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Abstract

Niemann-Pick Disease (NPD) is a rare autosomal recessive lysosomal storage disorder (LSD) caused by
the deficiency of acid sphingomyelinase (ASMD), which is encoded by the Smpd7 gene. ASMD impacts
multiple organ systems in the body, including the cardiovascular system. This study is the first to
characterize cardiac pathological changes in ASMD mice under baseline conditions, offering novel
insights into the cardiac implications of NPD. Using histological analysis, biochemical assays, and
echocardiography, we assessed cardiac pathological changes and function in Smpd7~/~ mice compared
to Smpd7*'* littermate controls. Immunofluorescence and biochemical assays demonstrated that ASMD
induced lysosomal dysfunction, as evidenced by the accumulation of lysosomal-associated membrane
proteins, lysosomal protease, and autophagosomes in pericytes and cardiomyocytes. This lysosomal
dysfunction was accompanied by pericytes and cardiomyocytes inflammation, characterized by
increased expression of caspasel and inflammatory cytokines, and infiltration of inflammatory cells in
the cardiac tissues of Smpd7~/~ mice. In addition, histological analysis revealed increased lipid
deposition and cardiac steatosis, along with pericyte-to-myofibroblast transition (PMT) and interstitial
fibrosis in Smpd7~/~ mice. Moreover, echocardiography further demonstrated that Smpd7~/~ mice
developed coronary microvascular dysfunction (CMD), as evidenced by decreased coronary blood flow
velocity and increased coronary arteriolar wall thickness. Additionally, these mice exhibited significant
impairments in systolic and diastolic cardiac function, as shown by a reduced ejection fraction and
prolonged left ventricular relaxation time constant (Tau value). These findings suggest that ASMD
induces profound pathological changes and vascular dysfunction in the myocardium, potentially driven
by mechanisms involving lysosomal dysfunction as well as both pericytes and cardiac inflammation.

Introduction

Niemann-Pick disease (NPD) is a rare autosomal recessive disorder caused by acid sphingomyelinase
(ASM) activity deficiency (ASMD) . ASM, encoded by the sphingomyelin phosphodiesterase 1 (Smpd1)
gene, is a lysosomal hydrolase that breaks down sphingomyelin into phosphorylcholine and ceramide 2.
Mutations in Smpd1 caused ASMD leads to the accumulation of sphingomyelin in lysosomes, resulting
in lysosomal storage disorder (LSD) 2. The initial accumulation of lysosomal sphingomyelin in ASMD
triggers the subsequent buildup of other lipids within lysosomes, with cholesterol being the most
prominent #~8. Furthermore, lipids derived from sphingomyelin, including ceramide and its downstream
metabolites (e.g., sphingosine), lysosphingomyelin (sphingosylphosphorylcholine), glycosphingolipids,
and bis(monoacylglycero)phosphate, also accumulate 6. Over time, these accumulated lipids are
recycled to the plasma membrane and redistributed to other cellular compartments, disrupting cellular
homeostasis and causing secondary abnormalities across multiple organelles %’. There are two
subtypes of NPD caused by ASMD, NPD type A (NPD A) and NPD type B (NPD B). NPD A patients have
less than 1% of normal enzyme activity, leading to the early onset of rapid systemic and

neurodegenerative symptoms, typically reducing their lifespan to around 3 years &. In contrast, NPD B
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patients have 5-10% of normal enzyme activity, do not exhibit neurodegenerative symptoms, and often

survive into adulthood °. However, these patients present with a highly variable clinical phenotype and
disease-related morbidities affecting multiple organ systems, including respiratory and cardiovascular

systems 1°.

Cardiac disease accounts for 7.2% of deaths among NPD B patients, making it the fifth leading cause of
mortality, following respiratory disease (27.7%), liver disease (27.7%), and bleeding (9.6%) '°. While NPD
B patients have numerous cardiac conditions, valvular heart disease and coronary artery disease are the
most common ''. Previous studies have shown that ASM activation and ceramide accumulation
contribute to the development of cardiomyopathy and heart failure in conditions such as high-fat diet
(HFD), myocardial infarction (MI), and sepsis 2~ 1¢. However, no comprehensive study has been
conducted on the nature and extent of cardiac dysfunction and related cardiovascular events resulting
from ASMD.

Proper sphingolipid homeostasis is essential for maintaining health, and disruption of this finely
regulated balance can result in various diseases. This phenomenon is evident in several LSDs, such as
Gaucher and Farber diseases, where inherited lysosomal defects lead to sphingolipid accumulation and
subsequent pathogenesis '”. In this study, we use the Smpd1 knockout mouse model of ASMD to
identify cardiac pathologies and dysfunction under baseline conditions. Our findings indicate that ASMD
leads to perturbed cardiac function. ASMD-induced cardiac pathological changes encompass lysosomal
dysfunction, cardiac inflammation, steatosis, fibrosis, coronary microvascular dysfunction (CMD), and
overall cardiac dysfunction. These findings provide novel insights into the cardiac complications
associated with ASMD.

Materials and Methods
Mice

All experimental protocols received approval from the University of Houston Institutional Animal Care
and Use Committee. We used female wild-type (Smpd7*/*) and acid sphingomyelinase deficient
(Smpd77~/) mice, aged 5-6 months and of the C57BL/6J strain, for all experiments. The mice were kept
in a temperature-controlled room with a 12-hour light-dark cycle and had free access to standard rodent
chow and water. Following euthanasia, heart samples were collected and stored at -80°C for subsequent
analysis.

Echocardiography

Transthoracic echocardiography was conducted using a Vevo 3100 micro-ultrasound imaging system
with an MX550D-0073 probe (VisualSonics Inc., Canada). Mice were anesthetized with 1.5-2%
isoflurane (ISO) in 100% oxygen and maintained at 1-1.5% isoflurane throughout the procedure. M-mode
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images were acquired from the parasternal short-axis or apical four-chamber views and analyzed using
Vevo LAB 2.1.0. The flow velocity of the left anterior descending coronary artery was measured in
pulsed-wave Doppler mode under baseline conditions and after induction of hyperemia with 1.0% and
2.5% isoflurane, respectively. Left ventricular relaxation time constant (Tau value) = (IVRT +IVCT)/MV ET.

