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1. Deutsche Zusammenfassung

1.1 Einleitung

Atherosklerose stellt mit ihren Folgeerkrankungen Herzinfarkt und Schlaganfall die hau-
figste Todesursache in Deutschland sowie weltweit dar (Nowbar et al., 2014; Plass et
al., 2014; Sal3 et al., 2015; Wang et al., 2016). Die Entstehung der Atherosklerose be-
ginnt nach der ,Response-to-injury“-Hypothese mit lokalen Schéaden des Gefal3-
endothels (Gimbrone und Garcia-Cardefia, 2016; Ross, 1993). In der Folge prasentieren
Endothelzellen Adhasionsmolekille an denen wiederum Leukozyten adhérieren
(Gimbrone und Garcia-Cardefia, 2016; Hansson, 2005; Kinlay und Ganz, 1997; Ross,
1993). Letztere migrieren anschliel3end in das Gewebe und rufen eine lokale Entzin-
dungsreaktion hervor (Hansson, 2005; Libby et al., 2002; Ross, 1993). Cholesterinabla-
gerungen sowie die Einwanderung und lokale Rekrutierung von Immunzellen und glat-
ten Muskelzellen bedingen eine lokale Verbreiterung der Intima (Hansson, 2005; Libby
et al., 2002; Libby et al., 2016). Hierbei kommt es im weiteren Verlauf Uber die Entste-
hung so genannter Schaumzellen und lokaler Gewebsumstrukturierung zur Ausbildung
der atherosklerotischen Plaques in der Gefaldwand. Die Endothelialisierung der Plaques
verhindert die Thrombosierung des GefafRes und den damit einhergehenden Infarkt
(Gimbrone und Garcia-Cardefa, 2016; Hansson, 2005).

In den folgenden Unterkapiteln wird auf die Rolle des Endocannabinoidsystems sowie
der Endothelzellen eingegangen bis schlieflich die Fragestellung der vorliegenden Ar-
beit herausgestellt wird.

1.1.1 Endocannabinoidsystem in der Atherogenese

Die lokale, chronische Inflammation ist seit den 1990er Jahren immer starker in den Fo-
kus der Atheroskleroseforschung gertickt (Hansson, 2005; Libby et al., 2016; Ross,
1993). Durch eine Hemmung der Entziindung konnten Atherosklerose und Herzinfarkte
bei Patienten reduziert werden (Ridker et al., 2017). Das Endocannabinoidsystem stellt
einen bekannten Modulator des Immunsystems dar (Henry et al., 2016; Ho und Kelly,
2017). Komponenten des Endocannabinoidsystems werden auch auf koronaren En-

dothelzellen exprimiert (Montecucco et al., 2009; Rajesh et al., 2007). Hauptkomponen-



ten sind die Cannabinoidrezeptoren 1 und 2 sowie deren endogene Liganden mit den
Hauptvertretern N-Arachidonylethanolamid (AEA) und 2-Arachidonylglycerol (2-AG;
Devane et al., 1988; Devane et al., 1992; Mechoulam et al., 1995; Montecucco et al.,
2009; Abbildung 1). Der Abbau von 2-AG erfolgt hauptsachlich Gber die Monoacylglyce-
rin-Lipase, ist aber auch Uber zahlreiche weitere, ubiquitéar im Korper vorkommende En-
zyme maoglich (Blankman et al., 2007; Dinh et al., 2002; Jarai et al., 2000; Miller et al.,
2016; Navia-Paldanius et al., 2012; van Tienhoven et al., 2002; Xie et al., 2010).

Lipidvorstufen
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Abb. 1: Schema Endocannabinoidsystem

Die beiden Endocannabinoide 2-AG und AEA werden aus Lipidvorlaufern durch die
Enzyme NAPE-PLD und DAGL synthetisiert. Sie werden durch FAAH und MAGL zu
Arachidonsdure und entsprechenden Resten hydrolysiert. Beide Endocannabinoide
sind Agonisten der beiden Cannabinoidrezeptoren CB1 und CB2. 2-AG, 2-
Arachidonylglycerol; AEA, N-Arachidonylethanolamid; CB1, CB2 Cannabinoidrezepto-
ren 1 und 2; DAGL, Diacylglycerol-Lipase; FAAH, Fettsdureamid-Hydrolase; MAGL,
Monoacylglycerin-Lipase; NAPE-PLD, N-Acylphosphatidylethanolamin spezifische-
Phospholipase D.



Atherogene Effekte des Endocannabinoids 2-AG werden von vielen Autoren berichtet
(Jehle et al., 2016; Jehle et al., 2018; Montecucco et al., 2009; Vujic et al., 2016; vgl.
Seite 33 der Verdffentlichung). Durch eine verminderte Produktion des Endocannabino-
ids lie3en sich diese Effekte aufheben (Jehle et al., 2016). Ein pharmakologischer Ein-
griff in die Balance des Endocannabinoidsystems wird von verschiedenen Autoren als
potentieller antiatherosklerotischer Therapieansatz diskutiert (Jones, 2008; Le Foll et al.,
2009; Liu et al., 2021; Nissen et al., 2008). Der Einfluss von 2-AG auf Endothelzellen
und die molekularen Grundlagen dieses Einflusses wurden hingegen erst unzureichend

bearbeitet (vgl. Veroffentlichung, S. 34).
1.1.2 Endothelzellen in der Atherogenese

Die Rolle der Endothelzellen von der frihen Atherogenese bis zum manifesten Infarkt ist
zunehmend in den Vordergrund gertickt (Gimbrone und Garcia-Cardefia, 2016; Libby et
al., 2016). Hierbei kommt Adh&sionsmolekilen eine zentrale Bedeutung zu. Selektine,
wie E-Selektin, begunstigen dabei das ,Rolling“ von Leukozyten an der GefalRwand
(Kinlay und Ganz, 1997; Ley et al., 1991; Shimizu et al., 1992; Mulligan et al., 1991).
Schlief3lich kommt es zur festen Adhasion durch Zelladhédsionsmolekile (Arfors et al.,
1987; Dustin und Springer, 1988; Kinlay und Ganz, 1997; Rice et al., 1990; Shimizu et
al., 1992). Dariiber hinaus wurde das Vascular cell-adhesion molecule 1 (VCAM-1) mit
atherosklerotischen Plagues assoziiert (Li et al., 1993; Cybulsky et al., 2001). Das l6sli-
che Intercellular cell-adhesion molecule 1 (ICAM-1) konnte als pradiktiv fir den Myo-
kardinfarkt identifiziert werden (Ridker et al., 1998).

Den genannten Adhasionsmolekilen kommen, Uber die Atherosklerose hinaus, ent-
scheidende Bedeutungen in weiteren inflammatorischen Krankheitsprozessen zu. Diese
erstrecken sich von Asthma bronchiale Uber rheumatologische Krankheitsbilder bis hin
zum Diabetes mellitus (Dowlatshahi et al., 2013; Hasegawa et al., 1994; Qiu et al., 2019;
Yusuf-Makagiansar et al., 2002). Sollte das Endocannabinoid 2-AG die Adhéasionsmole-
kile E-Selektin, ICAM-1 und VCAM-1 auf HCAEC induzieren, kdnnte dieses Ergebnis
ebenfalls einen Therapieansatz fur zahlreiche weitere inflammatorisch bedingte Krank-

heiten liefern.



1.1.3 Fragestellung der vorliegenden Publikationsdissertation

Inflammation, als grundlegender Baustein der Atherogenese, lasst sich durch Endocan-
nabinoide modulieren (s. 1.1.1). Trotz des Wissens um die atherogenen Effekte des En-
docannabinoids 2-AG, ist dessen Wirkung auf die Endothelzellen der humanen Koro-
nararterien noch nicht beschrieben. Die Leukozytenadhasion von THP-1-Monozyten an
HCAEC durch 2-AG wurde in ersten Daten unserer Arbeitsgruppe beobachtet (s. Verof-
fentlichung, Seite 39). Weiterhin wurden die Adh&asionsmolekile E-Selektin und P-
Selektin auf humanen vendsen Endothelzellen durch 2-AG induziert (Gasperi et al.,

2014). Somit ergibt sich folgende Fragestellung fur die Arbeit:

Lasst sich die gesteigerte THP-1-Monozytenadhasion an humanen koronararteriellen
Endothelzellen durch das Endocannabinoid 2-AG bestéatigen? Werden die Adhasions-
molekile E-Selektin, ICAM-1 und VCAM-1 auf humanen koronararteriellen Endothelzel-
len durch das Endocannabinoid 2-AG induziert? Im Fall einer Induktion, welche der Ad-
hasionsmolektile konnen fur die gesteigerte THP-1-Monozytenadhasion identifiziert
werden? Zur Uberprifung der Fragestellung wurden HCAEC im Zellkulturmodell per

Fluoreszenzmikroskopie sowie per Durchflusszytometrie untersucht.

1.2 Material und Methoden

Gegenstand der vorliegenden Arbeit ist die Untersuchung von humanen koronararteriel-
len Endothelzellen (HCAEC, PromoCell GmbH, Heidelberg). Diese wurden auf die Inter-
aktion mit THP-1-Monozyten sowie der Prasentation von Adhasionsmolekilen durch-

flusszytometrisch untersucht.
1.2.1 THP-1-Monozyten-Adhasionsassay

Es wurden HCAEC (mé&nnlich, p6, PromoCell GmbH) auf T25 Zellkulturflaschen (Techno
Plastic Products AG, Trasadingen, Schweiz) aufgetaut und bei 37 °C und 5 % (v/v) CO;
im Inkubator (SANYO Electric Co. Ltd., Moriguchi, Japan) gehalten. Deckglaschen (Paul
Marienfeld GmbH & Co0.KG, Lauda-Konigshofen) wurden in 24-Well-Zellkulturplatten
(Techno Plastic Products AG) vorgelegt. AnschlielRend wurden die HCAEC aus der T25
Zellkulturflasche auf die 24-Well-Platte gegeben.



Bei einer Konfluenz der Zellen von circa 80 % wurden diese mit 1 uM sowie 10 uM 2-AG
inkubiert. Als Negativ-Kontrolle diente das Losungsmittel 0,1 pl/ml Dimethylsulfoxid
(DMSO, AppliChem GmbH, Darmstadt). 100 ng/ml Lipopolysaccharid (LPS, Sigma-
Aldrich, St. Louis, USA) wurde als Positiv-Kontrolle verwendet. Alle Gruppen wurden bei
37 °C und 5 % (v/v) CO; fur vier Stunden inkubiert.

THP-1 Monozyten (CLS Cell Lines Service GmbH, Eppelheim) wurden in RPMI-Medium
(Gibco, Life Technologies, Carlsbad, USA) in T75 Zellkulturflaschen (Techno Plastic
Products AG) bei 37°C und 5% (v/v) CO, gehalten. Die Zellen wurden in 1 ml je 10° Zel-
len Diluent C (Sigma-Aldrich) resuspendiert und in 1 ml je 10° Zellen 0,4 % (viv) PKH26
(Sigma-Aldrich) gefarbt. Diese wurden bei Raumtemperatur fir funf Minuten inkubiert.
Die Farbung wurde mit 1 ml je 10° Zellen RPMI-Medium gestoppt und bei Raumtempe-
ratur bei 400 xg fur funf Minuten zentrifugiert. Die Zellen wurden in Dulbeccos phos-
phatgepufferte Salzldsung (DPBS) (Gibco, Life Technologies) gewaschen. Anschliel3end
wurden die Zellen in HCAEC-Medium ohne ,Supplement mix“ (Endothelial Cell Growth
Medium MV; PromoCell GmbH) resuspendiert und 10°> THP-1-Zellen je Well zu den vo-
rinkubierten HCAEC gegeben. Diese wurden bei 37 °C und 5 % (v/v) CO; fur 30 Minu-
ten inkubiert. Nach einem weiteren Waschschritt in DBPS erfolgte die Fixierung der Zel-

len mit 4 % (v/v) Paraformaldehyd (AppliChem GmbH) fur zehn Minuten.

