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Inhibition of Vascular Growth by Modulation of the
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0BJECTIVE: Pathological angiogenesis is a hallmark of various diseases characterized by local hypoxia and inflammation.
These disorders can be treated with inhibitors of angiogenesis, but current compounds display a variety of side effects and
lose efficacy over time. This makes the identification of novel signaling pathways and pharmacological targets involved in
angiogenesis a top priority.

APPROACH AND RESULTS: Here, we show that inactivation of FAAH (fatty acid amide hydrolase), the enzyme responsible
for degradation of the endocannabinoid anandamide, strongly impairs angiogenesis in vitro and in vivo. Both, the
pharmacological FAAH inhibitor URB597 and anandamide induce downregulation of gene sets for cell cycle progression
and DNA replication in endothelial cells. This is underscored by cell biological experiments, in which both compounds
inhibit proliferation and migration and evoke cell cycle exit of endothelial cells. This prominent antiangiogenic effect is
also of pathophysiological relevance in vivo, as laser-induced choroidal neovascularization in the eye of FAAH~~ mice is
strongly reduced.

CONCLUSIONS: Thus, elevation of endogenous anandamide levels by FAAH inhibition represents a novel antiangiogenic
mechanism.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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and disease. In the adult organism, new ves-

sels only develop in special organs or situations,
for example, during reproduction,’ hair growth,> and
wound healing.® Insufficient vessel growth is involved
in ischemic diseases such as myocardial infarction
and stroke,” whereas excessive angiogenesis sup-
ports retinal disorders,® tumor growth, and inflamma-
tory diseases.® Therefore, a better understanding of
the mechanisms underlying angiogenesis could lead
to novel therapeutic targets. Vasoactive agents such
as VEGF (vascular endothelial growth factor) and end-
ostatin often proved to affect both vascular tone and

Angiogenesis plays an important role in health

angiogenesis.”® Recently. we identified the enzyme
FAAH (fatty acid amide hydrolase) as a key mediator
of hypoxic pulmonary vasoconstriction. We found that
hypoxia induces the generation of the endocannabi-
noid anandamide (AEA) in smooth muscle cells, and
this is metabolized by FAAH to vasoconstrictive eico-
sanoids causing the induction of hypoxic pulmonary
vasoconstriction.? Therefore, we wondered if modula-
tion of FAAH could also affect vascular growth. FAAH
is the main degradation enzyme of AEA which was first
identified as a neurotransmitter influencing appetite,'
memory,' and pain sensation.'? Later, it was found that
endocannabinoids can be also produced by endothelial
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Nonstandard Abbreviations and Acronyms

Highlights

AEA anandamide

CNV choroidal neovascularization

DPBS Dulbecco’s PBS

EB embryoid body

EC endothelial cell

eGFP enhanced green fluorescence protein
ES embryonic stem

FAAH fatty acid amide hydrolase

HUVEC human umbilical vein endothelial cell
ICAM2 intercellular cell adhesion molecule 2
Met-AEA methanandamide

VEGF vascular endothelial growth factor

cells (EC) and display vasoactive properties.'® In fact,
endocannabinoid-related compounds were reported to
induce vasorelaxation'* or vasoconstriction®'® in differ-
ent vascular beds via different molecular mechanisms.
Although there are hints in the literature that endocan-
nabinoids could affect angiogenesis, it remains unclear,
if they stimulate’ or decrease vascular growth.'” In par-
ticular, the role of the enzyme FAAH in vascularization
is still completely unknown. Therefore, in the current
study, we investigated the impact of FAAH inhibition on
angiogenesis in vitro and in vivo.

MATERIALS AND METHODS

All data for this study are available from the corresponding
author upon reasonable request.

The gene array data are available at GEO (National Institutes
of Health) under the accession number GSE152552.

Cultivation and Treatment of EC Lines, Smooth

Muscle Cells as well as Fibroblasts

All cell lines were cultivated under sterile conditions at 37 °C
in a humidified atmosphere with 5% CO,. Human umbilical
vein ECs (HUVEC; Provitro, Berlin, Germany) and bovine
pulmonary artery ECs (Cell Applications, San Diego) were
cultivated in EC growth medium (final FCS concentration
2%; Provitro). Human microvascular ECs derived from lung
(Provitro) were cultivated in microvascular EC growth medium
(final FCS concentration 5%; Provitro). Human aortic smooth
muscle cells (Lonza, Basel, Switzerland) were cultivated in
Medium 231 (final FCS concentration: 5%; Life technolo-
gies). Human lung fibroblasts 1 were cultivated in DMEM
(FCS concentration 10%). All media were supplemented
with 1% (v/v) penicillin/streptomycin (Life Technologies,
Darmstadt, Germany). All cell lines were allowed to grow
until a confluency of 80% was reached. Then, the ECs were
detached using Accutase (Merck Millipore), other cell lines
were treated with trypsin (Life technologies) and seeded at
different densities for experiments. Cells were treated for 24
hours unless otherwise stated.
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* Inhibition of FAAH (fatty acid amide hydrolase), the
main enzyme that degrades the endocannabinoid
anandamide, diminishes vascular growth.

+ This effect is mediated by anandamide accumula-
tion and direct interaction with lipid membranes.

+ FAAH-deficient mice are protected from laser-
induced choroidal neovascularization which phe-
nocopies wet age-related macular degeneration in
humans.

Angiogenesis Assay Using flt1/Enhanced Green
Fluorescence Protein Embryonic Stem Cells

For an embryonic stem (ES) cell-based angiogenesis assay
fit1 (fms-like tyrosine kinase 1)/eGFP (enhanced green fluo-
rescence protein) ES cells were used.'®'® Undifferentiated
murine flit1/eGFP ES cells were cultivated in growth medium
(DMEM,; Life Technologies) supplemented with 15% (v/v) FCS
(PAN Biotech, Aidenbach, Germany), 1% (v/v) penicillin/strep-
tomycin, 1% (v/v) nonessential amino acids (Life Technologies),
0.1% (v/v) P-mercaptoethanol (Sigma Aldrich, Taufkirchen,
Germany), 1000 units/mL LIF (leukemia inhibitory factor; Merck
Millipore), 300 pug/mL neomycin (Life technologies) under ster-
ile conditions at 37 °C in a humidified atmosphere with 5% CO,
Irradiated and neomycin-resistant mouse fibroblasts (Merck
Millipore) were used as feeder cells. For differentiation of
fit1/eGFP ES cells, the mass culture method was used.
Therefore, 2000000 cells were seeded in a petri dish contain-
ing 10 mL differentiation medium (Iscove’s Modified Dulbecco’s
Medium (Life Technologies) supplemented with 20% [v/v] FCS
plus additives), and cells were agitated with 80 rpm for 3 days
until embryoid bodies (EBs) had been formed. The mass cul-
ture was diluted (750 EBs in 10 mL differentiation medium/
petri dish) and further agitated for seven days. At day ten of dif-
ferentiation, EBs were dissociated. Therefore, 1500 EBs were
transferred to a reaction tube and washed twice with Dulbecco’s
PBS (DPBS; Life technologies). Then, DPBS was replaced by
dissociation buffer (Hank's balanced salt solution without Mg?*
and Ca?* (HBSS™-; Life Technologies) supplemented with
280 units/mL collagenase IV (Worthington, Lakewood) and
1 pmol/L CaCl, and the EBs were agitated with 800 rpm for
10 minutes at 37°C. Then, the supernatant containing single
cells was transferred to differentiation medium (see above).
Digestion and transfer of supernatant were repeated twice.
After centrifugation (1000 rpm, 5 minutes), 1000000 cells per
well were seeded in 2 mL differentiation medium in a 6-well
plate coated with 0.1% (w/v) gelatin and differentiated for 10
days (day ten of differentiation+10). Medium was changed
every day. Twenty-four hours after dissociation (day ten of dif-
ferentiation+1) cells were treated with URB597 (10 umol/L,
Cayman Chemical, Ann Arbor), N-nitro-L-arginine methyl ester
hydrochloride (10 pmol/L; Sigma Aldrich), AEA (10 pmol/L;
Tocris Bioscience, Bristol, United Kingdom) or methanandamide
(Met-AEA, 5 pmol/L; Cayman Chemical, Ann Arbor) in differ-
entiation medium. The treatment was continued until day ten of
differentiation+10. Then, network formation was documented
with an Axiovert 200 M microscope (Zeiss, Jena, Germany).
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Matrigel-Based Angiogenesis Assays

