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Rewiring Endothelial Sphingolipid Metabolism
to Favor S1P Over Ceramide Protects From
Coronary Atherosclerosis

Onorina L. Manzo®, Jasmine Nour®, Linda Sasset, Alice Marino®?, Luisa Rubinelli, Sailesh Palikhe®, Martina Smimmo,
Yang Hu(, Maria Rosaria Bucci®, Alain Borczuk, Olivier Elemento, Julie K. Freed®, Giuseppe Danilo Norata’®, Annarita Di Lorenzo

BACKGROUND: Growing evidence correlated changes in bioactive sphingolipids, particularly S1P (sphingosine-1-phosphate)
and ceramides, with coronary artery diseases. Furthermore, specific plasma ceramide species can predict major cardiovascular
events. Dysfunction of the endothelium lining lesion-prone areas plays a pivotal role in atherosclerosis. Yet, how sphingolipid
metabolism and signaling change and contribute to endothelial dysfunction and atherosclerosis remain poorly understood.

METHODS: We used an established model of coronary atherosclerosis in mice, combined with sphingolipidomics, RNA-
sequencing, flow cytometry, and immunostaining to investigate the contribution of sphingolipid metabolism and signaling to
endothelial cell (EC) activation and dysfunction.

RESULTS: We demonstrated that hemodynamic stress induced an early metabolic rewiring towards endothelial sphingolipid de
novo biosynthesis, favoring S1P signaling over ceramides as a protective response. This finding is a paradigm shift from the
current belief that ceramide accrual contributes to endothelial dysfunction. The enzyme SPT (serine palmitoyltransferase)
commences de novo biosynthesis of sphingolipids and is inhibited by NOGO-B (reticulon-4B), an ER membrane protein.
Here, we showed that NOGO-B is upregulated by hemodynamic stress in myocardial EC of ApoE™~ mice and is expressed
in the endothelium lining coronary lesions in mice and humans. We demonstrated that mice lacking NOGO-B specifically in
EC (Nogo-A/BECApoE~") were resistant to coronary atherosclerosis development and progression, and mortality. Fibrous
cap thickness was significantly increased in Nogo-A/BE**°ApoE~~ mice and correlated with reduced necrotic core and
macrophage infiltration. Mechanistically, the deletion of NOGO-B in EC sustained the rewiring of sphingolipid metabolism
towards S1PF, imparting an atheroprotective endothelial transcriptional signature.

CONCLUSIONS: These data demonstrated that hemodynamic stress induced a protective rewiring of sphingolipid metabolism,
favoring S1P over ceramide. NOGO-B deletion sustained the rewiring of sphingolipid metabolism toward S1P protecting
EC from activation under hemodynamic stress and refraining coronary atherosclerosis. These findings also set forth the
foundation for sphingolipid-based therapeutics to limit atheroprogression.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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events in the initiation and progression of atheroscle-  tion of inflammatory cells and lipoproteins in the arterial
rosis, resulting in proinflammatory and prothrombotic ~ wall.""® Risk factors such as dyslipidemia and hyperten-
signaling, dysregulation of vascular tone, and barrier  sion are recognized to set off endothelial dysfunction.*®

Endothelial activation and dysfunction are critical ~ function. These changes further promote the accumula-
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Novelty and Significance

What Is Known?

* Plasmatic levels of sphingolipid ceramides can pre-
dict major cardiovascular events and are elevated in
patients affected by coronary artery diseases (CAD).

+ Circulating levels of ST1P (sphingosine-1-phosphate),
a lipid beneficial for the vasculature, are decreased in
patients with CAD.

* The Nogo-B protein downregulates de novo biosyn-
thesis of sphingolipids, including ceramides and S1F,
and genome-wide association studies show associa-
tion of a reticulon-4 gene variant (Nogo proteins) with
CAD.

What New Information Does This Article

Contribute?

» Ceramide levels are not increased in endothelial cells
(EC) of mice affected by coronary atherosclerosis.

* Nogo-B deletion in EC promotes a metabolic shift
toward S1P signaling, without affecting ceramide
levels.

+ The loss of Nogo-B protects EC from activation and
dysfunction, reduces inflammation, and coronary ath-
erosclerosis formation and progression.

Plasma levels of ceramide and S1F, 2 major bioactive
sphingolipids, change in patients affected by cardio-
vascular diseases. While S1P decreases in patients
affected by CAD, specific ceramides can predict major
cardiovascular events.

Endothelial dysfunction is an early and paramount
event in atherosclerosis. Whether changes in sphin-
golipids, particularly ceramide and S1PB, occur in the
endothelium in vivo and contribute to atherogenesis
is unknown. This is particularly significant considering
that this pathway is amenable to therapeutics.

Nogo-B protein can downregulate the de novo
production of sphingolipids and a genetic study cor-
related a variant of reticulon-4 gene (Nogo) with CAD,
but the underlying mechanisms remain poorly under-
stood. Our studies using a novel mouse model of coro-
nary atherosclerosis show that Nogo-B contributes to
endothelial activation, and atherosclerosis. The loss of
Nogo-B in EC promotes a metabolic shift toward ST1P
without affecting ceramides. Rewiring of metabolism
in favor of S1P protects the EC from activation under
stress conditions and restrains coronary atherosclero-
sis development and progression.

Nonstandard Abbreviations and Acronyms

CAD coronary artery disease

CD206 cluster differentiation 206

dhSph-1P dihydrosphingosine-1-phosphate

EC endothelial cell

LAD left anterior descending

S1P sphingosine-1-phosphate

S1PR1 S1P receptor 1

SMC smooth muscle cell

Spns2 spinster-2

SPT serine palmitoyltransferase

SPTLC1  serine palmitoyltransferase long chain
base subunit 1

SPTLC2  serine palmitoyltransferase long chain
base subunit 2

TAC transverse aortic constriction

Yet, targeting endothelial cells (EC) in inflammatory dis-
eases, such as atherosclerosis, remains a challenge.
Low-density lipoproteins are key to atherosclerosis and
represent the therapeutic target of cholesterol-lowering
drugs® Nevertheless, emerging studies demonstrate
a strong correlation between plasma sphingolipid ceramide
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levels, in particular C16:0-, C18:0-, and C24:1-ceramides,
and the incidence of major adverse cardiovascular
events® 1% which is independent of other classical risk fac-
tors such as cholesterol, hypertension, and diabetes. Some
plasma ceramides can also predict major cardiovascular
events in patients with coronary artery disease (CAD)'*'!
and patients affected by familial CAD present higher plasma
ceramides and other sphingolipids levels compared with
healthy controls.'? Interestingly, contrary to ceramides, S1P
(sphingosine-1-phosphate), a bioactive lipid exerting benefi-
cial cardiovascular functions is decreased in patients with
CAD,'3* suggesting that a dysregulation of sphingolipid
metabolism and signaling can underlie these conditions.

