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Ceramides in peripheral arterial plaque lead to endothelial cell
dysfunction
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ABSTRACT

Background: Peripheral arterial atheroprogression is increasingly prevalent, and is a risk factor for major limb amputa-
tions in individuals with risk factors such as diabetes. We previously demonstrated that bioactive lipids are significantly
altered in arterial tissue of individuals with diabetes and advanced peripheral arterial disease.

Methods: Here we evaluated whether sphingolipid ceramide 18:1/16:0 (C16) is a cellular regulator in endothelial cells and
peripheral tibial arterial tissue in individuals with diabetes.

Results: We observed that C16 is the single most elevated ceramide in peripheral arterial tissue from below the knee in
individuals with diabetes (11% increase, P < .05). C16 content in tibial arterial tissue positively correlates with sphingo-
myelin (SPM) content in patients with and without diabetes (> = 0.5, P < .005; r? = 017, P < .05; respectively). Tibial
arteries of individuals with diabetes demonstrated no difference in CERS6 expression (encoding ceramide synthase 6; the
predominate ceramide synthesis enzyme), but higher SMPD expression (encoding sphingomyelin phosphodiesterase
that catalyzes ceramide synthesis from sphingomyelins; P < .05). SMPD4, but not SMPD2, was particularly elevated in
maximally diseased (Max) tibial arterial segments (P < .05). In vitro, exogenous C16 caused endothelial cells (HUVECs) to
have decreased proliferation (P < .03), increased apoptosis (P < .003), and decreased autophagy (P < .008). Selective
knockdown of SMPD2 and SMPD4 decreased native production of C16 (P < .01 and P < .001, respectively), but only
knockdown of SMPD4 rescued cellular proliferation (P < .005) following exogenous supplementation with C16.

Conclusions: Our findings suggest that C16 is a tissue biomarker for peripheral arterial disease severity in the setting of
diabetes, and can impact endothelial cell viability and function.

Clinical relevance: Peripheral arterial disease and its end-stage manifestation known as chronic limb-threatening
ischemia (CLTI) represent ongoing prevalent and intricate medical challenges. Individuals with diabetes have a height-
ened risk of developing CLTI and experiencing its complications, including wounds, ulcers, and major amputations. In the
present study, we conducted a comprehensive examination of the molecular lipid composition within arterial segments
from individuals with CLTI, and with and without diabetes. Our investigations unveiled a striking revelation: the sphin-
golipid ceramide 18:1/16:0 emerged as the predominant ceramide species that was significantly elevated in the peripheral
arterial intima below the knee in patients with diabetes. Moreover, this heightened ceramide presence is associated with
a marked impairment of endothelial cell function and viability. Additionally, our study revealed a concurrent elevation in
the expression of sphingomyelin phosphodiesterases, enzymes responsible for catalyzing ceramide synthesis from
sphingomyelins, within maximally diseased arterial segments. These findings underscore the pivotal role of ceramides
and their biosynthesis enzymes in the context of CLTI, offering new insights into potential therapeutic avenues for
managing this challenging disease process. (JVS—Vascular Science 2023:4:100181.)
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Peripheral arterial disease (PAD) is, for the most part, a
consequence of longitudinal development of atheroscle-
rotic plaque in the peripheral arterial system."? This
chronic disease affects >200 million adults worldwide,
and its management consumes >$300 billion in health
care costs annually.>® Diabetes is a major risk factor for
peripheral arterial atheroprogression that afflicts the
below the knee tibial arteries in particular, increases the
prevalence of PAD-associated complications such as
chronic limb-threatening ischemia (CLTI), and increases
the incidence of major lower extremity amputations.”®
Understanding the underlying biochemical mechanisms
that influence atheroprogression in the peripheral arte-
rial system of individuals with diabetes is essential for
improving therapeutic effectiveness and the prevention
of PAD-related complications.?

It is known that tissue lipids are important mediators of
atheroprogression and affect endothelial cell (EC) function
and health.”° However, a paucity of studies have evaluated
how bioactive lipidsin arterial tissue can affect the incidence
and severity of PAD progression—in particular, in the tibial
arteries and in the setting of diabetes.” Previous studies sug-
gest that ceramides and bioactive sphingolipids that are
essential for cellular membrane homeostasis play impor-
tant roles in maintaining vascular tissue structural integrity
and function and can influence atherosclerotic plaque for-
mation.””'® However, the direct effects of specific ceramide
species on atheroprogression are not well understood.

