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CEPT1-Mediated Phospholipogenesis Regulates
Endothelial Cell Function and Ischemia-Induced
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De novo phospholipogenesis, mediated by choline-
ethanolamine phosphotransferase 1 (CEPT1), is essen-
tial for phospholipid activation of transcription factors
such as peroxisome proliferator-activated receptor «
(PPARG) in the liver. Fenofibrate, a PPAR« agonist and
lipid-lowering agent, decreases amputation incidence in
patients with diabetes. Because we previously observed
that CEPT1 is elevated in carotid plaque of patients with
diabetes, we evaluated the role of CEPT1 in peripheral
arteries and PPAR« phosphorylation (Ser12). CEPT1 was
found to be elevated in diseased lower-extremity arterial
intima of individuals with peripheral arterial disease and
diabetes. To evaluate the role of Cept1 in the endothelium,
we engineered a conditional endothelial cell (EC)-specific
deletion of Cept1 via induced VE-cadherin-CreERT2-
mediated recombination (Cept1Lp/LpCre*). CeptiLp/LpCre*
ECs demonstrated decreased proliferation, migration,
and tubule formation, and Cept1Lp/LpCre* mice had re-
duced perfusion and angiogenesis in ischemic hind limbs.
Peripheral ischemic recovery and PPAR« signaling were
further compromised by streptozotocin-induced diabetes
and ameliorated by feeding fenofibrate. Cept1 endoribo-
nuclease-prepared siRNA decreased PPAR« phosphor-
ylation in ECs, which was rescued with fenofibrate but
not PC16:0/18:1. Unlike Cept1Lp/LpCre* mice, CeptiLp/
LpCre*Ppara~'~ mice did not demonstrate hind-paw per-
fusion recovery after feeding fenofibrate. Therefore, we
demonstrate that CEPT1 is essential for EC function and

tissue recovery after ischemia and that fenofibrate res-
cues CEPT1-mediated activation of PPAR«.

Lipids for mammalian metabolism are derived from two
main sources: diet and endogenous de novo synthesis (1-3).
De novo phospholipogenesis is the process whereby excess
carbohydrates and proteins are converted into phospho-
lipids (4-6). Choline-enthanolamine phosphotransferase
1 (CEPT1), a 47-kDa membrane-bound protein that cata-
lyzes the terminal step of the Kennedy pathway (2), is
encoded by the Ceptl gene (7) and responsible for phos-
phatidylcholine (PC) and phosphatidylethanolamine (PE)
production (1,2,8). PC and PE are the dominant phospho-
lipids in mammalian cells and are essential for a myriad of
cellular processes, including organelle/plasma membrane
structure and integrity (9), lipoprotein secretion (10), and
DNA and protein synthesis (11). A growing body of evi-
dence demonstrates that disruption of phospholipogenesis
is associated with a variety of human conditions, including
obesity, metabolic syndrome, and diabetes (1,3,9,12-14).

Peroxisome proliferator-activated receptor o (PPARw)
is a ligand-activated transcription factor that belongs to
the superfamily of nuclear hormone receptors (15). In the
circulatory system, PPARa is present in endothelial cells
(ECs), where it can be activated by both exogenous phar-
macological fibrate drugs like fenofibrate, clofibrate, and

1Section of Vascular Surgery, Department of Surgery, Washington University
School of Medicine in St. Louis, St. Louis, MO

2Division of Molecular Cell Biology, Washington University School of Medicine in St.
Louis, St. Louis, MO

3Department of Biomedical Engineering, McKelvey School of Engineering, Wash-
ington University in St. Louis, St. Louis, MO

4VA St. Louis Health Care System, St. Louis, MO

5Center for Human Nutrition, Department of Medicine, Washington University
School of Medicine in St. Louis, St. Louis, MO

6Division of Endocrinology, Metabolism and Lipid Research, Department of
Medicine, Washington University School of Medicine in St. Louis, St. Louis, MO

Corresponding author: Mohamed A. Zayed, zayedm@wustl.edu
Received 15 June 2020 and accepted 12 November 2020

This article contains supplementary material online at https://doi.org/10.2337/
figshare.13229129.

© 2020 by the American Diabetes Association. Readers may use this article as
long as the work is properly cited, the use is educational and not for profit, and the
work is not altered. More information is available at https://www.diabetesjournals
.org/content/license.

v
p
-
I
o
v
=
@
o
r
o
(9]
<



https://doi.org/10.2337/db20-0635
http://crossmark.crossref.org/dialog/?doi=10.2337/db20-0635&domain=pdf&date_stamp=2021-01-09
mailto:zayedm@wustl.edu
https://doi.org/10.2337/figshare.13229129
https://doi.org/10.2337/figshare.13229129
https://www.diabetesjournals.org/content/license
https://www.diabetesjournals.org/content/license

550 CEPT1 Regulates ECs and Peripheral Limb Recovery

gemfibrozil and endogenous ligands such as the CEPT1-
derived phospholipid derivative PC16:0/18:1 (16). Acti-
vated PPARa can alter intracellular lipid metabolism
through multiple mechanisms, including stimulation of
enzymes that promote metabolism of fatty acids, such as
acyl-CoA oxidase (ACOX1), carnitine palmitoyl transferase
(CPT1), and medium-chain acyl-CoA dehydrogenase (17).