S1P and ceramides are both bioactive lipids and are
considered to have beneficial and deleterious effects on
the vasculature, respectively.8'5'® Ceramides are elevated
in cultured EC exposed to TNFa (tumor necrosis factor
alpha), high glucose, or high glucose/palmitate.® Elevated
ceramides decrease NO bioavailability via PP2A (protein
phosphatase 2A)-mediated endothelial nitric oxide syn-
thase'” dephosphorylation' and reactive oxygen species
(ROS) formation.'® Therefore, ceramides have been sug-
gested to contribute to endothelial dysfunction. However,
whether ceramide accrual occurs in EC in vivo and con-
tributes to dysfunction has never been demonstrated.

As cholesterol, ceramides are elevated in atheroscle-
rotic lesions.?’ The deletion of both, Sptic 1 or Sptic2 gene,
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coding the 2 subunits of SPT (serine palmitoyltransfer-
ase), is embryonically lethal®'; and selective deletion of
Sptlc2 in cardiomyocytes causes dilated cardiomyopa-
thy,>? suggesting that SPT function is necessary for sur-
vival and health.

Myriocin treatment, a drug inhibiting the enzyme
SPT, and hence ceramides and S1P, reduces athero-
sclerosis.?®?* However, in addition to reducing systemic
sphingolipids, myriocin lowers both cholesterol and tri-
glycerides and shows immunosuppressive actions,
suggesting atheroprotective effects potentially related to
arterial wall, lipoprotein, and immune cell mechanisms.?®

Another unwanted effect of myriocin is the decrease
of S1P2 a potent activator of eNOS (endothelial nitric
oxide synthase)'” via STPR1 (S1P receptor 1), which
regulates blood flow and pressure?” S1P signaling
also enhances the endothelial barrier and suppresses
inflammation.?® Furthermore, endothelial S7pr1 knockout
mice are hypertensive?” and prone to atherosclerosis®
supporting the vasculoprotective role of this lipid and
arguing against a systemic suppression of sphingolipid
biosynthesis by myriocin, especially in the vascular wall.

Therefore, understanding how atherosclerotic risk fac-
tors impact sphingolipid metabolism and signaling in vivo
is of paramount importance to understand the pathoge-
netic role of these lipids and how they can be therapeuti-
cally targeted to reinstate vascular homeostasis.

We discovered that NOGO-B (reticulon-4B), a
membrane protein of the endoplasmic reticulum highly
expressed in the vascular wall, downregulates SPT activ-
ity, thereby controlling sphingolipid production, particu-
larly endothelial STP. NOGO-B inhibition of SPT activity
results in inflammation,®®3" hypertension,® and cardiac
hypertrophy.’

Few studies have correlated NOGO proteins with
CAD. SNP in Rtn4 gene codifying for NOGO proteins
was significantly associated with CAD,*® while NOGO
expression was reported in atherosclerotic lesions.3*3°
However, how sphingolipid metabolism within the vas-
cular wall, especially in the endothelium, changes and
contributes to coronary atherosclerosis has never been
studied. Recently, we showed that ApoE™~ mice sub-
jected to transverse aortic constriction®® can develop ath-
erosclerotic lesions in coronary arteries on a chow diet,
with characteristics that recapitulate human conditions.®

By using this model, we demonstrated that hemody-
namic stress in vivo triggers a systematic shift in endothe-
lial sphingolipid metabolism favoring S1P over ceramides.
In this setting, the boost in sphingolipid de novo biosyn-
thesis is matched by increased ceramides degradation,
resulting in elevated sphingosine and S1P generation. This
metabolic shift favoring S1P over ceramides appeared to
be a transient protective response of the endothelium to
hemodynamic stress, which if sustained could be athero-
protective, and the genetic approach in mice corroborated
this hypothesis. The loss of NOGO-B protected EC from
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activation and dysfunction, by enhancing the metabolic
shift towards S1P signaling, without affecting ceramide
levels. These findings question the accrual of ceramides
as a causal event of endothelial dysfunction and athero-
sclerosis. In summary, this study discovered that Nogo-8B
deletion can sustain the rewiring of sphingolipid metabo-
lism toward S1P protecting EC from activation under
hemodynamic stress and refraining coronary atheroscle-
rosis development and progression.

METHODS
Data Availability

A detailed description of all material and methods can be
found in the Supplemental Methods and the tables in the
Supplemental Material. The data that support the findings of
this findings are available upon reasonable request.

Ethic Statements

The animal studies were reviewed and approved by the
Institutional Animal Care and Use Committee of the Weill
Cornell Medicine of Cornell University.

RESULTS

NOGO-B Is Expressed in the Endothelium of
Coronary Plagues in Human and Mice

Hematoxylin and eosin (H&E) staining of human coro-
nary arteries with moderate (Figure 1A) and severe
(Figure 1B) atherosclerotic lesions showed the overall
structure of the plaques, highlighting the fibrous cap
(FB), the necrotic core and the lumen (L, Figure 1Aa
and 1Ba). NOGO-B is the most abundant isoform
expressed in the vascular wall3237 Immunofluorescent
staining showed NOGO-B expression in EC (Figure S1;
Figure 1Ac through 1Ae and 1Ag through IAi); smooth
muscle cells (SMCs) of neointima and media of coro-
nary artery (Figure S2A). NOGO-B was also expressed
in EC of severe coronary lesions (Figure 1Bc through
1Be and IBg through IBi), suggesting that NOGO-B may
play a role in atherosclerosis. However, NOGO-B expres-
sion was no different in coronary artery specimens from
patients with and without a clinical diagnosis of CAD
(Table 1; Figure S2B through S2E). It is noteworthy to
mention that in coronary arteries, SMC prevails and most
likely contributes to NOGO-B expression of the vascular
tissue seen in Western Blot (WB) analysis.

Next, we investigated NOGO-B expression in ath-
erosclerotic plaques of left descending artery (LAD) of
ApoE™~ mice® at 8 weeks after transverse aortic con-
striction (TAC, Figure 1C). Oil-red-O/hematoxylin stain-
ing evidenced lipid deposition in the LAD (Figure 1Da,
1Df, 1Dk, 1Dp; Figure S3). In healthy LAD, NOGO-B
was expressed in EC and SMC (Figure 1Db through
1Dd). In LAD with different degrees of atherosclerosis,

Circulation Research. 2024;134:990-1005. DOI: 10.1161/CIRCRESAHA.123.323826


https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.123.323826
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.123.323826
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.123.323826
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.123.323826
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.123.323826
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.123.323826

202 ‘2 $0q0100 Uo Ag Bio0°'sfeulnofeye//:dny wolj pepeojumoq

Manzo et al Endothelial STP Metabolism in Coronary Diseases

NOGO HOECHST HOECHST

C <&
&
e EL

'NOGO DAPI NOGO DAPI

NOGO DAPI
" We

ApoE”sham O

C
Transverse Aortic
Constriction (TAC) o
5
o g
ApoE™* i ? @
) [}
D
8 weeks post-TAC =
[ce]
T
o
(o8
<C

Figure 1. NOGO-B (reticulon-4B) expression in coronary plaques of humans and mice.