De novo biosynthesis of ceramides in the liver and other
organs occurs via condensation of various fatty acetyl-
coenzyme A molecules with sphingoid bases, including
dihydrosphingosine. This biochemical reaction is catalyzed
by different isoforms of ceramide synthases.® However,
ceramides can also be synthesized through alternative
biochemical pathways, including from sphingosines via
the endolysosomal system and from the hydrolysis of
sphingomyelins (SPMs) via sphingomyelinases.®® It is re-
mains unknown which, if any, of these major ceramide syn-
thesis pathways occur in peripheral arterial tissue, affect
autocrine and paracrine cellular signaling in arterial tissue,
and influence cellular signaling cascades that contribute
to atherosclerosis in the peripheral arterial system.

We evaluated the content of ceramides in the lower leg
tibial arteries of the peripheral arterial system of individ-
uals with and without diabetes with advanced, nonsalv-
ageable CLTI. We also evaluated which ceramide
synthesis mechanisms influence EC viability and func-
tion. We hypothesized that in the setting of diabetes,
unique ceramide species and synthesis pathways could
play important roles in EC viability and function.

METHODS

Human peripheral vascular tissue procurement
Individuals with severe lower leg ischemia (Rutherford
class 5 and 6) and nonsalvageable CLTI (both medical
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and surgical revascularization failed), who were undergo-
ing major lower extremity amputations, were prospec-
tively  enrolled into an institutional review
board—approved vascular tissue biobank. All participants
provided written informed consent before inclusion in
the present study. Immediately after lower extremity
amputation in the operating room, diseased and/or
occluded tibial artery segments that had not undergone
prior arterial intervention (ie, atherectomy, angioplasty,
and/or stenting) and were in the lower leg regions with
no gross infection were harvested en bloc, placed in
cold saline solution, and transported immediately on
ice to the laboratory for isolation of the arterial intima,
as previously described.! For all specimens, the arterial in-
tima was subdivided into maximally diseased and mini-
mally diseased segments, as previously described.!
Arterial intima segments were either embedded in
paraffin, snap frozen in liquid nitrogen and stored
at —80°C for subsequent analysis or preserved for RNA
isolation. Patient demographics, including age, medical
comorbidities, and medications, were also recorded
(Table).

Arterial tissue protein analysis

Arterial tissue segments were immersed in cold hypo-
tonic nondetergent-based lysis buffer (1 M NaHCOz;, 1 M
sucrose, 1.5 M NaNz, 0.1 M phenylmethylsulfonyl fluoride,
and Protease Inhibitor Cocktail Set Ill; Calbiochem) for
30 minutes. Tissue was lysed in cold lysis buffer (0.01 M
NaHCO3, 250 mM sucrose, 5 MM NaN3, and 0.1 mM phe-
nylmethylsulfonyl fluoride). All specimens were then ho-
mogenized with a high-speed rotational power tissue
homogenizer (Glas-Col LLC). Homogenized samples un-
derwent centrifugation at 4697g for 5 minutes, and the
supernatants were obtained to standardize the protein
concentration using a colorimetric Bradford protein con-
centration assay (Bio-Rad).

EC in vitro assays

Primary human umbilical vein endothelial cells
(HUVECs; passages 4-6) were cultured on 1% gelatin-
coated culture plates using EC growth medium-2 sup-
plemented with 10% fetal bovine serum, 1% antibiotics
(100 U/mL of penicillin, 100 pg/mL of streptomycin),
vascular endothelial growth factor (1 ng/mL), basic fibro-
blast growth factor (2 ng/mL), and heparin (10 U/mL).
HUVECs were treated with C2 ceramide (10 uM; model
no. A7191; Sigma-Aldrich), sphingolipid ceramide 18:1/
16:0(C16; 10 uM; model no. 860516p; Sigma-Aldrich) or
ethanol (2 M) in basal media for 6 hours. Ceramides
were dissolved into 100% chloroform for a solution con-
centration of 10 mM and dried with nitrogen gas. The
ceramides were reconstituted in phosphate-buffered sa-
line to 100 M and sonicated until fully dissolved. Cer-
amide were then added to ECs in in vitro cultures at
110 dilution for 10 wM. The ECs were then lysed in
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Table. Patient cohort demographics®
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Gender

37

Female 3

Current smoker 2 .

Hyperlipidemia 4

End-stage renal disease 1

Insulin therapy (0]

and stored

radioimmunoprecipitation assay buffer
at —80°C. Lysate concentrations were determined using
a Bradford protein analysis assay (Bio-Rad).

