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1. Darstellung der Publikation

Jahn D*, Knapstein PR*, Otto E*, Kohli P*, Sevecke J, Graef F, Graffmann C, Fuchs M,
Jiang S, Rickert M, Erdmann C, Appelt J, Revend L, Kittner Q, Witte J, Rahmani A,
Duda G, Xie W, Donat A, Schinke T, Ivanov A, Tchouto MN, Beule D, Frosch KH,
Baranowsky A, Tsitsilonis S, Keller J. Increased B2-adrenergic signaling promotes
fracture healing through callus neovascularization in mice. Sci Transl Med. 2024 Apr
17;16(743):eadk9129. doi: 10.1126/scitransImed.adk9129. Epub 2024 Apr 17. PMID:
38630849. *contributed equally

1.1. Einleitung

Das Skelett bildet die Grundlage fur den anatomischen Aufbau aller Sdugetiere und
vieler weiterer Lebensarten. Hierbei ist das Knochensystem nicht nur essenziell fir die
Fortbewegung, den Schutz von Organen und Stabilitdt des Koérpers, sondern auch
zentraler Regulator fur die Speicherung von Mineralien, der Hdmatopoese und diverser
metabolischer Prozesse. Daher ist der Knochen heute als endokrines Organ anerkannt
2 Die Effektivitat von Knochenumbau und der narbenlosen Regeneration nach einer
Verletzung haben sich im Verlauf der evolutionaren Entwicklung hinweg erhalten. Das
Gewebe bleibt durch seinen dynamischen Umbauprozess, dem ,Remodeling®,
permanent an interne und externe Bedingungen anpassungsfahig. Sowohl das
Remodeling als auch die Regeneration nach einer Verletzung werden durch die
koordinierte Aktivitat der knochenabbauenden Osteoklasten und den knochenbildenden
Osteoblasten erreicht 3. Der Knochen wird zusétzlich von der Knochenhaut, dem Periost,
umgeben, das durch eine Vielzahl von Stammzellen, Nerven und Gefalken eine
regenerative und ernahrende Funktion besitzt und daruber hinaus nach einer
Knochenverletzung die Neovaskularisation des Kallus mit osteogenen Typ-H-Gefallen

fordert 4°.

Aufgrund des demographischen Wandels mit steigender Lebenserwartung sind wir
heutzutage mit einer hohen Inzidenz von Skeletterkrankungen konfrontiert . Bei
Frauen entspricht das Risiko einer osteoporotischen Fraktur dem kombinierten Risiko
von Brust-, Gebarmutter- und Eierstockkrebs ’. Fast 24 % der Patienten mit Hiftfrakturen
im Alter von Uber 50 Jahren versterben innerhalb eines Jahres ’. Auch nach einer
Fraktur, die adaquat durch bewahrte Verfahren behandelt wurde, besteht immer noch
ein Risiko von bis zu 15 %, dass der Knochen sechs Monate nach Verletzung nicht
ausreichend heilt, was als Pseudarthrose definiert wird . Diese gestorte Frakturheilung
stellt eine erhebliche Belastung fur die Patienten dar, die sich haufig wiederholten
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kann. Dies fiihrt zu langerer Immobilisierung, Behinderung oder sogar zum Tod & und

verursacht insgesamt hohe soziodkonomische Kosten.

In diesem Zusammenhang wurde das sympathische Nervensystem (SNS) und sein
wichtigstes Effektormolekil, Noradrenalin (Norepinephrin; NE), als essenzieller
Regulator des Knochenumbaus identifiziert. Nach Bindung von NE an den G-Protein-
gekoppelten beta2-adrenergen Rezeptor (Adrb2) wird die Knochenbildung gehemmt und
die Knochenresorption gefordert °'°. Zwar ist diese hemmende Auswirkung des
Sympathikus auf den Knochenumbau im intakten Skelett inzwischen gut erforscht, aber
es blieb bisweilen unklar, inwiefern diese Signalwege auch die Knochenregeneration
nach einer Verletzung modulieren.

Anhand eines zuvor verdffentlichten Modells

', bei dem eine Femurosteotomie mit
einem externen Fixateur stabilisiert wird, demonstriert die vorliegende Studie, dass das
sympathische Nervensystem malfigeblich die Frakturheilung Uber Adrb2 in adulten
Mausen beeinflusst. Wahrend der Heilung von Knochenbriichen flhrt die Aktivierung
von Adrb2 in Periostzellen und Osteoblasten zu einer erhdhten Expression des
vaskuldaren endothelialen Wachstumsfaktors A (Vegfa). Dies resultiert in einer
verstarkten Bildung von osteogenen Typ-H-Gefalten und somit zu einer verbesserten
Vaskularisation des Frakturkallus. Obwohl Adrb2 bei ansonsten gesunden und jungen
Mausen nur eine untergeordnete Rolle bei der Knochenheilung spielt, fordert er
insbesondere bei adulten Mausen mit physiologisch erhéhtem Sympathikotonus die
Knochenregeneration. Aus translationaler Sicht fuhrt die systemische Behandlung mit
dem Adrb2-Antagonisten Propranolol zu einer gestorten Knochenheilung, wahrend die
Behandlung mit dem Adrb2-Agonisten Formoterol in einer gesteigerten
Neovaskularisation und verbesserten Knochenregeneration resultiert. Die vorliegenden
Ergebnisse identifizieren eine bislang unbekannte Rolle von Adrb2 in der Frakturheilung,
die pharmakologisch zur Therapie der gestérten Knochenheilung genutzt werden

konnte.



1.2. Ergebnisse

Der Adrb2-Rezeptor zeigt einen altersabhangigen Einfluss auf den
Knochenumbau und die Regeneration

Um die Rolle des SNS und seinem Rezeptor Adrb2 im Skelettsystem zu
charakterisieren, wurden junge (12 Wochen alt, niedriger Sympathikotonus) und
gealterte (30 Wochen alt, physiologisch erhéhter Sympathikotonus) Adrb2-defiziente
Mause untersucht. Hier wurden =zunachst der Knochenumbau und die
Knochenregeneration in 12 Wochen alten Mausen analysiert. Die histologische
Auswertung des nicht-frakturierten Skeletts zeigte, dass in diesem Alter kein Unterschied
in der Knochenarchitektur oder dem zelluldren Remodeling zwischen Adrb2** und
Adrb2”” M&usen zu beobachten ist. Auch die radiologische Untersuchung mittels mikro-
Computertomographie (uCT) zeigte keine Unterschiede in der Knochenregeneration 7,
14 und 21 Tage nach Femurosteotomie. Demnach spielen das SNS und Adrb2 in jungen
Mausen mit niedrigem Sympathikotonus nur eine untergeordnete Rolle in der Regulation

des Knochenumbaus und in der Knochenheilung.

Im Gegensatz hierzu wiesen Adrb2”- Mause im Alter von 30 Wochen (im Folgenden als
adulte Mause bezeichnet) eine gesteigerte Knochenmasse im nicht-frakturierten Skelett
auf. Die Histologie der Wirbelsaule demonstrierte eine erhdhte Trabekeldicke, was durch
eine erhéhte Knochenbildung bei reduzierter Knochenresorption erklart werden konnte.
Auch im nicht-frakturierten, distalen Femur konnte ein erhéhtes Knochenvolumen in der
Adrb2” Kohorte im Vergleich zu den Wildtyp (WT) Wurfgeschwistern beobachtet
werden. Im Gegensatz zum nicht-frakturierten Skelett zeigten die radiologischen und
histologischen Analysen eine unerwartete und stark beeintrachtigte Knochenheilung in
adulten Adrb2” Tieren 7 und 14 Tage nach Femurosteotomie. Dies fiihrte an Tag 21
nach Femurosteotomie zu einer unzureichenden Knochenheilung mit einer hohen Rate
an atrophen Pseudarthrosen. Histomorphometrische Untersuchungen mittels Tartrat-
resistenter saurer Phosphatase (TRAP) und Toluidin-Blau-Farbungen zeigten zu diesem
Zeitpunkt eine Abnahme sowohl der Osteoklasten- als auch der Osteoblasten-
Parameter im Kallus der adulten Adrb2” Mé&use. Die unzureichende Bildung neuen
Knochens im Frakturspalt konnte mittels Quantifizierung der Calcein-Inkorporation im
heilenden Knochen bestatigt werden. Zusammengenommen deuten diese Daten
erstmalig darauf hin, dass das SNS und Adrb2 im adulten Organismus einen
differentiellen Einfluss auf das Skelettsystem ausiben. Wahrend im nicht-frakturierten
Skelett Adrb2 die Knochenmasse erniedrigt, ist Adrb2 von essenzieller Bedeutung fir

die adaquate Heilung des frakturierten Knochens.



Erhohter Sympathikotonus im Knochen adulter Mause

Die Untersuchung von jungen und adulten M3ausen zeigten einen altersabhangigen
Einfluss von Adrb2 auf die Knochenheilung. Als moégliche Erklarung zeigten vorherige
Studien, dass der Grundtonus des Sympathikus physiologisch mit zunehmendem Alter
ansteigt '>. Demnach wurde die Aktivitit des SNS mittels Surrogatparametern
systemisch und lokal analysiert. Die Messung des stabilen NE-Metaboliten,
Normetanephrin, zeigte jedoch keinen Unterschied zwischen jungen und adulten WT-
Mausen im Serum. Allerdings war die Expression des transmembranaren NE-
Transporters, welcher die Wiederaufnahme von NE in die Knochenzellen vermittelt und
von dem Sic6a2-Gen (Solute Carrier Family 6 Member 2) kodiert wird, bei adulten
Mausen stark reduziert. Die geringe Genexpressionsrate von Sic6a2 im adulten Skelett
fihrte zu einem erhdéhten Gesamt-NE-Gehalt im Femur. Das Skelett der 12 Wochen
alten Tiere zeigte hingegen eine hohe Expression von Sic6a2, was mit einer hohen
Wiederaufnahme in die Zellen und folglich mit einer verminderten extrazellularer
Gesamtkonzentration von NE im Knochen assoziiert war. Demnach ist davon
auszugehen, dass die altersabhangige Expression von Sic6a2 im Knochen die lokalen
NE-Spiegel reguliert und somit entscheidend den Einfluss von Adrb2 auf die

Knochenheilung moduliert.

