC Council Directive 2010/63, September 22,
2010: Guide for the Care and Use of Laboratory Animals, United States National Research Council, 2011). The experimental protocol was
approved by the Italian Ministry of Health (Protocollo n° 04/2012).

C57BL/&J controls (WT; RRID:IMSR_JAX:000664), homozygous Low-Density Lipoprotein receptor gene knock-out (LdIr-KO; RRID:IMSR_
JAX:002207) and homozygous Proprotein convertase subtilisin/kexin 9 gene knock-out (Pcsk?-KO; RRID:IMSR_JAX:005993) mice in the
C57BL/6 background were purchased from Charles River Laboratories (Calco, Italy).?” Mice were randomized into experimental groups
(randomly allocated into groups, by weight, until there was no statistical significance among groups), housed 3 per cage and kept under stan-
dard laboratory conditions (12 hours light cycle, temperature 22+ 1°C, humidity 55+5%). From the sixth week from birth, mice were fed for
16 weeks either standard chow diet (CD), containing 3.0% soybean oil (4RF21, Mucedola, Settimo Milanese, Italy), or Western-type diet (WD),
containing 21.0% milkfat, 34% sucrose and 0.2% cholesterol (TD.88137, Envigo, Bresso, Italy). The fatty acid composition of the two diets is
shown in Table 1. With the aim of identifying a gender-independent lipidomic signature, each experimental group was composed of 6 mice
(3 males, 3 females).
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METHOD DETAILS
Plasma and tissue harvesting

At the end of the experimental period, blood was collected from the retro-orbital plexus into a capillary tube under general anesthesia with
2% isoflurane into tubes containing 0.1% w/v EDTA, and plasma was separated after centrifugation for 8 minutes at 10,000x g at 4°C’° Mice
were sacrificed under general anaesthesia with 2% isoflurane and the blood was removed by perfusion with PBS. Hearts were removed, fixed
for 24h in 10% formalin, then transferred in 30% sucrose in 1x PBS for 24h, and embedded in OCT.”" The aorta was rapidly harvested and
cleaned,’? immediately snap-frozen in liquid nitrogen and stored at —80°C until lipidomic analyses. Likewise, the liver was weighed and
snap-frozen in liquid nitrogen for subsequent analyses.

Histology

Serial cryosections (7 um thick) of the aortic sinus were cut and stained with hematoxylin and eosin (H&E) to detect plaque area.”*’* Sections
(7 um thick) obtained from snap-frozen liver portions embedded in O.C.T. were stained with Oil Red O to detect neutral lipid deposition
(04-220923, Bio-Optica, Italy). Digitized scans obtained with the Nanozoomer S40 were subsequently processed with the NDP.view?2 software
(Hamamatsu Photonics, Japan) and evaluated by two blinded operators.

Lipidomic analyses

Atotal of 21 lipid classes were analyzed in mouse organs/tissues: CE, Cer d18:0, Cer d18:1, DAG, FC, Gb3, Glc/GalCer, LacCer, LPC, LPE, LPI,
PA, PC, PC O/PC P, PE, PE O/PE P, PG, PI, PS, SM, TAG.

The tissue samples were pulverized with CPO2 CryoPrep Dry Pulverization System (Covaris) and resuspended in ice-cold methanol contain-
ing 0.1% butyl-hydroxy-toluene (BHT) in a concentration of 100 mg/ml. Lipids were extracted using a modified Folch lipid extraction”® per-
formed on a Hamilton Microlab Star robot. Samples were spiked with known amounts of non-endogeneous synthetic internal standards. After
lipid extraction, samples were reconstituted in chloroform:methanol (1:2, v/v) and a synthetic external standard was post-extract spiked to the
extracts.”® The extracts were stored at -20°C prior to MS analysis. The lipid extracts were analyzed on a hybrid triple quadrupole/linear ion trap
mass spectrometer (QTRAP 5500) equipped with a robotic nanoflow ion source (NanoMate HD) according to Stahlman and colleagues.”’
Molecular lipids were analyzed in both positive and negative ion modes using multiple precursor ion scanning (MPIS) and neutral loss
(NL) based methods.”"’® TAG were analysed in positive ion mode. For quantification of free cholesterol, an aliquot of each lipid extract
was treated with acetyl chloride to derivatize free cholesterol to modified cholesteryl ester species. Ceramides were analyzed on a 5500
QTRAP equipped with an ultra-high pressure liquid chromatography (UHPLC) system (CTC HTC PAL autosampler and Rheos Allegro
pump) using in-house developed multiple reaction monitoring (MRM) —based methods in positive or negative ion modes. The lipids were
normalized to their respective internal standard and to sample amounts. Plasma lipidomic data are provided as pmol pL™!, whereas those
from aorta and liver were expressed as pmol ng™' of tissue. Data has been deposited in the EMBL-EBI Biostudies Database with accession
number S-BSST1634.

Software

63 64,

Data was processed with numpy (version 1.19.5),°" and pandas (version 1.2.1)*"; data visualization was performed with matplotlib (version
3.3.4),°° and seaborn (version 0.11.1)°° libraries for the Python programming language. Principal Component Analysis (PCA) was performed
with Scikit-learn (version 0.24.1).%” Individual fatty acid residues were extracted from the lipidomic dataset with liputils (version 0.16.2).°° Lip-
idomic data were charted using Tableau (Tableau Software, version 10.3) and GraphPad Prism version 9. Lipid Maps reaction explorer (https://
www.lipidmaps.org/resources/tools/reactions) was used to visualize lipid pathways.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data on body weight, liver weight, lipid classes, atherosclerosis at the aortic sinus are expressed as mean=+ SD. After testing for normal dis-
tribution, same-diet (different genotypes) comparisons were performed by ANOVA, followed by Tukey post-hoc; otherwise, same-genotype
(different diet) comparisons were tested for statistical significance with Student’s T-test (two-tailed). Lipid species are expressed as median
values and tested for statistical significance using Student’s T-test (two-tailed). GraphPad Prism Version 9 was used. In charts: *p < 0.05,
**p < 0.01, **p < 0.001, ****p < 0.0001.
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