Individuals with type 2 diabetes (T2D) have a higher
prevalence of hypertriglyceridemia and microvascular ar-
terial occlusive disease and higher risk of foot wounds and
limb amputations (18-21). It is estimated that somewhere
in the world, an amputation is performed every 30 s in
individuals with diabetes (22). The Fenofibrate Interven-
tion and Event Lowering in Diabetes (FIELD) study is the
only clinical trial to date demonstrating that treatment
with fenofibrate (a PPARa agonist and lipid-lowering
agent) significantly reduced lower-extremity amputations
in individuals with diabetes (23). It remains unclear how
fenofibrate confers its beneficial limb-preserving effects.
We hypothesized that the effect of fenofibrate is in part
related to intracellular lipid metabolism, and we tested this
hypothesis by evaluating the effect of fenofibrate on
CEPT1-mediated activation of PPAR« in the endothelium.

RESEARCH DESIGN AND METHODS

Human Selection and Arterial Intima Procurement

The human portion of this study was performed using an
institutional review board-approved study protocol, and
all study patients provided written informed consent
before participation. From April 2016 to November 2016,
31 patients with and without chronic T2D undergoing
lower-extremity amputation because of advanced nonsalv-
ageable peripheral arterial disease (PAD) were prospec-
tively enrolled in a tissue biobank for collection of arterial
segments from their amputated limbs. Immediately after
the amputation in the operating room, tibial arterial seg-
ments from the lower legs were harvested en bloc, placed
in cold saline solution, maintained on ice, and immediately
transferred to the laboratory for isolation of the arterial
intima and further analysis. Arterial intima was subdivided
into maximally (Max) and minimally (Min) diseased arterial
segments as previously described (24). Arterial intima segments
were embedded in paraffin, snap frozen in liquid nitrogen and
stored at —80°C, or preserved for RNA isolation.

Animal Regulations

All housing, breeding, and experimental procedures in-
volving mice were conducted in accordance with national
guidelines and regulations and approved by the local uni-
versity institutional animal care and use committee.

Generation of Mouse Models

Inducible knockdown of CEPT1 in the mouse vascular
endothelium was facilitated by crossing VE-cadherin-Cre-
ERT2 mice (25,26) with CEPT1-floxed mice (Loxp sites
flanking exon 3 of the Ceptl gene; Cept1Lp/Lp) (Supple-
mentary Fig. 1A and B). Littermates at least 8 weeks of
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age received tamoxifen (TMX) treatment (five daily i.p.
injections at 1 mg per mouse) to induce Cre expression
and endothelial Ceptl gene knockdown.

Isolation of Primary ECs

Hearts and lungs of Cept1Lp/Lp Cre , CeptlLp/Lp Cre",
Ppara™’~, and Ppara™’" mice ~1-3 months of age were
dissected from the mouse mediastinum and prepared for
EC isolation as previously described (27). Organs were
gently minced, collagenase digested, and strained. The re-
sulting cell suspension underwent positive cell sorting
using PECAM-1 (BD Biosciences, San Jose, CA) anti-rat
IgG-conjugated magnetic beads (Invitrogen, Carlsbad, CA).
Isolated cells were plated in tissue culture flasks and
cultured in growth media. Heart (MHECs) and lung ECs
(MLECs) were then purified with a second round of pos-
itive cell sorting using either PECAM-1 or ICAM-2 (BD
Biosciences) coated magnetic beads. The remaining ECs
were cultured for up to two to three passages.

EC Function Assays

Cell proliferation and death were evaluated using BrdU
incorporation assay and anti-DNA/histone ELISA, respec-
tively. In a 96-well culture format, 1 X 10* ECs were
seeded per well, followed by serum starvation for at least
6 h. Growth media was then added, and proliferation and
death were independently evaluated after 24 h according
to manufacturer’s instructions (Roche, Indianapolis, IN)
using a multiwell spectrophotometer at 450 nm as pre-
viously described (27,28). Each assay was repeated in
triplicate.

EC migration was evaluated using a monolayer EC
migration assay as previously described (27,28). Mono-
layer scratches were serially evaluated at 0, 3, 6, and 16 h,
and percentage of wound area closure was measured using
ImageJ software. Each condition was repeated in triplicate.

EC tubule formation was evaluated using a 48-well cul-
ture format as previously described (27). Cells on the
growth factor-reduced Matrigel were then incubated in
the presence of growth media or basal media supple-
mented with 25 wmol/L fenofibrate. Three random 20X
images were collected for each condition at baseline and
at 2, 4, and 6 h postincubation. Each assay was repeated
in triplicate.

EC Culture, Lysis, Western Blotting, and
Immunohistochemistry

Human umbilical vein ECs (HUVECs) were maintained in
EBM culture media according to manufacturer’s instruc-
tions (Cambrex, East Rutherford, NJ). MHECs and MLECs
were isolated in isolation media (i.e., high-glucose DMEM
with 20% FBS, 20 units/mL penicillin/streptomycin anti-
biotic [Gibco, Carlsbad, CA], and 20 units/L heparin
[Sigma]) and maintained in highly supplemented growth
media. Cells were serum starved in basal media. For acute
knockdown of Ceptl, ECs were cultured to at least 60%
confluence and then treated with 5 pmol/L TMX for 48 h.
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ECs were then lysed in modified CHAPS buffer (20 mmol/L
HEPES, pH 7.4, 0.15 mol/L NaCl, 10 mmol/L CHAPS,
50 mmol/L NaF, 10 mmol/L B-glycerophosphate, 1 mmol/
LM each of CaCl, and MgCl,, and Protease Inhibitors
Cocktail Set III [Calbiochem, San Diego, CA]) on ice for at
least 30 min.