A and B, Representative images of immunofluorescence staining for NOGO-B of paraffin sections of human coronary lesions. Aa, Hematoxylin
and eosin (H&E) staining of human coronary plaque showing the necrotic core (NC) and fibrous cap (FC). Ab and Af, High magnification of H&E
staining and (Ac=Af and Ag) immunofluorescent staining for NOGO-B in consecutive sections of human coronary lesions in Aa. Ac through Ae,
NOGO-B is expressed in endothelial cell (EC) stained for CD31 (green) and some cells of the neointima. Ba, H&E staining of human coronary
plaque. Ba and Bf, High magnification of the H&E staining and (Be=Bf and Bg) Immunofluorescence staining of CD31+ EC expressing
NOGO-B (arrowheads). C, Mouse model of coronary atherosclerosis. Male and female ApoE~~ mice were subjected to transverse aortic
constriction (TAC) or sham surgery, and 8 weeks later, the hearts were sectioned from the base to the apex to assess atherosclerotic (Continued)

Circulation Research. 2024;134:990-1005. DOI: 10.1161/CIRCRESAHA.123.323826 April 12,2024 993

HI4YISIH TVYNIIIHO




-
(=]
(-
=T
Ll
(o]
[y
(-
—
=T
=
=
(==
(—]

202 ‘z 00100 uo Aq Blio'sfeuinofeye//:dny woly pspeojumod

Manzo et al Endothelial S1P Metabolism in Coronary Diseases

E .. K R
> WB analysis & 50 18
— X SL measurements £40 15
ApoE* < i °
pol on myocardial EC 330 15
7 days post-TAC vs sham % 2 .
F ApoE + £10 3 i
510, | S 110005 0= Ghsph 0~ thCer-16:0
p000s Py 00005
15kDa | NI - = |ORMDLs =
e 2 B = s K 15
55kDa T T w—s SPTLCT
56-65 02 | s s o | 5772 b
ponceau| = [ — ;. | 5 P_Eq
Sham Myocardial EC 0 Total Cer 0
at 7 days post-TAC
G o0 15 Is0 Q
p=0. =0.036 5
p=0.071 254 P S0 -
2 34 = S1P Ceramide
81.0 & 820 o 8
= = h=]
< £15 £ 6
o h TS =
0.5 210 8 4
5 5 =
05 » 2 ? Hemodynamic stress
0.0 0.0 0 S1P-ceramide ratio in EC

Figure 1 Continued. lesions in the left anterior descending (LAD) artery. D, Consecutive myocardial sections were stained with oil-red-O/
hematoxylin and immunofluorescent antibody against NOGO-B, isolectin B4 (green, marker of EC), a-smooth muscle actin (green, marker of
smooth muscle cells), CD68 (green, monocyte/macrophage marker), DAPI (nuclei, blue). Oil-red-O/hematoxylin-stained images show the LAD
affected by different degrees of atherosclerosis. Scale bar: 100 um. E, Male and female ApoE~~ mice underwent TAC or sham surgery. After 7
days, Western Blot (WB) analysis and sphingolipid measurements were performed on myocardial EC. F, WB analysis and quantification of (G)
NOGO-B, (H) ORMDLs (orosomucoid 1 like protein), () SPTLC1 (serine palmitoyltransferase long chain base subunit 1), and (J) SPTLC2 (serine
palmitoyltransferase long chain base subunit 2) in myocardial EC isolated from 7 days TAC- (n=5) or sham-operated (n=3) mice. Band intensities
were normalized to red ponceau. Statistical significance was assessed by Mann-Whitney U test. Measurements of (K) dihydrosphingosine
(dhSph), (L) dhSph-1P (dihydrosphingosine-1-phosphate), (M) dihydroceramide-16:0 (dhCer-16:0), (N) total ceramides, (0) Sph, and (P) S1P
(sphingosine-1-phosphate) in myocardial EC isolated from 7 days TAC- (n=6) or sham-operated (n=3) mice. Q, Ratio of S1P/total ceramides. K
through Q, Statistical significance was assessed by using Mann-Whitney U test. R, Scheme of the de novo sphingolipid pathway representing the
changes in sphingolipids. S, Schematic representation of S1P/ceramide ratio in EC at 7 days post-TAC vs sham-operated mice. G through J, K
through Q, Data are expressed as mean+SEM.

immunofluorescent staining showed NOGO-B expres-  sphingosine (downstream metabolite of ceramide), and
sion in EC (Figure 1Dc, 1Dh, 1Dm, 1Dr), and mac- S1P were all significantly augmented following TAC
rophage (Figure 1Dj, 1Do, 1Dt; Figure S4). In some  compared with sham (Figure 1K through 1P). These data
SMC of LAD lesions, NOGO-B staining had a trend of  indicate that following hemodynamic stress, both endo-
decrease compared with controls (Figure 1Dg and 1Dl thelial de novo biosynthesis and degradation of cerami-
versus Figure 1Db; asterisks in Figure 1Dg, Figure 1Dl des are increased, with a net shift of the ceramide-S1P
indicate SMC). Next, we assessed whether the pres-  rheostat toward S1P signaling (Figure 1Q), as protective
sure overload affected the SPT complex in myocardial mechanisms (Figure 1R and 1S).

EC at 7 days post-TAC (Figure 1E). Interestingly, WB

analysis showed that components of the SPT complex  Endothelial-Specific Deletion of NOGO-B

were dramatically changed (Figure 1F). Specifically, Protects the Mice From Coronar
both SPTLC1 (serine palmitoyltransferase long chain . y
Atherosclerosis

base subunit 1) and SPTLC2 (serine palmitoyltransfer-
ase long chain base subunit 2) of SPT were significantly ~ EC activation plays a key role in atherogenesis® The
increased (Figure 11 and 1J), suggesting an upregula-  expression of endothelial adhesion molecules and cyto-
tion of the de novo biosynthesis. However, SPT inhibitors ~ kines/chemokines favors the accumulation of lipopro-
were differentially regulated, with ORMDL (orosomucoid ~ teins and inflammatory cells into the vascular wall, a
1 like protein) decreased and NOGO-B increased com-  crucial step in the development of atherosclerosis.***° To
pared with EC from the control sham (Figure 1G and  test the hypothesis that NOGO-B contributes to endo-
1H). Of note, NOGO-B is the main isoform expressed thelial dysfunction and atherosclerosis, we generated
in EC3? with NOGO-A undetectable. Sphingolipidomic ~ mice lacking Nogo-B specifically in EC on ApoE™~ back-
analysis showed that dh-sphingosine-1P, C16:0-dhCer,  ground (Nogo-A/BE*°ApoE~""; Figure 2A).
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Table 1. Demographic Information of the Patients With and Without CAD