A Matrigel assay was performed as described earlier?*?" BD
Matrigel (BD Biosciences, Heidelberg, Germany) was thawed
according to the manufacturer's instruction. A 24-well plate
was kept at 4°C overnight, and on the next day, it was coated
with 250 pL matrigel/well. After Matrigel had polymerized in an
incubator, 60000 HUVEC were treated with solvent, URB597
(10 pmol/L, 20 pmol/L, 50 pmol/L, 100 pmol/L), AEA (10
pmol/L), or Met-AEA (5 pmol/L) for 24 hours or 10 mmol/L
methyl-beta-cyclodextrin (MBC; Sigma Aldrich) for 1 hour and
seeded on top of the polymerized BD Matrigel. Network forma-
tion was assessed 24 hours after seeding using an Axiovert
200 M microscope (Zeiss).

Endocannabinoid Measurements by Liquid

Chromatography-Multiple Reaction Monitoring
HUVEC were treated with URB597 (20 umol/L) or the sol-
vent dimethyl sulfoxide (DMSO) in serum-free medium. After
24 hours, cells were harvested, transferred to Precelly Tubes
(Precellys 24; Bertin Technologies), and centrifuged at 2000g
for 10 minutes at 4°C. The supernatant was discarded, and
the cell pellet was frozen at —80°C. Endocannabinoids were
quantified by liquid chromatography-multiple reaction moni-
toring, as previously described.’

Aortic Ring Sprouting Assay

The assay was performed as described elsewhere.?? Briefly,
aortic rings from C57BL/6J wild-type and FAAH~~ mice were
incubated for 24 hours in a humidified atmosphere with 5%
CO, in Opti-MEM (Life Technologies) supplemented with 1%
(v/v) penicillin/streptomycin (Life technologies) and were
embedded in collagen gels afterward. The polymerized gel
was covered with Opti-MEM containing 2% (v/v) FCS (PAN
Biotech) and 1% (v/v) penicillin/streptomycin. The medium
was exchanged every third day. For analysis phase-contrast
images were taken at day 8 using an Axiovert 200 M micro-
scope (Zeiss) and the number of sprouts per ring was counted.

Lentiviral Transduction
For transduction experiments lentivirus containing the pGFP-
C backbone and an expression cassette with a small hairpin
sequence for human fatty acid amide hydrolase or a nonsilenc-
ing control sequence, both driven by the U6 promoter were
chosen (TL313109V, Amsbio, Abingdon, United Kingdom).
HUVECs were seeded on coverslips in a 24-well plate with
a density of 20000 cells/well. Twenty-four hours later, cells
were transduced overnight with a multiplicity of infection of 2.5.
Three days after transduction cells were fixated with 4% (w/v)
paraformaldehyde and stained with anti-Ki67 antibody.

Analysis of Proliferation, Migration, and
Apoptosis

For quantification of proliferation HUVEC or human aortic
smooth muscle cells were seeded on coverslips and treated
with URB597 (20 pmol/L), AEA (10 pmol/L), Met-AEA (5
pmol/L), arachidonic acid (10 M), oeloylethanolamide (10
ppmol/L), or palmitoylethanolamide (10 p) for 24 hours or with
10 mmol/L MBC for 1 hour and then incubated in medium
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for additional 23 hours. Afterward, they were fixated with 4%
(w/v) paraformaldehyde and stained with anti-Ki67 antibody as
described before.?324

To analyze migration of HUVEC a wound healing assay
was performed. Three hundred thousand cells per well were
seeded in a 6-well plate and cultivated until they reached
100% confluency. Then, URB597 (20 pmol/L) or AEA (10
pmol/L) were applied to the medium and a scratch was cre-
ated in the cell monolayer using a pipet tip. In case of treat-
ment with MBC cells were preincubated with 10 mmol/L
MBC in medium for 1 hour, then medium was changed and
the monolayer was scratched with a pipet tip. Time-lapse
analysis of 3 different positions using an Axiovert 200 M
microscope (Zeiss) was performed for 24 hours. Pictures
were taken every 15 minutes. Wound healing was quantified
as (mean scratch diameter at O hour—mean scratch diameter
at 8 hours)/(mean scratch diameter after O hour).

Apoptosis of native HUVEC or HUVEC treated with
URBB97 (20 pmol/L), AEA (10 pmol/L), or MBC (10 mmol/L)
was analyzed by flow cytometry using an AnnexinV-fluorescein
isothiocyanate (FITC) apoptosis detection kit (Merck Millipore).
As positive control, HUVEC were cultivated for 24 hours in the
absence of serum.

Cell Cycle Analysis

HUVEC were treated with 20 ymol/L URB597 or 10 pmol/L
AEA for 24 hours, washed once with DPBS, and then
detached with Accutase. After centrifugation (1000 rpm, 5
minutes), they were fixated with ice-cold 80% (v/v) ethanol
at —20°C for 2 hours. Fixated cells were centrifuged for 10
minutes at 1000 rpm, washed with DPBS, and incubated with
100 pg/mL RNase A (Life Technologies) for 15 minutes at
37°C. Then, propidium iodide solution (Sigma Aldrich) at a
concentration of 50 pg/mL was applied, and flow cytometric
analysis was performed.