For hind-limb muscle tissue, ~50 mg of ischemic hind-
limb adductor or gastrocnemius muscle tissue was homog-
enized in cold RIPA Lysis Buffer System (sc-24948; Santa
Cruz Biotechnology) containing Halt Protease and Phos-
phatase Inhibitor Cocktail (78442; Thermo Fisher Scientific).

Total protein from ECs and muscle tissue was deter-
mined using a Bradford protein assay, loaded onto SDS-
PAGE, and transferred to polyvinylidene fluoride membranes
for Western blotting. Proteins were detected with rabbit
anti-CEPT1 (20496-1-AP; Proteintech Group), anti-PPARa,
rabbit antiphospho-PPAR« (Ser 12; PA1820; Life Technol-
ogies Corp.), rabbit anti-ACOX1 (10957-1-AP; Protein-
tech), and mouse anti-CPT1la (66039-1-Ig; Proteintech)
antibodies. Rabbit anti-caveolin-1 (ab2910; Abcam Bio-
technology) was used for Western blot loading controls.
Band densitometry analysis was performed using ImageJ
software as previously described (27,28). Band densities
were averaged across triplicate blots and expressed as
ratios relative to protein loading control or nonphos-
phorylated total protein.

For immunostaining, HUVECs were fixed with 100%
methanol and serially washed with PBS; 2% BSA blocking
agent was added for 1 h at room temperature. Immunos-
taining was then performed using primary antiphospho-
PPAR« (Ser12) 1:200 or rabbit anti-CEPT1 antibody 1:50.
Primary antibody was detected with a secondary antibody
donkey anti-rabbit IgG labeled with Alexa Fluor 555 1:400
(A31572; Thermo Fisher Scientific), followed by DAPI
staining. Imaging assessments were performed using a
DFC 3000 G Leica Microsystems inverted fluorescent
microscope, and staining was quantified using ImageJ
software (29).

Murine Hind-Limb Ischemia

Cept1Lp/LpCre ™, Cept1Lp/LpCre”, Ppara~’~, and Cept1Lp/
LpCre™ Ppara™'~ mice were either maintained on a regular
diet for 12 weeks or initiated on a fenofibrate diet at
6 weeks of age. At 8 weeks of age, mice were also treated
with or without streptozotocin (STZ) (0.1 mg/g of body
weight administered i.p. once daily for five consecutive
days) to induce hyperglycemia and a diabetes-like phe-
notype (28,30). At 12 weeks of age, all mice received
TMX (0.05 mg/g of body weight administered i.p. once
daily for five consecutive days) to induce Cre expression
acute knockout of endothelial Ceptl. At 10 days after
Cept1 knockout, unilateral hind-limb ischemia (HLI) was
performed as previously described (28). At 7 days post-
HLI, mouse hind-limb or hind-paw Doppler perfusion,
skeletal muscle histology, and microvessel density were
evaluated.
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Real-time PCR

RNA was purified from HUVECs, MLECs, and human
arterial intima tissue as previously described (24). Target
mRNA was quantified by real-time PCR using specified
primer sets (designed to span introns, not react with
genomic DNA, and validated with quantitative PCR melt-
ing curve analysis) (Supplementary Table 1) and Applied
Biosystems PowerUp SYBR Green Master Mix (A25742;
Thermo Fischer Scientific). Samples were evaluated using
the 7500 Fast Real-Time PCR System (Applied Biosystems)
and analyzed using Fast System Software (Applied Bio-
systems). Threshold cycle (Ct) values were normalized to
either RPL32 mRNA (for human EC and tissue analysis) or
RPL34 mRNA (for murine EC analysis) and expressed as
fold change relative to the mean Ct value of the control
group using the A Ct method (31).

Endoribonuclease-Prepared siRNA Construction and
Transfection of HUVECs

Endoribonucdlease-prepared siRNA (esiRNA) targeting Cept1
and esiRNA™ (Gfp) and esiRNA™ controls (Kif11) was de-
signed and synthesized (#EHU064851, #EHUEGFP,
#EHUO019931; Sigma-Aldrich). HUVECs (passages 3-5)
were plated and cultured with antibiotic free EGM-2 media
(CC-3302; Lonza) for 24 h to achieve 40% monolayer
confluence. HUVECs were then transfected with esiRNA at
160 pg/pnL and transfection reagent Lipofectamine 2000
(13778075; Thermo Fisher Scientific) for up to 36 h. Cells
were then starved for 2 h using EBM-2 media (CC-3156;
Lonza) and treated with or without 50 pmol/L fenofibrate
(F6020; Sigma-Aldrich) for 90 min or 50 wmol/L PC16:0/
18:1 (PC34:1; most abundant mammalian PC; #20962,
Cayman Chemical), PC18:0/18:2 (PC36:2; second most
abundant mammalian PC; #850468, Avanti Polor Lipids),
and PC14:0 (nonnaturally occurring PC used for exper-
imental internal standard; #850345, Avanti Polor Lipids)
for 2 h. Cells were then evaluated by immunostaining,
lipid mass spectrometry, and protein and RNA content
analyses between esiRNA conditions.

Electrospray lonization Mass Spectrometry

Lipid extracts from arterial intima specimens and ECs were
analyzed by direct injection electrospray ionization mass
spectrometry using a Thermo Vantage triple-quadruple
mass spectrometer (San Jose, CA) and an Accela 1250
UPLC system operated via the Xcalibur operating system
(24). Structures for all phospholipids were identified using
a multiple-stage linear ion trap that was operated at a low-
energy collision-induced dissociation and high-resolution
mass spectrometry. Phospholipid structural assignments
were made as described (24,32-35). Phospholipid content
was evaluated relative to internal standard controls as
previously described (24).