Western blotting

Aliquots of 20 ng of homogenates of human arterial
intima segments, primary ECs, and cells from the
MCF7 breast cancer cell line (control) were separated
on a 4% to 20% gradient sodium dodecyl sulfate-tris-
glycine-polyacrylamide gel and electro-transferred
onto polyvinylidene difluoride membranes. The mem-
branes were blocked with 5% bovine serum albumin
and then probed overnight with LC-3 (Novus
Biologicals) and glyceraldehyde 3-
phosphate dehydrogenase antibodies (Cell Signaling
Technologies). The LC-3 ratio was measured by dividing
the content of the activated LC-3 Il isoform by the cyto-
plastic LC-3 | isoform as quantified by the densitometry
of the bands on Western blots. The membranes were
then incubated for 2 hours with a horseradish peroxi-
dase anti-rabbit secondary antibody and resolved with
an ECL kit (Thermo Fisher Scientific) and LI-COR imag-
ing system. Band densitometry analysis was performed
using Imagel software, as previously described. Band
densities were averaged across triplicate blots and are
expressed as ratios relative to protein loading control
or nonphosphorylated total protein.

Mass spectrometry ceramide content analysis

The mass spectrometry-derived lipid mass spectrum for
each sample was averaged over time, and the average
background spectra were subtracted, as previously
described.””' The ceramide content was determined

using a custom algorithm in MATLAB (MathWorks, Inc).
The absolute lipid concentration was obtained by
deriving the ratio of the signal intensity of each ceramide
species against the known quantity of the homologous,
non-naturally occurring internal standard. This analysis
included 11 SPMs and seven ceramide lipid species.

Lipid extraction and lipidomic assay

At 24 hours after transfection with small interfering RNA
(siRNA), HUVECs were lysed and lipids isolated for lipidomic
analysis, as previously described.?’ Supernatant aliquots
were obtained for each sample, and a set quantity of ho-
mologous non-naturally occurring phospholipid internal
standard species was added to each aliquot. The internal
standard cocktail included 12-dimyristoyl-sn-glycero-3-
phosphocholine (phosphatidylcholine ratio, 14:0/14:0],
dimyristoyl-sn-glycero-3-phosphoethanolamine (ratio,
14:0/14:0), dimyristoyl-sn-glycero-3-phosphoserine (phos-
phatidylserine ratio, 14:0/14:0), dimyristoyl-sn-glycero-3-
phosphoglycerol (phosphatidylglycerol ratio, 14:0/14:0),
dipalmitoyl-sn-glycero-3-phosphoinositol (phosphatidyli-
nositol ratio, 16:0/16:0), and N-lauroyl-D-erythro-sphingo-
sine (ceramide ratio, d181/12.0). Samples were then
extracted by adding chloroform—methanol (2:1), 0.63 LiCl
solution, and chloroform in sequence and centrifuging.
The organic phase from two extractions (twice) was pooled
and dried under nitrogen gas. Lipids were dissolved in 1%
ammonium hydroxide in methanol before analysis. Lipid
extracts from transfected HUVECs were analyzed by direct
injection electrospray ionization mass spectrometry using a
Vantage triple-quadruple mass spectrometer (Thermo
Fisher Scientific) and an Accela 1250 UPLC system (Thermo
Fisher Scientific) operated via the Xcalibur operating
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system (Thermo Fisher Scientific). Structures for all phos-
pholipids were identified using methods previously
described.”!

Real-time polymerase chain reaction

Real-time polymerase chain reaction (PCR) RNA was
performed in HUVECs, mouse lung ECs, and human arte-
rial intima tissue, as previously described. The extracted
RNA mixture was amplified using Applied Biosystems
PowerUp SYBR Green Master Mix (model no. A25742;
Thermo Fisher Scientific). Samples were evaluated using
the 7500 Fast Real-Time PCR System (Applied Bio-
systems, Thermo Fisher Scientific) mMRNA primers
(Supplementary Table |) were used to evaluate the rela-
tive expression of RPL32 (housekeeping gene), SMP phos-
phodiesterase 2 (SMPD2), and SPM phosphodiesterase 4
(SMPD4). Values were calculated using the 2 2A¢T
method and normalized relative to the abundance of
RPL327*

Cell lines, chemicals, and biochemicals. HUVECs were
purchased from ATCC (model no. PCS-100-013). Ceram-
ides C2 and C16 were obtained from Avanti Polar Lipids.
The BrdU (bromodeoxyuridine) cell proliferation
enzyme-linked immunosorbent assay (ELISA) kit (model
no. abl26556) was purchased from Abcam. The cell
death detection ELISA plus kit was obtained from
Sigma-Aldrich. The MCF7 breast cancer cell line was
purchased from ATCC (model no. HTB-22).

SMPD siRNA

siRNAs (siSMPD2 AM16708 and siSMPD4 AM16790;
Thermo Fisher Scientific) and a negative control
(enhanced green fluorescent protein) were purchased
from Applied Biosystems. Transfection of siRNAs into
HUVECs was performed using Lipofectamine RNAIMAX
(Thermo Fisher Scientific) in accordance with the manu-
facturer's instructions. The siRNAs were used at a final
concentration of 10 NnM. Quantitative real-time PCR was
performed at 24 hours after transfection. Transfection ef-
ficiency was monitored by transfection of KIF11 (Thermo
Fisher Scientific).