Immunofluorescence Stainings

Immunofluorescence stainings were exerted as described
recently.?® HUVEC and human aortic smooth muscle cells were
fixated with 4% (w/v) paraformaldehyde and permeabilized with
0.2% (v/v) TritonX-100. After blocking of unspecific binding
sites with 5% (w/v) donkey serum (Jackson ImmunoResearch,
Suffolk, United Kingdom) for 30 minutes, cells were incubated
with primary antibody for 1 hour. Following primary antibod-
ies were used: anti-FAAH (rabbit, 1:50, Cayman Chemicals),
anti-Ki67 (mouse, 1:200; Dako, Hamburg, Germany). Next,
Cy3-labeled anti-mouse or anti-rabbit secondary antibody F
(Jackson ImmunoResearch) was applied for 1 hour. Nucleus
staining was performed with Hoechst (1:1000; Sigma Aldrich).
For the staining of lipid rafts, HUVEC were seeded on cover-
slips and treated for 1 hour with MBC (10 mmol/L) and then
incubated in medium for additional 23 hours, alternatively, incu-
bation for 24 hours was performed with ethanol as solvent,
URBB97 (20 umol/L), AEA (10 umol/L), arachidonic acid (10
pmol/L), oleoylethanolamide (oeloylethanolamide, 10 umol/L),
palmitoylethanolamide (10 pmol/L), or Met-AEA (5 pmol/L).
Then, the cell culture dish was placed on ice, cells were washed
3x with ice-cold DPBS, and fixated with paraformaldehyde for
15 minutes at 4°C. Fixated cells were blocked for 30 min-
utes with 5% (v/v) donkey serum in DPBS. Then, staining
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of lipid rafts was performed with 5 ug/mL FITC-conjugated
Cholera toxin B subunit (Sigma Aldrich) in Hoechst (1:1000,
Sigma Aldrich) for 1 hour. All pictures were taken with an Axio
Observer Z1 microscope equipped with an apotome device
(Zeiss, Jena, Germany). For the stainings of aged (40 weeks
old) hearts and skeletal muscle (M. quadriceps femoris), these
organs were harvested from C57BL/6J and FAAH~~ mice and
fixated with 4% paraformaldehyde for 1 hour. Then, muscle tis-
sues were incubated in 20% (w/v) sucrose in DPBS at 4°C
overnight and frozen in TissueTek OCT Compound (Sciences
Services, Munich, Germany). Cryosections (10 pm) were per-
meabilized with 0.2% TritonX-100 in DPBS for 10 minutes,
washed, and stained with rhodamine-labeled Griffonia simplici-
folia lectin | (5 pg/mL, Vector Peterborough, United Kingdom)
for 1 hour. Capillaries were counted automatically with the
analysis module of ZEN software (Zeiss).

Real-Time-Polymerase Chain Reaction

Real-time polymerase chain reaction was exerted as described
before?® RNA was extracted with the TRIzol reagent (Life
technologies). For reverse transcription, the SuperScript VILO
cDNA Synthesis Kit (Life Technologies) was used. Expression
of murine FAAH and glycerinaldehyde-3-phosphate-dehydro-
genase (GAPDH) was analyzed via real-time polymerase chain
reaction using the following primers (Invitrogen, Karlsruhe,
Germany): 5’- CTC TGG GTT TAG GAC CTG AC-3’ (FAAH
forward) and 5-GAG TGG GAC TGG TGT AGT TG-3" (FAAH
reverse), 5- GTG TTC CTA CCC CCA ATG TG -3’ (GAPDH
forward), and 5- CTT GCT CAG TGT CCT TGC TG -3’ (GAPDH
reverse). Polymerase chain reaction products were separated by
2% agarose gel electrophoresis with ethidium bromide to visu-
alize DNA bands. Size of fragments (FAAH: 380 bp, GAPDH:
349 bp) was confirmed by the DNA marker GeneRuler DNA
ladder mix (Thermo Scientific, Dreieich, Germany).

Western Blot

Western Blot analysis was performed as reported before?”
Mouse organs, such as lung, brain, and heart, were harvested
and ECs were scraped in RIPA buffer containing Complete
Protease Inhibitor (Merck, Darmstadt, Germany). Mouse tissue
was homogenized by a tissue lyser (Qiagen. Hilden, Germany)
at 50 Hz for 8 minutes. After centrifugation at 13000g for 10
minutes at 4°C, the protein concentration of the supernatant
was determined using the Bradford reagent (Sigma Aldrich).
Samples were used for SDS-PAGE on a 10% (v/v) acrylamide
gel. Proteins were transferred to a nitrocellulose membrane
(Whatman Protran, Sigma Aldrich). The membrane was blocked
for 30 minutes with 5% low-fat dry milk powder in TBST buf-
fer containing 150 mmol/L sodium chloride, 50 mmol/L Tris-
HCI, 0.05% Tween20, and incubated with primary antibody
overnight at 4 °C. Following primary antibodies were used: anti-
FAAH (rabbit, 1:500; Cayman Chemicals), peroxidase-coupled
anti—B-actin (mouse, 1:20000; Sigma Aldrich), peroxidase-
coupled anti-GAPDH (mouse, 1:10000; Sigma Aldrich). As
secondary antibody, a peroxidase-coupled anti-rabbit antibody
(1:10000; Jackson ImmunoResearch) or anti-mouse anti-
body (1:10000; Jackson ImmunoResearch) was applied for 1
hour at room temperature in TBST buffer. Western Blots were
analyzed using an enhanced chemiluminescence substrate
(Thermo Scientific).
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MicroArray/Gene Set Enrichment Analysis
Before the microarray analysis, HUVEC were seeded in a 6-well
cell culture plate (200000 cells/well) and treated with URB
(20 pmol/L), AEA (10 umol/L), or ethanol 1 day after seed-
ing. Twenty-four hours later, cells were lysed in 350 pL RLT
lysis buffer per well (Qiagen, Hilden, Germany) and frozen at
—80°C for at least b minutes. For total RNA extraction lysates
were thawed at room temperature, mixed with 3560 pL 70%
(v/v) ethanol, and further processed with Zymo Spin Il columns
(Zymo Research, Irvine). The column was washed with 700
pL RW1 buffer (Qiagen, Hilden, Germany) and 350 pL Zymo
RNA wash buffer (Zymo Research, Irvine). Afterward, RNA was
eluted in H,0. For expression analysis, the HumanHT-12 v4
Expression Bead Chip (lllumina, San Diego) was used. On the
raw microarray data background correction, log2 transforma-
tion, and quantile normalization were performed. After prepro-
cessing, differentially expressed genes (FDR-adjusted A<0.05,
absolute log2 fold change >1) were identified using limma
package.”® To obtain a functional overview of enriched biologi-
cal processes and signaling pathways, gene set enrichment
analyses were performed on ¢2 and cb gene set databases
downloaded from MSigDB% using R package HTSanalyzeR.2°
All bioinformatics analyses were performed using R 3.2.3.

Transcription Factor Analysis

For TF (transcription factor) analysis the potential binding
sites for TFs were detected at the promoters (upstream 1 kb
and downstream 100 bp of transcription start site) of all dif-
ferentially expressed genes using FIMO with default param-
eters (F<1x10), based on position frequency matrices from
JASPAR database (http://jaspar.genereg.net/). To identify the
potential pathways associated with the target genes of each
TF, we performed functional annotation using hypergeometric
tests (FDR-adjusted £<0.05) based on Kyoto Encyclopedia of
Genes and Genomes databases.

Analysis of Choroidal Neovascularization In
Vivo

CB7BL/6J wild-type mice (BI6, Janvier, Le Genest St. Isle,
France) and FAAH~~ mice (kindly provided by Professor Dr
Zimmer, Institute of Molecular Psychiatry, University of Bonn,
Germany) were used. Animals were anesthetized by intraperi-
toneal injection of 60 mg ketamine/kg body weight and 5 mg
xylazine/kg body weight. Pupils were dilated by topic application
of eye drops containing 0.56% (w/v) tropicamide (Mydriaticum
Stulln, Pharma Stulln, Stulln, Germany) and 10% (w/v) phenyl-
ephrine. Four to b laser lesions surrounding the optic nerve head
were created under the following conditions: excitation: 514 nm,
pulse duration: 0.1 s, laser power: 200 mW, spot size: 50 pm.
Reflectance imaging and fluorescein angiography were per-
formed 14 days following the laser treatment by confocal scan-
ning laser ophthalmoscopy (HRA2, Heidelberg Engineering,
Heidelberg, Germany). Therefore, a 10% (w/v) fluorescein solu-
tion (Alcon Pharma, Freiburg, Germany) was injected intraperito-
neally at a concentration of 50 mg fluorescein/kg body weight.
Images were taken before injection, 3 to 4 minutes (early phase),
and 6 to 8 minutes (late phase) after dye injection with different
focus settings (+10 d to +30 d). To prevent cataract formation
and to optimize image clarity, lubricating eye drops (oculotect
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fluid, Novartis Pharma, Nuernberg, Germany) were applied to
the eyes every 1 to 2 minutes. In vivo imaging was followed
by topical administration of Corneregel (Bausch&Lomb, Berlin,
Germany).®' Fluorescence angiograms (late phase) from day 14
were chosen to determine pixel intensity and the neovascular
area of the laser lesions. Furthermore, 2 blinded persons graded
the lesions (early and late phase) according to the following
classification: O=no leakage, 1=questionable leakage, hyper-
fluorescence without increase in intensity or size; 2a=leakage,
hyperfluorescence with increase in intensity but not in size;
2b=pathologically significant leakage, hyperfluorescence with
increase in intensity and size.®?