Mass Spectrometry Phospholipidomic Data Analysis
The mass spectrometry—derived lipid mass spectrum
for arterial intima and EC samples was performed as
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previously described (24). This analysis included 54 PC-
related species (including 23 PCs), 16 alkyl ether PCs
(aPCs), and 11 sphingomyelins (Supplementary Table 2)
and 22 PE-related species, including 12 PEs and 11 plas-
menyl PEs (pPEs) (Supplementary Table 3).

Unilateral Femoral Artery Ligation, Laser Doppler
Perfusion Imaging, and Appearance and Use Score
Assessments

Ligation, imaging, and use scores were determined as
described with some modifications (27). Limb appearance
was independently graded on a scale of 0-4 (4 = digit/foot
autoamputation, 3 = severe discoloration/gangrene, 2 =
moderate discoloration, 1 = mild discoloration, 0 = nor-
mal appearance). Limb use was independently graded on
a scale of 0-3 (3 = foot dragging, 2 = no foot dragging but
no plantar flexion, 1 = abnormal plantar flexion, 0 =
normal foot and leg function).

Ischemic Gastrocnemius Muscle Atrophy and
Microvascular Capillary Density

Seven days after femoral artery ligation, mice were ad-
ministered a ketamine (80 mg/kg) and xylazine (10 mg/kg)
cocktail. Cold PBS with heparin (10 units/mL) was injected
into the heart, and peripheral adductor and gastrocnemius
muscles were then harvested for subsequent protein anal-
ysis or fixed and paraffin embedded as previously described
(28). For each muscle specimen, representative 10-pum
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sections were obtained and stained with hematoxylin-
eosin or labeled with Alexa Fluor 594-conjugated Griffo-
nia simplicifolia isolectin-1-B4 1:100 (Invitrogen). Five
20X images were collected for each section from each
mouse genotype. Using ImageJ, muscle atrophy and
microvascular capillary density were quantified as de-

scribed (27,28).

Statistical Analysis

Tukey multiple comparison one-way ANOVA was used to
evaluate differences in ceptl between Max and Min arte-
rial intima segments and Cept1Lp/Lp Cre™ and CeptlLp/Lp
Cre™ EC proliferation and cell death. Tukey multiple
comparison two-way ANOVA was used to evaluate differ-
ences in EC tubule sprout formation and migration. Sidak
multiple comparison one-way ANOVA was used to evalu-
ate differences in hind-paw Doppler perfusion. Unpaired
two-tailed Student t test was used to evaluate differences
in gene expression in ECs, CEPT1/PPARa/CPT1a/ACOX1
protein content, phospho-PPARa fluorescent intensity in
ECs, impact of PC18:0/18:2 and PC16:0/18:1 on phospho-
PPARa, and hind-limb collaterals. Unpaired two-tailed
Student t test was also used to evaluate differences in PCs
and PEs in arterial intima segments and MLECs. Un-
paired two-tailed Student ¢ test with Welch correction
was used to evaluate differences in hind-limb Doppler
perfusion, relative muscle fiber size, and relative micro-
vessel density. We considered P < 0.05 to be significant.
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Figure 1—CEPT1 is localized to endothelium and is elevated in the intima of diseased peripheral arteries. A: CEPT1 colocalizes with CD31
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tissue (inserts original magnification 1.5X). Arterial intima staining control with IgG secondary antibody demonstrates minimal background
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or without T2D, who were undergoing amputation. C: Real-time PCR analysis demonstrates higher Cept1 expression in Max and Min
diseased arterial segments of patients with diabetes (n = 7 with T2D; n = 15 with no T2D). D: Representative Western blot demonstrates
higher CEPT1 content in Min and Max arterial intima segments of a patient with diabetes. Caveolin-1 blot is a representative loading control.
E: CEPT1 content is higher in Max diseased arterial intima segments (n = 12 patients). F: CEPT1 content is also higher in patients with known
clinical history of T2D (16 with T2D; 8 with no T2D). G and H: Mass spectrometry phospholipidomic analysis demonstrated higher aPC
content (G) and pPE content (H) in the arterial intima of patients with T2D (n = 14 with T2D; n = 14 with no T2D). *P < 0.05; **P < 0.01. WB,
Western blot.
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Error was presented as SEM. Both sexes were evaluated in
human and murine studies and analyzed accordingly.

Data and Resource Availability

The data sets generated and/or analyzed during the cur-
rent study are available from the corresponding author
upon reasonable request.

RESULTS

CEPT1 Protein Content Is Elevated in the Intima of
Patients With T2D and PAD

In 31 patients with advanced nonsalvageable lower-
extremity PAD, we observed that a majority had cardio-
vascular risk factors, including hyperlipidemia (74.2%),
hypertension (90.3%), and former/current smoking (83.9%)