Cell proliferation assay

Cell proliferation and death were evaluated using a
BrdU incorporation assay and anti-DNA/histone ELISA,
respectively. In a 96-well culture format, 1 x 10* ECs
were seeded per well, followed by serum starvation for
=6 hours. Corresponding treatment of growth media,
vehicle, C2, and C16 was independently evaluated after
24 hours in accordance with the manufacturer's instruc-
tions (Roche) using a multiwell spectrophotometer at
450 nm, as previously described.”*?* Each assay was
repeated in triplicate.

Statistical analysis
All statistical analyses were performed using GraphPad
Prism. Lipidomic comparisons were evaluated using the
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two-way Student t test. Comparisons between individual
HUVEC treatment conditions were evaluated using two-
way analysis of variance and unpaired two-way Student t
test. Similarly, ELISA assays were evaluated using two-
way analysis of variance. Values of P < .05 were consid-
ered statistically significant. Descriptive statistics are
summarized as the mean =+ standard error of the
mean, unless stated otherwise.

RESULTS

Peripheral arterial lipid content. We comprehensively
evaluated the lipid content in arterial segments of 21 pa-
tients who underwent a major lower extremity amputa-
tion due to nonsalvageable CLTI. Patients with (n = 14)
and without (n = 7) diabetes were included in this study
and had a similar age, demographics, and comorbidities
(Table). Compared with patients without diabetes, the
total content of lipid molecules was lower in the arterial
intima segments of the patients with diabetes
(Supplementary Table Il; P = .039). However, the relative
content of ceramides and SPMs was higher (81.7% and
19.9%, respectively). Relative to the minimally diseased
arterial intima, the total ceramide and SPM content was
elevated in the maximally diseased segments of patients

with  diabetes (175% and 36.3%, respectively;
Supplementary Table Ill) and in patients without dia-
betes (139.5% and 76.9%, respectively; P = .03

Supplementary Table lI).

Moreover, we observed a significant correlation be-
tween the total content of ceramides and SPM in tibial
arterial intima of patients with and without diabetes
(with diabetes: R? = 051, P = .03, Fig 1, A; without dia-
betes: R = 0.52, P = .00], Fig 1, B). However, only in pa-
tients with diabetes did we observe that both
minimally and maximally diseased arterial intima had a
significant correlation between total ceramide and SPM
(minimally: R = 053, P = .004 maximally: R? = 047,
P = .006; respectively; Fig 1, B).

Ceramide and SPM in peripheral arterial segments.
Because ceramide and SPM lipid molecules were
elevated in maximally diseased arterial segments, we
further evaluated the content of individual lipid species.
Among SPMs, SPM 34:1/1.0 (SPM34) was the most abun-
dant SPM in the tibial arterial intima segments of pa-
tients with or without diabetes (Fig 1, C; Supplementary
Fig 1). Among ceramides, we observed that C16 was the
single most abundant lipid molecule in the peripheral
arterial intima (Fig 1, D, Supplementary Fig 1). C16 was
significantly higher in the arterial intima of patients with
diabetes (P < .05; Fig 1, E). C16 was also higher in the
maximally diseased segments of patients with diabetes
(101.19% higher; P = .04) and without diabetes (323.8%; P =
.02; Fig 1, E; Supplementary Table Il). Compared with the
patients without diabetes (diabetes clinical severity index
[DCSI], O; n = 4) and patients with a DCSI of =5 (n = 5),
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Fig 1. Ceramide 18:1/16:0 (C16) is elevated in diseased peripheral arterial intima. A,B, Lipidomic correlation of total
ceramide and total sphingomyelin (SPM) content in minimally diseased tissue (MIN), maximally diseased tissue
(MAX), and cumulatively (total) in arterial segments from patients without diabetes (n = 7) and with diabetes (h =
14). C, Total SPM abundance in diseased arterial segments separated by acetyl chain length (n = 10). D, Total
ceramide abundance of diseased arterial segments separated by acetyl chain length (n = 28). E, C16 content in
minimally and maximally arterial segments from patients without and with diabetes (n = 28; P < .05). F,
Sphingomyelin 34:1/1:0 (SPM42) abundance stratified by diabetes complication severity index (DCSI) category (n =
14). G, C16 abundance correlated with DCSI category (n = 28).

patients with an elevated DCSI >5 (n = 5; indicative of
higher diabetes-related clinical complications) demon-
strated no observable differences in SPM34 (Fig 1, F) but
higher C16 content in the maximally diseased arterial
intima segments (P = .006; Fig 1, G).