Antibodies and reagents

Primary antibodies: NG2 (Abcam ab275024, Miltenyi Biotec 130-123-964), Troponin | (Abcam AB56357-
1001), LAMP1 (BD 553792), LAMP2A (abcam ab18528), Cathepsin B (Abcam ab58802), LC3 (CST
127418), p62 (Abcam ab109012), HMGB1 (Abcam ab79823), RAGE (Abcam ab3611), CD45 (Abcam
ab25386), F4/80 (BD 565411), PLIN2 (Proteintech 15294-1-AP), TGFB (CST 3711S), PDGFRa (CST 3174T,
R&D AF1062-SP), FSP1 (CST 13018S), Pan-cadherin (Abcam ab51034), Vimentin (Abcam ab92547),
Collagen 1 (Abcam ab21286), FITC-aSMA (Sigma F3777), Ceramide (Enzo, ALX-804-196-T050), B-actin
(CST 3700S), GADPH (CST 2118S).

Secondary antibody for immunofluorescence: anti-Mouse IgG, Alexa Fluor 488 conjugate (Thermo Fisher
A-21202), Alexa Fluor 488 conjugate anti-Rabbit IgG (Thermo Fisher A21206), Alexa Fluor 555 conjugate
anti-Mouse IgG (Thermo Fisher A-31570), Alexa Fluor 555 conjugate anti-Rabbit IgG (Thermo Fisher A-
31572). Secondary antibody for western blot: IRDye® 800CW anti-Mouse IgG (LICOR 926-32212),
IRDye® 800CW anti-Rabbit IgG (LICOR 926-32213), anti-Mouse IgG, HRP (Thermo Fisher A16011),
stabilized peroxidase conjugated anti-rabbit (Invitrogen 32460), anti-rat IgG-HRP (Fisher 629520).

Reagents: Oil red O (VWR BT135140-100G), Sirius red (Sigma 365548-5¢), Isolectin GS-IB4 (Fisher
121411), WGA-FITC (Sigma L4895), Aurum Total RNA Mini Kits (Bio-Rad, 732-6820), iScript Reverse
Transcription Supermix for RT-gPCR (Bio-Rad, 1708841), iTaq Universal SYBR Green Supermix (Bio-Rad,
1725121).

Immunofluorescence staining

Frozen heart section slides were fixed with 4% paraformaldehyde (PFA) for 15 minutes at room
temperature. After washing with PBS, the tissues were blocked and permeabilized using 5% BSA and
0.3% Triton X-100 in PBS for 1 hour at room temperature, then incubated with primary antibodies
overnight at 4°C. Following washing with PBST (PBS with 0.05% Tween-20), the slides were incubated
with secondary antibodies conjugated to Alexa Fluor 488 or Alexa Fluor 555 for 1 hour at room
temperature. After another wash with PBST, the slides were mounted with DAPI mounting solution and
analyzed using an Olympus IX73 or Leica STED 8 imaging system. Pearson correlation coefficient (PCC)
of fluorescence image was quantified using Image-Pro Plus 6.0 software, as previously described 8.
Frozen heart sections were stained with WGA-FITC (5 pg/ml in PBS) for 30 minutes at room temperature,
followed by staining with Troponin | using the immunofluorescence staining protocol described above.
The cardiomyocyte outlines were identified through Troponin I-positive staining and WGA-FITC labeling
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of cell membranes. Cardiomyocytes with centrally localized nuclei should be used for analysis to ensure
consistent orthogonal cross-sectional measurements, minimizing the influence of obliquely oriented
cardiomyocytes. Cardiomyocyte size was then measured using Image-Pro Plus 6.0 software.

Hematoxylin and eosin (H&E) staining

H&E staining was carried out using a hematoxylin and eosin staining kit (Teomics HAE-1). Frozen heart
sections were fixed in 4% paraformaldehyde (PFA) for 15 minutes at room temperature. After washing
with distilled water, the tissues were stained with Mayer’'s hematoxylin solution for 5 minutes, followed
by two washes with distilled water to remove excess stain. A bluing reagent was then applied for 10-15
seconds, followed by two additional washes with distilled water. The slides were then dipped in absolute
alcohol to remove excess moisture and stained with Eosin Y solution for 2—3 minutes. After rinsing with
absolute alcohol, the slides were cleared and mounted in synthetic resin, followed by prompt imaging
with the Olympus 1X73 system.

Oil Red O staining

Frozen heart sections were prepared at a thickness of 8 um. The sections were air-dried on slides, fixed
in 4% paraformaldehyde (PFA) for 15 minutes, and rinsed immediately in three changes of distilled water
before being soaked for 20 minutes. To prevent water carryover, the sections were then washed with
60% isopropanol for 1T minute. Following staining with Oil Red O working solution for 30 minutes, the
sections were rinsed with 60% isopropanol for 2 minutes and then rinsed twice with distilled water.
Finally, the sections were mounted in mounting media, and images were captured promptly using the
Olympus IX73 imaging system.

Sirius red and fast green staining

Frozen heart section slides were fixed with Kahle fixative solution for 15 minutes at room temperature.
After washing with PBS, the slides were stained with 0.1% Sirius Red and Fast Green in a saturated
aqueous solution of picric acid at room temperature for 60 minutes. The slides were then washed in two
changes of acidified water (0.1N HCI in ddH20) for 1 minute each. After a final wash with ddH20, the
sections were mounted in mounting media, and images were captured promptly using the Olympus IX73
imaging system.

Quantitative Real-time PCR

Total RNA was isolated from heart tissue using Aurum Total RNA Mini Kits (Bio-Rad, 732-6820). cDNA
was synthesized from the isolated RNA using iScript Reverse Transcription Supermix (Bio-Rad,
1708841). Real-time PCR was conducted with iTaq Universal SYBR Green Supermix (Bio-Rad, 1725121)
on the Bio-Rad CFX Connect Real-Time System. Primers for Nirp3, Asc, Caspase-1, IL18, IL18, IL6, IL8,
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TNF, Icam1, and Vcam1 were obtained from Bio-Rad. Additional primers used in this study are listed in
the Supplementary Material Table 1. Cycle threshold (Ct) values were converted to relative gene
expression levels using the 2-AACt method, and the data were normalized to the internal controls B-actin
or GAPDH.