Preparation and Staining of Choroidal

Flatmounts

Mice were killed on day 24 following laser treatment using
100% carbonic gas and immediately enucleated. The whole
eye was dissected and fixated with 4% (w/v) paraformalde-
hyde overnight. For histological staining, the fixed eyes were
dehydrated, embedded in paraffin, sliced (5 um), and stained
with hematoxylin and eosin as described elsewhere.®® Pictures
were taken with an Axiovert 200 M microscope (Zeiss, Jena,
Germany). For fluorescence staining, fixed eyes were washed
with DPBS, the choroid was separated from the retina, and per-
meabilized with 2% (v/v) TritonX-100 for 20 minutes. Staining
with rhodamine-labeled Griffonia simplicifolia lectin 1 (1:100,
Vector Peterborough, United Kingdom) was performed for 1
hour, and pictures were taken with an Axio Observer Z1 micro-
scope including an apotome device (Zeiss).

Statistical Analysis

Data are expressed at meantSEM. Normality and variance
were not tested to determine whether the applied parametric
tests were appropriate. Statistical significance was determined
by 1-way ANOVA with Tukey post hoc test, unpaired 2-tailed
Student t test, or 2 test using GraphPad Prism 5 (Graphpad
Software, Inc). Results were considered significant if P was
<0.05, *F<0.05, *A0.01, **A<0.001.

Animal Experiments

Animal housing and experiments were performed corresponding
to the guidelines of the German law of protection of animal life
with permission by the local government authorities (Landesamt
fir Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen,
NRW, Germany) and complied with the Association for Research
in Vision and Ophthalmology Statement for the Use of Animals
in Ophthalmic and Vision Research. For ex vivo and in vivo
experiments, female C67BL/6J and FAAH~~ mice at an age
of >4 weeks were applied. Female mice were used because
age-related macular degeneration is more prevalent in women.

RESULTS

FAAH Inactivation Reduces Vascular Sprouting
In Vitro and Ex Vivo

To test the potential involvement and function of the
FAAH enzyme for vascular growth, we first examined
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mRNA expression of FAAH in human ECs and found
FAAH expression in HUVEC as well as human micro-
vascular ECs derived from lung. Expression levels were
comparable to those of other cell types, that is, human
lung fibroblasts (Figure IA in the Data Supplement). More
importantly, protein expression of FAAH was detected
using Western Blot analysis in several EC lines, such as
HUVEC, human microvascular ECs derived from lung
and bovine pulmonary arterial ECs (Figure IB in the
Data Supplement). As positive and negative controls for
FAAH expression, we used mouse lung, brain, and heart,
respectively (Figure IC in the Data Supplement). These
findings were also supported by immunohistochemistry
revealing prominent FAAH expression in single HUVEC
(Figure ID in the Data Supplement), human microvascu-
lar ECs derived from lung (Figure |E in the Data Supple-
ment) as well as bovine pulmonary artery EC (Figure IF
in the Data Supplement).

Next, we tested whether FAAH inhibition had an
effect on angiogenesis using 2 types of cell culture
models: HUVEC, as an established and well-character-
ized cell line, that is frequently applied for angiogenesis
assays, and transgenic flt1/eGFP ES cells (fit1/eGFP
ES cells),’® that express the reporter gene eGFP under
control of the flt7 promoter. This transgenic cell line dis-
plays EC—specific eGFP expression in the developing
vasculature. Vascularization during ES cell differentia-
tion resembles a more physiological model for in vitro
angiogenesis, as the sprouts grow in a 3-dimensional
matrix of different cell types, similar as found within the
body. To investigate the effect of FAAH inhibition on
angiogenesis, HUVEC were treated for 24 hours with
different concentrations of the pharmacological FAAH
inhibitor URB597 (10-100 umol/L). In the matrigel-
based angiogenesis assay, URB597 dose-dependently
(starting at 20 umol/L) decreased vascular tube length
(Figure 1A, 1B, 1E), the amount of branching points (Fig-
ure 1A, 1B, and 1G), and vascular loops (Figure 1A and
1B, Figure lIA in the Data Supplement). Although native
HUVEC formed vascular networks with a tube length of
4.9+0.3 mm/mm?, 10.1£1.0 branching points/mm? and
6.5£0.6 vessel loops/mm? n=9 (Figure 1A, 1E,and 1G,
Figure IIA in the Data Supplement), treatment of the
cells with URB597 (20 umol/L) decreased tube length
to 2.940.3 mm/mm? (n=4, £<0.01), branching points
to 4.6+£0.4 /mm? (=4, P<0.05), and vessel loops to
3.0£0.4 /mm? (n=4, ”<0.01) (Figure 1B, 1E, and 1G,
Figure IIA in the Data Supplement). Also anandamide
(AEA, 10 umol/L), the substrate of FAAH, and metha-
nandamide (Met-AEA, 5 pmol/L), a nonhydrolyzable
AEA analog, strongly reduced tube length (Figure 1C,
1D, and 1F), the number of branching points (Figure 1C,
1D, and 1H), and vascular loops (Figure 1C and 1D,
Figure IIB in the Data Supplement) compared with con-
trols. Importantly, the solvents alone did not affect vas-
cular growth parameters (Figure 1E through 1H, Figure

Arterioscler Thromb Vasc Biol. 2021;41:2974-2989. DOI: 10.1161/ATVBAHA.121.316973
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Figure 1. Inhibition or lack of FAAH (fatty acid amide hydrolase) impairs angiogenesis of human umbilical vein endothelial cell

(HUVEC) and embryonic stem cell (ESC)-derived EC in vitro and in an aortic ring assay ex vivo.

A-D, Phase-contrast images of endothelial network formation in matrigel of native HUVEC (A) and HUVEC treated with 20 umol/L URB597
(URB) (B), 10 pmol/L anandamide (AEA; C), or 5 pmol/L methanandamide (Met-AEA; C); bar=500 pym. E-H, Quantification of HUVEC
network formation in matrigel: tube length (E and F), branching points (G and H) (n=4-9); (Continued)
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lIA and IIB in the Data Supplement). Similar results as
with HUVEC were also observed in the angiogenesis
assay of differentiating f/t1/eGFPES cells. In this assay
10 pmol/L of URBB97 reduced tube length (Figure 11,
1J, and 1M), branching points (Figure 11, 1J, and 10)
and vascular loops (Figure 11'and 1J, Figure IIC in the
Data Supplement) to a similar degree as the well-estab-
lished angiogenesis inhibitor N-nitro-L-arginine methyl
ester hydrochloride (10 umol/L). Incubation with AEA
(10 pmol/L) or Met-AEA (5 pmol/L) caused a compa-
rable reduction of vascular network formation as FAAH
inhibition by URB597 (10 umol/L), whereas there was
again no effect of the solvents (Figure 1M through
1P, Figure IIC and IID in the Data Supplement). These
data suggest that FAAH inhibition and elevated AEA
levels impair angiogenesis in vitro via a direct action
of AEA. To demonstrate that ECs produce AEA and to
confirm that URB597-treatment enhances AEA lev-
els, we exposed HUVEC to the pharmacological FAAH
inhibitor URB597 (20 umol/L) or the solvent DMSO in
serum-free medium for 24 hours and determined AEA
concentrations in cell homogenates by liquid chroma-
tography-multiple reaction monitoring. As expected,
we found elevated AEA levels in response to URB597
(URB597: 3.56+0.2 nmol/g (n=9), DMSO: 2.7+0.3
nmol/g (n=9), P=0.0452, Figure 1Q). These data fur-
ther confirm that the observed effects of URB597 on
AEA levels are due to its inhibition of FAAH.