Ceramide synthesis enzyme analysis. To evaluate the
synthetic pathways that might contribute to elevated
C16 in diseased peripheral arterial intima, we examined
the expression profiles of major catalytic enzymes
responsible for ceramide synthesis. Expression of cer-
amide synthase 6 (encoded by CERS6) was similar in
those with and without diabetes and in maximally and
minimally diseased tibial arterial intima (Fig 2, A-C).

A significant correlation was found between total C16
and SPM34 molecules in those with diabetes (R?
0.27, P = .004; Fig 2, D) and without diabetes (R? = 031,
P = .03; Fig 2, E). Therefore, we evaluated whether SMPDs,
which catalyze ceramide synthesis from SPMs via the
alterative pathway, were differentially expressed in the
peripheral arterial intima. Although no difference in
expression was observed in isoforms SMPDI and
SMPD3 between patients with and without diabetes
(Supplementary Fig 2, A and B), SMPD2 was elevated in

patients without diabetes (P < .05; Fig 2, F), and SMPD4
was notably elevated in maximally diseased arterial in-
tima segments (P < .05; Fig 2, G). Although SMPDI was
modestly elevated in maximally diseased segments
(Supplementary Fig 2, C), SMPD3 and SMPD4 were over-
all higher in both patients with and without diabetes
(Fig 2, H: Supplementary Fig 2, B). These findings suggest
that upregulation of C16 in tibial arterial tissue might, in
part, be regulated by SMPD2 and SMPD4 via the altera-
tive synthesis pathway.

Impact of C16 on EC viability and function. EC
dysfunction is a hallmark of atheroprogression and is a
known contributor to PAD severity in the setting of dia-
betes.?® We, therefore, evaluated whether supplement-
ing ECs with exogenous C16 could affect EC function and
viability. HUVECs maintained in culture at increasing
concentrations of C16 or C18:1/2:0 (C2; as control), in
particular with 12.5 pM of C16, demonstrated a significant
decrease in cellular proliferation (Fig 3, A). In addition,
treatment of HUVECs with C16 was associated with a
40% increase in apoptosis, as visualized with caspase 3/7
immunostaining (Fig 3, B and C). Because cellular auto-
phagy is a protective mechanisms that limits EC
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Fig 2. Expression profiles of ceramide synthesis enzymes in human tibial arterial tissue. A, Real-time (RT) poly-
merase chain reaction (PCR) of CERS6 ratio with the RPL32 housekeeping gene in the maximally (n = 5) and
minimally (n = 4) diseased tissue of patients without diabetes vs maximally (n = 7) and minimally (n = 6) diseased
tissue of patients with diabetes. B, RT-PCR of CERS6 of total minimally (n = 10) and maximally (nh = 12) diseased
arterial intima segments. C, RT-PCR of CERS6 in patients without diabetes (n = 9) and with diabetes (n = 13). D,
Correlation of ceramide 18:1/16:0 (C16) and sphingomyelin 34:1/1:0 (SPM34) content in arterial intima segments of
patients without diabetes (n = 14). E, Correlation of C16 and SPM34 in arterial intima segments of patients with
diabetes (n = 28). F, RT-PCR of genes encoding for sphingomyelin phosphodiesterase enzymes 2 and 4 (SMPD2
and SMPD4) and normalized to RPL32. This was evaluated in maximally (n = 5) and minimally (n = 4) arterial
intima segments of patients without diabetes and maximally (n = 7) and minimally (n = 6) arterial intima seg-
ments from patients with diabetes. G, SMPD2 and SMPD4 normalized to RPL32 in patients without diabetes (n =
9) and patients with diabetes (n = 13). H, SMPD2 and SMPD4 normalized to RPL32 of maximally (n =12) and
minimally (n = 10) in patients with and without diabetes.

SMPD2 SMPD4 SMPD4

dysfunction,?®?” we evaluated this process in the setting

of exogenous C16 supplementation. We observed a 50%
decrease in the activation of microtubule-associated
proteins 1A/1B light chain 3B (LC3-ll; P < .005; Fig 3, D
and E) in HUVECs supplemented with C16, suggesting
that C16 inhibits protective cellular autophagy.

Effect of SMPD on EC sensitivity to C16. Because
SMPDs can catalyze the synthesis of endogenous ceram-
ides such as C16, and common isoforms were differen-
tially expressed in diseased tibial arterial intima (Fig 2, F
and H), we next evaluated whether selective knockdown
of the SMPD genes can affect EC endogenous synthesis
of C16 and cellular sensitivity to exogenous Cl16
supplementation.