NE induziert die Vegfa-Expression in Periostzellen durch den Adrb2-Signalweg

Da ein Mangel an Adrb2 bei ansonsten gesunden adulten Mausen eine mangelnde
Heilungsrate von Frakturen verursachte, kdnnte der Adrb2 ein wichtiger Regulator der
Knochenheilung sein. Immhunhistochemische Untersuchungen von unbehandelten WT-
Tieren zeigten, dass der Adrb2 sowohl in Osteoblasten als auch in Periostzellen des
Femurs exprimiert wird. Um eine mechanistische Erklarung fir die Rolle von Adrb2 bei
der Forderung der Knochenheilung zu finden, wurden beide Zelltypen in vitro kultiviert.
In Osteoblasten ergaben die Genexpressionsanalysen eine erhdhte Expression des
Adrb2 im Vergleich zu anderen adrenergen Rezeptoren in diesen Zellen. In Periostzellen
zeigte sich eine fruhe, hohe Expression des Adrb2, welche im Verlauf der
Zelldifferenzierung abnahm. Der betal-adrenerge (Adrb1) und auch der beta3-
adrenerge (Adrb3) Rezeptor =zeigten hier ein unspezifisches und geringes
Expressionsmuster. Die Behandlung der Zellen mit NE flihrte zu einer verringerten
extrazelluldaren Mineralisierung der Osteoblasten, wahrend die Osteogenese der
Periostzellen unbeeintrachtigt blieb. Gleichermalien zeigte die NE-Behandlung keinen
Einfluss auf Knochenbildungsmarker in den Periostzellen. Da das Periost den gesamten
Knochen umgibt und essenziell fur die Vaskularisation ist, wurde die Expression
neoangiogener Marker untersucht. Es wurde gezeigt, dass NE die Expression von Vegfa
und dem Hypoxie-induzierten Faktor 1-alpha (Hif1a) auf mRNA-Ebene in Periostzellen

aus WT-Tieren induzierte. Dies Ubersetzte sich auch in eine erhohte Konzentration von



Vegfa im Uberstand der Periostzellen. Ahnliche Effekte von NE zeigten sich auch in der
Behandlung von Osteoblasten, was darauf hindeutet, dass Adrb2 eine Induktion der

Vegfa- und Hif1a- Expression auch in anderen Zelltypen vermittelt.

Verstarkte NE-Adrb2-Signaliibertragung induziert die Typ-H-GefaRbildung
wahrend der Knochenheilung

Um die Rolle von Adrb2 in der Knochenheilung besser zu verstehen, wurden
immunhistochemische Farbungen mit einem Adrb2-spezifischen Antikdrper
durchgefuhrt. Hier zeigte sich, dass Adrb2 neben Osteoblasten priméar im Periost, der
Knochenhaut, auf Proteinebene exprimiert wird. Das Periost ist nicht nur intensiv mit
Nervenfasern innerviert, sondern tragt durch die Expression pro-angiogener Faktoren
wie beispielsweise dem Vegfa auch entscheidend zur Vaskularisierung des heilenden
Knochens bei. Daher wurde als nachstes die Vegfa-Expression im Skelett der adulten,
30 Wochen alten Tiere untersucht. Das intakte Skelett der Adrb2”- Mause zeigte keine
geanderte mRNA- und Proteinexpression von Vegfa. Dem Gegeniber wies das
extrahierte Kallusgewebe der Adrb2” Gruppe drei Tage nach Femurosteotomie eine
verringerte Vegfa-mRNA-Expression auf, welches an Tag 7 nicht mehr nachweisbar war.
Weitere Analysen zum gleichen Zeitpunkt ergaben eine verminderte Vegfa-
Konzentration im Serum der Adrb2” Mause. Diese Beobachtungen wurden durch
immunhistochemische Farbungen bestatigt, bei denen die Vegfa-Signalintensitat im
Kallusgewebe von Adrb2” Tieren deutlich reduziert war. Frilhere Studien belegen die
zentrale Bedeutung von Vegfa fir die Bildung von Typ-H-Gefalien, die die Osteogenese
an die Vaskularisation koppeln und durch die Koexpression von CD31 und Endomucin
definiert sind ', Um dies fiir die Frakturheilung zu analysieren, wurde der Kallus am
Ende der Vaskularisationsphase, am Tag 14 nach Femurosteotomie,
immunhistochemisch auf das Vorliegen der Typ-H-GefalRe untersucht. Hier zeigten
Adrb2” Mause eine Abnahme der Dichte an Typ-H-GefaRen um bis zu 50 % im Vergleich
zur WT-Gruppe. Zusammenfassend belegen diese Experimente, dass Adrb2 Uber die
Expression von Vegfa die Bildung von Typ-H-GefalRen im Kallus reguliert, was einen

entscheidenden Einfluss auf die Knochenheilung hat.

Die pharmakologische Modulation der Adrb2-Signaliibertragung steuert den
Knochenumbau im intakten Skelett

Um diese Ergebnisse auf ihre translationale und therapeutische Relevanz hin zu
uberprifen, wurde die pharmakologische Modulation des beta-adrenergen Systems in
adulten WT-Tieren untersucht. Hierzu wurden der nicht-selektive Antagonist Propranolol

(der sowohl Adrb1- als auch Adrb2-Rezeptoren blockiert) ', der Adrb1-selektive

|15 |16

Antagonist Atenolo und der Adrb1-selektive Agonist Formotero verwendet. Im

intakten Skelett der adulten Tiere flhrte die tagliche Injektion von Propranolol tber drei
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Wochen radiologisch zu einer Zunahme der trabekuléaren Knochenmasse in der
Wirbelsdule und im distalen Oberschenkelknochen, was mittels pCT-Scan
nachgewiesen wurde. Diese Ergebnisse wurden durch nicht-entkalkte Histologie der
Lendenwirbelsaule bestatigt, bei der das Knochenvolumen in der Propranolol-Gruppe
erhéht war. Die Behandlung mit Formoterol hingegen fiihrte zu einer verringerten Anzahl
von Trabekeln und einer erhohten Trabekelseparation, wobei keine der Behandlungen
Einfluss auf die Kortikalisdicke hatte. Dies wurde durch die Histologie der
Lendenwirbelsaule bestatigt, bei der das Knochenvolumen in der Formoterol-Gruppe
ebenfalls reduziert war. Der Adrb1-spezifische Antagonist Atenolol zeigte keinerlei

Wirkung auf die Knochenmasse des intakten Skeletts.

Die pharmakologische Modulation der Adrb2-Signaliibertragung steuert die
Frakturheilung durch Bildung von BlutgefaBen im Kallus

AnschlieRend wurden die Auswirkungen von Propranolol, Formoterol und Atenolol auf
die Knochenregeneration nach Femurosteotomie in adulten WT-M&usen untersucht. Im
Gegensatz zum intakten Skelett wurde mittels uCT-Scans festgestellt, dass die
systemische Behandlung mit Propranolol Gber drei Wochen die Bildung neuen Knochens
im Kallus reduzierte. Die systemische Behandlung mit Formoterol flihrte dagegen zu
verbesserten radiologischen Ergebnissen. Bei der Behandlung mit Atenolol konnten
keine Veranderungen bei der Knochenheilung beobachtet werden. Kryoschnitte des
Frakturspaltes zeigten, dass die Propranolol-Behandlung zu einer geringeren
Knochenbildung bei erhéhtem knorpeligem Anteil fihrte. Die Behandlung mit Formoterol
hingegen erhohte das mineralisierte Kallusvolumen. Auch die semiquantitative
Auswertung der knochernen Kallusuberbrickung zeigte eine hohe Rate an
Pseudarthrosen in der Propranolol-Gruppe, wohingegen eine verbesserte
Kallusuberbrickung bei Mausen mit Formoterol-Behandlung beobachtet wurde. Als
mogliche Erklarung fur diese skelettalen Auswirkungen wurde schlief3lich die Dichte der
Typ-H-GefalRe analysiert. Es konnte gezeigt werden, dass die Behandlung mit
Propranolol zu einer verringerten Ausbildung von Typ-H-GefaRen fuhrte. Die Formoterol-
Behandlung war mit einer Zunahme der Gefaf3dichte im Kallus assoziiert. Atenolol zeigte
hierbei keine Auswirkungen. Zusammenfassend zeigen diese Daten, dass ein
pharmakologischer Adrb2-Antagonismus die Frakturheilung verschlechtert, wohingegen

der Adrb2-Agonismus die Knochenregeneration verbessert.



1.3. Diskussion
Die vorliegenden Ergebnisse identifizieren erstmals eine entscheidende und
altersabhangige Rolle des SNS und Adrb2 in der Frakturheilung. Es wurde gezeigt, dass
trotz erhéhter Knochenmasse im nicht-frakturierten Skelett die Frakturheilung in adulten
Adrb2” Mausen erheblich verschlechtert ist. Mechanistisch wurde beobachtet, dass
Adrb2 die Expression von Vegfa im Periost induziert, was zu einer gesteigerten
Ausbildung osteogener Typ-H-GefalRe und einer verbesserten Kallusvaskularisation
fuhrt. Aus translationaler Perspektive resultierte die pharmakologische Hemmung von
Adrb2 in einer verschlechterten Knochenheilung, wahrend der Adrb2-Agonismus die

Knochenregeneration verbesserte.