(Supplementary Table 4). Demographics were similar be-
tween patients with and without T2D, and none of the
patients were taking oral fibrates or fish oil supplements.
Vascular immunostaining demonstrated that CEPT1 was
present in the endothelial layer of nondiseased macro-
arterial intima as well as in the microcapillary structures of
lower-extremity skeletal muscles (Fig. 1A). Arterial intima
of Max and Min diseased arterial segments from individ-
uals with PAD (Fig. 1B) demonstrated higher Ceptl ex-
pression in individuals with T2D (Fig. 1C). Similarly, Max
diseased arterial intima tended to have increased expres-
sion of Ppara and downstream PPARa-activated (-fatty
acid oxidation genes Acox1 and Cptla (Supplementary Fig.
2). No significant differences were observed between male
and female patients (Supplementary Table 5). Similarly,
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Figure 3—Reduced function and altered gene expression in Cept1Lp/LpCre* ECs. A: Proliferation of MHECs and MLECs isolated from
Cept1Lp/LpCre™ and Cept1Lp/LpCre™ mice over 24 h (n = 3 per condition). B: Cell death of isolated MHECs and MLECs over 24 h (n = 3 per
condition). C: Isolated MHEC monolayer migration over 16 h (n = 3 per condition). D: Representative images of Cept1Lp/LpCre” and
Cept1Lp/LpCre™ MLEC formation of tubules after 6 h of incubation on Matrigel. E: Cept1Lp/LpCre~ and Cept1Lp/LpCre* MLEC tubule
formation over 6 h (n = 3 per condition). F-I: Cept1Lp/LpCre* MLECs demonstrate robust Cre expression (F), reduced Cept? (G), reduced
Acox1 (H), and reduced Cpt1ia (/) (n = 3 per condition). OD, optical density. *P < 0.05; **P < 0.01.

we observed 49% higher CEPT1 protein content in Max
arterial segments (Fig. 1D and E) and 37% higher content
in arterial segments isolated from individuals with T2D
(Fig. 1D and F). As in human tissue, CEPT1 protein content
was also higher in the aortic tissue of db/db compared
with ¥/* mice (Supplementary Fig. 3). Arterial intima of
individuals with T2D demonstrated higher CEPT1-derived
aPC and pPE phospholipids (Fig. 1G and H).

Conditional Knockdown of Cept1 in the Endothelium
Cept1Lp/LpCre* mice treated with TMX demonstrated
successful Cre recombination of Cept1 gene in heart, aorta,
and lung tissue (Supplementary Fig. 1C). Primary MHECs
and MLECs isolated from CeptlLp/LpCre” mice demon-
strated a >95% decrease in CEPT1 protein content (Fig.
2A and B). TMX-induced Cre-mediated recombination led
to a dramatic reduction of CEPT1 in the cytoplasm and
nucleus of Ceptl1Lp/LpCre” MLECs (Fig. 2C). PC and PE
content were also significantly reduced in Cept1Lp/LpCre™
MLECs compared with Cept1Lp/LpCre- MLECs (Fig. 2D
and E). Supplementary Figure 4 and Supplementary Tables
3 and 4 provide a summary of all PC and PE species an-
alyzed using electrospray ionization mass spectrometry.

Cept1 Knockdown Decreases EC Function and PPAR«
Activation

Compared with Cept1Lp/LpCre”, CeptlLp/LpCre” MHECs
and MLECs demonstrated significantly reduced prolifera-
tion (Fig. 3A) and increased cell death (Fig. 3B). Cept1Lp/
LpCre™ MHECs demonstrated significantly reduced cell
migration over 16 h in growth media (Fig. 3C and Sup-
plementary Fig. 5). Similarly, Cept1Lp/LpCre* MLECs dem-
onstrated significantly reduced tubule formation over 6 h
in growth media (Fig. 3D and E). Cept1Lp/LpCre" MLECs
also demonstrated robust Cre expression (Fig. 3F), reduced

Cept1 expression (Fig. 3G), and decreased Acox1 and Cptla
expression (Fig. 3H and ).

Recovery of CeptiLp/LpCre* Ischemic Hind Limbs
After STZ and Fenofibrate Treatments

Cept1Lp/LpCre” and CeptlLp/LpCre” mice were divided
across four experimental cohorts (Fig. 4A). No significant
differences were observed with regard to the sex (Supple-
mentary Table 6) and body weight of Cept1Lp/LpCre” and
Cept1Lp/LpCre™ mice that received either fenofibrate diet
or STZ treatment (Supplementary Fig. 6A and B). Both
Cept1Lp/LpCre” and Cept1Lp/LpCre” mice that were main-
tained on a regular or fenofibrate diet and treated with STZ
developed severe hyperglycemia (Supplementary Fig. 6C
and D).

All experimental groups received unilateral HLI, and
Doppler perfusion was evaluated at 1 week post-HLI (Fig.
4A). Cept1Lp/LpCre’ mice demonstrated significantly re-
duced ischemic hind-limb Doppler perfusion compared
with Cept1Lp/LpCre” mice (Fig. 4B and C). Perfusion re-
duction in the ischemic hind limbs of Cept1Lp/LpCre™ mice
was even more noticeable in the STZ-treated cohort (Fig.
4B and (). Interestingly, fenofibrate seemed to ameliorate
hind-limb perfusion in Cept1Lp/LpCre” mice that were
treated with or without STZ (Fig. 4D and E).