Patient ‘ Age ‘ Sex ‘ Medical history Smoking ‘ BMI ‘ Race ‘ Ethnicity

Patients without CAD
11540 58 Male Active smoker 19.6 Unknown Unknown
11879 47 Female Tobacco use 36.4 Black Unknown
14642 22 Male Tobacco use 22.8 White Unknown
12587 53 Male Unknown Unknown Unknown
12688 49 Male Hyperlipidemia Tobacco use Unknown White Unknown
12295 60 Male Hypertension Active smoker 15.7 Black Unknown

Patients with CAD
11656 47 Male Myocardial infarction and hyperlipidemia Active smoker 31.9 White Unknown
12531 61 Male Hypertension and diabetes Active smoker 38.4 Black Unknown
12259 74 Female Hypertension Unknown Unknown Unknown
12266 50 Female Hypertension and diabetes Unknown Black Unknown
13108 59 Male Congestive heart failure, atrial fibrillation, 274 White Unknown

and diabetes

Coronary artery specimens from these 2 groups of patients have been analyzed for Western Blot (refer to Figure S2). BMI indicates body mass

index; and CAD, coronary artery disease.

In the absence of NOGO-B, FACS (fluorescence-
activated cell sorting) analysis showed a significant
reduction in VCAM1 (vascular cell adhesion protein 1) in
myocardial EC at 7 days post-TAC compared with sham-
operated mice (Table S1; Figure 2B through 2D; Figure
SB). The expression of EC cytokine/chemokine genes,
including Mcp1, 1118 (interleukin-1 beta), and Cxcl2 (Fig-
ure 2E through 2G) was also significantly diminished, in
line with a reduction of myocardial CD45+ cells infiltra-
tion compared with ApoE~~ (Figure 2H and 2I). Alto-
gether, these data support an in vivo proinflammatory
role of endothelial NOGO-B.

At 8 weeks post-TAC, histological analysis was per-
formed to map coronary lesions and assess the degree
of stenosis and lipid deposition (Figure 2J). Figure 2K
shows representative hearts from ApoE™~ mice at 8
weeks post-TAC showing white-colored LAD due to
the presence of atherosclerotic lesions compared with
sham-operated mice. Representative reconstruction of
the LAD from the base to the apex ApoE™~ and Nogo-
A/BECKOApoE~~ hearts are shown in Figure S6. Analysis
of LAD lesions (Figure 2L) demonstrated that the occur-
rence of LAD lesions with stenosis was significantly
reduced in Nogo-A/BE*CApoE~~ (62.5%) versus of
ApoE~~ (84.2%) mice (Figure 2M). Of note, to assess
the extent of TAC, the ligations were removed from mice
postmortem and measured for the area (Figure S7). Fur-
thermore, the LAD stenosis throughout the heart (from
the aortic valve to the apex) was significantly reduced in
Nogo-A/BE*OApoE~~ versus ApoE~~ mice (Figure 2N
and 20, and representative images Figure 2P), as well
as the oil-red-O staining of the LAD compared with
ApoE~~ mice (Figure 2Q and 2R), suggesting that the
loss of endothelial NOGO-B protected the mice from the
development and progression of atherosclerosis.

Circulation Research. 2024;134:990-1005. DOI: 10.1161/CIRCRESAHA.123.323826

Compared with wild type (WT) (C57BI6/J) mice,
plasma cholesterol levels were significantly increased to
a similar extent in ApoE~~ and Nogo-A/BEKCApoE~~
mice (Figure 2S), thus excluding the reduction of lipid
accumulation in Nogo-A/BE*CApoE~~ LAD could be
the consequence of improved lipoprotein metabolism.

The Loss of Endothelial NOGO-B Improved
Cardiac Function and Survival Rate

Echocardiographic analysis (Figure 3A) showed a signif-
icant decrease in diastolic and systolic left ventricle (LV)
internal diameters (Figure 3B and 3C) and preserved
fractional shortening (Figure 3D, index of systolic func-
tion), in Nogo-A/BECKOApoE~~ compared with ApoE~~
mice at 6 weeks post-TAC. Furthermore, the survival
rate post-TAC was also significantly higher in Nogo-A/
BECKOApoE~~ mice versus controls (Figure 3E), indicat-
ing that endothelial NOGO-B deletion protected the
mice from heart failure and death.

Plasma sphingolipid profile (Figure 3F through 30)
showed that S1P was significantly reduced in TAC-
operated ApoE™~ mice (Figure 3F), similar to the
changes occurring in humans affected by CAD." On the
contrary, total ceramides were significantly increased in
ApoE~~ post-TAC (Figure 3H), similar to the changes
reported in patients with CAD."" Specifically, C16:0-,
C20:0-, and C22:0-ceramides were elevated in ApoE~~
mice post-TAC compared with sham-operated mice (Fig-
ure 3, 3L, and 3N).

Although LAD lesions were markedly reduced in
Nogo-A/BE*OApoE~~, there were no differences in
ceramide and S1P plasma levels between the 2 geno-
types (Figure 3F through 3N), suggesting that plasma
sphingolipids did not correlate with severity of the
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Figure 2. Endothelial Nogo-B deletion protects the mice from coronary atherosclerosis.

A, Scheme of the experimental model. ApoE~~ mice were crossed with floxed-Nogo-A/B VE-cadherin CRE to delete Nogo-B specifically in
endothelial cell (EC; hereafter referred to as Nogo-A/BE*°ApoE~-). Mice floxed-Nogo-A/B VE-cadherin CRE- ApoE~~ were used as control
(hereafter referred to as ApoE~"). B and C, Percentage of VCAM+ EC from the hearts of ApoE~~ (n=6) and Nogo-A/BEXOApoE~~ (n=7) at
7 days post-transverse aortic constriction (TAC), and (D) representative images of VCAM 1+ EC FACS (fluorescence-activated cell sorting)
analysis plot. Statistical significance was determined by unpaired ¢ test (B and C). E through G, RTPCR of inflammatory genes in myocardial
EC isolated from sham (n=4) or TAC-operated mice (ApoE~~ n=6-7; Nogo-A/BE*°ApoE~~ n=6-7) 3 to & days post-surgery. Statistical
significance was determined by Kruskal-Wallis followed by Dunn multiple comparison test. H, FACS analysis of leukocytes in the hearts of
ApoE~~ (n=6) and Nogo-A/BEK°ApoE~~ (n=7) at 7 days post-TAC. Statistical significance was assessed with unpaired ¢ test. (Continued)
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disease in mice. This might be due to a limitation of the
mouse model.