Bislang gab es nur wenige Studien beziglich der Rolle des Adrb2-Signalweges in der
Knochenregeneration, die zudem widersprichliche Ergebnisse zur Funktion des SNS in
der Frakturheilung beschrieben. Dies erscheint Uberraschend, da das SNS malfigeblich
die Reaktionen des Korpers auf externen und internen Stress vermittelt. In diesem
Zusammenhang beschrieb eine vorherige Studie, dass die Behandlung mit dem Adrb2-
Antagonisten Propranolol die Frakturheilung bei Ratten nicht beeinflusst '. Uber das
Alter der Tiere wurde jedoch keine genaue Angabe gemacht. Eine andere Studie
berichtete nach der Behandlung mit Propranolol Uber eine bessere Knochenheilung an
einem unikortikalen Defekt in 12 Wochen jungen Ratten 8. Es wurde auch beschrieben,
dass die einmalige Injektion von Propranolol in 10 Wochen jungen Tieren die
Knochenheilung in einem Modell fiir chronischen, psychosozialen Stress verbesserte '°.
Als Erklarung wurde hierbei eine Veranderung der Immunzellfunktion gefunden. Eine
weitere Studie an 12 Wochen jungen Mausen berichtete dagegen Uber eine héhere
Kallusstabilitat in der spaten Phase der Knochenheilung nach dreiwdchiger Behandlung
mit Reboxetin, einem selektiven NE-Wiederaufnahme-Inhibitor %°. Auch die hier
vorliegenden Ergebnisse der jungen Mause mit niedrigem Sympathikotonus lieferten
keine klaren Erkenntnisse bezuglich der Rolle des Adrb2 in Knochenumbau oder
Knochenregeneration. Erst adulte Tiere im Alter von 30 Wochen zeigten einen
ausgepragten Phanotyp in Bezug auf Knochenumbau und Knochenheilung. Als Ursache
fir diesen altersabhangigen Einfluss von Adrb2 auf das Skelettsystem konnte ein
erhohter NE-Gehalt in den Knochen adulter Mause nachgewiesen werden, der, wie
bereits in anderen Studien beschrieben, durch eine verminderte lokale NE-

t 2!, Diese Erkenntnis konnte erklaren, wieso friihere Studien

Wiederaufnahme bedingt is
zur Rolle des SNS in der Frakturheilung an jingeren Tieren unschlissige oder
gegenlaufige Ergebnisse erbrachten. Diese Befunde stehen auch im Einklang mit einem
insgesamt erhdhten Sympathikotonus bei adulten Tieren, was nicht nur in Tiermodellen,

sondern auch beim Menschen nachgewiesen ist 2.
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Adulte Adrb2” Mause weisen im nicht-frakturierten Skelett eine gesteigerte
Knochenformation und eine verminderte Knochenresorption auf, wohingegen
paradoxerweise eine stark beeintrachtigte Knochenheilung und eine hohe Rate an
atrophen Pseudarthrosen beobachtet wird. Immunhistochemische Daten zeigten in vivo,
dass der Adrb2 nicht nur auf Osteoblasten, sondern auch auf Periostzellen exprimiert
wird. Als mechanistische Erklarung konnte in parallellaufenden in vitro Experimenten
gezeigt werden, dass NE die Matrixmineralisierung in Periostzellen nicht beeinflusste,
jedoch eine Adrb2-abhangige Induktion der pro-angiogenen Faktoren Vegfa und Hif1a
bewirkt. Beide Mediatoren regulieren die Bildung von Typ-H-BlutgefalRen, die fur die
Knochenneubildung wahrend der Frakturheilung unerlésslich sind 5. Der Kallus der
adulten Adrb2” Mause wies eine geringere Dichte an Typ-H-GefaRen auf, was darauf
hindeutet, dass die Interaktion von NE mit Adrb2 in Periostzellen ein entscheidender
Regulator der Kallusvaskularisation ist. Die Tatsache, dass Vegfa in nicht-frakturierten
Knochen von adulten Adrb2” Mausen nicht reduziert war, deutet darauf hin, dass eine
Verletzung fur die Aktivierung der Adrb2-abhangigen Induktion von Vegfa im Skelett
erforderlich ist. Klinisch fuhrt eine Schadigung des Periosts, welches unter anderem mit
einer hohen Dichte an Fasern des SNS innerviert wird, ebenfalls zu einer gestérten oder
verlangsamten Knochenheilung 2. AbschlieRend liefern die Daten der vorliegenden
Studie auch eine Erklarung fur die klinische Beobachtung, dass altere Frakturpatienten
eine niedrigere Rate an Pseudarthrosen aufweisen als junge Patienten mit geringerem

23-25

Sympathikotonus

Obwohl sich die vorliegende Studie in erster Linie auf die Rolle von Adrb2 im Periost
konzentrierte, konnte in parallellaufenden in vitro Experimenten die Adrb2-abhangige
Induktion von Vegfa auch in Osteoblasten nachgewiesen werden. Diese Daten deuten
darauf hin, dass die NE-induzierte Signaltransduktion zur Produktion von pro-
angiogenen Faktoren auch in anderen Zelltypen eine Rolle spielt. Bestatigt wird diese
Beobachtung durch verschiedene Studien, die diese positive Regulation der
Angiogenese in weiteren Geweben beschreiben. So ist zum Beispiel das infantile

% durch eine

Haemangiom, der haufigste benigne Weichteiltumor im Kindesalter
UberschieRende Proliferation an Kapillargefaen unklarer Atiologie gekennzeichnet. Als
Goldstandard in der Therapie wird derzeit die orale Behandlung mit Propranolol
eingesetzt, welches zu einer Abnahme der GefaRproliferation fihrt 27, In &hnlicher Weise
hat sich gezeigt, dass die adrenerge Signallibertragung tiber Adrb2 die Vegfa-abhangige
Tumorvaskularisation in diversen weiteren Tumorentitaten fordert 22-°°, NE induzierte
auch dosis- und zeitabhangig die Vegfa-Transkription in braunen Adipozyten, was
ebenfalls durch Propranolol reversibel war 32, Zusammengenommen zeigen diese

Beobachtungen, dass NE in der Lage ist, Vegfa in einer Vielzahl verschiedener Zelltypen
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zu induzieren, und im Falle der Knochenheilung zu einer allgemeinen Férderung der fir

die Osteogenese erforderlichen Typ-H-Gefalbildung fuhrt.

Der Einfluss von Adrb2 auf den Knochenumbau und die Knochenheilung wird nicht nur
im adulten Organismus mit physiologisch gesteigertem Sympathikotonus ersichtlich,
sondern zeigt sich auch bei Patienten mit einem Schadel-Hirn-Trauma (SHT). Betroffene
Patienten weisen posttraumatisch einen Anstieg des Sympathikotonus mit erhdhten

f 333 Nach SHT kommt es nicht nur zu einem

systemischen NE-Spiegeln au
Knochenmasseverlust im nicht-frakturierten Skelett, sondern paradoxerweise auch zu
einer deutlichen Verbesserung der Frakturheilung %3, In Kooperation mit der Charité
konnte in diesem Zusammenhang in parallellaufenden Experimenten gezeigt werden,
dass der Einfluss auf den Knochenumbau und die Knochenregeneration eines SHT
ebenfalls durch das SNS und den Adrb2 vermittelt wird. Mause mit einem experimentell
induzierten SHT demonstrierten eine verbesserte Frakturheilung, die durch eine
gesteigerte Expression von Vegfa und héhere Dichte an Typ-H-Gefalten im Kallus erklart
werden konnte. Darliber hinaus war die gesteigerte Frakturheilung nach SHT in Adrb2-
defizienten Mausen aufgehoben. Schlief3lich war auch der SHT-induzierte Verlust an
Knochenmasse im nicht-frakturierten Skelett in Adrb2-defizienten Mausen nicht mehr zu
beobachten. Zusammenfassend belegen diese Experimente, dass die Auswirkungen

eines SHT im frakturierten und nicht-frakturierten Skelett Gber Adrb2 vermittelt werden.

Die vorliegenden Daten identifizierten somit den Zelloberflachenrezeptor Adrb2 als
neuartiges Zielprotein fir die Regulation der Knochenheilung. Da es derzeit klinisch
keine pharmakologischen Optionen gibt, die die Knochenheilung zuverlassig verbessern
48 wurde die medikamentése Modulation von Adrb2 und deren Auswirkung auf die
Knochenregeneration untersucht. Zunachst wurden adulte WT-Mause mit dem
selektiven Adrb2-Agonisten Formoterol ab dem Zeitpunkt der Osteotomie behandelt. Die
systemische  Anwendung dieses Medikaments, das klinisch haufig als
Inhalationspraparat bei Asthma wund chronisch obstruktiver Lungenerkrankung
eingesetzt wird, forderte die Bildung von Typ-H-Gefalken und verbesserte die
Frakturheilung. Dies zeigt, dass pharmakologischer Adrb2-Agonismus, zumindest bei
Mausen, einen geeigneten Ansatz zur Stimulierung der Knochenregeneration darstellt.
Da die klinische Anwendung mittels Inhalation-Praparaten auch zu einem
nachweislichen Anstieg von Formoterol im Plasma bereits funf Minuten nach Applikation
fiihrt 3°, kénnten bereits retrospektive Studien wichtige Erkenntnisse zu einem mdglichen
Effekt auf die Knochenheilung und den Knochenumbau liefern. Ebenso kdnnte die
topische Applikation von Formoterol oder anderen Adrb2-Agonisten in den Frakturspalt,
z. B. durch kiinstliche Matrizen oder Scaffolds, eine geeignete Option zur Verbesserung

der Frakturheilung bei Patienten mit erhdhtem Pseudarthroserisiko darstellen.

