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Aims Growing evidence correlate the accrual of the sphingolipid ceramide in plasma and cardiac tissue with heart failure (HF).
Regulation of sphingolipid metabolism in the heart and the pathological impact of its derangement remain poorly under-
stood. Recently, we discovered that Nogo-B, a membrane protein of endoplasmic reticulum, abundant in the vascular
wall, down-regulates the sphingolipid de novo biosynthesis via serine palmitoyltransferase (SPT), first and rate liming en-
zyme, to impact vascular functions and blood pressure. Nogo-A, a splice isoform of Nogo, is transiently expressed in car-
diomyocyte (CM) following pressure overload. Cardiac Nogo is up-regulated in dilated and ischaemic cardiomyopathies
in animals and humans. However, its biological function in the heart remains unknown.

Methods
and results

We discovered that Nogo-A is a negative regulator of SPT activity and refrains ceramide de novo biosynthesis in CM ex-
posed to haemodynamic stress, hence limiting ceramide accrual. At 7 days following transverse aortic constriction (TAC),
SPT activity was significantly up-regulated in CM lacking Nogo-A and correlated with ceramide accrual, particularly very
long-chain ceramides, which are the most abundant in CM, resulting in the suppression of ‘beneficial’ autophagy. At
3 months post-TAC, mice lacking Nogo-A in CM showed worse pathological cardiac hypertrophy and dysfunction,
with ca. 50% mortality rate.

Conclusion Mechanistically, Nogo-A refrains ceramides from accrual, therefore preserves the ‘beneficial’ autophagy, mitochondrial
function, and metabolic gene expression, limiting the progression to HF under sustained stress.
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1. Introduction
Despite the progress in therapies and preventions, heart failure (HF) still
affects about 26 million people worldwide, with even more alarming
projections.1 Altered sphingolipid (SL) metabolism has been implicated
in the pathogenesis of HF.2–4 SL are both building blocks of eukaryotic
cell membranes and potent signalling molecules.5 The SL ceramides
regulate multiple cellular processes, including apoptosis and autop-
hagy.6,7 Plasma ceramides are elevated in hypertension,8 HF,9–11 and
Type 2 diabetes,12,13 and have been identified as predictor of major car-
diovascular events in patients with and without coronary artery dis-
eases.14–16

Growing evidence indicates a critical role of ceramides in cardiac lipo-
toxicity and HF.17 Myocardial ceramide levels are increased in models of
lipotoxic cardiomyopathy2,18–20 and ischaemic cardiomyopathy,11,21 in
animals and humans. Russo et al.22 reported that the increase of myocar-
dial C14:0-ceramide, the least abundant in the heart, contributed to lipo-
toxic cardiomyopathy in mice, in part by increasing autophagy and cell
death. In the myocardium of patients affected by HF total ceramides,
but not C14:0-ceramide, were significantly elevated compared with con-
trol subjects.11 Although further studies are needed to underpin
ceramide-specific functions in cardiomyocyte (CM) biology, there is a
general consensus on the contribution of ceramide to lipotoxic-
mediated cardiomyophaty.23 On the contrary, the role of ceramides
in pathological cardiac hypertrophy in response to haemodynamic stress
is virtually unknown.

Autophagy is regarded as a protective mechanism of the heart, pre-
serving its structure and functions.24–26 Haemodynamic stress activates
autophagy to function as ‘damage control’ mechanism of the heart.
However, in the failing heart autophagy is suppressed contributing to
HF.25,27 To date, how ceramide metabolism is regulated in the heart un-
der haemodynamic stress and its contribution to cardiac damage remain
poorly understood.

In ischaemic conditions, Ji et al.11 demonstrated that the de novo bio-
synthesis is mainly accountable for cardiac ceramide elevation, suggest-
ing the inhibition of the de novo pathway as a potential therapeutic
strategy. A study from Lee and colleagues demonstrated that the loss
of serine palmitoyltransferase (SPT) subunit 2 (Sptlc2) specifically in
CM, impairing the de novo production, led to dilated cardiomyopathy,28

suggesting that ceramide production is necessary for cardiac health.
These findings underline the importance of ceramide homeostasis in
preserving heart functions.

Thus, understanding how cardiac SL homeostasis is maintained, and
the pathological consequences of its derangement, are of fundamental
importance to develop therapeutic strategies aiming to restore ‘homeo-
stasis’ and limit the progression to HF.

In this regard, our laboratory discovered that Nogo-B, a membrane
protein of the endoplasmic reticulum, binds to and inhibits SPT, the first
and rate-limiting enzyme of de novo SL biosynthesis.29,30 Nogo-B is highly
expressed in blood vessels29 and mice lacking endothelial Nogo-B are
protected from hypertension,29 inflammation,31 and pathological car-
diac hypertrophy.32

Nogo-A is the splice isoform of Nogo and mainly expressed in the cen-
tral nervous system.33We showed that under haemodynamic stress, CM
express Nogo-A already at 3 days post-transverse aortic constriction
(TAC).32 Multiple other studies reported an up-regulation of Rtn4 gene
(also known as Nogo) in dilated and ischaemic cardiomyopathies, in ani-
mals and humans.34–39 Rtn4 expression is increased in five different mod-
els of cardiomyopathy including pressure overload.38 Hence, Nogo has

been regarded as potential biomarker of HF. To date, the biological
role of Nogo-A in the heart remains virtually unknown.

This study investigates whether Nogo-A protects the heart from fail-
ure, and underlying mechanisms. We found that mice lacking Nogo-A
specifically in CM manifested a severe dilated cardiomyopathy and heart
dysfunction during pressure overload, with mortality rate of ∼50% vs.
control mice. Mechanistically, in pressure overloaded hearts the loss
of Nogo-A-mediated inhibition on SPT leads to ceramide accrual in
CM, which suppresses the onset of ‘protective autophagy’, impairs mito-
chondrial functions and compensatory expression of metabolic genes,
contributing to severe HF.

2. Methods

2.1 Animals
Nogo-A/B floxed mice (Nogo-A/Bf/f) were generated as previously de-
scribed.29 A mouse strain lacking Nogo-A/B specifically in CMs was gen-
erated by crossing Nogo-A/Bf/f mice with transgenic mice in which the
expression of Cre recombinase was under the promoter of ventricular-
specific isoformmyosin light chain 2 (Mlc2v-Cre),40,41 hereafter referred
to as (Nogo-A/Bf/f)Mlc2v-Cre+. Mlc2v-Cre mice were kindly provided
by Dr Frank Giordano, Yale School of Medicine. Nogo-A/B-deficient
mice have been previously described.42 For all the experiments,
age- and gender-matched littermates were used. All protocols and ex-
perimental procedures were performed in accordance with the NIH
guidelines for the care and use of laboratory animals and approved by
the Institutional Animal Care and Use Committee of Weill Cornell
Medicine. For tissue collection, mice were euthanized by excess carbon
dioxide administration.

2.2 Minimally invasive TAC
At 10–12 weeks of age, (Nogo-A/Bf/f)Mlc2v-Cre+ and (Nogo-A/Bf/f)
Mlc2v-Cre− (indicated as Nogo-A/Bf/f) were subjected to TAC or sham
surgery as previously reported.32 Briefly, mice were anaesthetized with ke-
tamine/xylazine (100/5 mg/kg). After hair removal a horizontal incision was
made at the level of second intercostal space. After retracting the thymus,
the aortic arch was visualized by using a dissecting scope (Zeiss
Discovery.V8 Stereo, Jena, Germany). A 7-0 nylon ligature was tied be-
tween the innominate and left common carotid artery with an overlying
probe made from 26-gauge needle, which was then rapidly removed, leav-
ing a discrete region of stenosis. Sham-operated animals underwent to the
same surgical procedure without the ligation of the aorta.