Western blotting

Heart tissue homogenates were lysed in Laemmli sample buffer (Bio-Rad, 161-0737), boiled at 95°C for
10 minutes, and then placed in an ice-cold ultrasonic bath for 5 minutes. The prepared samples were
separated by 10-15% sodium dodecyl sulfate-polyacrylamide gels. Proteins were then transferred
electrophoretically onto PVDF membranes at 35V at 4°C overnight. The membranes were blocked with
5% BSA in Tris-buffered saline containing 0.05% Tween 20. After washing, the membranes were
incubated with the appropriate primary antibodies, following the manufacturer's instructions. Following
incubation, the membranes were washed with PBST and subsequently incubated with corresponding
secondary antibodies for 1 hour at room temperature. Finally, the bands were washed with PBST,
visualized, and analyzed using the LI-COR® Odyssey Fc System.

Statistics analysis

Data are presented as mean * standard error of the mean (SEM). Statistical comparisons between two
groups were made using either a Student's t-test or the Mann-Whitney test. All analyses were performed
using GraphPad Prism 8.0 software (GraphPad Software, USA). A p-value of less than 0.05 was
considered statistically significant.

Results

Lysosomal and autophagosome accumulation in cardiac
pericyte and myocardium

Lysosomal storage disorder (LSD) is a hallmark and major contributor to lysosomal dysfunction in NPD
1% To investigate the presence of lysosomal dysfunction, we first performed immunofluorescence
analyses of lysosome or autophagy-related proteins on cardiac sections focusing on cardiac pericyte
and cardiomyocytes of Smpd7~~ mice in comparison to Smpd7*/* mice. The results showed lysosomal
membrane protein LAMP1 (Fig. 1A) and LAMP2A (Fig. 1B), lysosomal protease cathepsin B (Fig. 1C),
and the autophagosome membrane protein LC3 (Fig. 1D) were upregulated in cardiac pericyte of
Smpd1~~ mice. In addition to cardiac pericytes, these proteins were also elevated in the cardiomyocytes
of Smpd1-/- mice (Supplementary Fig. 1A-D). These findings were further validated by immunoblot
analyses (Fig. 1E, 1F). p62/Sgstm1, a macroautophagy receptor, is typically degraded during autophagy
maturation, where autophagosomes fuse with lysosomes, leading to the degradation of their contents,
including LC3 and p62/Sqstm1. Lysosomal dysfunction is often associated with impaired autophagic
flux, resulting in the accumulation of LC3 and p62/Sgstm1. Consistent with the increased LC3 protein
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expression, the p62/Sqstm1 protein was also elevated in ASMD (Fig. 1E, 1F). However, the mRNA
quantification of cardiac tissues showed that ASMD did not affect the gene expression of Lamp17, Lc3,
and p62, but did lead to increased LampZ2a levels (Fig. 1G).

The mRNA quantification confirmed the absence of the Smpd7 gene, but not the SmpdZ2 gene, (encoding
neutral sphingomyelinase/NSM) in the cardiac tissues of Smpd7~~ mice (Supplementary Fig. 2A).
Serine palmitoyltransferase (SPT), a multi-subunit enzyme, catalyzes the first and rate-limiting step in de
novo ceramide synthesis 2°. SPT activity is negatively regulated by ORMDL1-3, which are activated in
response to increased ceramide levels 2'. ASMD had no effect on gene expression of SPT subunit Spt/c7
or Ormd/7-3in cardiac tissues but led to upregulation of Spt/c2 (Supplementary Fig. 2A). Surprisingly, no
significant difference in ceramide levels was observed between Smpd7*/* and Smpd7™~ mice in either
cardiac pericytes (Supplementary Fig. 2B) or cardiomyocytes (Supplementary Fig. 2C). These results
suggest that while ASMD significantly reduces Smpd7 gene in cardiac tissues, it had compensatory
upregulation of Spt/c2, but minimal impact on the NSM-dependent ceramide or other de novo ceramide
synthesis pathways.

Cardiac inflammation and cellular infiltration

Cardiac inflammation can lead to severe health conditions, including coronary artery disease, cardiac
fibrosis, and heart failure 223, Immunofluorescence studies were first conducted on cardiac sections of
Smpd1™~ and Smpd7*/* mice. The results revealed significantly increased infiltration of CD45-positive
leukocytes (Fig. 2A) and CD206-positive macrophage (Fig. 2B) in the cardiac tissues in Smpd7~~ mice
compared to Smpd7** mice. However, no increase in F4/80-positive macrophage infiltration was
observed in Smpd7™~ mice (Fig. 2C). To further characterize the inflammation in specific cell types, we
analyzed the expression of HMGB1 (high mobility group box 1), a DAMP (damage-associated molecular
pattern) linked to sterile inflammation, and its receptor RAGE (receptor for advanced glycation end-
products) 2. We observed that ASMD-induced HMGB1 upregulation was primarily localized in non-
cardiac cells, such as pericytes (Fig. 2D), while RAGE upregulation was predominantly observed in
cardiomyocytes (Fig. 2E). In addition, mRNA quantification (Fig. 2F) from cardiac tissues of Smpd7~”~
mice showed increased expression of inflammation-related genes, including inflammatory Caspase-7,
Interleukin 18 (IL18), Vcam1 (vascular cell adhesion molecule 1), and /L6. However, no change was
detected for other genes, including inflammasome component Asc (PYD and CARD domain-containing),
Nirp3 (NLR family pyrin domain-containing 3), /L 78, Icam1 (intercellular adhesion molecule 1), /L8, and
Tnfa.