To evaluate the effect of STZ and/or fenofibrate on
ischemic hind limbs of Cept1Lp/LpCre™ mice, we also
evaluated hind-limb microvascular capillary density and
extent of resultant skeletal muscle damage. We observed
that gastrocnemius muscle angiogenesis microvessel den-
sity was significantly reduced in the ischemic hind limbs of
Cept1Lp/LpCre” mice maintained on either a regular or
fenofibrate diet (Fig. 4F-H). No difference was observed in
arterial collateral density (arteriogenesis) in the ischemic
hind-limb adductor muscle segments of Cept1Lp/LpCre”
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Figure 4—Effect of STZ treatment and fenofibrate diet on HLI recovery in Cept1Lp/LpCre™ mice. A: Cept1Lp/LpCre~ and Cept1Lp/LpCre™
mice underwent one of four outlined treatment courses. B: Representative Doppler perfusion of ischemic hind limbs of Cept1Lp/LpCre™ and
Cept1Lp/LpCre* mice treated with or without STZ and maintained on a regular diet. C: Cept1Lp/LpCre™ mice treated with or without STZ
have decreased hind-limb Doppler perfusion (ischemic to nonischemic limb perfusion ratio; n = 4-5 mice per group). D: Representative
Doppler perfusion of ischemic hind limbs of Cept1Lp/LpCre~ and Cept1Lp/LpCre™ mice treated with or without STZ and receiving
a fenofibrate diet at 6 weeks of age. E: Cept1Lp/LpCre~ and Cept1Lp/LpCre™ mice treated with or without STZ and receiving a fenofibrate
diet demonstrated equivalent hind-limb Doppler perfusion (n = 4-15 mice per group). F: Representative gastrocnemius microcapillary
staining of ischemic hind limbs of Cept1Lp/LpCre~ and Cept1Lp/LpCre™ mice treated with or without STZ and maintained on a regular or
fenofibrate diet. G: Representative gastrocnemius microcapillary staining of ischemic hind limbs of Cept1Lp/LpCre™ and Cept1Lp/LpCre™
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mice (Supplementary Fig. 7). In mice pretreated with STZ,
fenofibrate diet augmented microvessel density in ische-
mic hind limbs and abolished differences between Cept1Lp/
LpCre™ and Cept1Lp/LpCre” mice (Fig. 4I). Cept1Lp/LpCre~
and Cept1Lp/LpCre’ mice that received fenofibrate had
preserved skeletal muscle fiber size (less damage) in ische-
mic hind limbs (Fig. 4J-L). Preservation of skeletal muscle
fiber size was even more pronounced in CeptlLp/LpCre”
and Cept1Lp/LpCre” mice that were STZ pretreated and
received fenofibrate (Fig. 4J, K, and M).

PPARa and its downstream signaling molecules in-
volved in B-fatty acid oxidation were evaluated in the
ischemic hind limbs of CeptlLp/LpCre” and CeptlLp/
LpCre™ mice that were pretreated with STZ. Although we
observed no difference in PPARa protein content be-
tween the mouse groups maintained on a regular or
fenofibrate diet (Fig. 4N and Supplementary Fig. 8), we
observed a robust increase in both CPT1a and ACOX1 in
ischemic hind-limb muscle tissue of Cept1Lp/LpCre” mice
maintained on a fenofibrate diet (Fig. 40 and P and Sup-
plementary Fig. 8B and D).

Fenofibrate Rescues PPAR« Activity in the Setting of
Cept1 Knockdown

Because we observed that Cept1Lp/LpCre” MLECs treated
with fenofibrate had significantly improved tubule forma-
tion (Fig. 3D and E and Supplementary Fig. 9), we aimed to
determine whether fenofibrate could also affect PPAR«a
activity in the setting of Ceptl knockdown. We accom-
plished this by using Cept1 esiRNA as an alternative method
for acute knockdown of Cept1 in vitro (Fig. 5A-C). HUVECs
treated with Ceptl esiRNA for 36 h had decreased PPAR«a
phosphorylation (Fig. 5D and E), and treatment of these
ECs with fenofibrate for 90 min significantly increased
phospho-PPARa (Fig. 5F and G). Similarly, phospho-
PPARa immunostaining was decreased in HUVECs treated
with Ceptl esiRNA (Fig. 5H and I) and was rescued with
fenofibrate treatment (Fig. 5J and K). Because it has been
reported that CEPT1 affects PPARa activity via PC16:0/
18:1, we evaluated the impact of Ceptl knockdown on
PC-induced phospho-PPAR« levels (Fig. 5L). PC16:0/18:1
did not alter Cept1 or Ppara expression (Fig. 5M and N), but
Ceptl knockdown seemed to significantly blunt PC16:0/
18:1-induced PPAR« phosphorylation and CPT1a content

Diabetes Volume 70, February 2021

(Fig. 5P and Q and Supplementary Fig. 10). The same
difference was not observed with PC18:0/18:2 (Fig. 5P and
Q). Ceptl knockdown also did not affect Fasn expression
(data not shown).

Postischemia Hind-Limb Perfusion Is Dependent on
Ppara and Cept1

ECs isolated from Ppara ’/~ mice demonstrated signifi-
cantly reduced Ppara, Acox1, and Cptla expression (Fig. 6A-
(). Unilateral femoral artery ligation in Ppara '™, Cept1Lp/
LpCre™, and Cept1Lp/LpCre” Ppara '~ mice that were main-
tained on a regular chow diet demonstrated significantly
decreased hind-paw perfusion in all groups when com-
pared with Cept1Lp/LpCre mice (Fig. 6D and E). However,
in mice maintained on chow diet supplemented with
fenofibrate, a significant decrease in postischemia day-7
hind-paw perfusion was only observed in Ppara™’~ mice
and Cept1Lp/LpCre  Ppara~’~ mice (Fig. 6F and G). No
difference was observed over a 7-day period between hind-
paw perfusion recovery in Ppara ’~ mice and CeptlLp/
LpCre* Ppara™'~ mice that received regular or fenofibrate
diet (Supplementary Fig. 11).