2.3Myriocin and chloroquine treatments of
mice following TAC
At 10–12 weeks of age, (Nogo-A/Bf/f)Mlc2v-Cre+ and Nogo-A/Bf/f were
subjected to TAC surgery as previously reported.32 (Nogo-A/Bf/f)
Mlc2v-Cre+ and Nogo-A/Bf/f mice were intraperitoneally injected with
myriocin (My, 0.1 mg/kg, #M1177; Sigma, St Louis, MS, USA) in 0.4%
fatty acid–free bovine serum albumin (BSA) in phosphate-buffered saline
(PBS) or vehicle, as indicated. Mice were injected with My or vehicle at
Days 1, 3, 5, 7, and 9 following TAC surgery (Day 0), and echocardio-
graphic analysis was performed at 1 month post-TAC. In another set
of experiments, TAC-operated (Nogo-A/Bf/f)Mlc2v-Cre+ and
Nogo-A/Bf/f mice were treated with My (0.1 mg/kg) at Days 1, 3, and
5. At Day 7 post-TAC, mice were sacrificed and CM isolated for
Western blot (WB), reverse transcriptase-polymerase chain reaction
(RT-PCR) analysis, and SL measurements.
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In another set of experiments, at 7 days post-TAC, (Nogo-A/Bf/f)
Mlc2v-Cre+ and Nogo-A/Bf/f mice were treated with chloroquine
(CQ; 10 mg/kg) or vehicle (water) and after 2 h mice were sacrificed
and CM isolated for WB analysis.

2.4 Echocardiographic analysis
Cardiac dimensions and function were analysed by transthoracic echo-
cardiogram using a Vevo 770 and 3100 Imaging Systems
(VisualSonics, Toronto, ON, Canada).32 Mice were lightly anaesthetized
with inhaled isoflurane (2% in O2). Left-ventricle M-mode was used, and
all measurements were obtained from the averaged values of three con-
secutive cardiac cycles. Left-ventricle end-diastolic (LVDd) and end-
systolic (LVDs) dimensions were measured from the M-mode traces,
and fractional shortening (FS) was calculated as follows: [(LVDd—
LVDs)/LVDd]. Diastolic measurements were taken at the point of max-
imum cavity dimension, and systolic measurements were made at the
point of minimum cavity dimension, using the leading-edge method of
the American Society of Echocardiography.43

2.5 Histological analysis of heart sections
Mice were sacrificed at different time points after TAC or sham surgery
as indicated, and perfused with PBS via left ventricle at constant pressure
of 80 mmHg. The hearts were fixed with 4% paraformaldehyde (PFA)
overnight at 4°C. Some hearts were cut in half along the long axis and
paraffin embedded. Following deparaffinization and rehydration, 5 μm
thick heart sections were stained with haematoxylin and eosin (H&E).
In another set of experiments, PFA-fixed hearts were incubated for
24 h in 30% sucrose solution at 4°C on rotation, then divided in three
parts along the short axis (base, middle, and apex), incubated o.n. with
1:1 mixture of OCT/sucrose 30% and embedded in OCT. Myocardial
section of 10 μm was used for immunofluorescent analysis. After per-
meabilization in 0.5% Triton X-100 in 5% BSA solution, frozen myocar-
dial sections were incubated at 4°C o.n. with antibodies against Nogo-A/
B (1:100, #AF-6034; R&D Systems, Minneapolis, MN, USA) and Nogo-A
(1:100, #MAB3098; R&D Systems) in 5% BSA in PBS solution, followed
by secondary antibodies in PBS solution, Alexa Fluor-555 donkey anti-
sheep (1:200, #A21436; Invitrogen, Waltham, MA, USA) and Alexa
Fluor 568-conjugated donkey anti-mouse IgG (1:200, #A10037;
Invitrogen), and with fluorescein isothiocyanate (FITC)-conjugated
wheat germ agglutinin (40 μg/mL; #L4895; Sigma) in PBS for 1 h at
room temperature. Nuclei were stained with 4′,6-diamidino-2-phenylin-
dole (DAPI). Z-stack immunofluorescence images were captured with
Zeiss Axio Observer. Z1 microscope and deconvoluted with ZEN
pro 2012 software (Carl Zeiss, Jena, Germany).

2.6 Flow cytometry analysis
Hearts were harvested, minced, and digested with Type I collagenase.
Homogenates were filtered through a 40 µM filter to remove the CM.
Non-CMs cell suspension was stained with the following
antibodies (Biolegend, San Diego, CA, USA): CD45-APC (#103112),
CD11b-FITC (#101206), CD3-APCCy7 (#100221 or #100330),
CD19-PE (#152407 or #115508) CD4-PECy7 (#100421),
CD4-PerCP/Cyanine5.5 (#100434), Ly6C-PECy7 (#128017),
Ly6G-APCCy7 (#127623), Ly6G-Alexa Fluor 700 (#127622),
CD64-PE (#139304). Samples were run on a BD Fortessa analyser
(BD Biosciences, San Diego, CA, USA) and analysed with FlowJo soft-
ware (BD Biosciences). Gating of populations and cell number calcula-
tions were performed as previously described.44 The number of cells
per heart of the indicated populations were obtained by multiplying

the percentage of specific cell population with the total cellularity of
the sample.

2.7 CM isolation from murine heart
CM were isolated from (Nogo-A/Bf/f)Mlc2v-Cre+ and Nogo-A/Bf/f

sham- and TAC-operated mice according to a modified version of
AfCS Procedure Protocol PP00000125 as previously reported.32

Briefly, the hearts were rapidly excised and cannulated, and perfused
with AfCS perfusion buffer (mM: NaCl 113, KCl 4.7, KH2PO4 0.6,
Na2HPO4 0.6, MgSO4 1.2, NaHCO3 12, KHCO3 10, HEPES 10, taurine
30, glucose 5.5, and 2,3-butandione monoxime (BDM) 10), for 5 min at a
speed of 4 mL/min. Then with digestion buffer (1 mg/mL collagenase
Type II and 50 μMCaCl2 in AfCS) for 12–15 min. After enzymatic diges-
tion of the heart (hearts appeared swollen, pale, and flaccid), the ventri-
cles were excised and minced into small pieces in stop buffer (1 mg/mL
collagenase Type 2, 15 mg/mL BSA and 50 μM CaCl2 in AfCS) and bath
at 37°C for 10 min. Pipets were used to gently dissociate the heart tissue
until all large pieces were disaggregated. Cell suspensions were filtered
with a 150 μm filter and CM were purified by three consecutive natural
gravity sedimentations in AfCS buffer with increasing concentrations of
CaCl2, 100, 400, and 900 μM, respectively, of 15 min each, as recently
reported by Li et al.45. CM were used for WB, RT-PCR, and SL analysis.