Die Deckglaschen wurden mit einem Tropfen 4',6-Diamidin-2-phenylindol (DAPI)-
haltigem Vectashield mounting medium (Vector Laboratories Inc. Burlingame, USA) auf
einen Objekttrager gegeben. An funf zufallig gewahlten Bereichen wurden Aufnahmen
mit dem Inversen Mikroskop Axio Observer 7 (Carl Zeiss AG, Oberkochen) aufgenom-
men. Die Bilder wurden im DAPI-Kanal, fir alle Zellkerne sowie im AF546-Kanal fur die
PKH26-Memranfarbung der THP-1 Monozyten aufgenommen und mit der Zeiss ZEN
2.3-lite-Software (Carl Zeiss AG) aufgearbeitet.

1.2.2 Durchflusszytometrie der HCAEC

Um molekulare Grundlagen der gesteigerten Monozytenadh&sion genauer zu untersu-
chen, wurden durchflusszytometrische Analysen durchgefiihrt. HCAEC wurden mit 2-AG

stimuliert und anschliel3end mit Antikérpern gegen Intercellular cell-adhesion molecule 1
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(ICAM-1), Vascular cell-adhesion molecule 1 (VCAM-1) und E-Selektin gefarbt. Die ge-

farbten Zellen wurden daraufhin per Durchflusszytometrie eingemessen.

Zunachst wurde das Versuchsmodell etabliert um eine ausreichende Sensitivitdt und

Spezifitat sicherzustellen. Das finale Versuchsprotokoll wird in 1.2.2.3 beschrieben.
1.2.2.1 Dissoziation der HCAEC

Die adharent auf der Zellkulturschale wachsenden Endothelzellen, missen in Suspensi-
on gebracht werden, um durchflusszytometrisch untersucht werden zu kénnen. Die zur
Dissoziation verwendeten Enzyme schneiden hierbei die Adhasionsmolekiile der Zellen,
um die Zellen von der Zellkulturschale l6sen zu kdnnen. Folglich wurden Versuche
durchgefuihrt, wie die Zellen mdglichst schonend und unter Erhalt der zu messenden
Oberflachenmolekile in Suspension gebracht werden kénnen. Hierbei wurden HCAEC
mit unterschiedlichen Dissoziationsmethoden abgeldst und zu unterschiedlichen Zeit-
punkten (vor bzw. nach der Dissoziation) gefarbt. In der Literatur wird u.a. die Antikor-
perfarbung im Well und anschlieBende Dissoziation mittels 0,04 % (v/v) Trypsin/ 0,03 %
(v/v) EDTA (PromoCell GmbH) beschrieben (wie unter 1.2.2.3 beschrieben; Grabner et
al., 2000). Diese wurde mit verschiedenen Dissoziationsmethoden verglichen, in denen
HCAEC zunachst mittels 0,04 % (v/v) Trypsin/ 0,03 % (v/v) EDTA, Accutase™ (Stem-
Pro™ Accutase™ Cell Dissociation Reagent, Thermo Fischer, Waltham, USA), einer
Vorbehandlung auf Eis mit anschliel3ender mechanischer Dissoziation oder unmittelba-
rer mechanischer Dissoziation mit Zellschabern (SARSTEDT AG & Co., Numbrecht)
abgeldst wurden. Zusatzlich wurden die HCAEC in den vorbehandelten Gruppen uber
unterschiedlich lange Zeiten den Dissoziationsreagenzien ausgesetzt (Accutase™ fur 1,
3, 6 und 10 Minuten; 0,04 % (v/v) Trypsin/ 0,03 % (v/v) EDTA fur 1, 3 und 6 Minuten; Eis
fur 1 und 3 Minuten;). Die Trypsinwirkung wurde nach den entsprechenden Zeiten mit
Trypsin neutralizing solution abgestoppt (0,05 % (v/v) Trypsin Inhibitor/ 0,1 % (v/v) Bo-
vines Serum Albumin, PromoCell GmbH). Es folgte die Antikdrperfarbung im FACS-
Réhrchen (SARSTEDT AG & Co.) entsprechend den Herstellerangaben mittels Fc-Block
(Human TruStain, BioLegend, San Diego, USA) und ICAM-1-Antikérper (PerCP/Cy5.5
anti-human CD54 Antibody Clone HAS58, BiolLegend), VCAM-1-Antikorper (BB515
Mouse Anti-Human CD106 Clone 51-10C9 (RUQO), BD Biosciences, Franklin Lakes,
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USA) sowie E-Selektin-Antikdrper (APC anti-human CD62E Antibody Clone HAE-1f,
BioLegend).

Die Zugabe des Todfarbstoffs Zombie Yellow Fixable Viability Kit (gelést in DMSO, Bio-
Legend) erfolgte in allen Gruppen als letzter Schritt vor der Einmessung entsprechend
den Herstellerangaben. Hierdurch konnte zwischen unterschiedlichen Lebend-Tot-Raten
differenziert werden, bedingt durch die vorangegangenen Farbe- und Dissoziations-
schritte. Die Versuche wurden als technische Triplikate durchgefuhrt.

Zusatzlich wurde in zahlreichen Versuchsdurchlaufen versucht, P-Selektin als weiteres
Adhasionsmolekil mittels der dargestellten Methodik zu quantifizieren. Zur Antigendar-
stellung wurde der Brilliant Violet 421™ anti-human CD62P (P-Selectin) Antibody Clone
AK4 (BioLegend) verwendet. Neben verschiedenen Dissoziationsprotokollen wurden in
der Literatur beschriebene Stimulanzien wie LPS und TNFa auf den HCAEC getestet
(Baron et al., 2010; Gasperi et al., 2014; Weller et al., 1992). AulRerdem wurden weitere
Stimulationszeiten von zehn Minuten bis zu vier Stunden geprift. Da keine der be-
schriebenen Methoden bei unseren Zellen zu einer verwertbaren Induktion des P-

Selektins fuhrten, wurde es von den folgenden Untersuchungen ausgeschlossen.

In weiteren Untersuchungen wurden Faktoren wie die Verwendung des Mediums der
Antikdrperlésung und die Konfluenz der Zellen zu Versuchsbeginn untersucht. Marazzi
et al. (2011) beschreiben Storeffekte durch Endocannabinoide im fotalen bovinen Serum
in frischen Versuchsmedien. Um den Einfluss genannter Hintergrundeffekte im Verhalt-
nis zum zugegebenen 2-AG zu verringern, wurden die Zellkulturmedien untersucht. Die
Versuche wurden als technische Triplikate geflihrt. Es wurde eine Stimulation im
HCAEC-Medium etabliert, in welchem die Zellen bereits 21- 24 Stunden im Voraus ge-

wachsen sind.
1.2.2.2 Antikorpertitrationen

Schlief3lich wurden die verwendeten Antikorper titriert. Hierzu wurden die verwendeten
HCAEC zur einen Halfte unstimuliert gelassen, wahrend die andere Halfte mit 100 ng/mi
LPS bei 37 °C bei 5 % (v/v) CO; fir vier Stunden vorstimuliert wurde. Dadurch entstand
die maximal anzunehmende Differenz der Adhasionsmolekulprasentation zwischen den

beiden Gruppen. Im Anschluss an die Stimulation wurden die Zellen der beiden Grup-
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pen mit absteigender Dosierung der Antikorper geféarbt. Die weiteren Schritte der Ein-
messung fanden nach dem unter 1.2.2.3 beschriebenem Protokoll statt. Die Versuche

wurden als technisches Triplikat durchgefihrt.
1.2.2.3 Versuchsprotokoll

In den Versuchsdurchlaufen wurden HCAEC auf 6-Well-Platten (Techno Plastic Pro-
ducts AG) aufgetaut. Am Folgetag wurden 70-90 % konfluente Zellen fir den Versuch
ausgewahlt. Dazu wurde die Halfte des HCAEC-Mediums (Endothelial Cell Growth Me-
dium MV) abgenommen und die Substanzen entsprechend zweifach konzentriert im ge-
brauchten HCAEC-Medium angesetzt. Es wurde 1 pyM sowie 10 pM 2-AG (TOCRIS
BIOSCIENCE, Bristol, England), gelést in DMSO eingesetzt. Als Negativ-Kontrolle dien-
te 0,1 pl/ml DMSO und entspricht damit der 1 pM 2-AG Konzentration. 100 ng/ml LPS
wurde als Positiv-Kontrolle verwendet. AnschlieRend wurden die Substanzen auf die
Zellen gegeben und bei 37 °C und 5 % (v/v) CO; fur vier Stunden im Inkubator stimu-

liert.

Unmittelbar nach der Stimulation wurden die Zellen im Well gefarbt. Hierzu wurde das
HCAEC-Medium abgenommen und die Zellen mit 0,5 ml 30 mM 2-(4-(2-Hydroxyethyl)-
1-piperazinyl)-ethansulfonsaure (HEPES) gepufferte Salzlésung (PromoCell GmbH) je
Well gewaschen. Danach wurden 200 pl 1 % v/v Fc-Block, geldst in 30 mM HEPES ge-
pufferte Salzlésung, je Well hinzugegeben und die Zellen bei 37 °C und 5 % (v/v) CO;
fur drei Minuten inkubiert. Zu dem im Well vorhandenen Fc-Block wurden dann 100 pl
der Antikdrpermischung hinzugegeben. Diese bestand, auf Basis von 30 mM HEPES
gepufferte Salzlésung, aus folgenden Antikérpern: 0,375 % (v/v) ICAM-1-Antikorper,
0,75 % (v/v) VCAM-1-Antikorper und 1 % (v/v) E-Selektin-Antikorper. Die Antikorper
wurden bei 37 °C und 5 % (v/v) CO; fur funf Minuten auf den Zellen inkubiert. Anschlie-
Rend wurde der Uberstand von den Zellen abgenommen und die Zellen mit 0,5 ml 30
mM HEPES gepufferte Salzlosung pro Well gewaschen. Die Zellen wurden daraufhin
mit 0,5 ml 0,04 % (v/v) Trypsin/ 0,03 % (v/v) EDTA je Well bei 37 °C und 5 % (v/v) CO;
fur vier Minuten inkubiert. Die Dissoziation wurde danach durch Klopfen an der 6-Well-
Platte unter mikroskopischer Kontrolle unterstitzt. Die Abstoppung der Trypsinwirkung
erfolgte mit Trypsin neutralizing solution (0,05 % (v/v) Trypsin Inhibitor/ 0,1 % (v/v) Bo-

vines Serum Albumin).
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Die Zellsuspension wurde in ein FACS-R6hrchen gegeben und bei 4 °C und 200 xg fur
zehn Minuten in der Eppendorf centrifuge 5810R (Eppendorf AG, Hamburg) zentrifu-
giert. Im Anschluss wurden die HCAEC mit 1 ml DPBS (Gibco, Life Technologies) ge-
waschen und erneut bei 4 °C bei 200 xg fur 10 Minuten zentrifugiert. Die Uberstande
wurden abgekippt und 50 pl je Probe 0,2 % (v/v) Zombie Yellow Fixable Viability Kit (ge-
l6st in DMSO, BioLegend) zugegeben und bei 4 °C fur 30 Minuten inkubiert. Danach
erfolgte ein weiterer Waschschritt mit 1 ml DPBS und konsekutiver Zentrifugation bei 4
°C bei 200 xg fur zehn Minuten. Nach Abkippen des Uberstands wurde 100 pul DPBS
hinzugegeben und die Zellen wurden eingemessen. Fur die Erstellung der Lebend-Tot-
Kompensationsprobe wurden die Halfte der HCAEC bei 70 °C fur 15 Minuten im Eppen-
dorf Thermomixer comfort (Eppendorf AG) abgetttet. Anschlielend erfolgt die Zugabe
des Zombiefarbstoffes und die Proben wurden eingemessen. Zusatzlich wurden Flu-
orescence-minus-one-Kontrollen fir jeden Antikérper gefuhrt. Hierbei handelt es sich um
mit 100 ng/ml LPS stimulierte HCAEC, die mit allen bis auf jeweils einen Antikdrper ge-
farbt sind.