Endothelial NOGO-B Deletion Enhanced
Coronary Plaque Stability and Reduced
Necrotic Core and Macrophage Infiltration

To investigate the cellular basis of reduced atherosclero-
sis in Nogo-A/BE*0ApoE~~, we examined 2 commonly
used morphological markers of plaque vulnerability,
fibrous cap thickness, and necrotic core size.*' Remark-
ably, the fibrous cap, evidenced by collagen-I and a-SMA
(a-smooth muscle actin) staining, was significantly thicker
in Nogo-A/BE*OApoE~~ mice, (Figure 4A and 4B; Fig-
ure S8). This finding was supported by the reduced
necrotic core area Nogo-A/BEK°ApoE~~ LAD lesions
(Figure 4C and 4D). To further explore the involvement
of immune-driven mechanisms, we stained LAD plaques
for CD68, a lineage marker of monocyte/macrophage
(Figure 4E). Interestingly, CD68+ staining was signifi-
cantly reduced in Nogo-A/BE*OApoE~~ compared with
ApoE~~ LAD lesions (Figure 4F). Taken together, these
findings indicate that the loss of endothelial NOGO-B
refrains the progression of atherosclerosis, by decreas-
ing inflammation, necrotic core formation, and plaque vul-
nerability of coronary lesions.

Atherosclerosis in the Ascending Aorta and
Right Carotid Artery Exposed to High Pressure
Were Reduced in the Absence of Endothelial
NOGO-B

As in coronary arteries, TAC induces the formation of
atherosclerotic lesions in vascular segments exposed
to high pressure, like ascending aorta and right carotid
artery (Figure bA).*? At 8 weeks post-TAC, oil-red-O
staining was significantly lower in Nogo-A/BE© ver-
sus ApoE™~ ascending aorta and right carotid artery
(Figure 5B and 5C).

Endothelial STP Metabolism in Coronary Diseases

Next, FACS analysis showed that in Nogo-A/
BECKOApoE~~ mice, the total number of macrophages
(F4/80+ cells) and monocyte-derived macrophage
(CCR2+ cells) in the high-pressured vascular beds was
markedly lower compared with ApoE~~ mice (Table 2;
Figure 5D through 5F; Figure S9). However, no differ-
ences were observed in CD11b+ and CD206+ mac-
rophages (Figure 5G and 5H), respectively pro-*® and
anti-inflammatory.** These data suggest that the loss of
NOGO-B in EC refrained the inflammatory flux from the
bloodstream to the vascular wall without affecting the
pro- and anti-inflammatory macrophage populations.

Endothelial NOGO-B Deletion Sustained
the Rewiring of Sphingolipid Metabolism
Toward S1P Imparting an Atheroprotective
Transcriptional Signature

Measurements of sphingolipids in myocardial EC from
mice at 8 weeks post-TAC (Figure 6A) showed a sig-
nificant increase of dihydrosphingosine (ca. 3.5-fold
versus sham, Figure 6B), as well as dihydrosphingosine-
1P and dhCer-16:0 (Figure 6C and 6D) suggesting an
upregulation of the de novo biosynthesis. Interestingly,
total ceramides were not changed in EC from 8 weeks
TAC-operated mice versus sham (Figure 6E), whereas
sphingosine levels were significantly increased (ca.
9-fold; Figure 6F) suggesting a sustained degradation
of ceramide to sphingosine refrained ceramide from
accrual. Of note, in addition to ceramide degradation, the
recycling pathway could also contribute to sphingosine
levels. Nonetheless, these data suggest that ceramide
accrual is not implicated in endothelial dysfunction dur-
ing atherosclerosis. Interestingly, at 8 weeks post-TAC,
the upregulation of S1P-ceramide ratio was no longer
sustained (Figure 1Q). Next, we compared the sphingo-
lipid levels in myocardial EC, with and without NOGO-B,
isolated from mice at 8 weeks post-TAC (Figure 61). In
the absence of NOGO-B, dihydrosphingosine-1P was

Figure 2 Continued. |, Representative images of CD45+ FACS analysis plots. J, Scheme experimental design. At 8 weeks post-TAC, ApoE~~
and Nogo-A/BECOApoE~~ left anterior descending (LAD) lesions were analyzed throughout the heart. K, Images of hearts from sham and
TAC-operated mice at 8 weeks post-surgery. The arrows indicate lipid accumulation (atherosclerotic lesions) in the LAD of ApoE~~, and milder
in the LAD of Nogo-A/BE*CApoE~~ hearts. L, Oil-red O/hematoxylin staining show initial lipid accumulation in the intima and some smooth
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muscle cell (SMC) of the LAD without stenosis (left) and images of atherosclerotic lesions of the LAD with marked stenosis (center and right).
M, Quantification of the occurrence of LAD lesions without and with stenosis in ApoE~~ and Nogo-A/BE® ApoE~~ mice at 8 weeks post-TAC.
Statistical significance was assessed by the binomial test, method Wilson/Brown. N, Quantification and mapping of the LAD stenosis in 8 weeks
TAC-operated ApoE~~ (n=19) and Nogo-A/BE“OApoE~~ (n=16) mice. Myocardial sections were stained with oil-red-O/hematoxylin, and LAD
stenosis was measured throughout the hearts as detailed in Methods. The x axis shows the distance from the aortic valve considered as referent
point (O mm) toward the apex. O, Bar graph represents the area under the curve of LAD stenosis in both groups. P, Representative images of
oil-red-O/hematoxylin-stained LAD lesions from ApoE~~ and Nogo-A/BEKOApoE~~ hearts. Q, Quantification of oil-red-O staining expressed

as percentage of the plaque area, in 8-week TAC-operated ApoE~~ (n=19) and Nogo-A/BE“CApoE~~ (n=16) mice. R, Bar graph representing
the area under the curve of Oil-red-O staining in LAD plaques in both groups. Data are expressed as mean+SEM. Statistical significance

was assessed by unpaired ttest (O and R). S, Cholesterol levels measured in the plasma of C57BI6 (n=5), ApoE~~ (n=18), and Nogo-A/
BECKOApoE~~ (n=13) mice. Statistical significance was assessed by 1-way ANOVA by Tukey multiple comparison test. (B, C, E through H, O,

R, S). Data are expressed as mean+SEM. Scale bar, 50 um. AUC indicates area under the curve; CRE, Cre recombinase; FACS, fluorescence-
activated cell sorting; MFIl, mean fluorescence intensity; RTPCR, reverse transcription polymerase chain reaction; VCAM, vascular cell adhesion
molecule; and VE, vascular endothelial.
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Figure 3. Cardiac function and survival rate were improved in ApoE~~ mice deleted of endothelial NOGO-B (reticulon-4B).