To exclude potential unspecific actions of the pharma-
cological FAAH inhibitor and to test the effect of genetic
FAAH inhibition on angiogenesis ex vivo, next we exam-
ined vascular sprouting in an aortic ring assay comparing
Cb7BL/6J control and FAAH~- mice (Figure 1R through
1T). Aortic rings were transferred to a collagen gel and
sprouting was quantified on day 8. The average num-
ber of sprouts/ring in C57BL/6J aortas was 47.1+4.8,
n=19 (Figure 1R and 1T), whereas in FAAH~~mice, it
was significantly reduced to 29.5%£3.5 sprouts/ring,
n=18 (Figure 1S and 1T), A=0.007. This finding revealed
that genetic FAAH deficiency results in reduced angio-
genesis further confirming the above-reported effects of
pharmacological inhibition of FAAH on vessel formation.

FAAH Inhibition Downregulates Genes Involved
in Cell Cycle Progression and DNA Replication
To obtain further insight into the effects of FAAH inhi-

bition on angiogenesis a microarray of untreated, eth-
anol-treated (solvent), URB597-treated (20 pmol/L),

FAAH and Angiogenesis

and AEA-treated (10 pmol/L) HUVEC (n=3) was
performed. In full agreement with the angiogen-
esis assays changes of gene regulation induced by
URBB97 and AEA were quite similar (Figure 2A,
Pearson correlation coefficient=0.57, P<1x10°).
Top 25 up and downregulated genes in response to
URBbB97 or AEA treatment can be found in Tables |
and Il in the Data Supplement and are displayed in
Figure Il in the Data Supplement.

Then, gene set enrichment analysis was performed
using HTSanalyzeR®® for identification of altered biologi-
cal processes in response to URB597 and AEA treat-
ment: Out of the total 6179 gene sets (c2: curated gene
sets and cb: gene ontology gene sets) obtained from
MSigDB,?° 1335 and 1686 gene sets were found to be
significantly affected by URB597 and AEA treatment,
respectively (Benjamini-Hochberg adjusted £<0.001).
Importantly, 950 gene sets were significantly enriched
in both URBbB97-treated and AEA-treated HUVEC,
suggesting functional overlap (Figure 2B, P<1x10%,
hypergeometric test). More specifically, both compounds
downregulated genes involved in cell cycle progression
(=3, URB, AEA versus native £<0.001) (Figure 2C
and 2D) and DNA replication (n=3, URB, AEA versus
native A<0.001) (Figure 2E and 2F). Additionally, genes
contributing to integrin binding (n=3, URB versus native
P<0.05, AEA versus native £<0.01) (Figure 2G and
2H) and tissue development (n=3, URB, AEA versus
native <0.05) (Figure 2| and 2J) were downregulated
in response to URB597 and AEA incubation. No genes
were identified to be differentially expressed between
ethanol and native conditions, confirming that the sol-
vent alone has no effect. Thus, gene set enrichment
analysis suggests the reduction of cell cycle activity by
both FAAH inhibition and AEA treatment; it also points
towards a negative impact of these interventions on
integrin binding and tissue development. To get further
insights into the role of FAAH inhibition in integrin signal-
ing, we then analyzed this gene set in detail and found
that genes of several integrin-binding proteins modulat-
ing cell adhesion or angiogenesis were downregulated
(VWF [von Willebrand factor], ADAM9/23 [disintegrin
and metalloproteinase 9/23], ICAM2 [intercellular cell
adhesion molecule 2])%4-%7 (Figure 2K).

In addition, we also performed TF analysis to iden-
tify TFs that may contribute to the differential tran-
scriptome after URB597 and AEA treatment. First, 15
differentially expressed TFs after URB597 treatment
(Figure IVA in the Data Supplement) and 3 differentially

Figure 1 Continued. (I-L) fluorescence images of endothelial network formation of native flt1 (fms-like tyrosine kinase 1)/eGFP (enhanced
green fluorescence protein) ESC (1) or fit1/eGFP ESC treated with 20 umol/L URB (J), 10 pmol/L AEA (K) or 5 umol/L Met-AEA (L); bar=100
pm. M-P, Quantification of endothelial network formation of f/t1/eGFP ESC: tube length (M and N), branching points (O and P) (n=4-7).
Same values for native were used for (M) and (N) as well as for (0) and (P). Q, Quantification of AEA in HUVEC in response to URB (20
pumol/L). R and S, Phase-contrast images of aortic ring assay using aortas of C56BL/6J (BI6) (R) and FAAH~~ (S) mice; bar=400 pm. T,
Quantification of sprouts in aortic ring assay (N=7, n=12-19). E-H and M-P, One-way ANOVA, Tukey post hoc test; (Q and T) 2-tailed
unpaired t test. DMSO indicates dimethyl sulfoxide; EtOH, ethanol; and L-NAME, N-nitro-L-arginine methyl ester hydrochloride.
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Figure 2. FAAH (fatty acid amide hydrolase) inhibition in endothelial cells (ECs) reduces expression of genes for cell cycle
progression, integrin binding, and tissue development.

A, Correlation analysis of gene expression changes (Pearson correlation coefficient=0.57, A<1x107%). B, Venn diagram of gene sets enriched in
URB597 (URB)- and anandamide (AEA)-treated human umbilical vein EC (HUVEC; hypergeometric test, A<1x10%). C-J, Gene set enrichment
analysis score curves. For gene set enrichment analysis, HUVEC treated with 20 pmol/L URB (n=3) (C, E, G, and I) or 10 pmol/L AEA (n=3) (D, F, H,
and J) were compared with native cells (n=3). The following gene clusters are displayed: Kyoto Encyclopedia of Genes and Genomes (KEGG)_Cell_
Cycle (C+D), KEGG_DNA _Replication (E+F), Integrin_Binding (G+H), Tissue_Development (I+J). K, Heatmap of differentially expressed genes related
to integrin binding. ADAM indicates disintegrin and metalloproteinase; ICAM, intercellular cell adhesion molecule; and VWEF, von Willebrand factor.

expressed TFs after AEA treatment (Figure IVB in the  of all differentially expressed genes and identified 8

Data Supplement) were found. Next, we analyzed the  differentially expressed TFs that bind to a promoter
potential binding sites for 746 TFs at the promoters  region of these genes after URBbH97 treatment
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(Figure IVC in the Data Supplement); we also detected
2 differentially expressed TFs that bind to a promoter
region of differentially expressed genes after AEA
treatment (Figure IVD in the Data Supplement). Next,
based on 8 overlapping TFs and 351 target genes that
are differentially expressed after URB597 treatment,
we have generated a TF regulatory network (Figure
V in the Data Supplement). To identify the potential
pathways associated with the target genes of each TF,
we performed functional annotation using hypergeo-
metric tests (FDR-adjusted £<0.05) based on Kyoto
Encyclopedia of Genes and Genomes database.?® We
found that KLF4 and EGR1 target genes are associ-
ated with pb3 signaling pathway, cellular senescence,
Fanconi anemia pathway, cell cycle, and DNA replica-
tion; BCL6B target genes are associated with Fan-
coni anemia pathway; MSX1 are associated with DNA
replication; E2F2 target genes are associated with
cell cycle and DNA replication (Figure VI in the Data
Supplement).