2.8 Real-time PCR analysis of gene
expression
CM were isolated as aforementioned from the hearts of sham
and TAC-operated (Nogo-A/Bf/f)Mlc2v-Cre+ and Nogo-A/Bf/f mice at
7 days post-surgery. Total RNA was extracted according to the TRIzol
reagent protocol (#15596026; ThermoFisher Scientific, Waltham, MA,
USA). Maxima First Strand cDNA Synthesis Kit (#K1641;
ThermoFisher Scientific) was used for the reverse transcription of
100 ng of RNA. For RT-PCR analysis, PowerUp™ SYBR™ Green
Master Mix (#A25779; ThermoFisher Scientific, Waltham, MA, USA)
and Applied Biosystems 7500 Fast RT-PCR system were used. Primer
sets were: Gapdh (5′-AGGTCGGTGTGAACGGATTTG-3′ and
5′-TGTAGACCATGTAGTTGAGGTCA-3′), Rtn4 (Nogo-A/B)
(5′-GGTGCCTTGTTCAATGGTTT-3′ and 5′-ATTCTGCTTTGCGC
TTCAAT-3′), Tnnt2 (5′-TCCTGGCAGAGAGGAGGAAG-3′ and
5′-TGCAGGTCGAACTTCTCAGC-3′), Nkx2.5 (5′-ACATTTTACCC
GGGAGCCTA-3′ and 5′-GGCTTTGTCCAGCTCCACT-3′), Fsp1
(5′-GATGAGCAACTTGGACAGCA-3′ and 5′-TGTGCGAAGAAGCC
AGAGT-3′), Cd45 (5′-CTTCAGTGGTCCCATTGTGGTG-3′ and 5′-TC
AGACACCTCTGTCGCCTTAG-3′), Cd31 (5′-CCAAAGCCAGTAG
CATCATGGTC-3′ and 5′-GGATGGTGAAGTTGGCTACAGG-3′),
Ppara (5′-GAGGGTTGAGCTCAGTCAGG-3′ and 5′-GGTCACCTACG
AGTGGCATT-3′), Glut4 (5′-ACTCTTGCCACACAGGCTCT-3′ and
5′-AATGGAGACTGATGCGCTCT-3′), Cpt1b (5′-GTCGCTTCTTCAA
GGTCTGG-3′ and 5′-AAGAAAGCAGCACGTTCGAT-3′), Cd36
(5′-TCCTCTGACATTTGCAGGTCTATC-3′ and 5′-AAAGGCA
TTGGCTGGAAGAA-3′). Relative mRNA expression was calculated
with the 2(−ΔΔCt) method, using Gapdh as housekeeping.46

2.9 WB analysis and
co-immunoprecipitation (co-IP)
CM were isolated as described above from the hearts of sham and
TAC-operated (Nogo-A/Bf/f)Mlc2v-Cre+ and Nogo-A/Bf/f mice at
7 days, 1 and 3 months post-surgery. WB was performed as previously
reported.28 Protein extracts were prepared from isolated CM by using
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radioimmunoprecipitation assay buffer (RIPA) buffer containing phos-
phatase (#04906845001; Roche, Basel, Switzerland) and protease
(#11873580001; Roche) inhibitors. SDS-PAGE was performed using
50 μg of CM lysates. The following primary antibodies were used for
WB analysis: ORMDL3 (#ABN417; Sigma), ceramide synthase 2
(CERS2; #20344-1-AP; Proteintech, Rosemont, IL, USA), SPTLC1
(#611304; BD Biosciences), SPTLC2 (#A11716; Abclonal, Woburn,
MA, USA), LC3B and BECLIN-1 (#2775 and #3495; Cell Signaling
Technology, Danvers, MA, USA), NOGO-A (#MAB3898; R&D
Systems), NOGO-A/B (#AF6034; R&D Systems), PKCα/β
(#BS-3531R; ThermoFisher Scientific), and GAPDH (ab181602;
Abcam, Cambridge, United Kingdom).

To assess the interaction between SPT andNOGO-A, HEK293T cells
were transfected with plasmids expressing SPTLC1 and
MYC-NOGO-A. After 48 h, cells were lysed and NOGO-A was immu-
noprecipitated with antibody against MYC (#sc-40; Santa Cruz
Biotechnology, Dallas, TX, USA) in modified RIPA buffer (50 mM
Tris-HCl pH 7.2, 0.9% NaCl, 5.0 mM NaF, 1.0 mM Na3VO4, 1%
NP40, and protease inhibitors) at 4°C o.n. The immune complexes
were precipitated with protein A sepharose beads (Sigma) and size frac-
tionated on SDS-PAGE gels. SPTLC1 co-immunoprecipitated with
NOGO-A was detected with SPTLC1 antibody (#611304; BD
Biosciences). To assess the interaction between SPT and Nogo-A in
vivo, microsomal fractions from WT and Nogo-A/B-/- hearts were
homogenized and resuspended in RIPA buffer. Nogo-A was immuno-
precipitated using an antibody against Nogo-A (#MAB3898; R&D
Systems) at 4°C o.n. The immune complexes were precipitated with
Dynabeads protein G (#10003D; Invitrogen, for 1.5 h at 4°C) and size
fractionated on SDS-PAGE gels.

2.10 SPT activity assay
CM were isolated as aforementioned from the hearts of sham and
TAC-operated (Nogo-A/Bf/f)Mlc2v-Cre+ and Nogo-A/Bf/f mice at
7 days, 1 and 3 months post-surgery. SPT activity was measured as pre-
viously described.47 Briefly, CM were homogenized in SPT reaction buf-
fer (0.1 M HEPES pH 8.3, 5 mM DTT, 2.5 mM EDTA pH 7.4, 50 μM
pyridoxal 5′-phosphate). The assay was conducted in a volume of
0.1 mL composed by 200 μg of CM lysates, 0.45 μM [3H]-serine
(PerkinElmer, Shelton, CT, USA), 0.2 mM palmitoyl-CoA (#P9716;
Sigma). After 15 min at 37°C, the reaction was stopped with NaBH4

(5 mg/mL) that allows the conversion of the product 3-ketosphinganine
into sphinganine (also known as dihydrosphingosine). Radiolabelled li-
pids were extracted by using a modified Bligh and Dyer’s method,48 dis-
solved in CHCl3 and analysed by thin-layer chromatography. TLC plates
were developed with chloroform, methanol, and ammonium hydroxide
(65:25:4). [3H]-Serine-labelled sphinganine was quantified using the
RITA radioactivity TLC analyser (Raytest, Straubenhardt, Germany)
and a [3H]-serine calibration curve.

2.11 SL analysis by LC/MS/MS
CMwere isolated from the hearts of sham and TAC-operated (Nogo-A/
Bf/f)Mlc2v-Cre+ and Nogo-A/Bf/f mice at 7 days, 1 and 3 months post-
surgery. CM lysates in RIPA buffer were analysed for SL contents by
LC/MS/MS at the Lipidomics Shared Resource at the Medical
University of South Carolina as previously described.32

2.12 Diacylglycerol analysis by LC/MS/MS
CM were isolated from the hearts of TAC-operated (Nogo-A/Bf/f)
Mlc2v-Cre+ and Nogo-A/Bf/f mice at 7 days post-surgery. CM pellets

were analysed for lipid contents by LC/MS/MS at the Proteomic and
Metabolomic Core Facility at Weill Cornell Medicine and values were
expressed per milligram of CM proteins.