12



Zuséatzlich deuten die erhobenen Daten auch darauf hin, dass eine Adrb2-Blockade zu
einer beeintrachtigten Frakturheilung fuhren kdnnte. Hier konnte beobachtet werden,
dass der nicht-selektive Betablocker Propranolol bei adulten Mausen eine verzdgerte
Frakturheilung verursacht, indem er die Neovaskularisation des Kallus beeintrachtigt.
Dies ist von hoher klinischer Relevanz, da die Haufigkeit altersbedingter Frakturen stetig
zunimmt 7 und fast jeder fiinfte Mensch im Alter von (ber 60 Jahren taglich Betablocker
einnimmt “°. Diese Ergebnisse werden durch eine kiirzlich durchgefiihrte, unabhéngige
Studie gestltzt, in der die Einnahme von Betablockern bei 253.266 Patienten nach
Kontrolle von Geschlecht, Alter und Komorbiditat mit einem um 13 % erhdhten Risiko
einer Pseudarthrose verbunden war *'. Es ist daher sinnvoll, die Auswirkungen dieser
Medikamentenklasse auf die Frakturheilung beim Menschen weiter zu untersuchen und
zu prufen, ob eine Unterbrechung der Betablocker-Therapie bei Frakturpatienten,

solange dies aus kardiovaskularer Sicht vertretbar ist, gerechtfertigt ist.

Die vorliegende Studie hat mehrere Einschrankungen. Zum einen wurde primar ein
globales Adrb2-Defizienzmodell verwendet. Obwohl dies die Gesamtschlussfolgerungen
nicht beeintrachtigt, sind fir den genauen Mechanismus Folgeexperimente an Mausen
mit konditionaler Deletion von Adrb2 in Periostzellen, Osteoblasten oder anderen
Zelltypen erforderlich. Zudem kénnten auf Grund der GruppengréfRen (n= 6- 9) subtile
Veranderungen von jungen Adrb2”- Mausen méglicherweise nicht erfasst worden sein.
SchlieBlich sollten prospektive klinische Studien durchgefiihrt werden, um
beispielsweise zu untersuchen, ob der Einsatz von Betablockern mit schlechteren
Ergebnissen bei der Knochenheilung verbunden ist. Die hier beschriebenen Daten an
frakturierten Mauseknochen und vorherige Beobachtungen anderer Wissenschaftler und
Wissenschaftlerinnen am nicht-frakturierten Knochen *>*3, deuten insgesamt darauf hin,
dass Adrb2 hauptsachlich die Wirkungen von NE auf das Skelett der Mause vermittelt.
Im Gegensatz dazu gibt es mittlerweile klinische Evidenz, dass in Menschen nicht Adrb2,
sondern primar Adrb1 an der Regulation des Knochenumbaus involviert ist 4. Obwohl
der Adrb1-Antagonist Atenolol in der vorliegenden Arbeit keinen Einfluss auf die
Frakturheilung bei adulten Mausen hatte, sind weitere Studien notwendig, um die Rolle
von Adrb1 und Adrb2 bei der Frakturheilung des Menschen zu differenzieren und

mogliche therapeutische Nutzen zu Gberprufen.
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BONE DISEASE

Increased B,-adrenergic signaling promotes fracture
healing through callus neovascularization in mice
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Traumatic brain injury (TBI) leads to skeletal changes, including bone loss in the unfractured skeleton, and para-
doxically accelerates healing of bone fractures; however, the mechanisms remain unclear. TBl is associated with a
hyperadrenergic state characterized by increased norepinephrine release. Here, we identified the f,-adrenergic
receptor (ADRB2) as a mediator of skeletal changes in response to increased norepinephrine. In a murine model of
femoral osteotomy combined with cortical impact brain injury, TBI was associated with ADRB2-dependent en-
hanced fracture healing compared with osteotomy alone. In the unfractured 12-week-old mouse skeleton, ADRB2
was required for TBl-induced decrease in bone formation and increased bone resorption. Adult 30-week-old mice
had higher bone concentrations of norepinephrine, and ADRB2 expression was associated with decreased bone
volume in the unfractured skeleton and better fracture healing in the injured skeleton. Norepinephrine stimulated
expression of vascular endothelial growth factor A and calcitonin gene-related peptide-o (xCGRP) in periosteal
cells through ADRB2, promoting formation of osteogenic type-H vessels in the fracture callus. Both ADRB2 and
aCGRP were required for the beneficial effect of TBI on bone repair. Adult mice deficient in ADRB2 without TBI
developed fracture nonunion despite high bone formation in uninjured bone. Blocking ADRB2 with propranolol
impaired fracture healing in mice, whereas the ADRB2 agonist formoterol promoted fracture healing by regulat-
ing callus neovascularization. A retrospective cohort analysis of 72 patients with long bone fractures indicated
improved callus formation in 36 patients treated with intravenous norepinephrine. These findings suggest that
ADRB2 is a potential therapeutic target for promoting bone healing.

INTRODUCTION

Bone remodeling and fracture healing are essential survival functions
that are evolutionarily conserved across a wide range of species. Be-
cause of increased life expectancy of the general population, we are
now faced with a high incidence of skeletal disorders, such as osteo-
porosis and age-related fractures (I, 2). Fractures treated according to
best practice are still associated with a 10 to 15% risk of bone failure to
heal, resulting in nonunion (3). Impaired fracture healing places a
heavy burden on patients, often requiring multiple revision surgeries
and predisposing them to further complications, resulting in pro-
longed immobilization, disability, or even death (4). Despite extensive
research over past decades, no pharmacologic agent is clinically avail-
able that reproducibly improves fracture healing and reduces the inci-
dence of fracture nonunion with an acceptable safety profile (5).
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Bone remodeling and regeneration are accomplished by the coor-
dinated activity of osteoblasts and osteoclasts, which are regulated not
only by local cytokines and growth factors but also by systemic hor-
mones and neurotransmitters (3). Fracture healing is also dependent
on the integrity and function of the periosteum, which circumferen-
tially covers the bone and promotes callus neovascularization with
osteogenic type-H vessels after bone injury (6). The sympathetic ner-
vous system and its major effector molecule, norepinephrine (NE),
have been identified as potent regulators of skeletal health through
inhibiting bone formation and promoting bone resorption (7, 8).

The clinical observation that traumatic brain injury (TBI) is as-
sociated with improved fracture healing is of paramount importance
from both a clinical and basic science perspective. Although TBI ul-
timately results in a reduction in bone density and bone quality of the
unfractured skeleton (9-11), regeneration of fractured bone is para-
doxically increased with TBI (12). A thorough pathophysiological
understanding of the underlying mechanism is still lacking (11, 12)
because trauma to the central nervous system results in multiple and
complex biological changes in the organism. TBI is clinically associ-
ated with endocrine abnormalities and a hyperadrenergic state with
elevated plasma catecholamine concentrations (13, 14). The latter is
thought to reflect a generalized stress response to trauma to restore
vital homeostasis in the face of TBI because activation of the sympa-
thetic nervous system results in increased secretion of catechol-
amines, including NE, to the periphery (15). In this context, NE is
elevated in a dose-dependent manner according to the severity of the
injury (16). In addition to a hyperadrenergic state, increased serum
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concentrations of neurotransmitters are present after TBI, some of
which are known to affect bone remodeling and fracture healing, in-
cluding calcitonin gene-related peptide (CGRP) (17-19). However,
the impact of CGRP on the skeletal manifestations in patients with
TBI remains unclear.

Using our previously reported mouse model combining femoral
fracture with standardized TBI (20), we show here that TBI affects
both systemic bone remodeling and fracture healing through the f,-
adrenergic receptor (ADRB2). After TBI in mice, increased NE con-
centrations reduce bone formation and promote bone resorption in
the unfractured skeleton in an ADRB2-dependent manner. During
bone fracture healing after TBI, increased NE-ADRB2 signaling in-
duces the expression of vascular endothelial growth factor A (VEG-
FA) in periosteal cells and osteoblasts, resulting in increased formation
of osteogenic type-H vessels and improved vascularization of the frac-
ture callus. Although ADRB2 plays only a minor role in bone healing
in otherwise healthy and young mice, it substantially promoted bone
regeneration in adult mice with physiologically increased sympa-
thetic tone.

RESULTS

Accelerated bone fracture healing after TBl is associated
with enhanced callus remodeling in mice

To delineate the impact of TBI on bone regeneration, we first used
our mouse model combining a controlled cortical TBI with a frac-
ture model of femoral osteotomy stabilized by an external fixator
(20). Consistent with our prior results, microcomputed tomography
(HCT) scanning showed increased bone and tissue volume of the
fracture callus of 12-week-old mice with combined TBI and fracture
14 days after injury (Fig. 1A). This finding was confirmed by Movat
Pentachrome histological staining on undecalcified callus sections,
where an increased mineralized callus area and cartilage area were
observed (Fig. 1B). Cellular histomorphometry showed an increase
in both osteoclast (Fig. 1C) and osteoblast parameters in the callus of
mice with TBI compared with fracture alone (Fig. 1D). Assessment
of the calcein-labeled area in the fracture callus demonstrated that
TBI increased the formation of newly formed bone in the fracture
gap (Fig. 1E).