A, Representative images of 2-dimensional guided M-mode echocardiography of the left ventricle (LV) in 8 weeks post-transverse aortic
constriction (TAC) and sham of Nogo-A/BE*CApoE~~ and ApoE~~ mice. Graphs derived from echocardiographic analysis of (B) LV end-diastolic
diameter (LVDd), (C) LV end systolic (LVDs) diameter, and (D) fractional shortening (FS). n>15/group. Statistical significance was determined by
2-way ANOVA followed by Tukey multiple comparison test. E, Kaplan-Meier curve showing the percentage of survival of ApoE~~ and Nogo-A/
BECKOApoE~~ mice (n=23/group), at different times post-TAC. Statistical significance was assessed by Gehan-Breslow-Wilcoxon test. Plasma
measurements of (F) S1P (sphingosine-1-phosphate), (G) dhS1P, (H) total ceramides, and (I through O) specific ceramide species at 8 weeks
following sham or TAC surgery. Statistical significance was determined by (F through M) 2-way ANOVA followed by Tukey multiple comparison
test, and (N and O) Mann-Whitney U test (B-D, F-0). Data are expressed as mean+SEM.

significantly elevated, suggesting an upregulation of the
de novo biosynthesis (Figure 6J; Table 2).

Total ceramides were not affected, whereas S1P lev-
els and S1P-ceramide ratio were significantly augmented
suggesting a greater ceramide-sphingosine-S1P flux.
These data demonstrated that NOGO-B deletion sus-
tained the sphingolipid metabolic rewiring towards S1P
over ceramide (Figure 6L and 6K).

To better understand the impact of this metabolic
shift on EC phenotype and functions we performed

998  April 12,2024

an RNAseq at 8 weeks post-TAC (Figure 6M and 6N).
Interestingly, the loss of NOGO-B reduced the expres-
sion of proatherosclerotic genes (ie, Cxcl2, II1B, Jun
and Lpl, Cd36) while increasing the expression of anti-
atherosclerotic genes (ie, Nrdal, Abcgl, Nos3, Kif2
and Sipr1) in myocardial EC (Figure 6M and 6N).
Interestingly Asah! and AsahZ2, genes codifying for 2
ceramidases, degrading ceramide to sphingosine, were
significantly increased in absence of NOGO-B, support-
ing the enhanced ceramide-sphingosine conversion.

Circulation Research. 2024;134:990-1005. DOI: 10.1161/CIRCRESAHA.123.323826



202 ‘z 00100 uo Aq Blio'sfeuinofeye//:dny woly pspeojumod

Manzo et al Endothelial STP Metabolism in Coronary Diseases

ApoE™ NogoA/BECKO ApoE+

>

DAPI Col-I DAPI

Col-I DAPI

O ApoE* ‘ i .
ECKO - 4 &/ /4 4 / | 44/
O NogoA/BECKO ApoE U?JL 4 ; ‘V‘ { JWNC g
< ‘ 20| f 2y . i
By B S AR R a4 D P
p=0.00060 g o i AP T me A F L
I

Fibrous cap (um)
Necrotic area (%)

m

-n

ApoE-/-

% CD68 Area

NogoA/BECKO ApoE

Figure 4. The loss of endothelial NOGO-B (reticulon-4B) enhanced coronary plaque stability and reduced necrotic core and
macrophage infiltration.

A, Immunofluorescent staining of left anterior descending (LAD) lesions for collagen-l, a-SMA (a-smooth muscle actin) (smooth muscle cell
[SMC], green) and DAPI (nuclei, blue). Fibrous caps indicated with arrowheads in Ah and Ap. B, Quantification of the fibrous cap thickness in
ApoE~~ (LAD plaques=15, n=12 mice) and Nogo-A/BE*°ApoE~~ (LAD plaques=19; n=13 mice) mice at 8 weeks post-TAC. C, Representative
H&E staining of LAD plaques showing the necrotic core (black dotted lines) and (D) quantification in ApoE~~ (LAD plaques=13; n=6 mice) and
Nogo-A/BE*OApoE~~ (LAD lesions=13; n=8 mice) mice at 8 weeks post-TAC. E, Representative images of immunofluorescent staining for
CD68 (monocyte/macrophage, green) indicated by arrowheads, a-SMA (SMC, red), DAPI (blue) and (F) quantification of CD68 area (% of the
plaque area) of LAD plaques in ApoE~~ (LAD plaques=11, n=10 mice) and Nogo-A/BE*CApoE~~ (LAD lesions=16; n=8 mice) mice at 8 weeks
post-TAC. Data are expressed as mean+SEM. Statistical significance was determined by (B) Mann-Whitney U test and (D and F) unpaired t test.
Scale bar: 50 pm. ECKO indicates EC knockout.
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Figure 5. Endothelial Nogo-B deletion protected the mice from developing atherosclerosis and inflammation in the right carotid
artery exposed to high pressure after transverse aortic constriction (TAC).

A, Scheme, after TAC, the right carotid artery is exposed to high pressure (HP) and left carotid artery to low pressure (LP). B, Representative
images of left and right carotid arteries from ApoE~~ and Nogo-A/BE*°ApoE~~ mice stained with oil red-O at 8 weeks post-TAC. C,
Quantification of oil red-O staining in the ascending aorta and right carotid artery expressed as percentage of total vessel area in ApoE~~ (=8
mice) and Nogo-A/BEHCApoE~~ (n=6 mice). Statistical significance was assessed with Mann-Whitney U test. D through H, At 8 weeks post-
TAC, inflammatory cell infiltration of ApoE~~ and Nogo-A/BE*OApoE~~ right carotid arteries was assessed by FACS (fluorescence-activated
cell sorting) analysis, and cells were expressed as number (D) or percentage of F4/80+ cells (E, G, H) per right carotid artery. Macrophage
populations: (D) F4/80+, (E) CCR2+ followed by (F) representative FACS dop plots. G, CD11b+ and (H) CD206+ cells. D, E, G, H, Statistical
significance was determined by unpaired ttest. C through E, G, H, Data are expressed as mean+SEM. CCR2 indicates C-C chemokine receptor
type 2; CD11¢, cluster differentiation 11c; and CD206, cluster differentiation 206 (C-type mannose receptor 1).