DISCUSSION

The pathometabolic pathways involved in phospholipo-
genesis play important roles in EC function and recovery
after ischemic insults (5,6). Our data support this by
demonstrating that CEPT1 has altered expression in the
peripheral arterial intima of individuals with diabetes and
advanced PAD and is essential for normal EC function and
viability and lipid trafficking and synthesis. We also ob-
served that CEPT1 affects PPARa phosphorylation in ECs
and that the PPARa agonist fenofibrate can rescue EC
function, hind-limb perfusion, and PPARa activation in
the setting of reduced Ceptl expression. These findings
confirm that CEPT1 is an important upstream regulator of
PPARa and that fenofibrate can influence PPAR« activity
in ischemic hind limbs, leading to an overall improved
phenotype in the setting of diabetes (Fig. 7).

It is commonly understood that diabetes is a strong
independent risk factor of PAD and lower-extremity ampu-
tations (18,36). In the Framingham cohort, diabetes sig-
nificantly increased the risk of disabling lower-extremity
PAD by 3.5-fold in men and 8.6-fold in women (37).

mice treated with or without STZ and receiving a fenofibrate diet at 6 weeks of age. H: Relative microvessel density in ischemic limbs of
Cept1Lp/LpCre™ and Cept1Lp/LpCre™ mice that received either a regular or fenofibrate diet (n = 3-5 mice per group). /: Relative microvessel
density in ischemic hind limbs of Cept1Lp/LpCre~ and Cept1Lp/LpCre™ mice treated with or without STZ and maintained on a regular or
fenofibrate diet (n = 3-5 mice per group). J: Representativehematoxylin-eosin-stained gastrocnemius muscle fiber sections of ischemic hind
limbs of Cept1Lp/LpCre” and Cepti1Lp/LpCre™ mice treated with or without STZ and maintained on a regular diet. K: Representative
gastrocnemius muscle fiber sections of ischemic hind limbs of Cept1Lp/LpCre™~ and Cept1Lp/LpCre* mice treated with or without STZ and
receiving a fenofibrate diet at 6 weeks of age. L: Relative muscle fiber size in ischemic limbs of Cept1Lp/LpCre™ and Cept1Lp/LpCre™ that
received either a regular or fenofibrate diet (n = 3 mice per group). M: Relative muscle fiber size in ischemic limbs of Cept1Lp/LpCre™~ and
Cept1Lp/LpCre™ mice that received STZ and a regular or fenofibrate diet (7 = 3 mice per group). N-P: Quantified Western blot analysis of
PPAR« (N), CPT1a (0), and ACOX1 (P) in Cept1Lp/LpCre™ and Cept1Lp/LpCre* mice that received STZ treatment (n = 3 per sample). *P <
0.05; *P < 0.01. I/NI, ischemic/non-ischemic; RU, relative unit.
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Figure 5— Fenofibrate rescues PPAR« phosphorylation after acute knockdown of Cept7, and CEPT1 is essential for 16:0/18:1 activation of
PPARa. A: Immunostaining of HUVECs treated with Gfp or Cept1 esiRNA. B: Representative Western blot (WB) of CEPT1 and caveolin-1
loading control in HUVECSs treated with Gfp or Cept1 esiRNA. C: Relative content of CEPT1 in HUVECs treated with Gfp or Cept1 esiRNA (n =
3 per condition). D: Representative WB of phospho-PPARq, total PPAR«, and caveolin-1 loading control in HUVECs treated with Gfp or
Cept1 esiRNA for 36 h (n = 3 shown per condition). E: Ratio of phospho-PPARa to PPAR« in HUVECS treated with Gfp or Cept1 esiRNA (n =
3 per condition). F: Representative WB of phospho-PPARq, total PPARq, and caveolin-1 loading control in HUVECs treated with Gfp or Cept1
esiRNA and with or without fenofibrate for 90 min. G: Ratio of phospho-PPAR« to cavolin-1in HUVECs treated with Gfp or Cept1 esiRNA (n =
5 per condition). H: Representative immunostains of phospho-PPAR« in HUVECS treated with Gfp or Cept1 esiRNA and maintained in growth
media. /: Quantification of phospho-PPARa intensity in HUVECs treated with Gfp or Cept1 esiRNA and maintained in growth media (n = 4-5
per condition). J: Representative immunostains of phospho-PPAR« in HUVECS treated with Gfp or Cept1 esiRNA and maintained in growth
media supplemented with 50 wmol/L fenofibrate. K: Quantification of phospho-PPAR« intensity in HUVECs treated with Gfp or Cept1 esiRNA
and maintained in growth media supplemented with 50 umol/L fenofibrate (n = 5-6 per condition). L: HUVECs treated with Gfp or Cept1
esiRNA were also treated with PC18:0/18:2 or PC16:0/18:1 and relative content of phospho-PPARa and CPT1a evaluated. M and N: Cept1
(M) and Ppara (N) expression in HUVECs treated with different PC and esiRNA conditions (n = 3 per condition). O and P: Relative to PC14:0
treatments, the ratios of phospho-PPARa to total PPARa (O) and CPT1a to caveolin-1 loading control (P) are demonstrated in HUVECs
treated with Gfp or Cept1 esiRNA and PC18:0/18:2 or PC16:0/18:1. *P < 0.05; **P < 0.01; **P < 0.001. AU, arbitrary unit.

Similarly, other studies have confirmed increased preva- has demonstrated a relative risk reduction in amputations
lence of advanced PAD in individuals with diabetes and in individuals with diabetes (23,42). That study demon-
increased risk of amputation despite attempted inter- strated that patients with diabetes who were randomly
ventions to improve lower-extremity arterial perfusion assigned to fenofibrate had a significant 43% reduction in
(36,38-41). To date, the FIELD study is the only study that  any first amputation and 61% decrease in minor (below the
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ankle) amputations (23). The mechanism of action that
confers this notable clinical benefit in individuals with
diabetes has remained up for debate, with various reports
arguing the impact of fenofibrate on PPARa-dependent
and -independent signaling pathways (43-45).