TBI-induced high sympathetic tone is associated with

impaired bone formation in the unfractured skeleton

In 12-week-old mice, histological analysis of unfractured bone sec-
tions 14 days after TBI revealed decreased bone mass in the spine
compared with sham animals, which was accompanied by a reduc-
tion in trabecular thickness (Fig. 2A). Similar results were obtained
using pCT scanning of the lumbar spine, which also demonstrated a
reduced trabecular bone mass and trabecular thickness (fig. S1A).
Histomorphometric quantification of bone cells showed increased
osteoclast number and surface area (Fig. 2B), whereas osteoblast
number and surface area were decreased (Fig. 2C). In the midshaft
area of the femur, cortical thickness was unaltered by TBI (fig. S1B);
however, TBI led to decreased biomechanical stability as measured
using a three-point bending test (fig. S1C). In the distal femur, tra-
becular bone volume was also reduced, explained by reduced tra-
becular number and thickness (Fig. 2D). RNA sequencing (RNA-seq)
of the unfractured distal femur including the bone marrow revealed
decreased expression of genes encoding osteoblast markers 3 days
after TBI, including alkaline phosphatase (Alpl), osterix (Sp7), bone
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Fig. 1. TBlimproves fracture healing in mice through enhanced callus remodeling.
(A) Representative pCT images of the fractured femora 14 days after fracture only (Fx) or
combined injury (TBI + Fx) in 12-week-old WT mice, with quantification of bone volume
(BV) and tissue volume (TV) in the callus. Scale bar, 2 mm. (B) Representative callus sec-
tions of femora from the same mice stained with Movat Pentachrome (yellow, mineral-
ized bone; green, cartilage; red, bone marrow) and histomorphometric quantification of
bone area and cartilage area per total area. Scale bar, 500 um. (C) Quantification of osteo-
clast numbers per bone perimeter (OcN/BPm) and percent osteoclast surface per bone
surface (OcS/BS). (D) Quantification of osteoblast numbers per bone perimeter (ObN/
BPm) and percent osteoblast surface per bone surface (ObS/BS). (E) Representative fluo-
rescence images of calcein labeling (green) in the fracture gap indicative of newly
formed bone. Dotted white lines show the fracture ends. Scale bar, 300 pm. Quantifica-
tion of calcein-positive area per total area as a marker of bone formation in the callus. For
all panels, n = 6 mice per group, data are presented as box plots with median and 25th
and 75th quantiles, and whiskers indicate upper and lower extremes. Data were ana-
lyzed by Mann-Whitney U test (A and B) or two-tailed Student’s t test (C to E).

sialoprotein (Ibsp), bone gamma-carboxyglutamate protein (Bglap),
phosphate-regulating endopeptidase X-linked (Phex), and periostin
(Postn), whereas osteoclast markers were not affected (Fig. 2E). Sub-
sequent quantitative reverse transcription polymerase chain reaction
(qQRT-PCR) confirmed that TBI resulted in decreased expression
of osteoblast marker genes in the unfractured femur, whereas

20f16

15

$20z ‘L1 [Udy uo SIquiel YOYIONqIqSIORIISIOAIU[) PUN SJBRIS 18 SI0°90UI0S' MMM//: SNy WOl papeo[umo(]



SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

B

D

Fig. 2. TBI causes systemic bone loss in the unfractured mouse skeleton. (A) Von Kossa and Van Gieson staining of undecalcified vertebra sections (L3 and L4) was
performed 14 days after sham operation or TBI in 12-week-old WT mice. Static histomorphometry of BV/TV, trabecular number (TbN), and trabecular thickness (TbTh) was
performed. Scale bar, 500 pm. (B) Quantification of OcN/BPm and OcS/BS. (C) Quantification of ObN/BPm and ObS/BS. (D) Representative pCT images of the distal femora
of the same groups and quantification of structural parameters of bone volume, trabecular number, and trabecular thickness. Scale bar, 2 mm. (E) Volcano plot of the
RNA-seq results of the unflushed distal femora of mice 3 days after sham operation (n = 3 mice) or TBI (n = 4 mice). The x axis represents the relative gene expression
changes, and the y axis shows the adjusted P value transformed in —log;q scale. (F) Expression of Adrb2 measured by gRT-PCR in the distal femora of an independent set
of 12-week-old WT mice 3 days after TBI injury relative to sham controls. (G) Serum concentration of normetanephrine 3 days after surgery in the same mice. (H) NE con-
tent in the flushed femora of the same groups. In (A) to (D) and (F) to (H), n = 6 mice per group, data are presented as box plots with median and 25th and 75th quantiles,
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expression of osteoclast markers was not altered (fig. S1, D and E).
Together, these analyses indicated that TBI negatively affects bone
volume by decreasing bone formation and increasing bone resorp-
tion in the unfractured skeleton.

RNA-seq data also showed reduced expression of Adrb2 after TBI
(P = 0.037; adjusted P = 0.550). ADRB2 was previously identified to
inhibit bone formation by osteoblasts and stimulate osteoclastogene-
sis (21). ADRB2 is down-regulated upon overstimulation by its en-
dogenous ligand NE (22). The down-regulation of Adrb2 in the femur
of wild-type (WT) TBI mice was confirmed in an independent cohort
of WT mice with TBI by qRT-PCR (Fig. 2F). Subsequent measure-
ment of the stable NE metabolite normetanephrine showed elevated
serum concentrations of this metabolite 3 days after TBI (Fig. 2G).
Likewise, NE content in the femora of mice with TBI was increased,
supporting previous reports of a hyperadrenergic state in patients
with TBI (Fig. 2H) (23-28).

The skeletal effects of TBl on the unfractured and fractured
skeleton are abrogated in Adrb2~'~ mice

In the distal femur of untreated 12-week-old WT mice, immunohis-
tochemistry with an ADRB2-specific antibody showed strong signal
intensity in osteoblasts lining trabecular bone and intense staining
in the periosteum, which is a pivotal tissue for fracture repair
(Fig. 3A). Adrb2 gene expression in whole callus tissue was elevated
during the fracture healing process in WT mice after osteotomy,
which was supported by immunohistochemistry demonstrating in-
creasing ADRB2 signal intensity during fracture healing (Fig. 3, B
and C). To test the functional role of ADRB2, we next subjected
12-week-old Adrb2™'~ mice to TBI with or without a femoral oste-
otomy and assessed fracture healing and bone remodeling. In the
fractured skeleton of Adrb2™'~ mice, pCT scanning demonstrated
that TBI had no effect on bone healing in the absence of ADRB2
(Fig. 3D). This finding was confirmed in undecalcified callus sec-
tions of Adrb2™'~ mice stained with Movat Pentachrome, where no
alterations in mineralized bone or cartilage area in the callus were
observed after TBI in the absence of ADRB2 (Fig. 3E). Similar ob-
servations were made in the unfractured skeleton of mice with TBI
or sham operation only. In Adrb27'~ mice, bone volume and struc-
ture in the spine remained unaltered 14 days after TBI (Fig. 3, F and
G). Histologically, osteoclast and osteoblast parameters were also
unchanged in 12-week-old Adrb2™'~ mice with TBI compared with
sham controls (Fig. 3H). Likewise, no effect of TBI on bone architec-
ture was found in the spine or femora of Adrb2™'~ mice using pCT
scanning (fig. S2, A and B). The biomechanical stability of the un-
fractured femora was unaltered (fig. S2C), and Adrb2™'~ mice had
normal expression of osteoclast and osteoblast parameters in the
femoral midshaft (fig. S2, D and E).

Adult Adrb2~'~ mice display impaired bone healing

Whereas the inhibitory impact of ADRB2 on bone formation by os-
teoblasts and its pro-resorptive effect on osteoclasts are well estab-
lished (29), a beneficial role of ADRB2 in fracture repair has been
understudied. Thus, we next analyzed bone remodeling and repair in
12-week-old Adrb2™"~ mice. Undecalcified histology of the spine
showed no alteration in bone architecture or cellular remodeling in
Adrb2™"™ mice at this age (Fig. 4A). Likewise, pCT scanning of the
distal femur showed no differences between Adrb2™'~ mice and WT
littermates (fig. S3A). Healing outcomes 7, 14, and 21 days after oste-
otomy were not altered in Adrb2™'~ mice (Fig. 4, B to D, and fig. $3, B
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and C). In contrast, Adrb2™'~ mice at the age of 30 weeks (hereafter
referred to as adult) had increased trabecular bone mass in the spine,
which was explained by elevated indices of bone formation and re-
duced osteoclast parameters (Fig. 4E). Similar observations were
made in the distal femur, which displayed increased bone volume and
trabecular number (fig. S4A). Assessing fracture in 30-week-old adult
mice both radiologically and histologically, Adrb2~'~ mice exhibited a
higher cartilage area at day 7 and impaired callus mineralization and
maturation at 14 days after osteotomy (fig. S4, B and C). At 21 days
after osteotomy, ADRB2 deficiency resulted in insufficient bone for-
mation in the fracture callus, with excessive cartilage content and high
rates of fracture nonunion (Fig. 4, F to H). Tartrate-resistant acid
phosphatase (TRAP) activity staining showed a decrease in osteoclast
parameters in the callus of adult Adrb2™'~ mice 21 days after fracture
(Fig. 4I). Moreover, osteoblast numbers and osteoblast surface area
were also reduced in adult mutant animals, accompanied by a reduc-
tion in the formation of new bone as evidenced by visualization of
calcein incorporation into the healing bone at this time point (Fig. 4]).
The data suggest that in adult mice ADRB2 deficiency results in high
bone mass in the unfractured skeleton and impaired fracture healing.
Sympathetic tone and production of NE is known to progressively in-
crease with age (30). Serum normetanephrine concentrations did not
differ between young (12-week-old) and adult (30-week-old) WT
mice; however, the expression of Slc6a2, which mediates the reuptake
of NE into bone cells and thus controls extracellular NE concentra-
tions in the skeleton, was reduced in adult mice (fig. S5, A and B), in
line with previous reports (31). This lower gene expression in adult
bone was associated with an increased femur NE content compared
with 12-week-old young animals, suggesting enhanced adrenergic
signaling in the skeleton of adult animals (fig. S5C).