Die Messung erfolgte in der Core Facility (Institute of Molecular Medicine and Experi-
mental Immunology, Flow Cytometry Medizinische Fakultdt Bonn) am BD FACS Canto |l
Flow Cytometer (BD Biosciences). Hier wurden taglich neue Cytometer-Setup-and-
Tracking-Einstellungen erstellt. Fur die Messungen wurden Kompensationen mit
HCAEC erstellt und fir maximal 15 Tage fur die Messungen verwendet. Zur Auswertung
wurde die FlowJo Data Analysis Software V10 (FlowJo LLC, Ashland, USA) verwendet.
Es wurden mindestens 40.000 Events je Probe eingemessen. Jede Probe wurde als
technisches Triplikat angefertigt. Der geschilderte Versuch wurde in fiinf voneinander

unabhangigen Durchlaufen wiederholt.
1.2.3 Statistische Analysen

Die Statistischen Analysen wurden mit Microsoft Excel (Microsoft, Redmond, USA) so-
wie GraphPad-Prism-Software (GraphPad Software, San Diego, USA) durchgefihrt,
wobei p-Werte von < 0,05 als statistisch signifikant gewertet wurden. Die Daten werden
als arithmetisches Mittel £ den Standardfehler des Mittelwertes angegeben. Die Daten
des THP-1-Adhéasionsassays sowie der durchflusszytometrischen Quantifizierung der

Adhasionsmolektile wurden mit dem D’Agostino-Pearson Test auf ihre Normalverteilung
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getestet. Bei gegebener Normalverteilung wurden die Werte als einfaktorielle Vari-

anzanalyse (ANOVA) mit nachfolgender Bonferroni-Korrektur auf Signifikanz untersucht.

1.3 Ergebnisse

In Vorarbeiten unserer Arbeitsgruppe zeigte sich bereits vor Beginn der vorliegenden
Promotionsarbeit, dass durch das Endocannabinoid 2-AG verschiedene atherogene
Mechanismen in Endothelzellen moduliert werden kénnen. In diesen Vorarbeiten zeigte
sich durch die Erhohung des 2-AG Spiegels insbesondere eine Verschlechterung en-
dothelialer ~Reparaturmechanismen in vivo und eine gesteigerte THP-1-
Monozytenadhasion an HCAEC in vitro. Ziel der vorliegenden Promotionsarbeit war es,
den Einfluss des 2-AG auf die Monozytenadhasion zu bestéatigen (1.3.1) und den zu-
grundeliegenden molekularen Mechanismus aufzuzeigen (1.3.2).

1.3.1 THP-1-Monozytenadhasionsassay

HCAEC wurden mit 2-AG stimuliert und im Anschluss wurde die Adhasion von THP-1-
Monozyten an den stimulierten Endothelzellen quantifziert. 2-AG flhrte zu einer mehr
als zweifach gesteigerten THP-1-Monozytenadhéasion auf HCAEC (s. Veroffentlichung,
S. 39). Die Ergebnisse sind in Figure 3 der Veroffentlichung (s. S. 37) dargestellt. Die
Ergebnisse wurden um Daten weiterer Mitglieder der Arbeitsgruppe erganzt.

1.3.2 Durchflusszytometrie der HCAEC
1.3.2.1 Dissoziation der HCAEC

Um die molekularen Grundlagen der Adhasion genauer zu untersuchen wurden durch-
flusszytometrische Analysen der HCAEC angeschlossen. Die verwendete Gating-
Strategie ist in Figure 4A-F der Veroffentlichung dargestellt (s.S. 38). Zunachst wurden
geeignete Farbe- und Dissoziationsstrategien miteinander verglichen. Die hdchste Viabi-
litat der Zellen bei der Einmessung wurde bei der Antikorperfarbung im Well (91,45 %)
beobachtet. Im Gegensatz dazu gingen alle Methoden, bei welchen die Zellen zunéchst
dissoziiert wurden, mit verminderte Lebend-Raten einher (Accutase™: 35,07 % (1 Minu-
te), 22,50 % (3 Minuten), 28,80 % (6 Minuten), 22,28 % (10 Minuten); Trypsin: 59,00 %
(2 Minute), 21,17 % (3 Minuten), 35,72 % (6 Minuten); Vorbehandlung mit Eis: 21,33 %
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(1 Minute), 31,73 % (3 Minuten); direkte mechanische Dissoziation: 38,3 %; n = 1). Die
Ergebnisse der Versuche sind exemplarisch in Abbildung 2 der vorliegenden Arbeit dar-
gestellt. Aufgrund der deutlich tiberlegenen Uberlebensrate der Zellen entschieden wir
uns fur eine Farbung im Well. Daruiber hinaus blieben bei dieser Farbestrategie die Ad-

hasionsmolekilile am besten erhalten.
1.3.2.2 AntikOrpertitration

Zusatzlich wurde eine Antikorpertitration der verwendeten Antikorper durchgefihrt. Ziel
der Titration war die Ermittlung einer Antikdrperkonzentration oberhalb der erforderli-
chen Mindestmenge, um die Antigene markieren zu konnen. Andererseits sollte eine
Antikdrperuberladung und daraus resultierende falsch positive Zellen als Hintergrund-
rauschen vermieden werden. Exemplarisch sind hier die Ergebnisse der VCAM-1-
Antikorpertitration dargestellt (LPS-stimulierte HCAEC: 87,43 % (60 pl/ml Anti-VCAM-1),
85,47 % (30 pl/ml Anti-VCAM-1), 69,60 % (7,5 pl/ml Anti-VCAM-1), 38,53 % (3 pl/ml An-
ti-VCAM-1); HCAEC-Kontrolle: 5,63 % (60 pl/ml Anti-VCAM-1), 4,17 % (30 pl/ml Anti-
VCAM-1), 0,83 % (7,5 pl/ml Anti-VCAM-1), 0,80 % (3 ul/ml Anti-VCAM-1); Quotient der
LPS-stimulierten HCAEC/ HCAEC-Kontrolle: 15,54 (60 ul/ml Anti-VCAM-1), 20,51 (30
pl/ml Anti-VCAM-1), 83,52 (7,5 pl/ml Anti-VCAM-1), 47,97 (3 pl/ml Anti-VCAM-1); n =1 ;
s. Abbildung 3). Die Antikorpertitrationen des ICAM-1-Antikorpers und des E-Selektin-
Antikdrpers wurden aquivalent durchgefthrt. Aufgrund der maximalen Quotienten zwi-
schen LPS-stimulierten HCAEC und der Kontrollgruppen wurden optimale Antikdrper-
konzentrationen von 3,75 pl/ml ICAM-1-Antikérper, 7,5 pl/ml VCAM-1-Antikdrper sowie
10 pl/ml E-Selektin-Antikorper festgelegt.

1.3.2.3 2-AG induziert keines der untersuchten Adhasionsmolekiile

HCAEC wurden mit 2-AG stimuliert und per Durchflusszytometrie auf ihre Adhésionsmo-
lekile ICAM-1, VCAM-1 und E-Selektin analysiert. Die Oberflachenpréasentation der un-
tersuchten Adhéasionsmolekile wurde durch die Stimulation mit 2-AG nicht beeinflusst.
ICAM-1 (17,0 £ 0,6 % (1 uM 2-AG); 18,2 £ 0,6 % (10 uM 2-AG); 18,2 £ 0,8 % (DMSO); n
=5; p >0,9999), VCAM-1 (19,1 + 2,0 % (1 uM 2-AG); 18,1 + 1,9 % (10 uM 2-AG); 19,6 +
1,7 % (DMSO); n = 5; p >0,9999) und E-Selektin (1,3 £ 0,5 % (1 uM 2-AG); 1,1 £+ 0,3 %
(10 uM 2-AG); 1,1 + 0,2 % (DMSO); n = 5; p >0,9999) wiesen keinen Unterschied im
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Vergleich zu der Molekulprasentation der Kontrollgruppe auf (s. Veroéffentlichung, S. 39).
Hingegen hat sich die Positivkontrolle in allen Adhasionsmolekilen hochsignifikant von
den anderen Gruppen abgehoben (ICAM-1: 38,3 + 0,7 %; VCAM-1: 40,4 + 1,6 %; E-
Selektin: 11,5 + 1,0 %; n = 5; p <0,0001, s.Abb. 4 beziehungsweise Figure 4G-I der Ver-
offentlichung, S. 38).
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Abb. 2: Dissoziationsprotokolle

Dargestellt sind Pseudocolor-Plots der durchflusszytometrischen Analysen verschiede-
ner Dissoziationsprotokolle. Es wurden HCAEC jeweils verschiedenen Dissoziations-
und Farbungsprotokollen unterzogen:

A: Die HCAEC wurden im Well auf Adh&sionsmolekile gefarbt und erst im Anschluss
dissoziiert.

B: Die HCAEC wurden mit Accutase™ vom Well gelést und im Anschluss im FACS-
Rohrchen mit Antikdrpern gefarbt. Die Dissoziation mit Trypsin, Eis sowie mechanischer
Dissoziation ergab vergleichbare Ergebnisse zu denen der Accutase™

Die Farbung der Adhasionsmolekile im Well mit anschlieBender Dissoziation ergab
deutlich héhere Lebend-Raten, als alle Ubrigen Dissoziations- und Farbemethoden.
FACS, Fluorescence activated cell-sorting; HCAEC, humane koronararterielle Endo-
thelzellen; SSC-A, Sidescatter.
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Abb. 3: VCAM-1-Antikorpertitration

A: Dargestellt ist die Titration des VCAM-1-Antikérpers gegen den Anteil VCAM-1-
positiver HCAEC in %. Es wurden HCAEC mit 100 ng/ml LPS (blau) fur vier Stunden
stimuliert. In Grau sind die jeweiligen Kontrollen dargestellt. Im Anschluss wurden die
Zellen gruppenweise mit entsprechenden Antikérperkonzentrationen gefarbt und per
Durchflusszytometrie eingemessen.

B: Dargestellt ist die Titration des VCAM-1-Antikorpers gegen den Quotienten der LPS-
stimulierten- und Kontrollproben. Hierdurch ergibt sich ein maximales Verhaltnis zwi-
schen stimulierten und unstimulierten HCAEC bei einer Antikdrperkonzentration von
7,5 pl/ml. Die Verbindungslinie dient der Visualisierung.