Cardiac steatosis and lipid accumulation

To investigate whether ASMD-induced lysosomal dysfunction is associated with altered lipid storage in
the cardiac tissues, we performed Oil Red O staining and immunostained for the lipid droplet-associated

protein perilipin 2 (PLIN2) in cardiac tissue sections from Smpd7~~ and Smpd7*/* mice. As shown in
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Fig. 3A, a significant increase in Oil Red O staining was observed in the cardiac tissues of Smpd7~”~
mice, whereas no positive staining was detected in Smpd7*/* mice. Similarly, PLIN2 expression was
significantly upregulated in Smpd7~~ mice (Fig. 3B-D). We further confirmed that ASMD-induced PLIN2
accumulation was localized in cardiac pericytes (Fig. 3B), cardiac fibroblasts (Fig. 3C), and
cardiomyocytes (Fig. 3D). We also examined the expression of genes involved in lipid droplet biogenesis,
including Gpat4 (glycerol-3-phosphate acyltransferase 4), Agpat2 (1-acylglycerol-3-phosphate O-
acyltransferase 2), Dgat1/2 (diacylglycerol O-acyltransferase 1 and 2), and Plin2/3. As shown in Fig. 3E,
the mRNA levels of most of these genes were comparable between Smpd7~~ and Smpd7** mice,
except for a decrease in Dgat2 expression. These findings suggest that ASMD leads to lipid deposition in
the myocardium, resulting in cardiac steatosis, which is not associated with increased lipid droplet
biogenesis.

Cardiac fibrosis and pericyte-to-myofibroblast transition

While inflammation and steatosis were the most prominent cardiac changes observed in tissue samples

from Smpd7~~ mice, fibrosis was also evident. This was assessed using immunostaining for cardiac
pericyte, fibroblast and myofibroblast markers, as well as Sirius red staining to visualize total collagen in

cardiac tissue samples from Smpd7~~ and Smpd7** mice (Fig. 4A-F). Inmunostaining demonstrated
significant increases in the expression of proteins associated with pericyte-to-myofibroblast transition

(PMT), a key process in cardiac fibrosis development 2°26. We demonstrated that ASMD increased
transforming growth factor beta (TGF-B) (Fig. 4A), platelet-derived growth factor receptor alpha
(PDGFRa) (Fig. 4B), fibroblast-specific protein 1 (FSP1) (Fig. 4C), vimentin (Fig. 4D) and collagen 1
(Fig. 4E) in cardiac pericytes. Sirius red staining confirmed an increase in collagen in the cardiac
interstitial areas (Fig. 4F).

Coronary microvascular dysfunction and arteriolar
remodeling

Echocardiography was conducted to assess coronary microvascular function by measuring the coronary

blood flow velocity of Smpd7~~ and Smpd7** mice at baseline conditions (1.0% isoflurane) as well as
under hyperemic conditions (2.5% isoflurane). Representative images and summarized data (Fig. 5A and

5B) demonstrated a significant decrease in coronary blood flow velocity at baseline in Smpd7™~ mice
compared to Smpd7** mice. However, no differences were observed under hyperemic conditions.
Immunohistological analysis revealed increased coronary arteriolar wall thickness in Smpd7~~ mice,
which was attributed to increased media thickness, without evidence of neointima formation (Fig. 5C).
Further immunofluorescence analysis was conducted to evaluate the density of coronary arterioles

(Fig. 5D, a-SMA* arterioles) and myocardial endothelial cells to pericytes coverage in capillaries (Fig. 5E,
isolectin-IB4-labeled endothelial cells, NG2-labeled pericytes) in cardiac sections. These results showed
no significant differences in the number of coronary arterioles and endothelial cells to pericytes
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coverage in capillaries between Smpd7™~ and Smpd7*/* mice. These findings suggest that ASMD leads
to coronary arteriolar remodeling and impaired coronary microvascular function.

Cardiac systolic and diastolic dysfunction

Finally, echocardiography was performed to investigate whether the cardiac pathologies and coronary
microvascular dysfunction (CMD) observed in Smpd7™~ mice are associated with changes in cardiac
function and remodeling. Representative images and summarized data (Fig. 6A, 6B) revealed that
Smpd1~~ mice developed cardiac systolic dysfunction compared to Smpd7*/* mice. Specifically,
Smpd1~~ mice exhibited reduced left ventricular ejection fraction (LVEF) and left ventricular fractional
shortening (LVFS), along with increased systolic left ventricular internal diameter (LVID; s) and systolic
left ventricle volume (LV Vol; s). However, there were no significant differences in diastolic left ventricular
internal diameter (LVID; d) or diastolic left ventricle volume (LV Vol; d). As summarized in Fig. 6C, no
significant cardiac remodeling was observed in Smpd7™~ mice, as evidenced by the similar calculated
left ventricular mass, diastolic left ventricular anterior wall thickness (LVAW; d), systolic left ventricular
anterior wall thickness (LVAW,; s), diastolic left ventricular posterior wall thickness (LVPW; d), and
systolic left ventricular posterior wall thickness (LVPW; s) between the groups. In addition, there was no
significant difference in cardiomyocytes size between Smpd7*/* and Smpd7~~ mice (Fig. 6D). Cardiac
diastolic function of Smpd7~~ and Smpd7*/* mice was also assessed by measuring the left ventricular
relaxation time constant (Tau value), isovolumic relaxation time (IVRT), isovolumic contraction time
(IVCT), mitral valve ejection time (MV ET), and mitral valve E/A (MV E/A) peak (Fig. 6E, 6F). The results
indicated the development of cardiac diastolic dysfunction in Smpd7~~ mice, as shown by increased
IVRT, IVCT, and MV ET, alongside a reduction in MV E peak, with no change in MV A peak. Together, these
results suggest that ASMD leads to heart failure characterized by both cardiac systolic and diastolic
dysfunction.

Discussion

The clinical manifestations of ASMD in patients with NPD are diverse and wide-ranging. In NPD A, the
most frequent symptoms are central nervous system degeneration and respiratory failure. NPD B
presents a broader range of clinical manifestations, with the most severely affected organs being the
respiratory system, liver, and tissues associated with an atherogenic lipid profile °. In addition, an
increasing number of studies have reported cardiovascular diseases associated with NPD B 310, The
Smpd1 knockout mouse serve as a well-established murine model of NPD. In this study, we identified
significant cardiac pathology in this model, showing that ASMD results in lysosomal dysfunction, cardiac
inflammation, steatosis, fibrosis, CMD, and overall cardiac dysfunction.