NE directly induces VEGFA expression in periosteal cells
through ADRB2

Deficiency of ADRB2 blunted the impact of TBI on bone regen-
eration and caused fracture nonunion in otherwise healthy adult
mice; thus, ADRB2 may be a regulator of bone healing in condi-
tions of increased adrenergic signaling. ADRB2 was expressed in
both osteoblasts and periosteal cells in the femur; therefore, we
next assessed Adrb2 expression in these two cell types in vitro. In
cultured osteoblasts from 12- to 14-week-old WT mice, Adrb2
was increased during in vitro osteogenic differentiation, whereas
there was comparably lower expression of p; and f3 adrenorecep-
tors (Adrbl and Adrb3, respectively) (Fig. 5A). Periosteal cells
showed a high expression of Adrb2 at early stages of differentia-
tion, which declined later during cell differentiation (Fig. 5B). In
contrast, Adrbl showed a nonspecific and low expression pattern
during periosteal cell differentiation, and Adrb3 was barely ex-
pressed in these cell cultures. Next, continuous supplementation
of osteogenic culture medium with NE resulted in a decreased
extracellular matrix mineralization in osteoblasts, whereas os-
teogenesis in periosteal cells was not affected (Fig. 5C). In line
with this finding, NE did not alter the expression of bone forma-
tion markers in periosteal cells, independent of whether perios-
teal cells were derived from calvariae or femur bones (Fig. 5D
and fig. S6A). Because the periosteum is required for bone vas-
cularization (32), a prerequisite for fracture healing, we next
monitored the expression of neo-angiogenic markers. We found
that NE robustly induced the expression of Vegfa and hypoxia-
inducible factor la (Hifla) in WT but not Adrb27'" periosteal
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Fig. 3. ADRB2 deficiency prevents the skeletal ef- - o B
fects of TBI on bone remodeling and regeneration. (eI BRI /»::/" JIECeCianbone Adrb2
(R) Representative immunohistochemistry for ADRB2 in Periosteum ,.—"'):’/ \ ~ 124
the trabecular and cortical bone of the distal femur of ¥ = "’,:':'IOsteobIasts 0037
12-week-old uninjured WT mice. Scale bar, 50 pm. -~ 10 -
(B) Gene expression analysis by qRT-PCR of Adrb2 in the 3
callus at the indicated time points after fracture in < 8
12-week-old WT mice. A.U., arbitrary copy number units 5
per housekeeping gene. (C) Representative ADRB2 im- § 64
munohistochemical staining of callus sections derived §
from 12-week-old WT mice at the indicated time points g 4
after osteotomy. Dotted white lines indicate the facture S
ends. Scale bar, 400 pm. (D) Representative uCT images © 2
of the fractured femora 21 days after fracture only (Fx) or
combined injury (TBI + Fx) in 12-week-old Adrb2™~
mice and quantification of callus BV and TV. Scale bar, 0- 3d 7d14d
3 mm. (E) Representative callus Movat Pentachrome
staining of Fx and TBI + Fx mice 21 days after surgery Bone area/
(yellow, mineralized bone; green, cartilage; red, bone D Fx E,_» Fx total area (%)
marrow) and histomorphometric quantification of S . 35
bone area per total area and cartilage area per total area J 28 @ g
in the same mice. Scale bar, 400 pm. (F) Von Kossa and IS 21
Van Gieson staining of undecalcified vertebra sections 3 14
(L3 and L4) 14 days after sham operation or TBI. Scale < 7
bar, 500 pm. (G) Static histomorphometry of BV/TV,
TbN, TbTh, and ThSp (12-week-old Adrb2™'~ mice). Fx TBI + Fx
(H) Quantification of OcN/BPm, OcS/BS, ObN/BPm, and .
ObS/BS in the same mice. For (A) to (H), n = 6 mice per ?&2}'29;3(523’
group, all numerical data are presented as box plots with 1.5 5 50
median and 25th and 75th quantiles, and whiskers indi- 4 40 E -
cate extremes. For (B), data were analyzed by one-way 10 @ g 3 30
ANOVA and Tukey’s post hoc test. For (D), (E), (G), and (H), 05 2 20
data were analyzed by two-tailed Student’s t test. ' 1 10
0.0 0 0
Fx TBI + Fx Fx TBI + Fx Fx TBI + Fx
F BVITV (%) 5 TON (mm™ 40~ ToTh(@Em) 0 TbSp (um)
Qé 4‘%5 30-%@ 3004 g5 =2
E ' ° 20 200-
» 2 1
) 14 10 100
Sham TBI 0 Sham TBI 0 Sham TBI Sham TBI
_OcN/BPm (mm~")g _ OcS/BS (%)  4q_ ObN/BPm (mm~"); ,  ObS/BS (%)
6 g 2.4 é
5 @ B é 207 % 1.8 @
= 4
104 1.2
24 0.6
Sham TBI Sham TBI Sham TBI Sham TBI

cells (Fig. 5E and fig. S6B). This effect was not only detectable at
the mRNA level but also translated into increased concentrations
of VEGFA in the supernatant of periosteal cells (Fig. 5F). NE also
induced the expression of Vegfa and Hifla in bone marrow-
derived osteoblasts, demonstrating that ADRB2 mediates Vegfa
and Hifla induction also in cell types other than periosteal cells
(fig. S6C).

Jahn et al,, Sci. Transl. Med. 16, eadk9129 (2024) 17 April 2024

Enhanced NE-ADRB2 signaling controls type-H vessel
formation during bone healing

To test the implications of these results in vivo, we next evaluated
VEGFA expression in unfractured and fractured femora of Adrb2™/~
mice at the age of 30 weeks. VEGFA mRNA and protein expression
was not altered in the unfractured bones from naive Adrb2~'~ mice
(fig. S7, A and B). However, gene expression analysis of extracted
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Fig. 4. ADRB2 plays an age-dependent role
in fracture healing. (A to D) Evaluation of
bone remodeling and bone regeneration in
12-week-old Adrb2*'* and Adrb2~~ mice. (A)
Von Kossa and Van Gieson staining of undecal-
cified vertebra sections (L3 and L4) and histo-
morphometry of BV/TV, OcN/BPm, and ObN/
BPm in uninjured mice (n = 6 mice per group).
Scale bar, 500 pm. (B) Representative pCT im-
ages of the fractured femora in 12-week-old
mice 21 days after fracture and quantification
of callus BV and TV (n = 9 mice per group).
Scale bar, 4 mm. (C) Representative callus sec-
tions stained with Movat Pentachrome in the
same mice and quantification of bone area
per total area and cartilage area per total area
(n = 9 mice per group). Scale bar, 500 pm. (D)
Semiquantitative evaluation of osseous callus
bridging in the same mice. (E to J) Evaluation
of bone remodeling and bone regeneration
in 30-week-old Adrb2*'* and Adrb2™'~ mice
(n = 6 mice per group). (E) Von Kossa and Van
Gieson staining of undecalcified vertebra sec-
tions (L3 and L4) and histomorphometry of
BV/TV, OcN/BPm, and ObN/BPm in uninjured
mice. Scale bar, 500 pm. (F) Representative pCT
images of the fractured femora in 30-week-old
adult mice of the indicated genotypes 21 days
after fracture and quantification of callus BV
andTV. Scale bar, 4 mm. (G) Representative cal-
lus sections stained with Movat Pentachrome
in the same mice and quantification of bone
area per total area and cartilage area per total
area. Scale bar, 500 pm. (H) Semiquantitative
evaluation of osseous callus bridging in the
same mice. () Representative TRAP-stained
(red) callus sections in 30-week-old mice of the
indicated genotypes and quantification of
OcN/BPm and OcS/BS. Scale bar, 400 pm. (J)
Representative fluorescent images of calcein
labeling (green) in the callus and quantifica-
tion of calcein-positive area per total area,
ObN/BPm, and ObS/BS in the same mice. Scale
bar, 300 pm. For (1) and (J), dotted white lines
show the fracture ends. All data are presented
as box plots with median and 25th and 75th
quantiles, and whiskers indicate extremes with
the exception of (D) and (H). Data were ana-
lyzed by two-tailed Student’s t test (A, E, G,
and |) or Mann-Whitney U test (B, C, F, and J).

whole callus tissue showed reduced Vegfa mRNA expression in
Adrb2™"~ mice compared with WT littermates during the very early
phase of bone regeneration, 3 days after surgery, but not at day 7
(Fig. 6A). This resulted in decreased serum VEGFA concentrations
during fracture healing 3 days after osteotomy (Fig. 6B). Immunohis-
tochemistry of undecalcified cryosections of the fracture callus at day

Jahn et al., Sci. Transl. Med. 16, eadk9129 (2024)
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3 confirmed reduced VEGFA expression in the callus of Adrb2™~ mice
(Fig. 6C and fig. S8A). In the callus of WT mice subjected to fracture
and TBI, we observed increased expression of Vegfa in the fracture cal-
lus also on day 3, but not on day 7 after surgery (Fig. 6D), correlating
with elevated serum concentrations of VEGFA at the same time
point (Fig. 6E). This was further supported by immunohistochemical
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Fig. 5. NE-ADRB2 signaling induces VEGFA ex-