Dargestellt sind die arithmetischen Mittel, technischer Triplikate. n = 1. HCAEC, huma-
ne koronararterielle Endothelzellen; LPS, Lipopolysaccharide; VCAM-1, Vascular cell-
adhesion molecule 1.
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Abb. 4: Adhasionsmolekiile

Dargestellt sind die unterschiedlich stimulierten HCAEC gegen den Anteil positiver Adhé&-
sionsmolekile ICAM-1 (A), VCAM-1 (B) und E-Selektin (C) in der Durchflusszytometrie.
Keines der untersuchten Adhasionsmolekile wurde durch 2-AG-Stimulation signifikant ge-
steigert prasentiert. Die Daten sind als arithmetisches Mittel £ Statistischem Standardfehler
des Mittelwertes dargestellt. n = 5; *** p < 0,001 ausgewertet als einfaktorielle Varianzana-
lyse mit nachfolgender Bonferroni-Korrektur. Abbildung aus Figure 4G-I der Veroffentli-
chung, S. 38; maodifiziert nach Lukas Eich. 2-AG, 2-Arachidonylglycerol; DMSO, Dimethyl-
sulfoxid; HCAEC, humane koronararterielle Endothelzellen; ICAM-1, Intercellular cell-
adhesion molecule 1; LPS, Lipopolysaccharide; VCAM-1, Vascular cell-adhesion molecule
1.
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1.4 Diskussion
1.4.1 Effekte von 2-AG auf Monozytenadhésion und Adhasionsmolekule

Die Monozytenadhasion wurde im Zellkulturmodell an HCAEC untersucht, welche zuvor
mittels 2-AG stimuliert worden waren. Es wurde eine signifikant gesteigerte Adhasion
humaner Monozyten an HCAEC festgestellt. Die Adh&asion von Leukozyten, in diesem
Fall von Monozyten, am GefalRendothel stellt einen friihen Schritt der Atherogenese dar.
Durch die darauffolgende Invasion in das umgebende Gewebe kann durch eine lokale
Inflammation die Atherosklerose voranschreiten (Gimbrone und Garcia-Cardefa, 2016;
Hansson, 2005; Kinlay und Ganz, 1997; Libby et al., 2002; Libby et al., 2016).

Schliel3lich stellte sich die Frage, ob 2-AG die Adhasionsmolektile ICAM-1, VCAM-1 so-
wie E-Selektin auf HCAEC induziert. Die Endothelzellen wurden per Durchflusszytomet-
rie untersucht, wobei 2-AG erstaunlicherweise keines der genannten Adhasionsmolek-
le in den Endothelzellen induzierte. Da sich die Positiv-Kontrolle hingegen hochsignifi-
kant von den ubrigen Proben abhebt, ist ein Versuchsfehler der Zellaufbereitung nicht
anzunehmen. Durch das Fehlen einer direkten 2-AG-bedingten Induktion von Adhasi-
onsmolekilen bleibt ein weiterer Einfluss des Endocannabinoids auf bekannte inflamma-
torische Kaskaden der Endothelzellen aus. Eine zuséatzliche Translation auf weitere
Krankheitsprozesse, die im Zusammenhang mit den untersuchten Adhasionsmolekilen
stehen, lasst sich nicht herleiten. Weshalb die Monozytenadhasion trotzdem in HCAEC

gesteigert ist, bleibt unklar.

Eine Erklarung konnte durch die erniedrigte eNOS-Expression durch 2-AG in HCAEC
gegeben werden (vgl. Veroffentlichung, S. 39). Die Aufgabe dieses Enzyms liegt in der
Bereitstellung von Stickstoffmonooxid (NO), welches durch parakrine Effekte benachbar-
te Zellen beeinflusst (Forstermann und Minzel, 2006; Freed und Gutterman, 2017). Da-
zu zahlen neben der physiologischen Vasomotorik auch ein Abweisen von Leukozyten
(Anderson, 1999; Cebova et al., 2016; Kubes et al., 1991). Kubes et al. (1991) beobach-
teten eine durch NO ausgeldste Suppression der Leukozyten-eigenen Adhéasionsmole-
kile CD11/ CD18. Bei der erniedrigten eNOS in HCAEC ist mit verminderten Spiegeln

an NO zu rechnen, wodurch sich die Adh&sionsmolekile CD11/ CD18 auf den Monozy-
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ten im Umkehrschluss erhéhen kénnten. Dies kbnnte die gesteigerte Monozytenadhasi-

on an HCAEC erklaren, die ihrerseits zuvor mit 2-AG stimuliert wurden.
1.4.2 Ausblick der vorliegenden Arbeit

In der vorliegenden Arbeit wird die Interaktion zwischen Leukozyten und koronararteriel-
len Endothelzellen erarbeitet. Auch wenn der molekulare Mechanismus nicht genau de-
finiert werden kann, wird eine gesteigerte THP-1-Monozytenadhasion durch 2-AG auf
HCAEC nachgewiesen. Vor dem Hintergrund 2-AG-induzierter gesteigerter Monozyten-
zahlen im Blut, erlangen diese Ergebnisse eine zusatzliche Wertigkeit (Schloss et al.,
2019). Zusatzlich wurden verminderte endotheliale Reparatur und Viabilitat im Zusam-
menhang mit erhdhten 2-AG-Spiegeln in der Veroffentlichung berichtet (vgl. S. 36 ff.).
Auch diese Ergebnisse bestarken den Verdacht atherogener Effekte des 2-AG. Hierzu
passen die berichteten Beobachtungen der 2-AG-induzierten Atherogenese in vivo
(Jehle et al., 2016; Jehle et al., 2018; Montecucco et al., 2009; Vujic et al., 2016). Der
atherogene Einfluss von 2-AG sollte in zuklnftigen Forschungsprojekten in humanen

Modellen weiter evaluiert werden.

Erhohte 2-AG-Plasmaspiegel konnten erschwerend bei KHK-Patienten, insbesondere
bei NSTEMI-Patienten, eruiert werden (Jehle et al., 2019; Sugamura et al., 2009). Ein
therapeutischer Eingriff in das Endocannabinoidsystem kdnnte sich positiv auf das Out-
come der Patienten auswirken (Després et al., 2009; Guillamat-Prats et al., 2019; Jones,
2008; Le Foll et al., 2009). Tatsachlich gab es bereits medikamentése Therapien, wel-
che Uber eine Blockade der CB1-Rezeptoren das atherogene Risikoprofil und das abso-
lute Plaguevolumen verbesserten (Després et al.,, 2009; Nissen et al., 2008). Da die
Medikamente allerdings systemisch verabreicht wurden, scheiterten diese vor allem
durch den Eingriff in das Endocannabinoidsystem des zentralen Nervensystems (Jones,
2008; Le Foll et al., 2009).

Je nach Lokalisation und Zielorgan bt das Endocannabinoidsystem fundamental unter-
schiedliche Funktionen aus (Le Foll et al., 2009). Ein weiterer molekularer Einblick wird
mit der vorliegenden Arbeit gegeben: Wahrend 2-AG Adh&sionsmoleklle, wie E-
Selektin, auf humanen ventsen Endothelzellen der Nabelschnur induziert, blieben hu-

mane koronararterielle Endothelzellen unter diesen Bedingungen unbeeinflusst (Gasperi
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et al., 2014). Hier liegt offensichtlich ein Unterschied der beiden Gefal3betten vor. Durch
die lokale Produktion und dessen schnelle Degradierung entfaltet 2-AG auch im Orga-
nismus lokal divergierende Wirkungen (Howlett et al., 2011; Jérai et al., 2000). Eine lo-
kalisierte Medikamentenapplikation mittels Drug-eluting Stent bietet sich folglich an. Hier
kénnten Inhibitoren des Endocannabinoidsystems nach Stenteinlage die endotheliale
Reparatur unterstiitzen, die ihrerseits fur das Langzeit-Outcome der Patienten nach
Stenteinlage ausschlaggebend ist (vgl. Veroffentlichung, S. 39; Joner et al.,, 2006;
Nakazawa et al., 2008).

In der Gesamtzusammenschau hat die durchgefuhrte Arbeit das mechanistische Ver-
standnis des Endocannabinoids 2-AG in der Atherogenese entscheidend vorangebracht.
Die Auswirkungen auf die Entwicklung einer medikamentdsen Therapie insbesondere
dem Einsatz mittels Drug-eluting Stent wurden diskutiert und sollten in weiteren For-

schungsprojekten weiter exploriert werden.
1.4.3 Limitationen der vorliegenden Arbeit

Bei humanen Zellkulturversuchen sollte beachtet werden, dass die Zellen von einzelnen
Spendern gewonnen wurden. Eine Generalisierung auf die Allgemeinbevélkerung sollte
kritisch hinterfragt werden. Es soll betont werden, dass die Effekte von 2-AG auf die
Atherogenese zurzeit noch kontrovers diskutiert werden (Guillamat-Prats et al., 2019;
Ho und Kelly, 2017). Bei den Versuchen, in denen 2-AG als Stimulanz genutzt wurde, ist
der Abbau zu Arachidonsaure beziehungsweise deren Derivaten zu bedenken (Fowler
et al., 2017). Pro- und antiinflammatorische Effekte nach Stimulation mit 2-AG kdnnen
stets auch durch Abbauprodukte des 2-AG und durch Derivate der Arachidonsaure her-

vorgerufen sein.

1.5 Zusammenfassung

Die vorliegende Publikationsdissertation befasst sich mit den Effekten des Endocan-
nabinoids 2-Arachidonylglycerol (2-AG) auf Endothelzellen im Hinblick auf die Atheroge-
nese. Hier wird die Fragestellung beantwortet, ob die Monozytenadhésion sowie die Ad-
hasionsmolekile E-Selektin, Intercellular cell-adhesion molecule 1 und Vascular cell-

adhesion molecule 1 durch 2-AG beeinflusst werden. Dazu wurden humane koronarar-
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terielle Endothelzellen fluoreszenzmikroskopisch auf die Leukozyten-
Endothelzellinteraktion sowie per Durchflusszytometrie untersucht. Zunachst wurde das
Versuchsmodell etabliert und mit seinen Zwischenergebnissen erlautert. Die Arbeit
kommt zu dem Ergebnis, dass die Monozytenadhasion gesteigert, die untersuchten Ad-
hasionsmolekiile jedoch unbeeinflusst bleiben. Schlie3lich werden die Ergebnisse im
Zusammenhang der Vero6ffentlichung sowie im Hinblick auf Atherogenese und Stentim-
plantation beleuchtet. 2-AG wird hier als Treiber der Atherosklerose und als mogliches
Therapieziel diskutiert.
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ABSTRACT