Inhibition of FAAH Reduces EC Proliferation
and Migration and Induces Cell Cycle Exit

Gene expression analysis provided some hints for the
signaling mechanisms underlying the antiangiogenic
effects of FAAH inhibition and AEA application. There-
fore, we then performed cell biological experiments to
test the effects on EC behavior.

First, the impact of URB597 and AEA on prolif-
eration was examined using Ki67 staining of HUVEC
(Figure 3A through 3D). The analysis revealed that in
untreated HUVEC 42.3+2.1% (n=10) of all Hoechst*
nuclei also displayed Ki67* staining, whereas treatment
with URB597 or AEA strongly reduced Ki67*/Hoechst*
cells to 20.7£6.3% (n=4, ”<0.01) or 23.1£5.2% (n=4,
P<0.01), respectively; the solvents had no effect on
KiB7 expression (Figure 3D).

To test if FAAH inhibition specifically affects cell
growth of EC but not of other cell types, we exposed
human aortic smooth muscle cells to 20 pmol/L
URBbB97 for 24 hours. Then, Ki67 staining was per-
formed and Ki67+*Hoechst* cells were quantified. The
analysis revealed that in contrast to HUVEC URB597
did not affect the fraction of Ki67*Hoechst* human
aortic smooth muscle cells when compared with native
cells and DMSO solvent controls (Figure VIIA in the
Data Supplement).

To further corroborate that the URBbB97 effect in
EC is mediated by AEA and not by other endocannabi-
noid-like compounds hydrolyzed by FAAH or being the
product of such hydrolysis, we tested arachidonic acid
(10 pmol/L), oleoylethanolamide (10 pmol/L), and
palmitoylethanolamide (10 pmol/L). None of these
compounds affected the number of Ki67+/Hoechst*
HUVEC, whereas the positive control Met-AEA (5

2982  December 2021

FAAH and Angiogenesis

pmol/L) strongly reduced the number of cells in the
cell cycle (Figure VIIB in the Data Supplement). Thus,
URBB97-induced inhibition of cell growth selectively
affects EC, and this effect is mediated by AEA. To fur-
ther prove that URBb597 affects EC growth via FAAH
inhibition, we performed a knockdown of FAAH using
RNAI by treating HUVEC with a lentiviral FAAH shRNA
construct and counted Ki67*/Hoechst* cells. We found
that lentiviral knockdown of FAAH reduced the number
of Ki67* HUVEC to the same extent as 20 pmol/L of
the FAAH inhibitor URBB9Y. Interestingly, additional
application of URB597 after FAAH knockdown did not
further decrease the number of Ki67* HUVEC confirm-
ing the specificity of the inhibitory action of URB597
on FAAH (Figure VIIC in the Data Supplement). We
also explored the dose-dependency of the effect by
applying Met-AEA. The observed left shift in response
to URBb597 underscored that the effect of FAAH inhi-
bition is mediated by AEA signaling and not due to
unspecific toxic effects of high AEA concentrations
(Figure VIID in the Data Supplement).

In a next step, we examined the effect of FAAH inhi-
bition on proliferation and migration of EC by a scratch
assay (Figure 3E through 3H). After 8 hours, untreated
cells covered 51.11£6.0% (n=4) of the scratch area,
whereas URBbB97 decreased the covered area to
16.912.8% (h=4, ”<0.001) and AEA limited regrowth
of the cells to 31.8+4.7% (n=>b, /£<0.05) of the scratch
area (Figure 3E through 3H). To test if FAAH inhibition
can also cause apoptosis, HUVEC were stained with
fluorescein-conjugated AnnexinV (AnnexinV-FITC) as
well as propidium iodide and analyzed via flow cytom-
etry (Figure 31 through 3L). We found that untreated
as well as URBb97-treated or AEA-treated HUVEC
only displayed low numbers of FITC*propidium iodide*
apoptotic cells (3.4£0.4%, n=4 [native, Figure 3| and
3L], 3.3£0.6%, n=4 [URB597, Figure 3J and 3L],
2.6£0.9%, n=4 [AEA, Figure 3K and 3L]). As a positive
control, HUVEC were incubated without serum for 24
hours and showed much higher numbers of apoptotic
cells (11.1+£0.2%, n=4; £<0.001) (Figure 3L). Thus,
inhibition of FAAH reduces proliferation and migra-
tion of HUVEC but has no effect on apoptosis. These
results confirm that FAAH inhibition modulates the cell
cycle. To investigate this more in detail, we performed
cell cycle analysis using propidium iodide staining
and flow cytometry (Figure 3M and 3N, Figure VIII in
the Data Supplement). URBB97 treatment increased
the number of EC in GO/G1 stage from 70.2+1.5%,
n=4 (native) to 80.9+1.1%, n=4, £/<<0.001 (URB597),
whereas it decreased the amount of EC in S phase
from 16.0£0.7%, n=4 (native) to 11.0+£0.9%, n=4,
P<0.01 (URBbB97); the solvent had no effect (Fig-
ure 3M). Treatment with AEA showed similar effects, as
it increased the number of cells in GO/G1 stage from
69.1£1.2%, n=8 (native) to 77.3+£2.7%, n=b, ”<0.05

Arterioscler Thromb Vasc Biol. 2021;41:2974-2989. DOI: 10.1161/ATVBAHA.121.316973
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Figure 3. URB597 (URB) reduces proliferation, migration, and cell cycle activity in human umbilical vein endothelial cells
(HUVEC).

A-C, Immunofluorescence staining of native HUVEC (A) or HUVEC treated with 20 umol/L URB (B) or 10 pmol/L anandamide (AEA; C);
red=Ki67, blue=Hoechst, bar=50 um. D, Quantification of the number of proliferating Ki67* cells (n=4-10). E-G, Phase-contrast images of
a scratch assay with native HUVEC (E) or HUVEC treated with 20 umol/L URB (F) or 10 pmol/L AEA (G); bar=400 pm. H, Quantification of
wound healing in scratch assay (n=4-5). I-K, Flow cytometry analysis of HUVEC stained with AnnexinV—fluorescein isothiocyanate (FITC)
and propidium iodide (PI): native HUVEC (I), HUVEC treated with 20 pmol/L URB (J), or 10 pmol/L AEA (K). L, Quantification of apoptotic
cells (FITC* PI*) (h=3-4). M and N, Quantification of cell cycle analysis by Pl staining and flow cytometry (=4-8). D, H, L, M, and N, 1-way
ANOVA, Tukey post hoc test. DMSO indicates dimethyl sulfoxide; EtOH, ethanol; and w/o, without.