LSDs encompass a group of diseases caused by deficiencies in lysosomal enzymes, membrane
transporters, or other proteins critical for lysosomal function. These disorders are categorized based on
the type of accumulated material, including lipids, mucopolysaccharidoses, and glycoproteinoses 172,
ASM plays a key role in hydrolyzing sphingomyelin to ceramide within lysosomes, and in ASMD, this
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process is disrupted, leading to alterations in the ‘sphingolipid rheostat’ 28. This disruption results in
imbalanced levels of sphingolipid species, such as sphingomyelin, ceramide, sphingosine, and their
phosphorylated metabolites. These imbalances reorganize lysosomal membrane composition by
forming sphingolipid-enriched microdomains 2%, which in turn redistribute membrane-associated ion
channels or proteins, influencing either their stability or function. Sphingolipids like sphingomyelin and
sphingosine may also directly interact with lysosomal membrane ion channels, modulating their
activities and contributing to lysosomal dysfunction. For example, the lysosomal membrane cation
channel TRPML1 is primarily responsible for mediating lysosomal Ca ?* release. Previous studies have
shown that TRPML1-mediated lysosomal Ca ?* release is markedly reduced in cells from NPD patients
30 likely due to the inhibitory effects of sphingomyelin accumulation within lysosomal membranes in
ASMD. Our previous studies also confirmed that ASMD inhibits TRPML1-mediated lysosomal Ca®*
release, which impairs dynein-dependent autophagosome trafficking, resulting in defective lysosome-
autophagosome fusion and diminished autophagic flux in vascular smooth muscle cells from Smpd7~~
mice 31733, These findings suggest that sphingolipids serve as major regulators for Ca?*-dependent
lysosomal trafficking function and that ASMD disrupts this process, reducing the turnover of
autophagosomes and lysosomes along with their contents. In the present study, we observed that ASMD
increased the expression of lysosomal proteins LAMP1/2, cathepsin B, and autophagic proteins LC3 in
cardiac pericytes and cardiomyocytes of Smpd7~~ mice. Interestingly, ASMD had minimal effects on
their mRNA levels, indicating that lysosome or autophagosome biogenesis is not substantially altered.
Together, our findings reinforce the view that ASMD induces lysosomal dysfunction, leading to impaired
autophagic flux in cardiac cells in a mouse model of NPD. Notably, there was no significant decrease in
ceramide levels in ASMD mice in either cardiac pericytes or cardiomyocytes. Previous studies have
reported higher ceramide levels in ASMD type B organoids compared to controls 34. This elevation in
ceramide levels may result from the activity of other sphingomyelinases located in non-lysosomal
compartments, as described in ASM knockout mice by other researchers 3°. Furthermore, our data
demonstrated an upregulation of the Spt/c2 gene in ASMD mice (Supplementary Fig. 2A), which could
enhance the de novo synthesis of ceramide, providing a compensatory mechanism. Sphingosine, a vital
bioactive sphingolipid, is generated from ceramide through the enzymatic action of ceramidases and is
subsequently phosphorylated by sphingosine kinases to produce sphingosine-1-phosphate (S1P), a
molecule that promotes cell survival 3. The dynamic balance among sphingomyelin, ceramide,
sphingosine, and S1P is crucial in modulating the effects of ASMD and determining the fate of the cell
37.38 Future research will aim to quantify sphingomyelin, ceramide, sphingosine, and S1P levels using
lipidomics to clarify their roles in ASMD and their contributions to cellular dysfunction, including
inflammation, lipid accumulation, and PMT. This strategy will address current limitations and provide
critical insights into the sphingolipid-driven mechanisms underlying ASMD.

Accumulating evidence indicates that lysosomal dysfunction is intimately linked to inflammation through
several mechanisms. Impaired autophagic flux caused by lysosomal dysfunction can lead to the
accumulation of damaged organelles (e.g. damaged mitochondria), protein aggregates, and other
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undegraded cellular materials. In LSDs, severe dysfunction may cause lysosomal membrane
destabilization or rupture which releases lysosomal enzymes and harmful substances, such as
cathepsins, into the cytosol. These accumulated substances or lysosomal contents can be recognized
by the immune system as DAMPs, triggering inflammatory responses through activation of pattern
recognition receptors (PRRs). One of the best studied connections between the lysosomal-autophagy
pathways and inflammation is the NLRP3 inflammasome pathway, which plays a key role in the
progression of cardiovascular diseases ?23°. NLRP3 inflammasome activation leads to increased
inflammatory caspase-1 activity and production of pro-inflammatory cytokines, such as IL-1p3 and IL-18.
It can also activate inflammatory caspase-11 and induce GSDMD-dependent pore formation in the
plasma membrane, causing pyroptotic cell death. Additionally, HMGB1 is increasingly recognized as a
key DAMP molecule actively released by immune cells or passively released from dying cells during
infection or sterile inflammation #°. HMGB1 is a multifunctional protein that exerts proinflammatory
activity primarily by binding to RAGE 2. The HMGB1/RAGE axis is critical in the pathogenesis of
inflammatory cardiomyopathy 24*. Early inflammatory responses include the upregulation of adhesion
molecules, such as VCAM-1 and ICAM-1, which facilitate the adhesion of CD45-positive leukocytes (e.g.
lymphocytes, monocytes, eosinophils, and basophils) and CD206-positive macrophages to the
myocardium #2744, In this study, cardiac tissue from Smpd7~~ mice showed a significant increase in the
number of CD45-positive leukocytes, CD206-positive macrophages and protein expression of HMGB1
and RAGE, along with elevated expression of inflammation-related genes, including CaspaseT, IL18,
Vcam1, and IL6. These findings align with previous research showing that vascular smooth muscle cells
from Smpd7~~ mice exhibit higher gene expression of /L78and /L6, as well as increased monocyte

adhesion at basal levels or after PDGF stimulation 3'. Similarly, Elyse et al. reported that ASM
knockdown in bronchial epithelial cells increased inflammation and neutrophil recruitment under both

basal and infected conditions #°. In contrast, ASM was shown to mediate pro-atherogenic stimulus-

induced inflammation in macrophages and endothelial cells #¢*’. Furthermore, ASM activation can lead
to excess ceramides, driving inflammation in various diseases, including cystic fibrosis (CF) 484°.
Therefore, both the loss of ASM activity leading to lysosomal dysfunction and the activation of ASM
resulting in excess ceramide production can trigger inflammatory responses depending on the stimulus
or disease context. Nonetheless, our findings provide evidence that lysosomal dysfunction is linked to

cardiac inflammation in ASMD.