Selective knockdown of either SMPD2 or SMPD4 in
HUVECs with siRNA (siSMPD2 and siSMPD4, respectively)
was associated with a 20% decrease in endogenous C16
content (P = .001; Fig 4, A). Protective cellular autophagy
(LC-3 11/I ratio) was increased by >20% after knockdown
of SMPD2 and SMPD4 in HUVECs that were exogenously
supplemented with C2 (control, nonactive ceramide; P <
.05; Fig 4, B). However, C16 supplementation decreased
autophagy in HUVECs with and without knockdown of
SMPD2 or SMPD4 (Fig 4, B). This suggests that exogenous

C16 supplementation increases cellular stress conditions
that deleteriously affect protective cellular autophagy
and that SMPD2 and SMPD4 are essential for preserving
autophagy and survival in HUVECs.?%%7

To further investigate the impact of SMPDs on EC func-
tion, we evaluated the effect of exogenous C16 supple-
mentation on HUVECs following knockdown of either
SMPD2 or SMPD4. Under control conditions with either
solvent solution (without ceramides) or exogenous C2
supplementation, HUVEC proliferation was not affected
(Fig 4, C). However, when HUVECs were stressed with
exogenous C16 supplementation, only knockdown of
SMPD4 allowed HUVECs to have improved proliferation
(Fig 4, C; P = .005). These data suggest that inhibition
of endogenous C16 synthesis by SMPD4 knockdown
can be protective in the setting of cellular stress imposed
via exogenous C16 supplementation.

DISCUSSION

Ceramides are well-recognized bioactive lipid mole-
cules that play essential roles in cell membrane structure
and integrity and regulation of various cell functions.?
Regulation of ceramides is crucial for maintaining
vascular homeostasis in the endothelium and known to
contribute to cardiovascular disease progression.?>?%2°
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Fig 3. Ceramide 18:1/16:0 (C16) impairs human umbilical vein endothelial cell (HUVEC) viability and function. A,
Proliferation of HUVEC cultures evaluated after treatment with C16 or C2 (P = .03). B,C, HUVEC apoptosis analysis
with caspase 3/7 immunostaining (CellEvent caspase-3/7 green detection reagent) compared with vehicle
(ethanol) or solvent (ethanol in growth media). Relative to C2 controls, HUVECs treated with C16 demonstrated
higher levels of apoptosis (P = .003). D, Representative Western blot demonstrating decreased LC3Il/I in HUVECs
treated with C16. E, LC3ll/| ratio is decreased in HUVECs treated with C16 (P = .008). HUVECs treated with C2
demonstrated no significant differences in LC3II/I ratio relative to the positive vehicle control dimethyl sulfoxide
(DMSO) and showed a significant difference relative to the negative control MCF7 breast cancer cell line (P =
.006).
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Fig 4. Effect of selective knockdown of sphingomyelin phosphodiesterases (SMPDs) in human umbilical vein
endothelial cells (HUVECs). A, Small interfering RNA (siRNA) knockdown of SMPD2 and SMPD4 caused a decrease
in ceramide 18:1/16:0 (C16) content in HUVECs compared with enhanced green fluorescent protein (GFP) siRNA
control (P < .0001, P=.006, and P < .0001, respectively). B, Selective knockdown of SMPDs in HUVECs followed by
C2, C16, or vehicle (ethanol) supplementation. Each group is expressed relative to the vehicle treatment for each
siRNA knockdown condition. Selective knockdown of SMPD2 and SMPD4 caused a decrease in LC3 ratio (P = .03).
C, Selective knockdown of SMPD4 led to rescue of HUVEC proliferation after C16 treatment.

To the best of our knowledge, our study is the first to
demonstrate that ceramide C16 is elevated in the periph-
eral tibial arterial intima of patients with CLTI. In vitro as-
sessments demonstrated that Cl6 reduces EC

proliferation and viability and decreases protective
cellular autophagy signaling. We also observed that cer-
amide production in diseased tibial arterial intima can
be influenced by SMPD. Also, in nonstress conditions (in
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Fig 5. Ceramide 18:1/16:0 (C16) potentiates endothelial cell
(EC) dysfunction and vascular disease. Sphingomyelin
phosphodiesterases (SMPDs) can convert sphingomyelin
substrate to ceramides such as C16. Increased peripheral
arterial C16 leads to EC dysfunction, which ultimately
contributes to atheroprogression and advanced forms of
peripheral arterial disease (PAD) such as chronic limb-
threatening ischemia (CLTI).

the absence of C16 supplementation), selective knock-
down of SMPDs appeared to preserve EC autophagy
and proliferation. These findings demonstrate that
elevated C16 content in diseased tibial arterial intima
could be a valuable tissue biomarker for disease severity
and EC dysfunction (Fig 5).