2.13 Measurements of ROS production
CM from adult murine ventricles were isolated for ROS measure-
ments.49 Briefly, the heart was rapidly isolated, cannulated, and perfused
with perfusion buffer (in mM: NaCl 120.4, KCl 14.7, KH2PO4 0.6,
Na2HPO4 0.6, MgSO4 1.2, NaHCO3 4.6, HEPES 10, taurine 30, glucose
5.5, and BDM 10), for 5 min at a speed of 2.5 mL/min. Perfusion buffer
was then replaced with digestion buffer (0.854 mg/mL Type 2 collage-
nase and 0.34 mg/mL proteinase XIV) and perfused for 10–15 min.49

The heart was then teased into small pieces in stop buffer (perfusion buf-
fer with 10% foetal bovine serum), filtered through a 100 µM nylon
mesh, followed by centrifugation [1 min at 750 relative centrifugal force
(RCF)]. The cells were successively resuspended in 10 mL stop buffer
and Ca2+ was gradually reintroduced to a final concentration of
1.2 mM.50 After Ca2+ reintroduction, cells were centrifuged (1 min at
750 RCF) and resuspended in imaging buffer (in mM: NaCl 116, KCl
5.4, Na2HPO4 0.9, MgSO4 0.4, CaCl2 1.2, HEPES 20, taurine 20, glucose
10, and sodium pyruvate 5, pH= 7.4). Cells were plated onto 35 mm
MatTek glass bottom dishes pre-coated for 2 h with 10 µg/mL laminin
at RT and allowed to attach for 1 h.51 For the assessment of cellular
and mitochondrial ROS production, cells were incubated with 10 µM
H2DCF-DA

52 or with 5 µM MitoSOX,50 respectively, for 10 min in im-
aging buffer. After washing out H2DCF-DA or MitoSOX, cells were im-
mediately visualized at the confocal microscope, as previously
described.50,53 At least five random wide fields of view were taken,
each containing approximately 10–20 cells, and fluorescence measured
with ImageJ; the same lasers and gains settings were used for all
measurements.

2.14 Statistics
Data are expressed as mean± SEM. Statistical analysis was performed
using an unpaired two-tailed Student’s t test, one-way analysis of vari-
ance (ANOVA), and two-way ANOVA with Tukey’s multiple compari-
son test as indicated. Differences were considered statistically significant
at P≤ 0.05. All tests were two sided. Statistical analyses were performed
by using GraphPad Prism software (version 8.0).

3. Results

3.1 The loss of CM Nogo-A exacerbates
pathological cardiac hypertrophy
Mlc2v-Cre40,41 mice were used to excise Nogo-A in CM and investigate
its role during pathological cardiac hypertrophy induced by TAC. The
loss of Nogo-A did not affect the heart morphology in sham-operated
(Nogo-A/Bf/f)Mlc2v-Cre+ mice compared with Nogo-A/Bf/f (Figure 1A
and B), suggesting that despite its expression in the atria and blood ves-
sels of the heart,32,54,55 Nogo is dispensable for cardiac development and
homeostasis.

On the contrary, when mice were challenged with pressure overload,
(Nogo-A/Bf/f)Mlc2v-Cre+ mice developed a severe dilated cardiomyop-
athy (Figure 1A and B) and enhanced heart weight/tibial length (HW/TL)
ratios (Figure 1C) compared with Nogo-A/Bf/f. Similar results were ob-
tained when Nogo-A was excised in CM by using Myh6-Cre56 (see
Supplementary material online, Figure S1A and B). The HW/TL ratios
of Myh6-Cre+ mice was similar to Nogo-A/Bf/f (see Supplementary
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material online, Figure S1C), arguing against a possible Cre-mediated tox-
icity57 and attributing the excessive cardiac hypertrophy to the specific
loss of Nogo-A.
RT-PCR analysis showed a robust efficiency in Cre-mediated excision

of Nogo-A in CM of pressure overloaded hearts (Figure 1D). Previously,
we demonstrated that Nogo-A, but not Nogo-B, is transiently ex-
pressed in CM after pressure overload.32 At 7 days post-TAC, immuno-
fluorescent staining of myocardial sections showed the expression of
Nogo-A in CM of Nogo-A/Bf/f mice, whereas was undetectable in
most of the CM of (Nogo-A/Bf/f)Mlc2v-Cre+ myocardial sections
(Figure 1E, Panels e, f vs. g, h; and see Supplementary material online,
Figure S2). Nogo-A/B knockout hearts were used as negative controls
(see Supplementary material online, Figure S3). Considering that only
CM were positively stained for Nogo-A, the staining of blood vessels
of both (Nogo-A/Bf/f)Mlc2v-Cre+ and Nogo-A/Bf/f hearts with the anti-
body against Nogo-A/B represented the isoform Nogo-B (Figure 1E,
Panel m vs. p). These data showed that following TAC, Nogo-A is ex-
pressed in CM and protects the heart from severe pathological cardiac
hypertrophy under sustained haemodynamic stress.

3.2 Cardiac Nogo-A protects from HF and
mortality following pressure overload
Echocardiographic analysis of (Nogo-A/Bf/f)Mlc2v-Cre+ mice revealed a
severe HF compared with Nogo-A/Bf/f post-TAC, with increasing LVDd
and LVDs, and reduced FS (Figure 2A–D). Similar outcomes were

obtained by excising Nogo-A in CM with the Myh6-Cre approach
(see Supplementary material online, Figure S1D–F).

Severe HF in absence of Nogo resulted in ca. 50% mortality of
(Nogo-A/Bf/f)Mlc2v-Cre+ mice at 12 weeks post-TAC vs. controls
(Figure 2E). Several studies pointed out the critical role of inflammation
in the pathogenesis of heart diseases,58 withmacrophages and T lympho-
cytes mediating essential roles in the progression to HF during pressure
overload.59 Flow cytometry analysis for CD45+ leucocytes, monocytes,
macrophages, neutrophils, CD4+ T cell, CD4- CD3+ T cell, and B-cell po-
pulations was increased to the same extent in (Nogo-A/Bf/f)Mlc2v-Cre+
and Nogo-A/Bf/f hearts at 7 days post-TAC (Figure 2F–L) compared with
Nogo-A/Bf/f sham, suggesting that the loss of Nogo-A in CM did not im-
pact myocardial inflammation following pressure overload.