Cardiac steatosis refers to the abnormal accumulation of lipid droplets (mainly neutral triglycerides)
within the myocardium. It has increasingly been recognized as a causative factor for cardiomyopathy,
particularly in conditions such as severe aortic stenosis °° and dilated cardiomyopathy®'. Selective
overexpression of DGATT (a key gene in lipogenesis) in cardiomyocytes induces cardiac steatosis and
fibrosis °2, exacerbating angiotensin ll-induced heart failure in mice °3. Although cardiac steatosis is
often associated with metabolic conditions such as obesity, diabetes, and fatty liver disease, it can also
occur in other pathological conditions, such as LSDs 3. In some LSDs, such as Gaucher disease and

Farber disease, abnormal lipid metabolism results in lipid storage within cells, such as hepatocytes 4.
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Though not directly reported as a common symptom in LSDs, lipid droplet accumulation may occur in
cardiomyocytes or other cell types in the myocardium and subsequently induce cardiac steatosis.
Additionally, impaired autophagy caused by lysosomal dysfunction can exacerbate lipid accumulation by
hindering the normal breakdown of lipid droplets. Indeed, in ASMD, cholesterol-enriched lipid droplets
accumulate in human or murine macrophages, contributing to foam cell formation, a key mechanism in
atherogenesis in metabolic disorders °°. However, the link between ASMD and cardiac steatosis has not
previously been reported in murine models. In this study, we show for the first time that Smpd7~~ mice
exhibit a significant increase in cardiac steatosis without elevated expression of lipogenesis-related
genes. This suggests that cardiac steatosis in ASMD is primarily due to impaired lipid droplet
degradation rather than increased lipid droplet biogenesis.

Additionally, we observed the accumulation of the lipid droplet-associated protein PLIN2 not only in
cardiomyocytes but also in cardiac pericytes and fibroblasts. The role of lipid droplets in the function of
cardiac pericytes and fibroblasts remains largely unexplored and warrants further investigation. Our
findings suggest that lipid droplets may play a pivotal role in the PMT process, which should be further
studied in future research using Smpd7 pericyte- or fibroblast-specific knockout mice.

Cardiac fibrosis, a complex pathophysiological process marked by excessive extracellular matrix
accumulation, plays a key role in cardiac dysfunction and heart failure 2°. A key cellular mechanism
driving fibrosis is the pericyte-to-myofibroblast transition (PMT) 2%2%. Fibrosis in various organs, such as
the lung, liver, and endocardium, has been observed in patients with LSDs, including Farber disease and
NPD B 3°. In this study, Smpd7™~ mice exhibited elevated expression of TGF-B in pericyte, increased
PMT, and fibrotic myofibroblast markers such as FSP1, vimentin, and collagen 1 in pericyte, and
increased interstitial collagen deposition in cardiac tissue. These findings suggest that ASMD may
promote cardiac fibrosis through the activation of PMT. Recent studies have identified pericytes as a
significant source of myofibroblast via PMT 265_ |nterestingly, our recent findings showed that vascular
smooth muscle cells from Smpd7~~ mice underwent a myofibrogenic transition when stimulated by
PDGF, a process driven by lysosomal dysfunction, impaired autophagic flux, and the activation of
p62/Nrf2 signaling axis 3'. Since pericytes and vascular smooth muscle cells originate from the same
perivascular progenitors, it is reasonable that ASMD in pericytes promotes PMT, contributing to cardiac
fibrosis. M2 macrophages derived from monocytes are known to play a critical role in cardiac fibrosis,
primarily by promoting the activation of myofibroblasts through the secretion of profibrotic factors such
as TGF-B1 and IL-1B %78 Therefore, ASMD-induced cardiac fibrosis may result from the infiltration of
CD206-positive M2 macrophages. Further studies are required to elucidate the mechanisms by which
ASMD drives PMT, using pericyte-specific Smpd7 knockout mouse models and cultured pericytes. In
addition, previous studies have implicated ASM activation in fibrosis, suggesting that targeting ASM
activity could be a therapeutic approach. For instance, imipramine or cardiomyocyte-specific Smpd7
knockout has been shown to attenuate HFD-induced cardiac fibrosis via downregulating NADPH oxidase
4 (NOX4) '2. Similarly, astaxanthin has been found to reduce myocardial infarction-induced cardiac

fibrosis by inhibiting ASM activity 3. Thus, like its role in cardiac inflammation, both ASMD and ASM
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overactivation can lead to fibrotic activation, depending on the specific stimulus or disease context. The
findings from this study suggest that lysosomal dysfunction is closely associated with the development
of cardiac fibrosis in ASMD.

Coronary microvascular dysfunction (CMD) refers to functional or structural abnormalities in the
coronary microcirculation that lead to impaired myocardial perfusion °%¢°. CMD can occur as a clinical
condition independent of heart failure, and it may result in myocardial ischemia 162, This ischemia may
manifest as symptoms such as chest pain (angina) and can contribute to the progression of heart failure

63-66 and Danon

over time. Previous studies have identified CMD in LSDs including Fabry disease
disease ©’. In this study, non-invasive echocardiographic analysis of Smpd7~~ mice revealed a
significant reduction in coronary blood perfusion at baseline (1.0% isoflurane); however, no difference
was observed under hyperemic conditions (2.5% isoflurane) (Fig. 5). Interestingly, this reduction at
baseline was associated with structural remodeling of coronary arterioles, characterized by thickened
arteriolar walls, while the number of mature coronary arterioles and endothelial cells to pericytes
coverage in capillary remained unchanged (Fig. 5). Our findings of thickened coronary arteriolar walls
align with previous studies showing coronary artery disease in NPD B !, as well as increased

inflammation and dedifferentiation of vascular smooth muscle cell from Smpd7~~ mice 3133, These
findings support the view that ASMD promotes coronary arteriolar wall remodeling, resulting in CMD and
impaired myocardial perfusion. Additionally, PMT and collagen 1 expression were increased in pericytes
of interstitial capillary from Smpd7~~ mice (Fig. 4), suggesting that extracellular matrix remodeling may
increase capillary stiffness and exacerbate vasomotor dysfunction in thickened coronary arterioles. The
precise mechanisms by which ASMD induces structural and functional changes in coronary
microcirculation deserve further investigation.