We previously reported that diabetes adversely affects
phospholipid and CEPT1 content in human carotid artery
endarterectomy plaques (24). Prearachidonic acid pPEs
derived from the CEPT1-catalyzed Kennedy pathway were
observed to be among the highest phospholipids present
in the carotid plaque of patients with diabetes. Similarly,
in this study, we observed that CEPT1 content was also
increased in a moderate-size cohort of patients with di-
abetes and lower-extremity atherosclerotic occlusive dis-
ease. Interestingly, CEPT1 content was also elevated
relative to the extent of arterial occlusive disease severity,
with Max diseased arterial intima containing higher levels
of CEPT1 and downstream PCs and PEs. Because we
observed that CEPT1 was also essential for EC function
and normal recovery of murine ischemic hind limbs, it is
likely that its abundance in diseased peripheral arterial
segments of patients with diabetes is reflective of a possible
healing and/or compensatory mechanism.

Previously, it was demonstrated that in liver tissue,
CEPT1-derived PC (PC16:0/18:1) is an essential ligand for
PPARa activation and PPARa-dependent gene expression
(16). Binding of this CEPT1-derived PC to PPAR« is pro-
moted by other lipid mediators, such as fatty acid syn-
thase, and displaced by PPAR«a agonist Wy14,643. In this
study, we observed similar findings in ECs and demon-
strated that PPARa-dependent gene expression in ECs
required Ceptl expression. Ceptl expression also seemed

necessary to facilitate PC16:0/18:1-induced phosphory-
lation and activation of PPARa. Moreover, CeptlLp/Lp
MLECs had reduced Acoxl and Cptla expression, and
acute knockdown of Ceptl with siRNA also led to reduced
phospho-PPARa levels. These findings confirm that CEPT1
plays an important upstream role in PPARa activation of
B-oxidative lipid metabolism in ECs.

A growing body of evidence has demonstrated that
disruption of CEPT1 is associated with a variety of human
conditions. CEPT1 plays important roles in cellular lipid
droplet formation (14), parasitic invasions (1), and viru-
lence (3). Recent genome-wide association studies have
also identified specific human phenotypes that are related
to CEPT1 polymorphisms (13,46). Genetic deletion of
enzymes immediately proximal to CEPT1 in the Kennedy
pathway leads to lethal phenotypes early in embryogenesis
(47). Our study adds to our understanding of the impor-
tance of CEPT1 in cellular metabolism and demonstrates
that CEPT1 is essential for EC activation and function.
Additionally, CEPT1 seems essential for ischemia-induced
microvascular angiogenesis and ischemic hind-limb perfu-
sion and skeletal muscle recovery. In mice treated with STZ
to induce a diabetes-like phenotype (28,30), knockdown
of CEPT1 seemed to exacerbate hind-limb malperfusion.
Although STZ-induced diabetes is not entirely represen-
tative of the complex metabolic mechanisms associated
with T2D in humans, these observations highlight the
importance of CEPT1 in EC homeostasis in the setting of
ischemia and a diabetes-like phenotype. Because patients
with diabetes and advanced PAD have higher CEPT1 con-
tent in the arterial intima, next steps would be to de-
termine the impact of CEPT1 knockdown in mouse models
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with a diet- or gene-induced T2D-like phenotype and ex-
amine whether CEPT1 knockdown in other cell types (e.g.,
smooth muscle cells or myeloid cells) manifests with
similar impairments in postischemia hind-limb perfusion
and recovery.

There is conflicting evidence regarding the effect of
fenofibrate on ECs (43,48). In a randomized placebo-
controlled trial, treatment with fenofibrate improved EC-
dependent vascular reactivity over a 12-week period and
reduced markers for EC dysfunction, including tumor
necrosis factor-a, interleukin-1f3, and interleukin-6 in
plasma (48). Similar to our study, fenofibrate was pre-
viously shown to decrease ischemia-induced tissue damage
(48). For example, in retinal tissue, fenofibrate was ob-
served to activate AMP kinase in ECs via a PPARa-
independent pathway (49) and possibly to also induce
nitric oxide synthesis (50). However, others have reported
that fenofibrate can actually decrease EC function and
inhibit tumor-induced angiogenesis (43). It is likely that
variable effects of fenofibrate on PPARa-dependent and
-independent signaling mechanisms are in part responsible
for the differential responses observed in different tissue
beds. In our study, we demonstrated that fenofibrate
rescued phospho-PPARa in ECs treated with Ceptl
siRNA. Although fenofibrate partially rescued perfusion
in hind limbs of Cept1Lp/Lp mice, it did not seem to have
the same effect on Ppara '~ or CeptlLp/LpPpara '~
mice. This suggests that the observed effects of fenofi-
brate in ECs and ischemic hind limbs were at least in part
PPARa dependent.

In conclusion, we report that CEPT1 and its down-
stream phospholipids are present in high levels in the
arterial intima of patients with T2D and advanced PAD.
We also observed that CEPT1 was essential for EC func-
tion and normal tissue recovery after ischemia. Fenofibrate
seemed to rescue CEPT1-mediated activation of PPARa and
perfusion of ischemic hind limbs in a PPARa-dependent
fashion. These findings confirm the regulatory effects of
CEPT1 upstream of PPARa and provide further insight
into the mechanisms of action of fenofibrate in ECs,
diabetes, and peripheral ischemia.
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