Background: Endothelial dysfunction promotes atherogenesis, vascular inflammation, and thrombus formation.
Reendothelialization after angioplasty is required in order to prevent stent failure. Previous studies have
highlighted the role of 2-arachidonoylglycerol (2-AG) in murine experimental atherogenesis and in human cor-
onary artery disease. However, the impact of 2-AG on endothelial repair and leukocyte-endothelial cell adhesion
is still unknown.
Methods: Endothelial repair was studied in two treatment groups of wildtype mice following electrical injury of
the common carotid artery. One group received the monoacylglycerol lipase (MAGL)-inhibitor JZL184, which im-
pairs 2-AG degradation and thus causes elevated 2-AG levels, the other group received DMSO (vehicle). The ef-
fect of 2-AG on human coronary artery endothelial cell (HCAEC) viability, leukocyte-endothelial cell adhesion,
surface expression of adhesion molecules, and expression of endothelial NO synthase (NOS3) was studied
in vitro.
Results: Elevated 2-AG levels significantly impaired reendothelialization in wildtype mice following electrical in-
jury of the common carotid artery. In vitro, 2-AG significantly reduced viability of HCAEC. Additionally, 2-AG pro-
moted adhesion of THP-1 monocytes to HCAEC following pre-treatment of the HCAEC with 2-AG. Adhesion
molecules (E-selectin, ICAM-1 and VCAM-1) remained unchanged in arterial endothelial cells, whereas 2-AG
suppressed the expression of NOS3 in HCAEC.
Conclusion and translational aspect: Elevated 2-AG levels hamper endothelial repair and HCAEC proliferation,
while simultaneously facilitating leukocyte-endothelial cell adhesion. Given that 2-AG is elevated in patients
with coronary artery disease and non-ST-segment elevation myocardial infarction, 2-AG might decrease reendo-
thelialization after angioplasty and thus impact the clinical outcomes.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

clinically relevant atherosclerosis are based on the reduction of cardio-
vascular risk factors and on the control of local vascular inflammation

Endothelial dysfunction promotes atherogenesis, vascular inflam-
mation, and thrombus formation (reviewed by [1]). Cardiovascular
risk factors can disturb the integrity of endothelial cells, which facilitates
the adhesion of leukocytes and promotes atherosclerosis and athero-
thrombosis [1-4]. Most therapeutic strategies that are used against

Abbreviations list: 2-AG, 2-arachidonoylglycerol; eCB, Endocannabinoids; eNOS,
Endothelial nitric oxygen synthase (NOS3); ICAM-1, Intercellular adhesion molecule 1;
JZL184, Inhibitor of monoacylglycerol lipase; LC-MRM, Liquid chromatography-multiple
reaction monitoring; MAGL, Monoacylglycerol lipase; VCAM-1, Vascular cell adhesion
molecule 1.
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[5,6]. However, as atherosclerosis wears on, ischemia often necessitates
angioplasty and stent implantation, which in turn, denudes the arteries
from their endothelium [7]. As a result, reendothelialization of the de-
nuded vessel and endothelialization of an implanted stent are required
in order to restore vascular function and to prevent stent thrombosis [7].

The endocannabinoid system (ECS), which comprises the
two cannabinoid receptors (CB1 and CB2) and their endogenous
ligands N-arachidonoylethanolamide (anandamide, AEA) and
2-arachidonoylglycerol (2-AG), is an important regulator of vas-
cular inflammation [8-11]. Previous work by our group and
by others has demonstrated the influence of the ECS on vascular
inflammation and atherogenesis, both in humans and in mouse
models [12-17]. This previous work has emphasized the influence
of endocannabinoids on inflammatory cells in the context of ath-
erosclerosis. Meanwhile, the impact of endocannabinoids on
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endothelial repair and endothelial activation has not been well studied.
Only few studies have focused on the effects of the ECS on endothelial
cells: The group of Pal Pacher has identified a functional ECS in human
coronary artery endothelial cells (HCAEC). They demonstrated that syn-
thetic agonists of the CB2 receptor attenuated the inflammatory response
of HCAEC induced by TNFa [18]. Xu and co-workers have demonstrated
similar effects in human umbilical vein endothelial cells (HUVEC) for an
agonist of the peroxisome proliferator-activated receptor oo (PPARx)
and endocannabinoid-like compound N-oleoylethanolamine (OEA)
[19]. Other groups have found the ECS to be involved in vasomotor con-
trol via the TRPV4 cation channel and nitrergic signaling [20]; (reviewed
by [21]).

However, the influence of endocannabinoids on reendothelialization
and on HCAEC viability has not been investigated so far. Furthermore,
the impact of endocannabinoids on leukocyte-endothelial cell adhe-
sion, which facilitates early atherogenesis, is unknown.

2. Materials and methods

A detailed description of the applied materials and methods is avail-
able as supplementary material. Reendothelialization and neointima
formation was studied in wildtype mice. Blood pressure, heart rate,
body weight, and plasma eCB concentrations were assessed as previ-
ously described [14,22].

2.1. Electrical denudation of the common carotid artery in wildtype mice

The influence of elevated 2-AG levels on arterial reendothelialization
was studied in wildtype mice of the C57BL/6 ] genetic background
(Charles River), as previously reported [Carmeliet et al., 1997]. Follow-
ing a small median cervical incision, the left common carotid artery
was exposed. Four overlapping bursts of 2 W, with a duration of 5 s
each, were then applied to the common carotid artery resulting in com-
plete endothelial denudation with a length of 3 mm. The skin was then
closed with a simple interrupted suture and the endothelial gap was
allowed to heal for 5 days. During this period of time, murine 2-AG
levels were artificially enhanced by giving daily intraperitoneal injec-
tions of the selective MAGL inhibitor JZL 184 (5 mg/kg body weight, sol-
ubilized in 1% (v/v) DMSO and 5% (v/v) Kolliphor (Sigma Aldrich) in
sterile PBS). Mice from the control cohort received injections of vehicle
only (1% (v/v) DMSO and 5% (v/v) Kolliphor in sterile PBS). On day five,
the residual endothelial gap was stained by a single i.v. injection of 50 pl
Evan's blue (Sigma-Aldrich) for one minute.

2.2. Induction of neointimal hyperplasia by ligation of the common carotid
artery

Formation of neointimal hyperplasia was studied in wildtype mice
following the ligation of the common carotid artery as previously re-
ported [24]. To this end, the left common carotid artery was exposed
as described above. The artery was then ligated with a single knot
placed immediately proximal to the carotid bifurcation, which resulted
in a complete disruption of arterial blood flow distal to the ligation. The
wound was closed with a simple interrupted suture and neointima for-
mation occurred during the 28 days that followed the surgical ligation.
During these 28 days, mice were treated with i.p. injections of either
JZ1.184 or vehicle. After the treatment period, mice were sacrificed by
cutting through the abdominal aorta. The left common carotid artery
was carefully exposed and excised. The artery was embedded in a
tissue-freezing medium. The tissue was sectioned beginning at its distal,
ligated end, at a thickness of 10 pm per section, using a Leica CM 1900
cryostat (Leica Biosystems GmbH, Wetzlar, Germany).

2.3. Histological quantification of neointimal volume and composition

The vascular ultrastructures and the neointimal hyperplasia were vi-
sualized upon hematoxylin and eosin staining. In brief, the sections
were exposed to a descending series of alcohol concentrations. Hereaf-
ter, the slides were stained with hematoxylin 2% (w/v) for 30 s and with
eosin 0.2% (w/v) for 30 s. Finally, sections were exposed to an ascending
series of alcohol concentrations: 80% (v/v), 90% (v/v), and 100% (v/v)
ethanol, and the slides were sealed with Entellan mounting medium
(Merck, Darmstadt, Germany). Neointima was defined as the tissue be-
tween the luminal endothelial cell layer and the internal elastic lamina
(IEL).

Smooth muscle cells were stained using a monoclonal anti-actin an-
tibody (-SMA; Anti-Actin, a-Smooth Muscle - Cy3 antibody, Sigma-
Aldrich) and macrophages were detected by immunofluorescent stain-
ing of CD68 (primary antibody: a-CD68 rat IgG2a, Acris antibodies
GmbH, Herford, Germany) as described [15].

Microscopic pictures were obtained using a Zeiss Axiovert 200 M mi-
croscope (Carl Zeiss Jena GmbH, Jena, Germany) and Axiovision 4.8 soft-
ware (Carl Zeiss Jena GmbH). Neointima formation was quantified by
length and by cross-sectional area. The length of the neointimal lesion
was considered to be the distance between the ligation site and the
most proximal section that was free of neointimal changes. The cross-
sectional area of the neointimal cone was quantified at a distance of
500 um proximal to the ligation and was calculated as ﬂjé% x 100%.

2.4. Cell culture experiments using human coronary artery endothelial cells

24.1. Cell culture

Primary human coronary artery endothelial cells (HCAEC) were pur-
chased from PromoCell (Heidelberg, Germany) and cultivated at 37 °C
and 5% (v/v) CO,. The cells were split at 100% confluence by 1:3. All ex-
periments were conducted at 80% confluence and at passages six to
eight, unless otherwise indicated.

24.2. XTT viability assay

HCAEC were seeded into a 6-well plate at a density of 40,000 cells
per well. Immediately after the split, cells were exposed to either
JZ1.184 [10 uM], DMSO [0.1% (v/v)], which served as the vehicle control,
or starvation medium with an FBS content that is reduced to 2% (v/v).
After 24 h, HCAEC viability was assessed using the 2,3-bis-(2-
methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide salt
(XTT) assay (Invitrogen, Eugene, USA). 10 ul of Phenazine methosulfate
(PMS) solution were added to every 4 ml of XTT solution and HCAEC
were incubated with the PMS/XTT solution for 2 h before the absor-
bance at 450 nm was measured using a microplate reader (Infinite
M200, Tecan, Mannedorf, Switzerland).

2.4.3. TUNEL assay

Double-strand DNA breaks, indicative of apoptosis, were detected by
terminal deoxynucleotidyl transferase (TdT) dUTP nick-end labeling
(TUNEL). HCAEC were grown on cover slips in 24-well plates. At 80%
confluence, the cells were treated with JZL184 [10 pM] or DMSO [0.1%
(v/v)]. After 24 h of incubation, each well was stained with 50 pl
TUNEL reaction mixture for 1 h. The nuclei were stained using
Vectashield mounting medium with DAPL

2.44. Scratch assay

HCAEC migration was assessed using an in vitro wound-healing
assay. At 100% confluence, cells were starved overnight to minimize
HCAEC proliferation. Hereafter, a straight, narrow gap was scratched
into the cell layer using a pipet tip. Subsequently, the cells were stimu-
lated with 2-AG [10 uM]; DMSO [0.1% (v/v)] served as a control. Pictures
were taken of the cells at0, 1, 3, 5, 7, and 9 h. The area of the residual gap
was quantified.
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Fig. 1. Quantification of reendothelialization and assessment of neointima formation in wildtype mice. The left common carotid artery was injured electrically in two treatment groups of
wildtype mice. On day five, the residual endothelial gap was stained with Evan's blue (A-B). The residual endothelial gap was significantly larger in the JZL184 treatment group compared
to the DMSO control group (C). Initial lesion size 3 mm; daily injections of JZL184 [5 mg/kg bw i.p.]. Ligation of the left common carotid artery promoted neointima formation in wildtype
mice. Neointima (N) is the thickening of the intimal layer between die internal elastic lamina (black arrow heads) and the lumen (%) Neointimal hyperplasia was visualized upon
hematoxylin and eosin staining (D-E). The cross-sectional area of the neointima was quantified at a distance of 500 pm proximal to the ligation and showed no differences in the two
treatment groups (F). Macrophages were identified using an immunofluorescent staining of CD68 (G-H; macrophages, red; elastic laminae, blue). Neointimal presence of macrophages
was similar between the two groups (I). «-SMA staining identified the percentage of smooth muscle cells in the neointima (J-K; smooth muscle cells, red; nuclei, blue; elastic laminae,
green), which was no different between the two groups (L). Data are presented as the mean + standard error of the mean; n = 11-19; *, p < .05; ns, p > .05, assessed by student's
t-test. Scale bar (A-C), 2000 pm; scale bar (D-L), 100 um. o-SMA, Anti-Actin a-Smooth Muscle; CD68, Cluster of Differentiation 68; DMSO, dimethyl sulfoxide; H.E., hematoxylin and
eosin; JZL184, inhibitor of monoacylglycerol lipase.
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2.4.5. THP-1 adhesion assay

Adhesion of THP-1 monocytes to HCAEC was measured. HCAEC
were grown to 90% confluence on cover slips in 24-well plates. Then,
HCAEC were stimulated with DMSO [0.1% (v/v)] or 2-AG [1-10 pM]
for four hours; lipopolysaccharide (LPS) [100 ng/ml] served as a positive
control. Meanwhile, THP-1 monocytes were labeled with the red fluo-
rescent dye PKH26 (Sigma-Aldrich). At the end of the HCAEC stimula-
tion, the stimulation medium was removed from the HCAEC and they
were exposed to the medium containing THP-1 cells for 30 min. Hereaf-
ter, the non-adherent cells were washed off with PBS and all remaining
cells were fixed with 4% (w/v) PFA.