3.3 Nogo-A refrains ceramide accrual in
CM under haemodynamic stress
We discovered that endothelial Nogo-B acts as negative regulator of
SL de novo biosynthesis, by inhibiting the rate-limiting enzyme SPT.29

Thus, we assessed whether Nogo-A was able to interact with
SPT and regulate its activity. To this end, MYC-tagged NOGO-A and
SPTLC1, an SPT subunit, were co-expressed in HEK293T cells.
SPTLC1 co-immunoprecipitated with Nogo-A (Figure 3A). To corrobor-
ate this interaction in vivo, we used myocardial lysates at 7 days
post-TAC, when Nogo-A is expressed, as well as brain lysates, expres-
sing Nogo-A in physiological conditions.60 Nogo-A and SPTLC1

Figure 1 The loss of cardiomyocytes Nogo-A exacerbates pathological cardiac hypertrophy. Representative images of (A) whole heart and (B) H&E
staining of longitudinal heart sections of Nogo-A/Bf/f and (Nogo-A/Bf/f)Mlc2v-Cre+ sham and 3-month TAC-operated mice. (C ) Heart weight/tibial length
(HW/TL) ratios of sham and 3-month TAC-operated mice. (D) Real-time (RT)-PCR for Nogo-A/BmRNA expression in CM isolated from sham and 7 days
TAC-operated Nogo-A/Bf/f and (Nogo-A/Bf/f)Mlc2v-Cre+ mice. GAPDH was used as housekeeping gene (n= 7 mice/group). (E) Immunofluorescence
staining for Nogo-A/B and Nogo-A of myocardial sections from sham and TAC-operated Nogo-A/Bf/f and (Nogo-A/Bf/f)Mlc2v-Cre+ mice.
FITC-labelled wheat germ agglutinin (WGA) staining has been used to evidence cell membranes in myocardial sections. Nuclei are stained with DAPI.
Data are expressed as mean± SEM. ***P≤0.001; Statistical significance was determined by two-way ANOVA followed by Tukey’s multiple comparison
test.
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co-immunoprecipitated from heart (Figure 3B) and brain (see
Supplementary material online, Figure S4A) lysates, validating the inter-
action of SPTLC1-Nogo-A in an in vivo setting. Of note, Nogo proteins
are phosphorylated,61–63 hence the two bands. In myocardial lysates
treated with λ-phosphatase, the upper band disappears, suggesting
that it corresponds to phosphorylated Nogo-A (see Supplementary
material online, Figure S4B).

To investigate the impact of Nogo-A on SL metabolism, we measured
SPT activity and ceramide levels in CM isolated from (Nogo-A/Bf/f)
Mlc2v-Cre+ and Nogo-A/Bf/f mice sham and at 7 days, 1 and 3 months
post-TAC. First, the purity of CM was assessed by RT-PCR analyses.
Tnnt2, and Nkx2.5, lineage markers for CM, were significantly enriched
in the CM compared with the non-CM fractions (Figure 3C), while
Fsp1, Cd45, and Cd31, lineage markers for fibroblasts, inflammatory,
and endothelial cells (ECs) respectively, were markedly down-regulated
(Figure 3D–F), indicating very low levels of these cell types. WB analysis
showed that NOGO-A expression was increased in CM at 7 days and

1 month post-TAC, whereas it was undetectable at 3 months post-TAC
(Figure 3G). The loss of NOGO-A did not up-regulate SPT activity in
CM of sham mice (Figure 3H). However, following pressure overload,
CM SPT activity was significantly elevated in absence of NOGO-A at
7 days and 1 month post-TAC vs. Nogo-A/Bf/f (Figure 3H), suggesting
that CM NOGO-A refrains the increase of ceramide de novo biosyn-
thesis following pressure overload.

Notably, SPT activity was not changed in CM of Nogo-A/Bf/f at differ-
ent time points post-TAC (7 days, 1 and 3months) compared with sham
(Figure 3H), suggesting that NOGO-A exerts a brake on stress-induced
SPT activity.

Similarly, when NOGO-A was expressed, CM ceramides were not
changed at any time point post-TAC (Figure 3I–L), whereas they were
elevated in CM lacking NOGO-A 7 days and 1 month but not at
3 months post-TAC (Figure 3I–L and see Supplementary material online,
Figure S5A). As expected, significant changes occurred in very long-chain
ceramides (C20:0-Cer to C24:1-Cer), the most abundant (Figure 3J–L).

Figure 2 The absence of Nogo-A in CM worsen heart failure and decreases survival rate. Echocardiographic analysis of sham- and TAC-operated
Nogo-A/Bf/f (n= 14) and (Nogo-A/Bf/f)Mlc2v-Cre+ (n= 12) mice at different time points. (A) Left-ventricle end-diastolic diameter (LVDd), (B) LV end-
systolic diameter (LVDs), (C ) fractional shortening (FS) measured at baseline and 2, 4, and 12 weeks after TAC. (D) Representative images of LV serial echo-
cardiography. (E) Survival curve of Nogo-A/Bf/f (n= 16) and (Nogo-A/Bf/f)Mlc2v-Cre+ (n= 18) post-TAC. Survival analysis was performed by the Kaplan–
Meier method, and between-group differences in survival were evaluated by using the Gehan–Breslow–Wilcoxon test. Flow cytometry analysis of inflam-
matory cells in non-CM cell suspension from the hearts of sham-operated Nogo-A/Bf/f mice (n= 4), Nogo-A/Bf/f and (Nogo-A/Bf/f)Mlc2v-Cre+ at 7 days
post-TAC (n= 8 mice/group). Total number of: (F ) CD45+ haematopoietic cells; (G) CD45+, CD64Lo, Ly6CHi monocytes; (H ) CD45+, Ly6CLo, Ly6G-,
CD64Hi macrophages; (I ) CD45+, CD64-, Ly6CMed, Ly6GHi neutrophils; (J ) CD4+ CD3+ T cells; (K ) CD4- CD3+ T cells; and (L) CD19+ B cells. Data are
expressed as mean± SEM. *P≤0.05; **P≤0.01. In A–C, *** is statistic vs. time 0 of the same genotype, and $$$ is statistic between the genotypes.
Statistical significance was determined by two-way ANOVA followed by Tukey’s multiple comparison test (A–C) and one-way ANOVA (F–L)
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Figure 3 Nogo-A interacts with SPT and regulates ceramide de novo biosynthesis in cardiomyocytes. (A) Western blot (WB) analysis of transfected
SPTLC1 and MYC-NOGO-A in HEK293T whole cell lysate (WCL) and after co-immunoprecipitation (co-IP) with anti-MYC antibody. (B) WB analysis
of Nogo-A and SPTLC1 in NOGO-A/B-/- and WT myocardial microsomes, in WCL and after co-IP with anti-NOGO-A antibody. RT-PCR for (C )
Tnnt2 and Nkx2.5, (D) Fsp1, and (E) Cd45 mRNA expression in CM vs. non-CM fractions. (F ) RT-PCR for Cd31mRNA expression in CM fraction vs. endo-
thelial cells (ECs). (G) WB analysis of NOGO-A in CM isolated from Nogo-A/Bf/f and (Nogo-A/Bf/f)Mlc2v-Cre+ mice sham, 7 days, 1 and 3 months
post-TAC. EC lysate has been used as positive control for NOGO-B expression. (H ) SPT activity in CM isolated from Nogo-A/Bf/f [sham n= 5; TAC
(7d) n= 7; TAC (1m) n= 4; TAC (3m) n= 5] and (Nogo-A/Bf/f)Mlc2v-Cre+ [sham n= 5; TAC (7d) n= 10; TAC (1m) n= 4; TAC (3m) n= 5] mice. (I )
Total ceramides, (J–L) specific ceramides, (M ) C16:0-dihydro ceramide (dhC16:0-cer), (N ) dihydrosphingosine (dhSph), and (O) sphingosine (Sph) mea-
sured in CM isolated from Nogo-A/Bf/f [sham n= 6; TAC (7d) n= 5, TAC (1m) n= 4, TAC (3m) n= 4] and (Nogo-A/Bf/f)Mlc2v-Cre+ [sham n= 4;
TAC (7d) n= 6, TAC (1m) n= 4, TAC (3m) n= 4] mice. (P) WB analysis and (Q–S) relative quantification of ORMDLs, SPTLC1, and SPTLC2 expression,
performed on CM isolated from sham and TAC(7d)-operated Nogo-A/Bf/f and (Nogo-A/Bf/f)Mlc2v-Cre+ mice (n≥ 4/group). GAPDH was used as house-
keeping. (T ) Total diacylglycerols (DAGs) and (U ) specific DAG measured in Nogo-A/Bf/f and (Nogo-A/Bf/f)Mlc2v-Cre+ (n= 4/group) CM at 7 days
post-TAC. Data are expressed as mean± SEM. *P≤0.05; **P≤0.01; ***P≤0.001. Statistical significance was determined by unpaired t test (C–F, T–U),
and two-way ANOVA followed by Tukey’s multiple comparison test (H–O, Q–S).
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Interestingly, longitudinal increase in SPT activity and ceramides in CM cor-
related with NOGO-A expression.