>

Adrb1 Adrb2 Adrb3 Alpl
pression in periosteal cells. (A) Expression of 1.8 1.8 1.8 200 7 P=0001
Adrb1, Adrb2, Adrb3, and control osteoblast marker 3 p=0001 —_ = 0001
alkaline phosphatase (Alpl) in cultured murine = 12 3:;1 ) S 3 12 < 1507 oo
bone marrow-derived osteoblasts during osteo- E’ ’ &5 - i s s — @
genic differentiation in vitro as determined by qRT- '3 . @ P=0015 g 2 @ 100 @ j
PCR. (B) Expression of Adrb1, Adrb2, Adrb3, and q‘é_o_s_ ) %0.6— § 0.6 P0013 §- P=0001
control periosteal cell marker periostin (Postn) in ; P=0001 ] é § $ 50 o
= c
murine primary periosteal cells at the indicated ~ § T 3 = % 8 P00 8
i i i iation in vitro. - 0.0 = L 0.0 0.0 e 0
tlmepo.lnts.ofdlffere‘ntlatl.on in vitro. (C) Represen 0d7d12d17d22d 0d7d12d17d22d 0d7d12d17d22d 0d7d12d17d22d
tative alizarin red-stained images of bone marrow—
derlve.d ost'eoblasts or primary perllostfeal ce.IIs a.nd B Adrb1 Adrb2 Adrb3 Postn
quantification of extracellular matrix mineralization 0.6 0.6 P=0001 0.6 24
. . . . . P=0.004
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with or without NE. (D and E) Expression of the indi- < < Po001 < < 18- g
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periosteal cells derived from femur at day 15 of o ﬁ 2 § 124 —— =
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) ) 3 0.2 5 024 g3 Q 3 0.2- S @
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staining with a VEGFA-specific antibody, demonstrating a higher sig-  periosteal cells, exposure to NE increased aCgrp gene expression and g,
nal intensity in the callus of TBI mice compared with sham controls ~ CGRP protein content in culture supernatants (Fig. 7, A and B, and 5
(Fig. 6F and fig. S8B). VEGFA is pivotal to the formation of type-H fig. S10, A and B). In vivo, aCgrp mRNA expression in the fracture S
vessels, which are characterized by the coexpression of CD31 and en-  callus was increased after TBI in the early healing phase and associ- 2

domucin in regenerating bone (33, 34). Therefore, we next studied
type-H vessel formation at the end of the vascularization stage in frac-
ture healing, corresponding to 14 days after osteotomy in mice. Here,
Adrb2™'~ mice showed more than a 50% reduction in the formation of
type-H vessels in the callus at this time point (Fig. 6, G and H, and
fig. S9A). In contrast, increased formation of type-H vessels was de-
tected in the fracture callus of WT mice with a concomitant TBI at the
same healing stage (Fig. 6, I and ], and fig. S9B).

NE-induced overexpression of VEGFA depends on the
neuropeptide aCGRP

Previous studies demonstrated that VEGFA expression during bone
regeneration is promoted by aCGRP, a vasoactive neuropeptide also
essential for an adequate fracture healing process (35, 36). In cultured
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ated with increased serum CGRP concentration 3 and 7 days after
TBI in 12-week-old WT mice (Fig. 7, C and D). Similarly, serum
CGRP concentration increased during fracture healing in WT mice;
however, it remained unaltered in Adrb2™'~ mice (Fig. 7E). These
findings were confirmed locally in the fracture gap, where a reduced
signal intensity of CGRP immunofluorescence was observed in
Adrb2™"™ mice 7 days after osteotomy, whereas the opposite was ob-
served in mice with fracture and concomitant TBI (Fig. 7F). CGRP
potentiated the stimulatory effect of NE on Vegfa expression in cul-
tured WT periosteal cells (Fig. 7G). The CGRP receptor antagonist
olcegepant (BIBN4096) inhibited the stimulatory effect of NE on
Vegfa expression (Fig. 7H). Likewise, NE failed to induce Vegfa and
Hifla expression in periosteal cells lacking a«CGRP (Fig. 7I and
fig. S10C). Similar observations were made in bone marrow-derived
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Fig. 6. NE-ADRB2 signaling controls VEGFA ex- A Vegfa B VEGFA (pg/ml) C Fluorescence
pression and type-H vessel formation in vivo. - 3.5+ 30+ e 0002 . (A.U.)

(A) Gene expression analysis by gRT-PCR of Vegfain 5 =002 — & 750+

the callus 3 and 7 days after osteotomy in 30-week- < 2891 — % 0043
old mice of the indicated genotypes. (B) Serum ,g 21 201 é <

VEGFA concentrations in the same mice and un-  § 500-]

treated controls at the indicated time points. (C) Rep- § 1.4 % E

resentative immunohistochemical staining for ; 10+ é i
VEGFA (red) in the fracture callus of 30-week-old ~ & 0.7 250+

mice of the indicated genotypes 7 days after osteo- i

tomy, and quantification of signal intensity in the re- 0.0 3q - 0 < 34 74

gion of interest (ROI). Scale bar, 300 pm. (D) Gene 1 Adrb2+* B A2~ [ Adrb2+* £=1 Adrb2~/— OC_IWJr
expression analysis by qRT-PCR of Vegfa in the callus mm Adrb2—-

3 and 7 days after osteotomy in 12-week-old WT
mice with or without TBI in comparison with unfrac-

tured femoral midshafts in sham mice. (E) Serum D 4 Vegfa E VEGFA (pg/ml) Fluorescence
VEGFA contentin the same miceand sham-operated 59 P=0003 50 - 1500 (AU)
controls at the indicated time points. (F) Representa- 3 36 0033 40 _
L . . - . < ©-07 _ b P=0.004
tive immunohistochemical staining for VEGFA in the = — 12004  P=0001
fracture callus of 12-week-old WT mice 7 days after .2 2.7- 304 =
osteotomy with or without TBI and quantification @ 900+
of signal intensity in the ROI. Scale bar, 300 pm. %1-8- 20 600
(G) Quantification of type-H vessel density and o = x %

o . oY A 200- & 10 el i
(H) representative immunohistochemical staining & @é + 300
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30-week-old mice of the indicated genotypes ’ 3d 7d 34 74 0 -
14 days after osteotomy. Scale bar, 400 um. () Quan- [1Sham [CFx EOTBI+Fx [CJSham [CJFx EXITBI + Fx E "I:')I;I +Ex

tification of type-H vessel density and (J) repre-
sentative immunohistochemical costaining in the
fracture callus of 12-week-old WT mice 14 days after
osteotomy with or without TBI. Scale bar, 400 pm.
In (C), (F), (H), and (J), dotted white lines show the
fracture ends. (A and D) A.U,, arbitrary copy num-
ber units per housekeeping gene. (Cand F) A.U,, ar-
bitrary fluorescence units. For (A)and (C)to J)n=6
and for (B) n = 6 to 9 mice per group and time point
as indicated by the individual data points. Numeri-
cal data are presented as box plots with median and
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osteoblasts. NE-induced Vegfa and Hifla expression was blunted in
osteoblasts derived from aCgrp™~ mice (fig. S10D). Last, to test the
functional relevance of these observations in vivo, aCgrp™~ mice
were subjected to TBI. Like Adrb2™'~ mice, aCgrp ™'~ animals did not
have enhanced fracture healing with TBI as evidenced by radiological
and histological outcomes (Fig. 7, ] and K).

Pharmacological modulation of ADRB2 signaling controls
type-H vessel formation and healing in regenerating bone
To test our findings for therapeutic relevance, we next used the non-
selective ADRB2 antagonist propranolol (which blocks both §; and

Jahn et al,, Sci. Transl. Med. 16, eadk9129 (2024) 17 April 2024

B, adrenoreceptors) (37), the selective f;-adrenoreceptor antagonist
atenolol (38), and the selective ADRB2 agonist formoterol (used as
an inhaled agent in asthma or chronic obstructive pulmonary dis-
ease) (39). We first measured the effects of these drugs on the unfrac-
tured skeleton in naive mice without osteotomy. Daily injections of
propranolol for 3 weeks increased trabecular bone mass in spine and
distal femur as evidenced by pCT scanning (fig. S11, A and B).
Whereas the B;-specific antagonist atenolol had no effect, formoterol
treatment resulted in decreased trabecular numbers and increased
trabecular separation; none of the treatments affected cortical thick-
ness (fig. S11C). These findings were also confirmed by undecalcified
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Fig. 7. Induction of Vegfa by NE depends on A oCgrp B CGRP Cc aCgrp D CGRP
aCGRP. (A) Gene expression of aCgrp by gRT-PCR 84 12+ 25+ 324
— _ —~ P=0.001 =
in WT periosteal cells derived from femur after 5 P=0022 P=0001 > 20 =000t 0001
stimulation with NE for 6 hours and (B) CGRP pro- < 6 < P=0006 244  P=0 P
- c
tein concentrations in the supernatant of the same .§ 8 : 2 154 P=0030 £ P=0.040
- ! 4
cultures measured by ELISA. (C) Gene expression @ 4 % % § o \E 16 P= 0049i
of aCgrp in the fracture callus of 12-week-old WT % <4 % 109 p-o0ss — ; é E
mice wiFh fracture alone or TBI and fracture com- % 24 % 5 % %@ 8 i
pared with unfractured femoral bone (Sham) and 5 o ==]
(D) CGRP concentrations in the serum of the same 0 c 0 Ja— 0 0
X . . trl NE tri 3d 7d 3d 7d
mice. (E) CGRP concentrations in the serum of I Sham I Fx BB TBI + Fx [ Sham £ Fx BB TBI + Fx
30-week-old mice of the indicated genotypes with
or without fracture (Fx). (F) Representative immu-  E F Fluorescen
nohistochemical staining for CGRP in the fracture 50 CGRP ! ¢ uo(;sl(jx; ce
P=0.018 R
callus of 30-week-old mice of the indicated geno- p 0012 — % 900~
types with a femoral osteotomy fracture model 40 _ 3 p=0010
with or without TBI and quantification of signal in- P=0.001
tensity inthe ROI 7 days after surgery. AU, arbitrary ~ _ 30 6004 7= 00325
fluorescence units. Dotted white lines show the %
fracture ends. Scale bar, 100 um. (G) Gene expres- =204 i
sion analysis by qRT-PCR of Vegfa in WT periosteal % 300+
cells stimulated with NE, CGRP, or both for 6 hours. 10 4
(H) Gene expression of Vegfa in WT periosteal cells 0
stimulated with-NE with or without the CGRP re- 0 33 1 Adrb2** Fx
ceptor antagonist olcegepant (BIBN) for 6 hours. Ctrl 3d 7d 3 == Adrb2~" Fx
(I) Gene expression of Vegfa and Hifla in aCgrp™~ Days after Fx < =1 Adrb2*/* TBI + Fx
periosteal cells stimulated with NE for 6 hours. C Adrb2¥+ 3 Adrb2—- DAPI CGRP
(J) Representative pCT images of the fractured .
) L ) G Vegfa H Vegfa | Vegfa Hif1a
femora in 12-week-old aCgrp™™ mice with or with- ™~ 150 — &0 — 20 ~ 200
out TBI 21 days after fracture and radiological 3 P=0.001 =) P=0001 = =)
quantification of callus BV and TV. Scale bar, 4 mm. 5:/ 120 P=0001 5’::/ P=0001 5:« 15 5:/ 150
(K) Representative callus sections stained with .S g P=0.001 2 404 p=o00i 2 2
Movat Pentachrome and histomorphometric quan- & P=0002 8 ? 8 10 & 100
- ) g 60 P=0001 I s s
tification of bone area per total area and cartilage X = % 20 i 5 s 5 50
area per total area of the fracture callus in the o 30 = o = o o
same mice. Scale bar, 500 pm. (A, C, and G to I) ] 0 ] 0 8 ] 0
JCtd  CE3NE ICtl E3NE Ctrl NE Ctrl NE