2.4.6. Flow cytometric quantification of cellular adhesion molecules

The cellular adhesion molecules on HCAEC were quantified using
flow cytometry. HCAEC were stimulated with DMSO [0.01% (v/v)] or
2-AG [1-10 uM] for four hours; LPS [100 ng/ml] served as a positive con-
trol. After four hours, cells were stained with fluorescent antibodies
targeting the adhesion molecules ICAM-1 (PerCP/Cy5.5 anti-human
CD54 Antibody Clone HA58, BioLegend, San Diego, USA), VCAM-1
(BB515 Mouse Anti-Human CD106 Clone 51-10C9 (RUO), BD Biosci-
ences), and E-selectin (APC anti-human CD62E Antibody Clone HAE-
1f, BioLegend as reported [25]. Each experiment was carried out in trip-
licate while each sample was measured with at least 40,000 events. An-
tibody binding was quantified using a BD FACS Canto Il Flow Cytometer
and the data were analyzed with the FlowJo Data Analysis Software V10
(Tree Star, Ashland, USA). Gates were controlled with fluorescence-
minus-one-controls of LPS- [100 ng/ml] treated cells. The instrument
was CST (Cytometer Setup and Tracking) -calibrated each day and com-
pensations were used for a maximum of 15 days.

2.4.7. Quantification of endothelial NO synthase (eNOS) mRNA expression
by qPCR

HCAEC were stimulated with DMSO [0.01% (v/v)] or 2-AG [1 uM] for
four hours. The eNOS inductor bradykinin [1 mM] served as a positive
control. Hereafter, cells were lysed and the RNA was isolated and
qPCR was performed as reported earlier [14].

2.5. Statistical analyses

Data are presented as the mean 4 SEM. Data were analyzed using
Microsoft Excel (Microsoft, Redmond, USA) and GraphPad Prism soft-
ware (GraphPad Software, San Diego, USA). Normality criteria were
checked using the D'Agostino & Pearson normality test and the
Shapiro-Wilk normality test. For the comparison of continuous and nor-
mally distributed variables between two groups, an unpaired Student's
two-sided t-test was applied. For the comparison of three or more
groups, a one-way ANOVA and subsequent Bonferroni correction was
performed. Non-normally distributed variables between two groups
were compared using the Mann-Whitney test. P-values <.05 were con-
sidered statistically significant. The sample size was calculated using
G*Power software (Franz Faul, University of Kiel, Germany) with a
prespecified alpha error probability of 0.05 and a prespecified power
(1 - beta error probability) of 0.80. For the in vivo experiments, we
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Fig. 2. Quantification of HCAEC viability. The effect of 2-AG on human coronary artery
endothelial cell (HCAEC) viability was assessed in vitro by using an XTT- (2,3-bis-(2-
methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide salt) based assay. Cells
were exposed to DMSO (control), JZL184 [10 uM], or to starvation medium with an FBS
content that is reduced to 2% (v/v) for 24 h. JZL184-treated cells showed a significantly
decreased viability relative to the control. Data are presented as the mean + standard
error of the mean; n = 3; **, p < .01, assessed by a one-way ANOVA and subsequent
Bonferroni correction. DMSO, dimethyl sulfoxide; JZL, ]JZL184, inhibitor of
monoacylglycerol lipase.

estimated a biological difference between the means of either group of
40% and a standard deviation of 50% in each group. This estimate yielded
an effect size d of 0.90 and a required sample size of n = 16. The primary
endpoint, which was used for the sample-size calculation, was the re-
sidual gap within the endothelium measured at day 5 after electrical in-
jury. A co-primary endpoint was the length of the neointimal lesion,
measured from the ligation to its proximal end, at day 28 after ligation.

3. Results

The impact of elevated 2-AG levels on vascular repair was
assessed in two in vivo models of reendothelialization and neointi-
mal hyperplasia. In vitro, the effects of 2-AG on endothelial cell via-
bility, migration, and on leukocyte-endothelial cell adhesion were
measured in HCAEC.

3.1. Treatment with JZL184 increases the 2-AG plasma concentration with-
out affecting AA levels

Treatment of wildtype mice with the MAGL-inhibitor JZL184
[5 mg/kg] led to a significant increase in plasma levels of 2-AG com-
pared to the vehicle-treated control animals. The concentrations of 2-
AG in the plasma were 468 + 57 pmol/ml (JZL184 treatment) vs.
128 + 35 pmol/ml (with DMSO; n = 16-17; p <.0001). Plasma levels
of arachidonic acid were unaffected by JZL184 treatment and were
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Fig. 3. Leukocyte-endothelial cell adhesion assay. THP-1 monocytes were labeled with the red fluorescent dye PKH26 and allowed to adhere to pretreated human coronary artery
endothelial cell (HCAEC) for 30 min. Hereafter, nuclei of HCAEC and THP-1 monocytes were stained blue using DAPI (4’,6-diamidino-2-phenylindole, A-C). Pretreatment with 2-AG
[1 pM, 10 uM] for four hours led to a significant increase in leukocyte—endothelial cell adhesion compared to DMSO controls. LPS [100 ng/ml] served as a positive control. Data are

presented as the mean + standard error of the mean; n = 15; %, p < .05; **,p < .0

100 pm. 2-AG, 2-arachidonoylglycerol; DMSO, dimethyl sulfoxide; LPS, lipopolysaccharide.

found to be 16.8 & 2.7 pmol/ml (JZL184) vs. 17.3 £ 1.7 pmol/ml
(DMSO; n = 16-17; p = .8777). Plasma concentrations of AEA were un-
altered upon treatment with JZL184 1.05 + 0.04 pmol/ml (JZL184) vs.
0.96 + 0.06 pmol/ml (DMSO; n = 16-17; p = .2264). Parameters
such as blood pressure, heart rate, and body weight were unaffected
by JZL184 treatment, as detailed in Supplementary Table S1.

3.2.JZL184 reduces endothelial repair in the murine electrical injury model

Treatment with JZL184 significantly impaired reendothelialization
in the electrically injured left common carotid artery. Five days after
electrical injury, the residual gap within the endothelium measured
2291 4+ 286 pm in the JZL184-treated group compared to 1505 +
223 pm in the DMSO-treated control group (n = 18-19; p = .0363;
Fig. 1A-C).

3.3.JZL184 does not alter neointima formation in the carotid artery ligation
model

The impact of elevated 2-AG levels on the formation of neointimal
hyperplasia was assessed after the ligation of the left common carotid

1w

, P <.001, assessed by a one-way ANOVA and subsequent Bonferroni correction. Scale bar,

artery for 28 days. Treatment with JZL184 did not change the formation
of neointima in these mice. Both the length of the neointimal lesion,
measured from the ligation to its proximal end, and the neointimal
cross-sectional area at 500 um proximal to the ligation remained un-
changed by JZL184 treatment. The neointimal length was 2010 +
355 pum (JZL184) versus 2139 4+ 291 um (DMSO, n = 14-16; p =
.7876). The cross-sectional area of the neointima covered 65.2 + 8.0%
of the area within the IEL (JZL184) versus 80.6 4+ 4.0% in the control
group (n = 14-15; p = .1035; Fig. 1D-F).

3.4.JZL184 does not alter the cellular composition of the neointima

Subsequently, the cellular composition of the neointima was an-
alyzed by performing immunohistochemical stainings. We found no
differences in the ultrastructural composition of the hyperplastic tis-
sue between the two groups. Macrophages reached a similar density
in both groups of 2.7 x 1072 & 0.6 x 107> cells per um? (JZL184) vs.
2.2x 1073 £ 0.3 x 103 cells per um? (DMSO; n = 13-14; p = .4666;
Fig. 1G-I). Smooth muscle cells represented 92 + 4.2% (JZL184) and
90 + 4.0% (DMSO) of the neointimal cross sectional area (n =
11-15; p = .7895; Fig. 1J-L).
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Fig. 4. Gating strategy for FACS analysis and assessment of the surface expression of adhesion molecules in HCAEC. Human coronary artery endothelial cells (HCAEC) were stimulated with
DMSO [0.01% (v/v)], 2-AG [1-10 uM], or LPS [100 ng/ml] for four hours. Cells were stained for adhesion molecules (E-selectin, ICAM-1 and VCAM-1) and detached. Live single cells were
identified by applying the gating strategy depicted in panels (A-C). The surface expression of the aforementioned adhesion molecules was quantified in stimulated cells (red) as depicted in
panels (D-F). Gates were controlled with fluorescence-minus-one-controls of LPS- [100 ng/ml] treated cells (blue, D-F). Stimulation with 2-AG did not increase the surface expression of
the adhesion molecules ICAM-1, VCAM-1, and E-selectin. Data are presented as the mean + standard error of the mean; n = 5; ***, p <.001, assessed by a one-way ANOVA and subsequent
Bonferroni correction. 2-AG, 2-arachidonoylglycerol; DMSO, dimethyl sulfoxide; FSC, forward scatter, ICAM-1, intercellular adhesion molecule 1; LPS, lipopolysaccharide; SSC, side scatter;
VCAM-1, vascular cell adhesion molecule 1.
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3.5. JZL184 reduces HCAEC viability without inducing apoptosis

Because we found that elevated 2-AG levels impaired endothelial re-
pair in vivo, we assessed whether 2-AG affected endothelial cell viability,
apoptosis, and migration in vitro. HCAEC were exposed to DMSO [0.1%
(v/v)], starvation medium [2% (v/v) FBS], or JZL184 [10 uM] immedi-
ately after they were split, and cell viability was assessed 24 h after
this by using the XTT assay. Stimulation with JZL184 led to a significant
decrease in cell viability relative to the control (0.60 4+ 0.10 vs. 1.00 +
0.07; n = 3; p = .0054). The starvation medium treatment was used
as a positive control and saw reduced viability of HCAEC to an extent
similar to that of JZL184 treatment (0.51 & 0.10; n = 3; p = .0020;
Fig. 2).

Notably, JZL184 did not reduce HCAEC viability in confluent cells,
which points to the inhibition of proliferation being the underlying
cause of the reduced viability in proliferating cells, rather than the in-
duction of apoptosis or cell death. We subsequently conducted a
TUNEL assay to assess if JZL184 induces apoptosis in HCAEC, however,
the rates of apoptosis were similar between |ZL184- and DMSO-
treated cells (3.22 + 2.52% (JZL184) vs. 0.70 + 0.70% (DMSO); n = 4;
p = .7143, assessed by Mann-Whitney test).