Cardiac diseases, including hypertrophic and dilated cardiomyopathy, and valvular diseases, are
commonly found in LSDs 3. Although cardiac disease accounts for 7.2% of deaths in NPD B patients,
with a few reported cases of heart failure "68%° cardiac dysfunction has not been extensively
investigated in murine models of NPD or ASMD. In this study, non-invasive echocardiographic analysis of
Smpd1~~ mice showed both systolic and diastolic cardiac dysfunction under baseline conditions.
Myocardial relaxation is one of the earliest manifestations of mechanical dysfunction of the human LV.
The time constant tau (¥) is higher in the elderly and patients with hypertrophic cardiomyopathy (HCM),
coronary artery disease (CAD), and cardiomyopathies ’°. Studies have shown that the lifespan of ASMD

mice is typically less than 1 year, whereas wild-type mice generally live for over 2 years ’'72. Therefore, it
is reasonable to consider the approximately 6-month-old ASMD mice in our study as aged mice,
particularly since they exhibit upregulation of lysosomal accumulation, inflammation, and fibrosis—
hallmarks commonly associated with aging 73~7°. This ASMD-induced cardiac dysfunction was not
associated with significant cardiac remodeling. Although ASMD induces significant cardiac fibrosis, it
does not lead to notable cardiomyocyte hypertrophy. It would be valuable to investigate whether ASMD
exacerbates cardiac remodeling in classical cardiac fibrosis models, such as isoproterenol-induced
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myocardial fibrosis. Our findings provide the first evidence linking ASMD to cardiac dysfunction in a
murine model of NPD. While this study did not aim to further investigate the underlying mechanisms of
ASMD and lysosomal dysfunction driving cardiac dysfunction, a lysosome-centered mechanistic model
is proposed based on the observed cardiac pathologies (Fig. 7). In ASMD or NPD, the abnormal
accumulation of lysosomal sphingomyelin leads to LSDs and lysosomal dysfunction in cardiac pericyte
or cardiomyocyte. These lysosomal abnormalities may contribute to cardiac pericyte or cardiomyocyte
inflammation/inflammasome activation, steatosis, PMT/fibrosis, and CMD. These pathological changes,
either alone or in combination, ultimately lead to cardiac dysfunction. In future studies, we will
implement targeted therapeutic strategies to address specific pathological changes in ASMD mice,
aiming to identify the key contributors to ASMD-induced cardiac dysfunction.

Although our study provides significant evidence that ASMD induces a wide range of cardiac
pathological changes, there are several limitations. First, the specific cell types involved in these
pathological changes remain unclear and may vary depending on the context of the observed pathology.
Future studies should explore the role of ASMD by employing tissue-specific Smpd7 knock-out murine
models in various cardiovascular cells, such as pericytes, cardiomyocytes, or fibroblasts, both under
basal conditions and in disease models. This approach would provide a better understanding of how
specific cell types contribute to the progression of ASMD-induced cardiac pathology. Second, although
we propose a general mechanism by which ASMD-induced LSD leads to cardiac pathology, the lack of
detailed mechanistic studies in the specific cell types limits the depth of our conclusions. Future in vivo
or in vitro studies would provide definitive mechanistic insights into understanding the precise cellular
and molecular pathways underlying ASMD-induced cardiac dysfunction.

In conclusion, the present study provides novel insights into the cardiac pathology in mice with ASMD.
The most notable pathological changes reveal a complex interplay between lysosomal dysfunction,
inflammation/inflammasome activation, lipid accumulation, cardiac fibrosis, CMD, and overall cardiac
dysfunction. The profound ASMD-induced CMD and cardiac dysfunction observed in murine models
suggest that similar mechanisms may contribute to cardiovascular complications in patients with NPD B
or ASMD, highlighting the need for early diagnosis and intervention to improve patient outcomes. These
findings lay the foundation for future research aimed at developing therapeutic targets for cardiovascular
complications in patients with NPD B or ASMD, while also calling for further investigation into the
complex factors contributing to ASMD-induced cardiovascular dysfunction.
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NPD
NPD A
NPD B
LSD
ASMase
ASMD
Smpd1
Tau

ISO
CMD
H&E staining
PFA
LVAW
LVID
LVPW
LVEF
LVFS

LV Vol
IVRT
IVCT
MV ET
a-SMA
LD
PLIN2
GPAT4
AGPAT2
DGAT1
DGAT2
PMT

Niemann-Pick disease

Niemann-Pick disease type A
Niemann-Pick disease types B
Lysosome storage disorder

Acid sphingomyelinase

Acid sphingomyelinase deficiency
Sphingomyelin phosphodiesterase 1
Left ventricular relaxation time constant
Isoflurane

Coronary microvascular dysfunction
Hematoxylin and eosin staining
Paraformaldehyde

Left ventricular anterior wall

Left ventricular internal end

Left ventricular posterior wall

Left ventricular ejection fraction

Left ventricular shortening fraction

Left ventricle volume

Isovolumic relaxation time

Isovolumic contraction time

Mitral valve ejection time
Alpha-smooth muscle actin

Lipid droplet

Perilipin 2

Glycerol-3-phosphate acyltransferase 4
1-acylglycerol-3-phosphate O-acyltransferase 2
Diacylglycerol O-acyltransferase 1
Diacylglycerol O-acyltransferase 2

Pericyte-to-myofibroblast transition
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TGF-B Transforming growth factor beta

FSP1 Fibroblast-specific protein 1
HMGB 1 High mobility group box 1
RAGE Receptor for advanced glycation end-products
ASC PYD and CARD domain containing
NLRP3 NLR family pyrin domain containing 3
IL1B Interleukin 1 beta
IL18 Interleukin 18
VCAM1 Vascular cell adhesion molecule 1
ICAM1 Intercellular adhesion molecule 1
IL6 Interleukin 6
IL8 Interleukin 8
TNF-a Tumor necrosis factor alpha
LAMP1 Lysosomal-associated membrane protein 1
LAMP2A Lysosome-associated membrane protein type 2A
LC3A/B Microtubule-associated proteins 1A/1B light chain 3A/B
p62 p62/SQSTM1
SPT Serine palmitoyltransferase
SPTLC1 Serine palmitoyltransferase long chain base subunit 1
SPTLC2 Serine palmitoyltransferase long chain base subunit 2
ORMDL1 ORMDL Sphingolipid Biosynthesis Regulator 1
ORMDL2 ORMDL Sphingolipid Biosynthesis Regulator 2
ORMDL3 ORMDL Sphingolipid Biosynthesis Regulator 3
HFD High fat diet
DAMP Damage-associated molecular pattern
Mi Myocardial infarction
NG2 Nerve/glial antigen 2
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Figure 1