Prior studies demonstrated that increased tissue
ceramides can lead to decreased EC activation, disrup-
tion of mitochondrial electron transport chain, and
increased reactive oxygen species production*° In
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humans, circulating serum ceramides are elevated in in-
dividuals with obesity, diabetes, cancer, hepatic steatosis,
hypertension, and coronary atherosclerosis.®' In individ-
uals with coronary artery disease, circulating ceramide
levels are thought to be predictive of major adverse car-
diac events**** Preclinical studies targeting circulating
ceramides pharmacologically with statin therapy
showed decreased serum ceramide levels and reduced
rates of atheroprogression.®** However, the contribution
of ceramide dysregulation in arterial tissue remains
largely unclear. The extent of our current knowledge is
limited to preclinical murine models in which tissue
ceramides were found to affect insulin resistance,
glucose intolerance, and the accumulation of aortic
atherosclerosis.***® Mice maintained on a sphingolipid-
rich diet developed larger atherosclerotic lesions,*®
which appeared to be more highly concentrated with
low-density lipoprotein-conjugated ceramides.*® Our
study builds on these prior murine studies and demon-
strates that in human tissue, ceramide content is signifi-
cantly associated with end-stage PAD in individuals with
CLTI.

Only a few studies have evaluated the effects of bioac-
tive lipid molecules on EC viability and function.”! The
accumulation of arterial fatty deposits inhibits endothe-
lial homeostasis, affects vasoactive functions in the pe-
ripheral arterial system, and reduces endothelial nitric
oxide synthase. Elevated tissue ceramides can also
reduce endothelial nitric oxide synthase activation and
lead to impaired vasorelaxation, increased oxidative
stress, and increased tissue inflammation.>***” Prior
studies that selectively targeted ceramides demon-
strated enhanced EC viability and improved arterial vaso-
active function.”®>? Our study similarly demonstrates
that EC viability and autophagy signaling is significantly
affected by C16 and that under stress conditions (with
C16 supplementation), SMPDs play an important role in
managing the excess production of ceramides from
SPMs via the alterative biochemical synthesis pathway.
We suspect that the observed SMPD downregulation in
the setting of diabetes (Fig 2, G) likely represents an
autogenous protective mechanism that aims to limit
the overproduction of bioactive ceramides.

Our study also builds on prior findings that show that
ceramide function is dependent on its lipid molecule
chain length. Differences in chain lengths have a notice-
able impact on the biophysical and molecular properties
of ceramides, which, in turn, can affect various cellular
and tissue processes.> The ceramide transport protein
selectively transports Cl4, C16, C18, and C20 ceramides.>*
This selectivity in chain length affects which ceramides
are more likely to traverse cell membranes and affect
cellular processes. C16 ceramides can integrate into
cholesterol lipid rafts, and C24 ceramides cannot .>°
Additionally, ceramides are highly hydrophobic mole-
cules, which means they can bind to a wide range of
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proteins, including those with critical roles in post-
translational modification, cell signaling, and transcrip-
tion factors responsible for gene expression.®® The broad
range of ceramide—protein interactions that occur in tis-
sue might, in part, explain the variable physiologic
outcomes observed in different cell types.>**° For long-
chain fatty acids (ranging from C16 to C18), in particular,
prior studies show that these lipid molecules play critical
roles in cellular viability, apoptosis cellular machinery,
and activation of protein kinases such as c-Jun N-termi-
nal kinase and adenosine monophosphate-activated
protein kinase.”® Our study demonstrates that the long-
chain ceramide C16 is the most abundant ceramide in
diseased peripheral arterial intima. Consistent with prior
studies, ceramide C16 also appears to greatly affect EC
viability and function.

Ceramide biosynthesis occurs via three well-
characterized biochemical pathways.?® Our study
findings suggest that C16 in ECs and human peripheral
arterial intima is, at least in part, synthesized by SMPDs.
Interestingly, SMPDs stratify as alkaline, neutral, or acidic
pH catalytic enzymes and are predominantly activated
under cell stress conditions and cytokine-induced tissue
inflammation.>”*° SMPDI encodes an acidic SMPD, and
a deficiency in this enzyme causes Niemann-Pick dis-
ease, which is a rare fatal condition that affects lysosomal
storage and lipid metabolism.®° The more abundant and
neutral SMPDs are expressed by SMPD2 and SMPD4 (on
which we focused in our study; Fig 4) and appear to play
vital regulatory roles in cellular proliferation machinery
and apoptosis mechanisms.?°®° In particular, SMPD2
was previously linked to atheroprogression via the nitride
oxide synthesis pathway and through activation of tumor
necrosis factor-0.°®%” Overall prior studies highlight the
importance of SMPDs as regulatory proteins that
manage cellular production of ceramides in lipid-rich en-
vironments and can ultimately affect various end organ
functions.°*®> Similarly, our study demonstrates that
SMPDs are essential for EC proliferative activity and auto-
phagy signaling—especially under stress conditions. In
our studies, it is unclear why protective autophagy was
not significantly blunted in HUVECs treated with siGFP
control (Fig 4, B) but is likely related to the specific trans-
fection conditions used in this experimental control.
Nevertheless, we observed a consistent decrease in auto-
phagy in all other experimental conditions (including C2
controls), demonstrating that both SMPDs and C16 affect
EC viability.