3.6. 2-AG does not alter HCAEC migration

HCAEC migration was measured using a scratch assay. After 9 h, the
gap was narrowed by 0.20 + 0.03 mm? in 2-AG-treated HCAEC vs.
0.25 4+ 0.02 mm? in DMSO-treated cells (n = 6; p = .1433), thus
HCAEC migration is not altered by 2-AG (Supplementary Fig. S1).

3.7. Stimulation of HCAEC with 2-AG increases THP1 monocyte adhesion

The influence of 2-AG on the interaction between endothelial cells
and monocytes was assessed by using an adhesion assay. HCAEC were
stimulated with DMSO [0.1% (v/v)], LPS [100 ng/ml], or 2-AG
[1-10 pM], and the adhesion of fluorescently labeled THP-1 monocytes
was quantified. Monocyte adhesion to HCAEC increased by more than
two-fold upon 2-AG treatment (DMSO: 0.07 4+ 0.01 THP1/HCAEC;
LPS: 0.18 4+ 0.02 THP1/HCAEC (n = 15; p < .001) 2-AG [1 pM]:
0.15 4 0.02 THP1/HCAEC (n = 9; p = .0138); 2-AG [10 uM]: 0.17 +
0.02 THP1/HCAEC (n = 9; p = .0031); Fig. 3).

3.8. Adhesion molecules

Surface expression of adhesion molecules on HCAEC was assessed by
flow cytometry following stimulation with 2-AG. The applied gating
strategy is depicted in Fig. 4A-F. Interestingly, stimulation with 2-AG
did not increase the surface expression of any of the adhesion molecules
studied, namely ICAM-1, VCAM-1, and E-selectin. ICAM-1 expression
was detected in 17.0 + 0.6% (2-AG [1 pM]), 18.2 £ 0.6% (2-AG
[10 uM]), and 18.2 4+ 0.8% (DMSO) of the analyzed cells (n = 5;
p > .9999; Fig. 4G). For VCAM-1, surface expression was detected in
19.1 £ 2.0% (2-AG [1 pM]), 18.1 £ 1.9% (2-AG [10 pM]), and in
19.6 + 1.7% (DMSO) of the analyzed cells (n = 5; p > .9999; Fig. 4H).
Surface expression of E-selectin was detected in 1.3 + 0.5% (2-AG
[1 uM]), 1.1 & 0.3% (2-AG [10 uM]), and 1.1 £ 0.2% (DMSO; n = 5;
p > .9999; Fig. 41) of the analyzed cells. Meanwhile, LPS [100 ng/ml]
was used as a positive control and showed a marked increase in surface
expression of all three adhesion molecules (ICAM-1: 38.3 + 0.7%;
VCAM-1: 40.4 & 1.6%; E-selectin: 11.5 £ 1.0%; n = 5; p < .0001;
Fig. 4G-1).

3.9. Stimulation of HCAEC with 2-AG decreases eNOS mRNA expression
The impact of 2-AG on the expression of eNOS was assessed by qPCR.

Stimulation with 2-AG led to a significant downregulation of eNOS
mRNA in HCAEC (0.79 + 0.06-fold versus 1.00 + 0.04-fold (control);

n = 8-9; p = .0189). Bradykinin, which served as a positive control,
induced a significant upregulation or eNOS mRNA expression.
(1.49 + 0.03-fold versus 1.0 + 0.04-fold (control); n = 5; p <.0001).

4. Discussion

The present study aimed to elucidate the influence of the
endocannabinoid 2-AG on endothelial cell function in the context of en-
dothelial repair and endothelial cell activation, both in vivo and in vitro.

Using the electrical injury model for reendothelialization introduced
by Carmeliet and colleagues, we were able to demonstrate that elevated
levels of the endocannabinoid 2-AG led to an impairment of endothelial
repair. In HCAEC, higher levels of 2-AG reduced endothelial cell prolifer-
ation, while cell migration and apoptosis remained unchanged. In the
applied in vivo model, proliferation of endothelial cells is one of the
main contributors to endothelial repair [23], thus inhibition of endothe-
lial cell proliferation by 2-AG might explain the inhibition of reendothe-
lialization in vivo. This finding may be of clinical relevance, given that
impaired reendothelialization facilitates both atherogenesis and stent
failure after angioplasty [1,7]. In a recent study, we reported that levels
of 2-AG are increased in the coronary circulation of patients during non-
ST-segment elevation myocardial infarction (NSTEMI) [26]. Impairment
of endothelial repair by 2-AG might thus be of relevance to NSTEMI
patients.

Surprisingly, in the present study, elevated 2-AG levels which were as-
sociated with less endothelial repair did not influence neointima forma-
tion in vivo. While the formation of neointimal hyperplasia is (like
atherogenesis) partially dependent on endothelial infirmity, additional
mechanisms have been reported to regulate neointima formation. These
mechanisms include proliferation and hypertrophy of vascular smooth
muscle cells, activation of adventitial cells, and secretion of distinct cyto-
kines (reviewed by [27]); [28]. Possibly, these mechanisms are not altered
by administration of JZL184 in the present experimental setting.

Endothelial cells are integral regulators of vascular function and
health. Their activation facilitates monocyte adhesion, which, in turn,
fosters vascular inflammation and atherogenesis. In the present study,
pretreatment of HCAEC with 2-AG promoted monocyte adhesion. This
finding adds to the mechanistic understanding of earlier reports by
our group and by others that correlate elevated 2-AG levels with an in-
creased atherosclerotic plaque burden in the apolipoprotein E-deficient
mouse model [14-16]. Concomitantly, our present findings add to the
complexity of the role of endocannabinoids during atherogenesis,
which remains a controversial matter of debate [17,18]. In an attempt
to identify the adhesion molecules that promote monocyte adhesion
to endothelial cells, flow cytometric analyses of endothelial cells after
stimulation with 2-AG were performed. One previous study, by Gasperi
et al,, reported differential regulation of the adhesion molecules VCAM-
1, ICAM-1 and E-selectin in human umbilical vein endothelial cells
(HUVEC) after stimulation with 2-AG [29]. These same adhesion mole-
cules were examined in the arterial HCAEC in the present study but
showed no differential regulation upon stimulation with 2-AG. This ob-
servation underlines the differences between the arterial and the ve-
nous vascular beds. Differences in endocannabinoid signaling in either
of these compartments will have to be determined in future studies. In-
terestingly, secretion of nitric oxide (NO) has been demonstrated to
hamper leukocyte-endothelial cell adhesion. Secretion of NO from en-
dothelial cells inhibits the surface expression of two functional leuko-
cyte adhesion molecules (CD11 and CD18) on monocytes [30]. Our
data demonstrate that 2-AG inhibits eNOS expression in endothelial
cells, which might induce CD11 and CD18 expression on monocytes
and thus increase monocyte adhesion to HCAEC.

The current study provides a mechanistic rationale for the investiga-
tion of 2-AG's impact on reendothelialization after angioplasty in
patients with coronary artery disease and myocardial infarction -
elevated 2-AG levels might hamper endothelial repair in these patients
and thus might impact the clinical outcomes.
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Study limitations.

The present study describes cellular and molecular effects that are
crucial to endothelial repair and reendothelialization after angioplasty.
Data were generated in murine in vivo- and in human in vitro models.
Effects might differ in CAD- and NSTEMI patients and will have to be
evaluated in clinical studies.

5. Conclusions

Taken together, the present study demonstrates that 2-AG impairs
endothelial repair and promotes leukocyte-endothelial cell adhesion.
Both of these mechanisms may foster early atherosclerotic changes
and might, therefore, be of clinical relevance after angioplasty and
stent implantation.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijcard.2020.08.042.
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The endocannabinoid 2-arachidonoylglycerol inhibits endothelial function and repair
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2. Materials and methods

Animals were housed at a room temperature of 22°C and a 12-hour dark-light cycle.
Mice were granted unrestricted access to drinking water and rodent chow. Laboratory
animal use and all experimental procedures were in accordance with the institutional
guidelines and German animal protection laws. Approval was granted by the North
Rhine Westphalian State Agency for Nature, Environment and Consumer Protection
(reference number 84-02.04.2014.A419), which considered all aspects of ethics and an-

imal welfare in their approval.

2.1 Assessment of endocannabinoid levels, blood pressure, heart rate, and body weight
Liquid chromatography/multiple reaction monitoring (LC/MRM):

Plasma eCB concentrations were quantified by using LC/MRM as previously described
[22]. Briefly, blood was drawn from the inferior vena cava and centrifuged immediately in
a precooled Eppendorf 5810R centrifuge (Eppendorf, Hamburg, Germany) at 2,000xg

and 4°C for 10 minutes. The plasma phase was carefully transferred into precooled
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(4°C) 1.5 ml reaction tubes and then snap frozen in liquid nitrogen. Prior to LC/MRM, the
plasma was enriched with 50 pl of a stock solution of internal standards and 250 pl ethyl
acetate/n-hexane (9:1, v/v). The samples were vortexed under strict temperature control
and centrifuged (10 minutes; 16,000xg; 4°C). Hereafter, the plasma samples were incu-
bated at -20°C for another 10 minutes. The upper organic phase was transferred to 96-
well plates, evaporated to dryness, and the residue was reconstituted in 50 ul acetoni-
trile/H20 (1:1, v/v) for LC/MRM analysis.

Blood pressure, heart rate, and body weight:

Blood pressure and heart rate were measured with a non-invasive tail cuff device Coda
6 (Kent Scientific Corporation, Torrington, USA). Mice were acclimated to the device for
20 minutes a day on three consecutive days. On the three consecutive days that fol-
lowed the habituation period, the blood pressure and heart rate were recorded for each
of the mice. Mice were weighed weekly using a Kern EW 3000-2M balance (Kern &

Sohn GmbH, Balingen, Germany).

2.2 Electrical denudation of the common carotid artery in wildtype mice

The influence of elevated 2-AG levels on arterial reendothelialization was studied in
wildtype mice of the C57BL/6J genetic background (Charles River), as previously re-
ported [Carmeliet et al., 1997]. Briefly, mice were anesthetized using Xylazine-
hydrochloride (16 mg/kg bodyweight i.p., Rompun, Ceva) and Ketamine-hydrochloride
(100 mg/kg bodyweight i.p., Ketanest, Riemser). Following a small median cervical inci-
sion, the left common carotid artery was exposed by blunt dissection of the adjacent
nerves and connective tissue. Four overlapping bursts of 2 Watts, with a duration of 5
seconds each, were then applied to the common carotid artery resulting in complete en-
dothelial denudation with a length of 3 mm. The skin was then closed with a simple inter-
rupted suture and the endothelial gap was allowed to heal for 5 days. During this period
of time, murine 2-AG levels were artificially enhanced by giving daily intraperitoneal in-
jections of the selective MAGL inhibitor JZL 184 (5 mg/kg body weight, solubilized in 1%
(v/v) DMSO and 5% (v/v) Kolliphor (Sigma Aldrich) in sterile PBS). Mice from the control
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cohort received injections of vehicle only (1% (v/v) DMSO and 5% (v/v) Kolliphor in ster-
ile PBS). On day five, the residual endothelial gap was stained by a single i.v. injection
of 50 ul Evan’s blue (Sigma-Aldrich) for one minute. Hereafter, mice were sacrificed by
cutting through the abdominal aorta. Excess Evan’s blue was washed off with 2 ml of
NaCl 0.9% (w/v), and the left and right common carotid arteries, as well as the aortic
arch, were excised en bloc and embedded on microscopic slides using Aquatex mount-
ing medium. The residual lesion size was measured using a Zeiss Axiovert 200M micro-
scope (Carl Zeiss Jena GmbH, Jena, Germany) and Axiovision 4.8 software (Carl Zeiss
Jena GmbH).