(AEA), whereas the number of cells in S phase was
reduced from 14.7+0.9%, n=8 (native) to 10.5+£1.2%,
n=5, P<0.05 (AEA) (Figure 3N). These data demon-
strate that, as suggested by gene expression analysis,

Arterioscler Thromb Vasc Biol. 2021;41:2974-2989. DOI: 10.1161/ATVBAHA.121.316973

FAAH inhibition results in cell cycle exit of EC. This as
well as the reduced proliferation and migration of EC
underlie impaired angiogenesis upon FAAH inhibition
in in vitro and ex vivo assays.
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FAAH Inhibition Results in Disintegration
of Lipid Rafts and Has Similar Effects on
Angiogenesis as the Lipid Raft Disruptor MBC

To further explore the signaling mechanism underlying
reduced angiogenesis upon FAAH inhibition, we tested
whether URBB97-dependent inhibition of EC proliferation
could be prevented by blocking well-known cannabinoid
receptors or related enzymes. This was not the case, as nei-
ther application of SR141716 (1 pmol/L, CB1 [cannabinoid
receptor 1] receptor antagonist), SR144528 (1 pmol/L, CB2
receptor antagonist), 0-1918 (1 pumol/L, endothelial non-
CB1/CB2 receptor antagonist), indomethacin (1 umol/L)
nor capsazepine (1 pmol/L, TRPV1 [transient receptor
potential cation channels of the vanilloid type] antagonist)
affected the number of Ki67+ EC treated with URB597 (Fig-
ure X in the Data Supplement). These findings suggest that
none of the canonical cannabinoid pathways is involved.
Because endocannabinoid effects that are independent
from cannabinoid receptors have previously been attributed
to lipid rafts,® we have performed immunostainings of lipid
rafts with FITC-labeled Cholera toxin B in HUVEC. The cells
were treated with URBB97 (20 umol/L), AEA (10 pmol/L),
or the lipid raft disruptor MBC (10 mmol/L) (Figure 4A
through 4E). Our experiments revealed that the FAAH inhibi-
tor URBB97 (Figure 4C) and AEA (Figure 4D) induced a
similar effect as MBC (Figure 4E) in regard to disintegration
of lipid rafts, whereas solvent controls were unaffected (Fig-
ure 4A and 4B). To exclude that other mediators than AEA
are responsible for lipid raft disturbance, we treated HUVEC
with arachidonic acid, oeloylethanolamide, and palmitoyletha-
nolamide. None of these could affect the structure of lipid
rafts, whereas Met-AEA used as a positive control did induce
similar changes as URB and AEA (Figure XA through XF
in the Data Supplement). Thus, the antiproliferative and anti-
migratory response to FAAH inhibition in EC appears to be
mediated by AEA and a lipid raft-dependent process. This is
underscored by the finding that treatment of EC with MBC
had very similar effects on angiogenesis, proliferation, and
migration as URB597 or AEA: HUVEC treated with MBC
exhibited a decreased network formation in matrigel (Fig-
ure 4F through 4H). This was due to reduced tube length
(Figure 41), number of branching points (Figure 4J), and vas-
cular loops (Figure 4K) of HUVEC after MBC treatment. In
analogy to URBB97 and AEA, MBC application induced a
decrease of the number of Ki67+ EC (Figure 4L through 40),
wound healing capacity (Figure 4P through 4S), and had no
effect on apoptosis (Figure 4T through 4W). Taken together,
these results imply that pharmacological FAAH inhibition dis-
rupts lipid rafts causing an impairment of vascular growth.

FAAH Deficiency Protects Against
Pathological Angiogenesis in the Choroidal
Neovascularization Model In Vivo

Finally, we wanted to know if the antiangiogenic effect
of FAAH deficiency can be also exploited in a disease
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characterized by excessive vessel growth. For that pur-
pose, we have chosen laser-induced choroidal neo-
vascularization (CNV) in mouse, which is a model for
wet age-related macular degeneration in humans. In
this model, laser photocoagulation is applied to induce
a break in Bruch's membrane (Figure BA) resulting in
angiogenesis from the choriocapillaris. On day 14 after
the injury, we quantified CNV by fluorescence angiog-
raphy in C57BL/6J (BI6) and FAAH~ mice (Figure 5B
through B5H). The analysis demonstrated that in the late
stage of the angiogram (6—8 minutes after fluorescein
injection) leakage was significantly reduced in FAAH~~
animals (pixel intensity: 99.6+11.8, n=6) (Figure 5E and
5F) compared with BI6 mice (pixel intensity: 160.3+£14.9,
n=7, P/=0.002) (Figure 5C and 5F); the same was found
for the size of the neovascularized area (28340+6864
pixels, n=7 [FAAH""] versus 48470+6818 pixels, n=6
[C57BL/6J], P=0.043) (Figure 5G). Furthermore, grad-
ing of the lesions revealed a clearly decreased num-
ber of more severe grade 2b lesions (strong leakage,
increasing in area and size) in FAAH~~ mice (15.3%, n=7
[FAAH~]) compared with controls (41.7%, n=6 [BI6],
P<0.05) (Figure 5H). Then, the neovascular area was
quantified in lectin-stained choroidal flatmounts at day 24
after laser treatment (Figure 5l through 5L). Also, these
analyses confirmed a clearly reduced neovascular area
in FAAH~~ mice (Figure bK and 5L) compared with BI6
controls (Figure bl, 5J, and 5L) (192102767 um?, n=7
[FAAH] versus 2938014112 um?, n=6 [BI6], £<0.05).
Thus, FAAH deficiency results in a prominent reduction
of pathological angiogenesis in the laser-induced mouse
model of CNV in vivo. To exclude that FAAH deficiency
compromises physiological vascular remodeling in older
individuals, we compared the number of lectin-stained
capillaries in heart and skeletal muscle of BI6 and FAAH~~
mice (40 weeks old). Our analysis demonstrated that
there were no differences in the amount of capillaries in
heart (2660+£102.8, n=5 [BI6] versus 2410+64.5, n=5
[FAAH~], P>0.05) or skeletal muscle (565.8+46.9, n=5
[BI6] versus 431.3£73.1 [FAAH~-], P>0.05) in BI6 and
FAAH~ mice (Figure XG and XH in the Data Supple-
ment). Therefore, FAAH targeting could be a promising
approach for the treatment of pathological neovascular-
ization, as chronic inhibition of FAAH does not appear to
have deleterious effects on vascular remodeling.

DISCUSSION

In this study, we demonstrate that FAAH inhibition
strongly decreases angiogenesis. The antiangiogenic
effect of FAAH inhibition was also found in a highly rele-
vant in vivo model, as FAAH~~mice proved to be protected
from choroidal neovascularization. This is due to EC cell
cycle exit resulting in a reduction of EC proliferation and
migration. The FAAH-related antiangiogenic response is
not mediated via classic cannabinoid signaling pathways

Arterioscler Thromb Vasc Biol. 2021;41:2974-2989. DOI: 10.1161/ATVBAHA.121.316973
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Figure 4. Depletion of cholesterol via methyl-g-cyclodextrin (MBC) inhibits angiogenesis, endothelial cell (EC) proliferation, and
migration.