Recent efforts have targeted ceramides in an attempt
to reduce the risk of atheroprogression. Lipid-lowering
medications such as statins and PCSK9 inhibitors are
associated with a 30% reduction in circulating serum
ceramides in patients with hyperlipidemia.** In preclini-
cal murine models, selective inhibition of CERS6, which
catalyzes the de novo biosynthesis of ceramides, demon-
strated improved insulin sensitivity and reduced

Meade et al 9

dyslipidemia.?”® Interestingly, multiple Food and Drug
Administration—approved drugs, mostly tricyclic antide-
pressants, that coincidentally inhibit SMPDs that pro-
duce ceramides via the alternative biosynthesis
pathways.®® Although none of these agents have been
found to reduce the burden of atherosclerotic disease,
several appear to improve tissue function and viability.
Desipramine, an antidepressant, which reduces cer-
amide content in cardiomyocytes, also improved cellular
viability and cardiac function and contractility.”®”* Stim-
ulation of ceramide degradation pathways has also
demonstrated potential therapeutic benefits by
improving insulin sensitivity and signaling.”* Our study
observed increased SMPD expression in human tibial
arterial intima and that selective knockdown of SMPD2
and SMPD4 isoforms improved EC autophagy and prolif-
eration in nonstress conditions (in the absence of C16
supplementation). These studies provide a new frame-
work for ceramide targeting and provide for further
exploration of ceramide and SMPD signaling in the pe-
ripheral arterial tissue of individuals at risk of PAD
progression.

Study limitations. We acknowledge that our study has
some limitations. First, despite careful tissue sampling,
preparation, and dissection, the proximity of maximally
and minimally diseased tibial arterial tissues could lead
to sampling error and an unconscious selection bias
and type Il error. Nevertheless, we intentionally used
our previously reported techniques, which we observed
to provide robust and consistent results in elucidating
differences in lipid metabolism in peripheral arterial tis-
sue."”"”® Second, our human cohort might not fully ac-
count for the chronic progression of disease and the
range of medical comorbidities that typically afflict pa-
tients with PAD. Our clinical samples were obtained at a
single point during limb amputation, which certainly
narrows the perspective of our biochemical analysis and
is not fully reflective of the chronic PAD disease process.
Because it is not possible to obtain arterial samples from
patients with PAD over time in a longitudinal fashion, we
anticipate that future rodent models, or even large ani-
mal models, that are prone to atherosclerosis might help
resolve this persistent limitation in investigations of PAD
progression. Third, CLTI provides unique opportunities for
investigating molecular mechanisms that affect athero-
progression; however, arterial samples obtained from
patients afflicted by this mostly represent an end-stage
disease state. In this context, our study demonstrates
clear differences in ceramide content between maxi-
mally and minimally diseased peripheral arterial intima
and notable correlations between ceramides and SPMs.
We anticipate that future studies can further investigate
whether similar mechanisms occur during earlier stages
of PAD and determine how medical comorbidities (eg,
chronic kidney disease, smoking habits) and critical
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patient demographics such as age, sex, and systemic
metabolites can affect PAD progression. Finally, although
our study focused primarily on evaluating the effects of
C16 on ECs, it is likely that C16 can also affect vascular
smooth muscle cells in the arterial media. Future studies
evaluating the ceramide-mediated autocrine and para-
crine EC—vascular smooth muscle cells interactions
could be a ripe area of future investigation, given the
findings of our study.

CONCLUSIONS

We report that C16 appears to be the single most
elevated lipid in the tibial arterial intima of patients
with CLTI. In addition, we demonstrated that excessive
levels of C16 are deleterious for EC viability and homeo-
stasis. In contrast, inhibition of ceramide production by
selective knockdown of specific SMPDs appears to pre-
serve EC proliferation, even under stress conditions. Our
study provides the impetus for future studies to explore
the role of targeting C16 and SMPDs as opportunities to
circumvent PAD progression and the risk of limb loss
associated with CLTI.
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