Lysosome components and autophagosome accumulation in pericyte and myocardium of ASMD mice.
Representative immunofluorescence staining images for lysosomal-associated membrane protein
LAMP1/NG2and summary of their PCC (A), LAMP2A/NG2 and summary of their PCC (B), lysosomal
protease cathepsin B/NG2 and summary of their PCC(C), and autophagosome marker LC3/NG2 and
summary of their PCC (D). NG2 is a marker for pericytes. DAPI stains nuclei. E and F, Representative
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immunoblots and summarized data for LAMP1, LAMP2A, Cathepsin B, LC3, and p62. G, mRNA levels of
Lamp1, LampZ2a, Lc3, and p62. PCC, Pearson correlation coefficient; Scale bar=10 ym, *P< 0.05, NS. No
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Figure 2
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Cardiac inflammation and cellular infiltration in myocardium of ASMD mice. Cardiac inflammatory cells
infiltration was indicated by CD45-positive leukocyte and summary of positive cell numbers per view (A),
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CD206-positive macrophage and summary of positive cell numbers per view (B), and F4/80-positive
macrophage and summary of positive cell numbers per view(C). Representative immunofluorescence
staining images for inflammation markers: HMGB1/NG2 and summary of their PCC (D), and
RAGE/Troponin land summary of their PCC (E). NG2 is a marker for pericytes, Troponin | is a marker for
cardiomyocytes. DAPI stains nuclei. F mRNA levels of inflammasome and inflammation related genes:
Asc, Nirp3, Caspase-1, IL1B, IL18, IL6, IL8, Vcam1, lcam1, and Tnfa. PCC, Pearson correlation coefficient;
Scale bar=10 pm, *P< 0.05, NS. No Significance, (n=4-6).
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Cardiac steatosis and lipid accumulation in myocardium of ASMD mice. A, Representative Qil Red O
staining for lipid deposition in cardiac tissues and summary ratio of Oil Red O positive areas over total
view area under 40x lens. Representative immunofluorescence staining images for lipid droplets
associated protein PLIN2/NG2 and summary of their PCC (B), PLIN2/PDGFRa and summary of their PCC
(C), and PLIN2/Troponin | and summary of their PCC (D). NG2 is a marker for pericytes, PDGFRa is a
marker for fibroblasts, Troponin | is a marker for cardiomyocytes. DAPI stains nuclei. E, mRNA levels of
lipogenesis related genes: Gpat4, Agpat2, Dgat1, Dgat2, Plin2, and Plin3. PCC, Pearson correlation
coefficient; Scale bar:20 pm for A, 10 um for B-D, *P< 0.05, NS. No Significance, (n=4-6).
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Figure 4

Cardiac fibrosis and pericyte-to-myofibroblast transition in myocardium of ASMD mice. A-D,
Representative immunofluorescence staining images for pericyteto myofibroblast transition markers:
TGF-B/NG2 and summary of their PCC (A), PDGFRa/NG2 and summary of their PCC (B), FSP1/NG2 and
summary of their PCC (C), vimentin/NG2 and summary of their PCC (D), and collagen 1/NG2 and
summary of their PCC (E). NG2 is a marker for pericytes. DAPI stains nuclei. Representative Sirius red
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and fast green staining images in cardiac interstitial, and their summary ratio of Sirius red staining
positive areas over total view area under 40x lens (F). PCC, Pearson correlation coefficient; Scale bar:10
for A-E, 20 um for F, *P< 0.05, NS. No Significance, (n=6).
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Figure 5

Coronary microvascular dysfunction and arteriolar remodeling in ASMD mice. A, Representative
ultrasound images of isoflurane-induced vasodilation of the left anterior descending coronary artery at
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basal (1.0% 1SO) and hyperemia (2.5% ISO) levels. B, Summarized data of diastolic blood flow velocity
peeks at 1.0 % ISO and 2.5% 1SO. C, Representative H&E staining image and summary of coronary artery
media thickness (black arrow). D, a-SMA-labeled mature coronary artery and number summary per view
under 4x lens. E, Representative Isolectin-IB-4 labeled endothelial cells and NG2 labeled pericytes in
capillary and summary in IB4/NG2 intensity ratio. DAPI stains nuclei. Scale bar:20 pm for C and E, 200
pum for D, *P< 0.05, NS. No Significance, (n=6).
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Cardiac systolic and diastolic dysfunction in ASMD mice. A, Representative M-mode images of left
ventricular in parasternal short-axis view. B, Summarized data of echocardiographic parameters in
cardiac systolic function: left ventricular ejection fraction (LVEF), left ventricular fractional shortening
(LVFS), diastolic left ventricular internal end (LVID; d), systolic left ventricular internal end (LVID; s),
diastolic left ventricle volume (LV Vol; d), and systolic left ventricle volume (LV Vol; s). C, Summarized
data of echocardiographic parameters in cardiac remodeling: left ventricle mass (LV Mass), diastolic left
ventricular anterior wall (LVAW; d), systolic left ventricular anterior wall (LVAW; s), diastolic left
ventricular posterior wall (LVPW; d), and systolic left ventricular posterior wall (LVPW; s). D,
Representative immunofluorescence staining images for Troponin | labeled cardiomyocytes and WGA-
FITC labeled cell membrane, and summary in cardiomyocyte size. DAPI stains nuclei. E, Representative
PW doppler mode images in apical four chamber view. F, Summarized data of echocardiographic
parameters in cardiac diastolic function: Left ventricular relaxation time constant Tau value, isovolumic
relaxation time (IVRT), isovolumic contraction time (IVCT), mitral valve ejection time (MV ET), MV E peak
and MV A peak. Scale bar=10 pm, *P< 0.05, NS. No Significance, (n=6).
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Proposed mechanisms by which ASM deficiency induces cardiovascular dysfunction in ASMD mice (see
discussion for detail description).
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