DISCUSSION

This is the first study investigating how sphingolipid
metabolism and signaling change and impact endothe-
lial dysfunction in a novel model of coronary atheroscle-
rosis in mice. Here, we demonstrated that ceramides
are not elevated in myocardial EC isolated from mice
with coronary atherosclerosis (Figure 6), which is a
paradigm shift from the current belief that ceramide

1000  April 12,2024

accrual contributes to endothelial dysfunction, mainly
deduced by in vitro paradigms.® This study identified
a heretofore-underappreciated metabolic shift favor-
ing S1P over ceramide in myocardial EC exposed to
hemodynamic stress with protective capacity. This
change channeled the de novo sphingolipid biosynthe-
sis toward dihydrosphingosine-1P and S1P formation,
both bioactive lipids with vasculoprotective capacity.
Sustaining this STP metabolic shift in vivo, by deleting

Circulation Research. 2024;134:990-1005. DOI: 10.1161/CIRCRESAHA.123.323826
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Table 2. Absolute Values of Sphingolipid Measurements (Shown in Figure 6J) in Myocardial Endothelial Cells Isolated From

ApoE~- and Nogo-A/BE*°ApoE~- Mice at 8 Weeks Post-TAC

Sphingolipid measurements shown in Figure 6J
ApoE~~ 8 wks post-TAC
dhCer-16:0 pmolL/ mg 2766 24.24 33.48 21.27 21.11 24.58 29.12
dhSph pmolL/mg 74.16 73.30 73.16 71.57 70.54 73.45 68.61
dhSph-1P pmolL/ mg 2.93 1.86 1.33 1.97 0.80 1.15 2.00
Sph pmolL/mg 133.54 1565.02 162.98 147.78 153.00 156.41 150.01
S1P pmoL/ mg 0.09 0.11 0.09 0.05 0.07 0.03 0.10
Total Cer pmolL/mg 1522.50 1662.00 1903.50 1470.00 1461.00 1550.00 1689.00
S1P/Cer 5.60x10°° 6.84x10°° 5.60x107° 3.11x10°° 4.35%x10°° 1.87x107° 6.22x107°
Total SM pmolL/mg 21939.44 21649 2247498 22717.22 22505.88 20850.92 21159.25
Nogo-A/B E°© ApoE~'~ 8 wks post-TAC
dhCer-16:0 pmoL/ mg 30.50 16.62 33.80 35.75 34.08 18.45 20.35
dhSph pmolL/mg 61.83 62.36 62.18 65.03 64.37 62.20 64.52
dhSph-1P pmol/ mg 2.25 3.85 1.68 1.47 3.86 3.78 2.78
Sph pmol/mg 135.06 122.56 123.80 143.72 144.65 139.33 129.28
S1P pmoL/ mg 0.16 0.18 0.17 0.08 0.13 0.08 0.11
Total Cer pmolL/mg 1823.00 1364.00 1645.00 1981.00 1784.00 1438.00 1471.00
S1P/Cer 9.73x107° 1.10x10™ 1.083x10™ 4.87%x107° 7.91x107° 4.87x107° 6.69x107°
Total SM pmolL/mg 24889.13 21140.83 20644.35 22995.56 21242.39 21842.18 22760.16

dhSph indicates dihydrosphingosine; dhSph-1F, ihydrosphingosine-1-phosphate; S1P, sphingosine-1-phosphate; Sph, sphingosine; and TAC, transverse aortic

constriction.

NOGO-B in EC, refrained endothelial activation and
coronary atherosclerosis development and progression
in ApoE™~ mice. These metabolic changes imparted
an anti-atherosclerotic transcriptional signature of EC
lacking NOGO-B, supporting reduced coronary athero-
sclerosis in vivo (graphical abstract).

Our data demonstrated that in mice with coronary
atherosclerosis, endothelial sphingolipid de novo bio-
synthesis is increased (ie, increased dihydrosphingosine
and dhCer-16:0), without resulting in ceramide accrual
(Figure 6). This is due to both enhanced phosphorylation
of dihydrosphingosine and degradation of ceramide to
sphingosine, and S1P formation. The outcome of these
metabolic changes is the buildup of a vasculoprotective
mechanism allowing the EC to shift the S1P-ceramide
ratio toward S1P signaling. Another potential mecha-
nism for EC to limit ceramide accrual is via the release
of extracellular vesicles, recently proposed as biomark-
ers for cardiovascular diseases.® Elevation of distinct
ceramides (e.. C24:1-cer) in extracellular vesicles was
associated with increased risk for major adverse cardio-
vascular events.*®

The upregulation of NOGO-B expression in myocar-
dial EC of pressure-overloaded hearts (Figure 1F and
1G) suggested that NOGO-B was counterbalancing
this protective mechanism by refraining sphingolipid de
novo biosynthesis. Indeed, in vivo data using a genetic
approach (ie, Nogo-B deletion in EC) demonstrated that
NOGO-B regulation of sphingolipid de novo synthesis
contributed to EC activation following hemodynamic

Circulation Research. 2024;134:990-1005. DOI: 10.1161/CIRCRESAHA.123.323826

stress, leading to the initiation of atherosclerotic events
and progressive plague formation. Metabolically, Nogo-B
deletion enhanced the de novo biosynthesis (ie, increased
dihydrosphingosine-1P) and S1P synthesis, shifting the
S1P-ceramide rheostat toward S1P signaling, vasculo-
protective. The loss of NOGO-B significantly increased
the phosphorylation of both dihydrosphingosine and
sphingosine to dihydrosphingosine-1P and S1P respec-
tively (ca. 2-fold), which could explain the slightly lower
dihydrosphingosine and sphingosine levels compared
with EC replete with NOGO-B. This effect was not due
to elevated sphingosine kinase-1 or 2 expressions (data
not shown), but likely to the enhanced sphingolipid flux.
Interestingly, mRNA levels of Asah1%” and Asah2*¢ key
enzymes degrading ceramides into sphingosine and free
fatty acids, were significantly increased in the absence of
NOGO-B, suggesting that ceramides were preferentially
degraded to sphingosine and channeled towards S1P.
While the mechanism underlying Asah1 and Asah2 over-
expression in EC lacking Nogo was beyond the scope
of this work, a recent study from Wang and colleagues,
demonstrated that S1P may be able to upregulate Asah-
1 gene transcription in positive feedback signaling.*®

Products of sphingosine kinases®® both S1P and
dihydrosphingosine-1P are bioactive lipids able to acti-
vate S1P receptors,5'-23 with plasma dihydrosphingosine-
1P levels being ca. 20% to 30% of S1P (Figure 3G),
similar to human plasma.®*

Endothelial-derived S1P plays an important role in
cardiovascular homeostasis and is tightly regulated to
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Figure 6. The loss of NOGO-B suppressed endothelial cell (EC) activation at early and later time points post-transverse aortic

constriction (TAC).

A, Scheme ECs were isolated from 8 weeks TAC- (n=7) or sham-operated (n=6) ApoE~~ mice and measured for sphingolipids by LC/MS/MS.