To understand the molecular mechanisms underlying stress-induced
SPT activity, we assessed the expression of known components of
the SPT complex. WB analysis showed no difference in SPTLC1 and
SPTLC2 expression in CM of sham- and TAC-operated mice
(Figure 3P–R). ORMDL proteins (ORMDL1,2,3) down-regulate the ac-
tivity of SPT.64 WB analysis on CM showed no difference in ORMDLs
expression in all conditions (Figure 3P and S). CERS2 is accountable
for the synthesis of the very long-chain ceramides, abundant in CM
(i.e. C22:0-, C24:0-, and C24:1-ceramide), and has been reported to
be up-regulated in the ischaemic hearts of mice and humans.11

However, WB analysis in CM showed no changes in all conditions
(see Supplementary material online, Figure S5B and C). The small subu-
nits of SPT, ssSPTa and ssSPTb, interact with SPT and function as acti-
vators.65,66 Thus, we assessed the mRNA levels of Ssspta/b by
RT-PCR. In CM lacking Nogo-A, Sssptb but not Ssspta expression was
significantly decreased 7 days post-TAC, thus most likely changes in
ssSPTa and ssSPTb expression are not accountable for the increased
SPT activity CM lacking Nogo-A post-TAC (see Supplementary
material online, Figure S5D and E). Of note, changes in mRNA not neces-
sarily correspond to protein levels. For instance, Sptlc1 and Sptlc2
mRNA were significantly down-regulated in CM of Nogo-A/Bf/f mice
at 7 days post-TAC (see Supplementary material online, Figure S5F
and G), but not at protein levels, which were unchanged (Figure 3P–R).

In addition to ceramides, diacylglycerols (DAGs), activators of PKC
enzymes,67 are often found increased in the failing hearts.23 However,
DAG levels were no different at 7 days post-TAC in CM with and with-
out Nogo (Figure 3T–U), nor were different the levels of PKCα/β (see
Supplementary material online, Figure S6), thus arguing against a role
of DAG in the severe pathological hypertrophy of (Nogo-A/Bf/f)
Mlc2v-Cre+.

3.4 CM Nogo-A deficiency exacerbates HF
by inhibiting protective autophagy
Autophagy is an essential cellular mechanism for the removal of da-
maged cytoplasmic components.68 Haemodynamic stress activates car-
diac autophagy.24,69 Whether autophagy plays a beneficial or
detrimental role in the heart exposed to pressure overload has been un-
der debate.24,69,70 Recently, an elegant study of Shirakabe and colleagues
demonstrated that autophagy is transiently activated by pressure over-
load and exerts a critical cardioprotective function.70 To test whether
Nogo-A brake on ceramide production preserves autophagy, the ex-
pression of LC3B-II and BECLIN-1, markers of autophagy, were as-
sessed. LC3B-II and BECLIN-1 were significantly up-regulated in
Nogo-A/Bf/f but not in (Nogo-A/Bf/f)Mlc2v-Cre+ CM at 7 days
post-TAC (Figure 4A–D). To assess the autophagic flux, at 7 days
post-TACmice were treated with CQ, inhibitor of the autophagosome-
lysosome fusion.71 WB analysis showed that CQ treatment increased
LC3B-II and BECLIN-1 levels in Nogo-A/Bf/f but not in (Nogo-A/Bf/f)
Mlc2v-Cre+ CM (Figure 4E–G). These data suggests that in absence of
Nogo-A the accrual of ceramides in CM suppressed the autophagic
flux and the early onset of protective autophagy, therefore exacerbating
pathological cardiac hypertrophy. To corroborate these data, we used
human CM (hCM) in culture treated with isoproterenol (ISO) as in vitro
model of CM hypertrophy. Contrary to in vivo, hCM in culture express
both Nogo-B and Nogo-A in basal conditions (see Supplementary
material online, Figure S7A), therefore this in vitro system does not

recapitulate the regulation of SPT by Nogo-A in CM in vivo during pres-
sure overload. On the contrary, the silencing of Cers2, synthetizing the
very long-chain C22:0-, C24:0-, and C24:1-ceramide, most abundant
in CM, decreased ceramide levels and boosted autophagy in basal and
ISO-stimulated conditions (see Supplementary material online,
Figure S7B and C), supporting the inhibitory role of ceramides on autop-
hagy. Altogether, these data suggest that Nogo-A preserves the onset of
‘protective’ autophagy during pressure overload by refraining ceramide
biosynthesis.

Another key feature of HF pathophysiology is oxidative stress,50,72–74

which is exacerbated by ceramide accrual.75 Nogo-A deletion did not af-
fect cellular and mitochondrial reactive oxygen species (ROS) formation
in CM of sham-operated mice. On the contrary, both mitochondrial and
cellular ROS were significantly higher in CM lacking Nogo-A at 7 days
post-TAC vs. Nogo-A/Bf/f (Figure 4H and I), suggesting that in absence
of Nogo-A ceramide accrual exacerbates ROS production contributing
to worsen cardiac hypertrophy and dysfunction.

3.5 Inhibition of the ceramide de novo
biosynthesis with myriocin restores CM
autophagy and prevents HF in absence of
Nogo-A
To demonstrate that in absence of Nogo-A ceramide accrual suppresses
autophagy in pressure overloaded CM, (Nogo-A/Bf/f)Mlc2v-Cre+ and
Nogo-A/Bf/f mice received myriocin treatment (My, 0.1 mg/kg i.p., an
SPT inhibitor) at Days 1, 3, and 5 following TAC surgery. Strikingly,
My was able to fully restore LC3B-II and BECLIN-1 expression in
(Nogo-A/Bf/f)Mlc2v-Cre+ CM to Nogo-A/Bf/f levels at 7 days
post-TAC (Figure 5A–C). In another experimental setting, mice were
treated with My (0.1 mg/kg, i.p.) at Days 1, 3, 5, 7, and 9 post-surgery.
At 1 month post-TAC, FS and cardiac hypertrophy were significantly im-
proved in (Nogo-A/Bf/f)Mlc2v-Cre+ mice treated with My compared
with vehicle (Figure 5D–H).