A-E, Staining of lipid rafts with fluorescein isothiocyanate (FITC)-conjugated Cholera toxin B subunit in native human umbilical vein endothelial cells
(HUVECG; A) or HUVEC treated with ethanol (EtOH; B), 20 umol/L URB597 (URB; C), 10 umol/L anandamide (AEA; D) or 10 mmol/L MBC (E)
bar=20 um. F-H, Phase-contrast images of endothelial network formation in matrigel of native HUVEC (F) and HUVEC treated with PBS (G) or 10
mmol/L MBC (H); bar=500 pm. I-K, Quantification of HUVEC network formation in matrigel: tube length (1), branching points (J), vessel loops (K)
(n=5). L-N, Immunofluorescence staining of native HUVEC (L) or HUVEC treated with PBS (M) or 10 mmol/L MBC (N); red=Ki67, blue=Hoechst,
bar=50 pm. O, Quantification of the number of proliferating Ki67+ cells (=4-6). P-R, Phase-contrast images of a scratch assay with native HUVEC
(P) or HUVEC treated with PBS (Q) or 10 mmol/L MBC (R); bar=100 pm. S, Statistical analysis of wound healing in scratch assay (n=3). T-V,
Flow cytometry analysis of HUVEC stained with AnnexinV-FITC and propidium iodide (PI): native HUVEC (T), HUVEC treated with PBS (U) or 10
mmol/L MBC (V). W, Quantification of apoptotic cells (FITC* PI*) (=3-5). I-K, O, S, and W, 1-way ANOVA, Tukey post hoc test.
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Figure 5. FAAH (fatty acid amide hydrolase) deficiency prevents choroidal neovascularization in vivo.

A, Hematoxylin and eosin staining of a C56BL/6J (BI6) mouse retina cross-section. The arrow points towards the lesion in Bruch's
membrane caused by laser photocoagulation. B-E, Fluorescence angiography images of BI6 (B and C) or FAAH~~ mouse retina (D and E)
at 3—4 min (B and D) or 6—8 min (C and E) after fluorescein injection. Red circles and a red cross denote laser lesions and the optic nerve,
respectively. F and G, Statistical analysis of pixel intensity (F) and vascularized area (G) of the laser lesions at day 14 after injury and 6-8
min after fluorescein injection (n=24-27). H, Grading and statistical analysis of the laser lesions 14 d after injury (h=24-27); 0: no leakage,
weak hyperfluorescence, 1: weak leakage, hyperfluorescent lesions not increasing in size or intensity, 2A: leakage, hyperfluorescent lesion
increasing in intensity but not in size, 2B: pathological significant leakage, hyperfluorescent lesions increasing in size and intensity. I-K,
Immunofluorescence staining of BI6 choroidal flatmounts with rhodamine-conjugated lectin 24 d after injury; (I) overview of a BI6 choroid,
bar=100 pm, (J) injured area of a BI6 choroid, bar=20 pm, (K) injured area of FAAH~~ choroid, bar=20 um. L, Statistical analysis of lectin-

stained vascular area of each lesion 24 d after injury (n=18-28). F, G, and L, 2-tailed unpaired Student ¢ test, (H) ? test.

such as CB receptors, TRPV1, or cyclooxygenases but
via disruption of lipid rafts.

The consequences of FAAH inhibition on angiogen-
esis have not been investigated to date. Instead, earlier
publications propose controversial findings regarding
endocannabinoids, the substrates of FAAH because
for them both proangiogenic as well as antiangiogenic
effects mediated via classical cannabinoid receptors
have been reported.'®'” Here, we have used a differ-
ent approach by using both, pharmacological blockade
via the inhibitor URBB97 or genetic ablation of FAAH.
Interestingly, we could rule out the involvement of classic

2986  December 2021

cannabinoid signaling pathways in the antiangiogenic
effect of FAAH inhibition, but our results demonstrate
a clear role for AEA. This finding is in accordance with
earlier reports revealing that inhibition of FAAH results
in AEA accumulation,*® and that AEA and FAAH are also
active in EC.4'™* In fact, our measurements show that
) pharmacological inhibition of FAAH results in ele-
vated AEA levels in HUVEC, and (2) application of either
AEA or the nonhydrolyzable AEA analog Met-AEA had
very similar antiangiogenic effects as the FAAH inhibi-
tor URBbB9Y. This was also the case, when investigat-
ing the gene expression pattern in EC, as gene sets for

Arterioscler Thromb Vasc Biol. 2021;41:2974-2989. DOI: 10.1161/ATVBAHA.121.316973
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cell cycle activity, DNA replication, integrin binding, and
tissue development were found to be downregulated
upon exposure to URB597 or AEA. Cell cycle progres-
sion and DNA replication were also found to be altered
in response to FAAH inhibition by our TF analysis, and
these have also been demonstrated to depend on vari-
ous integrins**% that connect the cytoskeleton with the
extracellular matrix. Because integrin-binding mediates
adhesion and integrin signaling was downregulated by
URBbS97 and AEA, it is conceivable that this can result in
a decrease in vascular growth, angiogenesis, and tissue
development in general.*” In particular, we found VWR
ADAMY, ADAM23, and ICAM2 as integrin-related mol-
ecules directly affecting adhesion or angiogenesis to be
downregulated. In addition, earlier work has reported that
the knockout of ADAM9 reduces pathological neovas-
cularization in CNV mice.*® This finding also underscores
the protective effect of the FAAH deficiency, which we
have observed in this study.

We also wondered about the underlying cellular
mechanisms and noted that cell cycle regulation and
matrix adhesion by integrins have been demonstrated to
depend on intact lipid rafts.**®® These are cholesterol-
rich membrane microdomains, in which various signal-
ing molecules are assembled.®’ We found that URB597
and AEA treatment disrupted lipid rafts and this could
explain altered integrin signaling and cell cycle arrest. In
full accordance URB597 and AEA have been reported
to inhibit proliferation of tumor cells independent from
cannabinoid receptors but via a lipid raft-dependent pro-
cess.?* This fits to the chemical properties of endocan-
nabinoids that can incorporate into lipid bilayers due to
their amphiphilic nature and modulate the physical prop-
erties of membranes, as shown in earlier work for ion
channel regulation.®®

This lipid membrane-dependent effect of FAAH tar-
geting may be a very promising antiangiogenic thera-
peutic approach. Therefore, we have tested the potential
of FAAH inhibition to reduce pathological angiogenesis
in vivo. A very important disease based on pathological
angiogenesis is age-related macular degeneration—the
leading cause of vision loss in humans worldwide. Cur-
rent therapies are mainly based on VEGF antibodies
exerting antiangiogenic action, but this pharmacother-
apy is either not effective in some patients or loses effi-
cacy over time.®* Therefore, we have tested the in vivo
consequences of FAAH inhibition in the laser-induced
CNV model, which phenocopies key features of this
widespread disease. The results clearly demonstrate
that FAAH deletion prevents all signs of pathological
neovascularization, whereas there were no adverse
effects on physiological vascular remodeling in the
heart and skeletal muscle of aged mice. This suggests
that administration of FAAH inhibitors, in particular, the
site-specific application in the eye via intravitreal injec-
tion, is an interesting option for the therapeutic use

Arterioscler Thromb Vasc Biol. 2021;41:2974-2989. DOI: 10.1161/ATVBAHA.121.316973
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in age-related macular degeneration. In addition, new
peripheral FAAH inhibitors without side effects in the
central nervous system could enable systemic drug
application for the treatment of a variety of diseases
with vascular overgrowth. A limitation of the study is
that in vitro concentrations of exogenously applied AEA
are difficult to transfer to the in vivo situation. Neverthe-
less, FAAH deficiency resulted in strong antiangiogenic
effects in the disease model. Future studies will have
to address if FAAH inhibitors act independently from
VEGF signaling and hence could be applied in an addi-
tive manner to reduce angiogenesis. Thus, our study
reveals a so far unrecognized antiangiogenic mecha-
nism, and pharmacological targeting of endocannabi-
noid degradation could be an interesting approach to
counteract pathological angiogenesis.
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