B, dihydrosphingosine (dhSph), (C) dihydrosphingosine-1-phosphate (dhSph-1P), (D) dhCer-16:0, (E) total ceramides, (F) sphingosine (Sph),

(G) S1P (sphingosine-1-phosphate), and (H) S1P/ceramide ratio. B through H, Statistical significance was assessed by using Mann-Whitney

Utest. I, Scheme ECs were isolated from Nogo-A/BE““CApoE~~ and ApoE~~ at 8 weeks post-TAC for sphingolipid measurement. J, Myocardial

EC sphingolipids (dhSph, dhSph-1P, dhCer-16:0, total ceramides, Sph, S1P) and S1P/ceramide ratio in Nogo-A/BE*CApoE~~ EC (n=7) were
expressed relative to ApoE™~ EC at 8 weeks post-TAC. Statistical significance was assessed by Kolmogorov-Smirnov test. K, Scheme of the de novo
sphingolipid pathway indicating major species affected by NOGO-B deletion under prolonged hemodynamic stress. L, Changes in S1P/ceramide
ratio in EC lacking NOGO-B exposed to prolonged hemodynamic stress. M, Volcano plot showing log2-fold of change (x axis) and the —log10 P
value (y-axis; upregulated genes are shown in red, A<0.05, FC>1; downregulated genes are shown in blue, A<0.05, FC<—1) in EC isolated from
hearts of ApoE~~ and Nogo-A/BE“°ApoE~~ mice at 8 weeks post-TAC. N=3 mice per group. N, Heatmap showing pro- and anti-atherosclerotic
genes in FACS (fluorescence-activated cell sorting) sorted EC isolated from hearts of ApoE~~ and Nogo-A/BE“CApoE~~ mice at 8 weeks post-TAC.
Genes are ordered from top to bottom based on log2FC of Cre+ vs Cre—. The color of dot represents the z score of log UML. The sizes of the dots
represent the percentage of cells with corresponding gene expression. All genes have Benjamini-Hochberg adjusted A<0.05. B through H, J, Data
are expressed as mean+SEM. FACS indicates fluorescence-activated cell sorting; MS, mass spectrometry; and LC, liquid chromatography.

maintain several important functions.2'932%5 The dele-
tion of endothelial S1P transporter Spns2 (spinster-2)
impaired flow-induced vasodilation, increased blood
pressure at baseline, and worsened hypertension
and cardiac hypertrophy following chronic infusion of
angiotensin-11%° S1PR1 is the most abundant S1P
receptor in EC and a potent activator of eNOS.2 Postnatall
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excision of endothelial STPR1 or chronic treatment with
FTY720, downregulating S1PR1 expression, also dis-
rupted flow-mediated vasodilation and increased blood
pressure.?” Furthermore, Galvani and colleagues ele-
gantly demonstrated that endothelial STPR1 had athero-
protective functions in mice,? in part due to inhibition of
NF-kB (nuclear factor kappa B) signaling.
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We reported that deletion of endothelial NOGO-B
enhanced S1P production and S1PR1 signaling, result-
ing in resistance to hypertension mainly due to elevated
eNOS-derived NO production®** and reduced inflam-
mation ascribed to heightened endothelial barrier func-
tion,®%3" all mechanisms supporting the atheroprotective
phenotype of Nogo-A/BECCApoE~" mice.

In this study, we demonstrated that myocardial EC lack-
ing NOGO-B were resistant to activation following hemo-
dynamic stress at an early time point (7 days), as shown
by reduced VCAM1 and inflammatory gene expression
(ie, Mcp1, I11B, and Cxcl2). VCAM1 was suggested to play
a major role in the initiation of atherosclerosis,*® while
clinical and preclinical studies underlined the key role of
IL1p in atherosclerosis development and progression.®5%”
In line with reduced EC activation, coronary and carotid
lesions of Nogo-A/BE“*°ApoE~~ mice had reduced num-
ber of macrophages, suggesting a lower recruitment due
not only to the lower levels of VCAM, and cytokines/che-
mokines, but most likely also to enhanced S1P-mediated
barrier function,*®3! as previously reported. Furthermore,
deletion of endothelial NOGO-B increased plaque stabil-
ity as shown by higher fibrous cap thickness and reduced
necrotic core size (Figure 4).

Interestingly, RNAseq data on EC isolated from mice
affected by coronary lesions (8 weeks post-TAC) showed
a remarkable atheroprotective gene profile when
NOGO-B was deleted (Figure 6). The loss of NOGO-B
significantly increased the expression of S7pri, which
increases the barrier function, eNOS-derived NO forma-
tion, and suppresses inflammation.#2"® Furthermore, a
recent study from Akhter and colleagues showed that in
a mouse model of endotoxemia S1P generation induced
the programming of STPR1°* to S1PR"" aiding the
reestablishment of endothelial barrier®® Thus, it is possi-
ble that in absence of NOGO-B, endothelial-derived S1P
drives this positive feedback enhancing Spr1 expression
and endothelial function.

Abcg 1 and Abca1 upregulated in EC lacking NOGO-B,
have been shown to protect mice from atherosclerosis.®
Col4al and Col4a2 genes were increased by Nogo-B
deletion supporting the thicker fibrous cap and more
stable plaques. Interestingly, human variants of Col4a1l
and Col4a2 have been associated with plaque vulner-
ability.®" On the contrary, many proatherosclerotic genes
were significantly reduced in absence of NOGO-B (e,
Cxcl2, ll1b, Jun, Cd36, etc). A large body of literature
linked the hemodynamic disturbance with transcriptional
regulation of functional phenotype in EC.2 High expres-
sion of Kruppel-like factor 2 (KIf2), considered the most
responsive transcriptional factor to flow, has been shown
in EC of atheroresistent regions in humans.5? KLF2 pro-
motes an anti-inflammatory and antithrombotic endothe-
lial phenotype, by suppressing NF-kB, and upregulating
nos3% and S1pri among other genes.® Hence, in the
absence of NOGO-B, the increased expression of nos3
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and STpr1in EC could be also due to k/f2 upregulation. It
is noteworthy to underline that S1P-S1PR1 signaling is
a key player in flow-mediated vasodilation'®®® and endo-
thelial response to shear stress, including alignment, sig-
naling, and vascular development.®

One limitation of our study is the use of myocardial EC
instead of coronary EC to overcome the insufficient cell
number for the different analyses performed.

In summary, using @ model of coronary atherosclerosis
in ApoE™~ mice, we demonstrated a rewiring of sphingo-
lipid metabolism toward S1P and dihydrosphingosine-1P
in EC exposed to hemodynamic stress, which is transient
and protective. The deletion of NOGO-B can enhance and
sustain the rewiring of sphingolipid metabolism towards
S1P and its atheroprotective capacity. Our findings also
disprove the increase of ceramides as a mechanism con-
tributing to endothelial dysfunction in atherosclerosis and
set forth the foundation for sphingolipid-based therapeu-
tics to limit atheroprogression.
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