Cardiac hypertrophy and HF induced by pressure overload are exa-
cerbated in mice lacking Ppara,76 Glut4,77 Cpt1b,78 and Cd36,79 under-
lying the importance of metabolic homeostasis for cardiac health.
Thus, we have investigated the impact of Nogo-A deletion on glucose
and lipid metabolism. At 7 days post-TAC, consistent with the worst
cardiac hypertrophy, Ppara, Glut4, Cpt1B, and Cd36 expressions were
increased in Nogo-A/Bf/f but not in (Nogo-A/Bf/f)Mlc2v-Cre+
(Figure 5I). Interestingly, My treatment restored their mRNA levels to
Nogo-A/Bf/f mice post-TAC (Figure 5I), in line with ceramide levels.
Altogether, these data confirm that in absence of NOGO-A, the accrual
of ceramides in CM suppresses beneficial autophagy, enhances the mito-
chondrial and cellular oxidative stress, and down-regulates the expres-
sion of cardioprotective metabolic genes, hence exacerbating the
pathological cardiac hypertrophy.

4. Discussion
Despite growing evidence implicating ceramides in HF, mechanisms
underlying the derangement of ceramide metabolism and its pathologic-
al implications remain poorly understood. Multiple clinical studies
have identified plasma ceramides as independent predictors of major
cardiovascular events. C16:0-, C18:0-, and C24:1-ceramide positively
associated with cardiovascular disease incidence,80 cardiovascular sec-
ondary events,81,82 and mortality,14,16,83 whereas C24:0-ceramide nega-
tively correlated with cardiovascular mortality.14,16,83 Myocardial
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ceramides are reported elevated in models of lipotoxic2,18–20 and is-
chaemic cardiomyopathy,11,21 in animals and humans. Hence, in recent
years the interest in understanding the molecular mechanisms regulating
ceramide biosynthesis in the heart has intensified.
Here, we investigated the impact of pressure overload on ceramide

metabolism and signalling specifically in CM. We discovered that
Nogo-A restrains ceramide de novo biosynthesis via SPT in CM following
pressure overload, and preserves ‘beneficial autophagy,’ mitochondrial
functions and metabolic adaptation, to protect the heart from failure.
Following TAC, Nogo-A is expressed in CM and prevents ceramide
from accrual. Our data are in agreement with the study of He et al.,78

reporting that myocardial ceramides were not changed at early time
point post-TAC. Goldenberg et al.84 demonstrated an increase in myo-
cardial ceramides at 14 weeks post-TAC. It is noteworthy to mention
that whereas we measured ceramides specifically in CM at different
time points post-TAC, both studies reported ceramide levels in myocar-
dial tissues, including other cell types than CM (i.e. inflammatory cells,
fibroblasts, and vascular cells), that can contribute to the changes in
myocardial ceramides.

Pathologically, mice-lacking CM Nogo-A manifested severe dilated
cardiomyopathy and mortality, underlying a protective role of
Nogo-A in CM. Previous studies from our group and others have de-
monstrated the expression of Nogo in pathological hearts.
Myocardial expression of Nogo-A and Nogo-B is increased following
TAC,32 with Nogo-A specifically confined to CM.32 Gramolini et al.35

reported Nogo up-regulation in a phospholamban mutant mouse
model of dilated cardiomyopathy. Up-regulation of Rtn4 gene has
been described in different animal models of dilated cardiomyopathy
and in HF in humans32,35–39; hence, Nogo has been regarded as po-
tential biomarker of heart diseases. Yet, Nogo functions in CM are
largely unknown.

Here, we discovered that the functional role of Nogo-A in CM is to
limit ceramide de novo biosynthesis via SPT inhibition, and preserve
‘beneficial’ autophagy, mitochondrial functions and metabolic adaptation
to pressure overload, thus limiting the development of pathological car-
diac hypertrophy. That Nogo-A refrains from hypertrophy in vivo is con-
sistent with the in vitro study of Li et al.85 describing an enhanced
hypertrophy in neonatal rat CM following Nogo knockdown.

Figure 4 Cardiomyocyte Nogo-A preserves beneficial autophagy by refraining ceramide de novo biosynthesis. (A)WB analysis of LC3B-II and NOGO-A/
B and (B) BECLIN-1 expression in CM from Nogo-A/Bf/f and (Nogo-A/Bf/f)Mlc2v-Cre+ mice. GAPDH was used as housekeeping. (C ) Quantification of
LC3B-II expression in Nogo-A/Bf/f [sham n= 7; TAC (7d) n= 11] and (Nogo-A/Bf/f)Mlc2v-Cre+ [sham n= 7; TAC (7d) n= 12] CM. (D) Quantification
of BECLIN-1 expression in Nogo-A/Bf/f [sham n= 6; TAC (7d) n= 10] and (Nogo-A/Bf/f)Mlc2v-Cre+ [sham n= 6; TAC (7d) n= 8] CM. (E) WB analysis
of LC3B-II and BECLIN-1 expression in CM from Nogo-A/Bf/f and (Nogo-A/Bf/f)Mlc2v-Cre+ mice at 7 days post-TAC, with or without CQ. GAPDH was
used as housekeeping. Quantification of (F ) LC3B-II and (G) BECLIN-1 expression in Nogo-A/Bf/f and (Nogo-A/Bf/f)Mlc2v-Cre+ CM (n= 5). Quantification
of (H ) mitochondrial ROS in Nogo-A/Bf/f [sham n= 16; TAC (7d) n= 91] and (Nogo-A/Bf/f)Mlc2v-Cre+ [sham n= 109; TAC (7d) n= 59] CM and (I ) cel-
lular ROS in Nogo-A/Bf/f [sham n= 11; TAC (7d) n= 153] and (Nogo-A/Bf/f)Mlc2v-Cre+ [sham n= 77; TAC (7d) n= 86] CM. Data are expressed as mean
± SEM. *P≤0.05; **P≤0.01; ***P≤0.001. Statistical significance was determined by two-way ANOVA followed by Tukey’s multiple comparison test.
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Interestingly, contrary to the beneficial role of Nogo-A in CM, endo-
thelial Nogo-B is detrimental in HF32 and hypertension.29 Following
pressure overload, mice lacking endothelial Nogo-B are protected
from permeability, inflammation, and pathological cardiac hypertrophy
via an up-regulation of S1P-S1PR1 signalling.32 S1P is a potent activator
of endothelial nitric oxide synthase and enhancer of the barrier function,
thus limiting cardiac inflammation and damage. The divergent roles for
the same protein in different cell types of the heart have been reported
before.86 For instance, cardiac SMAD3 plays divergent roles in CM vs.
fibroblast, therefore leads to opposite outcomes in myocardial infarc-
tion models.86

Elevated ceramides are known to contribute to the dysregulation of
cellular functions, including cell growth, differentiation, senescence,
and apoptosis.87 Myocardial accrual of ceramides has been reported in
lipotoxic cardiomyopathy2 and ischaemic conditions in animals and
humans.11,88,89 The de novo ceramide pathway has been implicated in
the pathology of lipotoxic cardiomyopathy2,19 and myocardial
infarction.11,88 This is the first study to identify a regulatory mechanism
of ceramide de novo biosynthesis in CM during pressure overload and its

impact on HF. Under stress conditions, Nogo-A down-regulates SPT in
CM and prevents the intracellular rise of ceramides, considered detri-
mental for the heart.19,22,28 It is noteworthy to mention that the genetic
deletion of Nogo-A does not change SPT activity in healthy CM
(Figure 3H), which is not surprising considering that in physiological con-
ditions CM do not express Nogo-A32 (Figures 1 and 3). However, SPT
activity was significantly up-regulated in CM lacking Nogo-A at 7 days
and 1 month post-TAC. Interestingly, we found no changes in the ex-
pression of known components of the SPT complex (Figure 3P–S and
see Supplementary material online, Figure 5D–G). These findings suggest
that under haemodynamic stress a ‘yet-to-be identified’ regulator of SPT
complex (i.e. an activator) might be expressed and up-regulates SPT ac-
tivity in CM. The deletion of Nogo-A removes the brake on SPT and re-
veals the increase of SPT activity in stressed CM. Further studies are
needed to elucidate molecular changes of SPT complex in these
conditions.