2.3 Induction of neointimal hyperplasia by ligation of the common carotid artery

Formation of neointimal hyperplasia was studied in wildtype mice following the ligation of
the common carotid artery as previously reported [24]. To this end, the left common ca-
rotid artery was exposed by blunt dissection under general anesthesia, as described
above. The artery was then ligated with a single knot placed immediately proximal to the
carotid bifurcation, which resulted in a complete disruption of arterial blood flow distal to
the ligation. The wound was closed with a simple interrupted suture and neointima for-
mation occurred during the 28 days that followed the surgical ligation of the left common
carotid artery. During these 28 days, mice were treated daily with i.p. injections of either
JZL184 or vehicle. After the treatment period, blood was drawn from the inferior vena
cava under general anaesthesia and the mice were sacrificed by cutting through the ab-
dominal aorta. The left common carotid artery was carefully exposed and excised in its
full length from its aortic origin until beyond the carotid bifurcation. The artery was em-
bedded horizontally in a tissue-freezing medium and was snap frozen at -80°C. The tis-
sue was sectioned beginning at its distal, ligated end, at a thickness of 10 um per sec-
tion, using a Leica CM 1900 cryostat (Leica Biosystems GmbH, Wetzlar, Germany). The
zero point was defined as the first intact section proximal to the knot. Ten sections were
placed on one object slide so that one set of 10 object slides covered a length of 1,000

pm proximal to the ligation.



44

2.4 Histological quantification of neointimal volume and compaosition

The vascular ultrastructures and the neointimal hyperplasia were visualized upon hema-
toxylin and eosin staining. In brief, the sections were exposed to a descending series of
alcohol concentrations: 100% (v/v), 90% (v/v), and 80% (v/v) ethanol for 3 minutes at
each concentration. Hereafter, the slides were stained with hematoxylin 2% (w/v) for 30
seconds and with eosin 0.2% (w/v) for 30 seconds. Finally, sections were exposed to an
ascending series of alcohol concentrations: 80% (v/v), 90% (v/v), and 100% (v/v) etha-
nol, and the slides were sealed with Entellan mounting medium (Merck, Darmstadt,
Germany). Neointima was defined as the tissue between the luminal endothelial cell lay-

er and the internal elastic lamina (IEL).

Smooth muscle cells were stained using a monoclonal anti-actin antibody (a-SMA; Anti-
Actin, a-Smooth Muscle — Cy3 antibody, Sigma-Aldrich). The slides were dried and ex-
posed to 100% (v/v) acetone for 20 minutes. Then, excess acetone was washed off the
slides using PBS. Non-specific antibody binding sites were blocked with 2% (w/v) BSA in
PBS. The slides were incubated with the Cy3-conjugated anti-actin antibody at room
temperature for 1 hour. Finally, the nuclei were stained and tissue samples were sealed
using Vectashield mounting medium with DAPI (4’,6-diamidino-2-phenylindole, Vector

Laboratories, Burlingame, USA).

Macrophages within the vessel wall were detected by immunofluorescent staining of
CD68 (primary antibody: a-CD68 rat IgG2a, Acris antibodies GmbH, Herford, Germany;
secondary antibody: Cy3 AffiniPure Donkey anti-Rat 1gG, Jackson ImmunoResearch
Laboratories, Inc.). The slides were fixed in acetone for 20 minutes, and the non-specific
binding sites were blocked with 1% (w/v) BSA in PBS. Then, the sections were incubat-
ed with the primary antibody (1:100) at 4°C overnight and the secondary antibody
(1:500) at room temperature for 1 hour. The nuclei were stained using Vectashield

mounting medium with DAPI.
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Microscopic pictures were obtained using a Zeiss Axiovert 200M microscope (Carl Zeiss
Jena GmbH, Jena, Germany) and Axiovision 4.8 software (Carl Zeiss Jena GmbH).
Neointima formation was quantified by length and by cross-sectional area. The length of
the neointimal lesion was considered to be the distance between the ligation site and the
most proximal section that was free of neointimal changes. The cross-sectional area of

the neointimal cone was quantified at a distance of 500 um proximal to the ligation and

IEL—lumen

was calculated as — X 100%.

2.5 Cell culture experiments using human coronary artery endothelial cells
2.5.1 Cell culture

Primary human coronary artery endothelial cells (HCAEC) were purchased from Pro-
moCell (Heidelberg, Germany) and cultivated at 37°C and 5% (v/v) CO,. The cells were
split at 100% confluence by 1:3. All experiments were conducted at 80% confluence and

at passages six to eight, unless otherwise indicated.

2.5.2 XTT viability assay

HCAEC were seeded into a 6-well plate at a density of 40,000 cells per well. Immediate-
ly after the split, cells were exposed to either JZL184 [10 uM], DMSO [0.1% (v/v)], which
served as the vehicle control, or starvation medium with an FBS content that is reduced
to 2% (v/v). After 24 hours, HCAEC viability was assessed using the 2,3-bis-(2-methoxy-
4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide salt (XTT) assay (Invitrogen, Eu-
gene, USA). Phenazine methosulfate (PMS; Acros organics, New Jersey, USA) was
used as an intermediate electron carrier to facilitate the reduction of XTT to the colored
formazan derivative. PMS was prepared as a 10 mM solution in PBS and the XTT rea-
gent was prepared as a 0.1% (w/v) solution in cell culture medium. 10 ul of PMS solution
were added to every 4 ml of XTT solution and HCAEC were incubated with the
PMS/XTT solution for 2 hours before the absorbance at 450 nm was measured using a

microplate reader (Infinite M200, Tecan, Mannedorf, Switzerland).
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2.5.3 TUNEL assay

Double-strand DNA breaks, indicative of apoptosis, were detected by terminal deoxynu-
cleotidyl transferase (TdT) dUTP nick-end labeling (TUNEL). HCAEC were grown on
cover slips in 24-well plates. At 80% confluence, the cells were treated with JZL184 [10
UM] or DMSO [0.1% (v/v)]. After 24 hours of incubation, cells were fixed with 4% (w/v)
paraformaldehyde (PFA) and permeabilized with 0.1% (w/v) Triton-X-100 and 0.1%
(w/v) sodium citrate in PBS. Hereafter, each well was stained with 50 pl TUNEL reaction
mixture for 1 hour at 37°C and 5% (v/v) CO,. Coverslips were then washed three times
with PBS and transferred onto object slides. The nuclei were stained using Vectashield
mounting medium with DAPI. Microscopic pictures were obtained using a Zeiss Axiovert

200M microscope.

2.5.4 Scratch assay

HCAEC migration was assessed using an in vitro wound-healing assay. At 100% con-
fluence, cells were starved overnight to minimize HCAEC proliferation. Hereafter, a
straight, narrow gap was scratched into the cell layer using a pipet tip. Subsequently, the
cells were stimulated with 2-AG [10 uM]; DMSO [0.1% (v/v)] served as a control. Pic-
tures were taken of the cells at 0, 1, 3, 5, 7, and 9 hours. The area of the residual gap

was quantified.

2.5.5 THP-1 adhesion assay

Adhesion of THP-1 monocytes to HCAEC was measured. HCAEC were grown to 90%
confluence on cover slips in 24-well plates. Then, HCAEC were stimulated with DMSO
[0.1% (v/v)] or 2-AG [1-10 pM] for four hours; lipopolysaccharide (LPS) [100 ng/ml]
served as a positive control. Meanwhile, THP-1 monocytes were labeled with the red
fluorescent dye PKH26 (Sigma-Aldrich): 4 ul of PKH26 were diluted in 1 ml of diluent
that was supplied with the kit. 1 ml of this staining solution was used per 1 x 10’ mono-

cytes. Stained monocytes were reconstituted in HCAEC cell culture medium at a con-
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centration of 1 x 10°> monocytes per 1 ml medium. At the end of the HCAEC stimulation,
the stimulation medium was removed from the HCAEC and they were exposed to the
medium containing THP-1 cells for 30 minutes. Hereafter, the non-adherent cells were
washed off with PBS and all remaining cells were fixed with 4% (w/v) PFA. The cover
slips were transferred onto object slides and the nuclei were stained using Vectashield
mounting medium with DAPI. Microscopic pictures were obtained using a Zeiss Axiovert

200M microscope.

2.5.6 Flow cytometric quantification of cellular adhesion molecules

The cellular adhesion molecules on HCAEC were quantified using flow cytometry.
HCAEC were stimulated with DMSO [0.01% (v/v)] or 2-AG [1-10 uM] for four hours; LPS
[100 ng/ml] served as a positive control. After four hours, the medium was removed,
cells were washed with PBS and stained with fluorescent antibodies targeting the adhe-
sion molecules ICAM-1 (PerCP/Cy5.5 anti-human CD54 Antibody Clone HA58, Bio-
Legend, San Diego, USA), VCAM-1 (BB515 Mouse Anti-Human CD106 Clone 51-10C9
(RUO), BD Biosciences), and E-selectin (APC anti-human CD62E Antibody Clone HAE-
1f, BioLegend). Cells were stained prior to dissociation as previously reported [25]. After
dissociation, the cells were stained with Zombie Yellow™ Fixable Viability Kit (Bio-
Legend). Each experiment was carried out in triplicate while each sample was measured
with at least 40,000 events. Antibody binding was quantified using a BD FACS Canto |l
Flow Cytometer and the data were analyzed with the FlowJo Data Analysis Software
V10 (Tree Star, Ashland, USA). Gates were controlled with fluorescence-minus-one-
controls of LPS- [100 ng/ml] treated cells. The instrument was CST (Cytometer Setup
and Tracking) -calibrated each day and compensations were used for a maximum of 15

days.

2.5.7 Quantification of endothelial NO synthase (eNOS) mRNA expression by qPCR

HCAEC were stimulated with DMSO [0.01% (v/v)] or 2-AG [1 uM] for four hours. The
eNOS inductor bradykinin [1L mM] served as a positive control. Hereafter, cells were

lysed and the RNA was isolated and reversely transcribed as reported earlier [Jehle et
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al., 2018]. qPCR analyses were conducted using a TagMan® probe for eNOS (NOS3,
Hs01574665; Thermo Fisher Scientific Inc., Waltham, USA) and the appropriate master
mix. Fold-changes in the mRNA expression were derived using the delta-delta-CT
method.

2.6 Statistical analyses

Data are presented as the mean = SEM. Data were analyzed using Microsoft Excel (Mi-
crosoft, Redmond, USA) and GraphPad Prism software (GraphPad Software, San Die-
go, USA). For the comparison of continuous and normally distributed variables between
two groups, an unpaired Student's two-sided t-test was applied. For the comparison of
three or more groups, a one-way ANOVA and subsequent Bonferroni correction was
performed. P-values < 0.05 were considered statistically significant.

3. Results
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Supplementary Fig. S1. Quantification of HCAEC migration.

A straight, narrow gap was scratched into the human coronary artery endothelial cell
(HCAEC) layer at t = 0. Cells were stimulated with DMSO [0.1% (v/v)] or 2-AG [10 pM].
Panels A and B depict the residual gap in each group at t = 9 hours. Panel C illustrates
the time course of HCAEC migration. Data are presented as the mean + standard error of
the mean; n = 6; p > 0.05, assessed by student’s t-test. Scale bar, 200 um. 2-AG, 2-
arachidonoylglycerol; DMSO, dimethyl sulfoxide.
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