Mechanistically, our data showed that Nogo-A refrains ceramide from
accrual and therefore preserves cardiac autophagy. Previous studies
have implicated ceramides in the control of autophagy.7 Cardiac

Figure 5 Inhibition of the ceramide de novo biosynthesis with myriocin restores CM autophagy and prevents HF in absence of Nogo-A. (A) WB analysis
and quantification of (B) LC3B-II and (C ) BECLIN-1 expression in CM fromNogo-A/Bf/f [sham n= 6, TAC (7d) n= 12, TAC (7d +My) n= 8] and (Nogo-A/
Bf/f)Mlc2v-Cre+ [sham n= 6, TAC (7d) n= 8, TAC (7d +My) n= 8] mice. GAPDH was used as housekeeping. Echocardiographic analysis of vehicle- and
My-treated TAC-operated Nogo-A/Bf/f (vehicle n= 13; My n= 15) and (Nogo-A/Bf/f)Mlc2v-Cre+ (vehicle n= 12; My n= 12) mice. (D) LVDd, (E) LVDs,
(F ) FS, and (G ) HW/TL ratios of vehicle- and My-treated Nogo-A/Bf/f (vehicle n= 8; My n= 12) and (Nogo-A/Bf/f)Mlc2v-Cre+ mice (vehicle n= 12, My
n= 7) measured at 1 month post-TAC. (H) Representative images of LV serial echocardiography. (I ) RT-PCR for Ppara, Glut4, Cpt1B, and Cd36 in CM
isolated from Nogo-A/Bf/f [sham n= 4, TAC (7d) n= 7; TAC (7d)+My n= 7] and (Nogo-A/Bf/f)Mlc2v-Cre+ [sham n= 4, TAC (7d) n= 4; TAC (7d)+My
n= 7] mice. Data are expressed as mean± SEM. *P≤0.05; **P≤0.01; ***P≤0.001. Statistical significance was determined by two-way ANOVA followed
by Tukey’s multiple comparison test.
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autophagy is of fundamental importance. It occurs constitutively at low
levels to maintain cellular homeostasis and is up-regulated in pressure
overload,69,70 limiting the accumulation of the misfolded protein, mito-
chondrial dysfunction, and oxidative stress.25 We investigated autop-
hagy as one of the potential mechanisms in ceramide-dependent
cardiac dysfunction. The loss of Nogo-A dramatically suppressed autop-
hagy in CM and was not increased by CQ treatment, suggesting that the
autophagic flux was impaired (Figure 4E–G). This finding was further cor-
roborated by pharmacological treatment of mice lacking CM Nogo-A
with myriocin, an inhibitor of SPT, which was able to restore protective
autophagy in CM exposed to haemodynamic stress (Figure 5A–C), and
protect the heart from failing (Figure 5D–H). The finding that ceramide
suppresses CM autophagy was further corroborated by Cers2 silencing
in a human CM cell line, resulting in significant up-regulation of autop-
hagy at baseline and following isoproterenol stimulation (see
Supplementary material online, Figure S7). Our data agree with the study
of Spassieva et al.,90 showing that the disruption of ceramide synthesis by
CERS2 leads to autophagy.
In neuronal cells, Nogo-A does not contribute to ER stress-associated

apoptosis.91 Furthermore, the unfolded protein response, including
ATF6, IRE1, PERK pathways, is not affected by the loss of Nogo.92

Therefore, it seems that Nogo does not have a main impact on the
ER stress-associated apoptosis. Our data strongly implicate an import-
ant role of Nogo in cardiac autophagy via ceramide regulation. When
ceramide is increased to ‘pathological levels’ can shut down completely
autophagy, therefore impeding the removal of misfolded proteins and
damaged organelles in CM, events that contribute to the cellular
damage.
Russo and colleagues19 showed that a diet rich in saturated fatty acid

or CM treatment with myristate induces autophagy and hypertrophy via
the up-regulation of ceramide, specifically C14:0-ceramide, the least
abundant in CM (Figure 3 and see Supplementary material online,
Figure S5A). Our findings demonstrate that in absence of Nogo-A, cera-
mide accrual suppresses the early onset of ‘beneficial autophagy’ in CM
of pressure overloaded hearts. A possible explanation for this discord-
ance could be that divergent mechanisms may underlie the pathogenesis
of different heart conditions (i.e. lipotoxic vs. pressure-overload cardio-
myopathy), and that both excessive and deficient autophagy are deleteri-
ous.25 However, that the loss of Nogo-A suppresses the early onset of
‘beneficial autophagy’ resulting in severe cardiomyopathy agrees with
the study of Shirakabe and colleagues,70 who elegantly demonstrated
that following pressure overload, there is a transient activation of autop-
hagy exerting cardioprotective functions. One limitation of our study is
the lack of intervention on the autophagic flux to impact cardiac
hypertrophy.
The requirement for Nogo-A down-regulation of ceramide de novo

biosynthesis in CM extends beyond autophagy to include defects in
mitochondrial functions and metabolic gene expression that manifest
in its absence. Different studies demonstrated a direct effect of cera-
mides on the respiratory chain of isolated mitochondria leading to the
formation of ROS.93,94 Oxidative stress is another key feature in HF
pathophysiology.50,72–74 In line with these findings, in CM lacking
Nogo-A, there is a significant increase in oxidative stress at 7 days
post-TAC, which is known to contribute to HF.95

Elevation in 1,2-DAG, a potent activator of PKC isoforms, plays an im-
portant role HF.23 However, in pressure overloaded hearts, the levels of
DAG were not affected by the loss of Nogo-A in CM, arguing against a
potential role of DAG in the severe dilated cardiomyopathy observed in
(Nogo-A/Bf/f)Mlc2v-Cre+ mice.

The suppression of PPARα,76,96 GLUT4,77 CPT1B,78 and CD3679,97

metabolic genes exacerbates HF induced by pressure overload, under-
lying the importance of metabolic homeostasis to preserve heart func-
tion. Interestingly, in absence of Nogo-A, the expression of these
genes was significantly suppressed, and rescued by myriocin, suggesting
that Nogo-A-ceramide signalling can impart a ‘protective’ transcriptional
signature in CM under haemodynamic stress. Further studies are neces-
sary to unveil themechanisms governing these transcriptional changes. A
limitation of this study is the lack of Nogo-A gain of function.

Finally, our characterization of cardiac Nogo-A function also provides
a framework for investigating whether alterations in Nogo-A activity and
SL metabolism play a role also in other pathological conditions. SNPs in
RTN4 correlate with coronary artery disease,98 schizophrenia,99,100 and
cancer.101,102 Our findings that Nogo-A protects the heart against pres-
sure overload-induced hypertrophy and failure, by preserving the ‘bene-
ficial autophagy’ via ceramide, suggests also that Nogo dysregulation of
SL metabolism may have a causal role in other pathological conditions
beyond HF.
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Supplementary material is available at Cardiovascular Research online.
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