A.U,, arbitrary copy number units per housekeeping
gene. For (A), (B), and (G) to (I), n = 6 independent
cultures per group. For (C) to (F), (J), and (K), n =6
mice per group and time point. Data are presented J
as box plots with median and 25th and 75th quan-
tiles, and whiskers indicate extremes. Data were
analyzed by two-tailed Student’s t test (A, B, E, J, and
K), Mann-Whitney U test (I), or one-way ANOVA fol-
lowed by Tukey’s post hoc test (C, D, and F to H).

WT periosteal cells

histology of lumbar spine, where bone volume was increased in the
propranolol group and reduced in the formoterol group (fig. S12).
Thereafter, we assessed the impact of propranolol, atenolol, and for-
moterol on fracture healing in adult mice. Using pCT scanning, we
found that systemic propranolol treatment for 3 weeks impaired the
formation of new bone in the callus, whereas systemic formoterol
application resulted in improved radiological outcomes (Fig. 8A). In
the case of atenolol treatment, no alterations in bone healing were
observed. The same findings were made in undecalcified cryosec-
tions of the fracture callus, where propranolol treatment resulted in a
reduction of newly formed bone, formoterol increased mineralized
callus volume, and atenolol had no effect (Fig. 8B). Assessment of
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osseous callus bridging further demonstrated a high rate of fracture
nonunion in mice treated with propranolol and improved fracture
union in mice receiving formoterol (Fig. 8C). A decreased density of
type-H vessels was detected in mice treated with propranolol, where-
as the opposite effect was observed in the case of formoterol treat-
ment (Fig. 8D and fig. S13). From a clinical perspective, we performed
a retrospective cohort analysis of 72 polytraumatized patients with
long bone shaft fractures (humerus, femur, or tibia), with 36 patients in
the cohort receiving intravenous NE treatment for cardiovascular sup-
port. Patients with TBI or spinal cord injury were excluded because of
a confounding effect on fracture healing. As controls, we assessed oth-
erwise healthy patients with a corresponding long bone fracture only
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Fig. 8. ADRB2 agonism and antagonism modulate fracture healing. (A) Representative uCT images of the fractured femora in 30-week-old WT mice treated with daily
intraperitoneal injections of vehicle, the p1/p, antagonist propranolol, the p;-specific antagonist atenolol, or the p,-specific agonist formoterol during the entire study
period (21 days) and quantification of callus BV, TV, and BS in the callus. Scale bar, 5 mm. (B) Representative callus sections in the same mice and quantification of bone
area per total area and cartilage area per total area. Scale bar, 500 pm. (C) Semiquantitative evaluation of osseous callus bridging in the same mice. (D) Representative
immunohistochemical staining for CD31 and endomucin in the fracture callus 14 days after osteotomy in the indicated treatment groups and quantification of type-H
vessel density. Dotted white lines show the fracture ends; scale bar, 200 pm. (E) Representative radiographs of tibial fractures from patients with or without systemic NE
treatment immediately postoperatively and 6 months (6 m) after intramedullary nailing and quantification of relative callus diameter in anterior-posterior and sagittal
plane of the healed fractures (n = 36 patients per group). Scale bar, 15 mm. For (A) to (D), n = 6 mice per group and time point. (A), (B), (D), and (E) are presented as box
plots with median and 25th and 75th quantiles, and whiskers indicate extremes. Data in (A), (B), and (D) were analyzed by one-way ANOVA followed by Tukey’s post hoc
test. Data in (E) were analyzed by Mann-Whitney U test because of nonparametric distribution.
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(table S1). All patients received intramedullary nailing of the shaft
fractures, and callus size was measured 6 months after surgery by two
blinded investigators. Fracture patients who had received systemic NE
treatment showed an increase in relative callus diameter in both the
anterior-posterior and the sagittal planes (Fig. 8E).

DISCUSSION

In the search for approaches to pharmacologically improve bone heal-
ing and prevent fracture nonunion, we investigated the clinical phe-
nomenon that TBI improves fracture healing but induces bone loss in
the uninjured skeleton (12). Our data show that increased NE-ADRB2
signaling mediated TBI-induced bone remodeling and regeneration
in mice. Furthermore, we demonstrate that ADRB2 plays an age-
dependent and pharmacologically targetable role in fracture healing
by promoting callus neovascularization under conditions of increased
NE and enhanced sympathetic tone.

The clinical observation that TBI accelerates bone healing may
hold the key to developing treatment approaches to improve fracture
healing (12). This is particularly important because, unlike osteopo-
rosis where antiresorptive and osteoanabolic agents are readily avail-
able, there are no pharmacologic options that reliably improve bone
healing and prevent bone nonunion (4, 6). Intermittent injections of
teriparatide, a fragment of human parathyroid hormone that pro-
motes bone formation, have shown promising results in animal
models, but compelling clinical studies supporting these observa-
tions are lacking (40). In addition, although topical application of
bone morphogenetic proteins can potently stimulate osteogenesis
and thus bone repair, their use is limited by serious adverse effects,
including inflammatory tissue swelling with compression of nerve
structures, ectopic bone formation, excessive osteolysis, and wound
healing complications (41).

Callus is a very heterogeneous tissue consisting of a dynamically
changing composition of many different cell types during overlapping
healing stages; thus, attempts to decipher the molecular signature of
bone regeneration after TBI have been largely inconclusive. We took
advantage of the fact that TBI also affects bone remodeling in unfrac-
tured bone, which is much more homogeneous in tissue composition
compared with callus. Unbiased RNA-seq not only showed reduced
expression of osteoblast markers after TBI but also revealed sup-
pressed expression of Adrb2 in unfractured bone. ADRB2 is a G pro-
tein—coupled cell surface receptor that is down-regulated at the
mRNA level upon stimulation with endogenous ligands (22), includ-
ing NE, suggesting a hyperadrenergic state during TBI. In this regard,
previous seminal work identified ADRB2, one of the major receptors
for NE, as an essential regulator of both osteoclast and osteoblast
function in mice (7, 29, 42). Stimulation of ADRB2 by NE inhibits
osteoblast proliferation and bone formation (43). In addition, activa-
tion of ADRB2 in osteoblasts results in increased bone resorption
through induction of RANKL, the master regulator of osteoclastogen-
esis (44). In our study, these previously described effects of NE-
ADRB? signaling were mirrored in the unfractured skeleton of mice
with TBI. Mechanistically, the TBI-induced skeletal changes were
abolished in Adrb2™~ mice, providing genetic evidence that, in the
unfractured bone, TBI leads to the deterioration of bone remodeling
through ADRB2.

In terms of fracture healing, the beneficial effect of TBI on bone
regeneration was also absent in mice lacking ADRB2. This was unex-
pected because previous studies have reported inconsistent results
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regarding the role of p-adrenergic signaling in bone repair. Minkowitz
et al. (45) reported that propranolol improved fracture union of bone
defects filled with demineralized bone matrix powder in young rats.
This was not confirmed in an independent study, in which proprano-
lol failed to alter fracture healing in rats of an unreported age (46).
Another study showed that local, but not systemic, inhibition of -
adrenergic signaling stimulated the healing of bone defects in rats of
an unspecified age (47). Last, a more recent study suggested that a
single preoperative injection of propranolol improved bone healing in
a model of chronic psychosocial stress by modulating immune cell
function in young mice (48).

Despite minor alterations in the early stages of bone healing ob-
served only histologically but not radiographically, we reported nor-
mal bone regeneration in young Adrb2™'~ mice 21 days after osteotomy.
In contrast, adult Adrb2™'~ mice exhibited impaired bone healing and
a high rate of fracture nonunion. We detected increased NE content in
the bones of adult mice, confirming previous studies demonstrating
low local NE reuptake in cortical bone and consequently enhanced NE
signaling (31). These findings are also consistent with an overall in-
creased sympathetic tone in aged animals, which is well established not
only in animal models but also in humans (30). Although of minor
importance to bone repair in young and otherwise healthy mice,
ADRB?2 controls fracture healing under conditions of increased sym-
pathetic tone, including TBI and aging.

Increased p-adrenergic signaling after TBI was also observed in
another recent study, in which NE signaling was reported to shape
the anti-inflammatory environment in the bone marrow through ex-
pansion of M2 macrophages (49). However, it remained unclear
whether and how the described immunomodulatory effects of TBI
translated into improved bone healing and affected the unfractured
skeleton. Our data demonstrate that ADRB2 mediates TBI-induced
bone loss in the unfractured mouse skeleton through the established
role of ADRB2 as a direct inhibitor of osteoblastic bone formation
and a promoter of osteoclastic bone resorption (8). Because this did
not provide an explanation for the role of ADRB2 in promoting bone
healing observed in both mice with TBI and otherwise healthy adult
animals, we monitored the effects of NE on periosteal cells and
showed high expression of ADRB?2 in cortical bone in vivo. Whereas
NE did not affect matrix mineralization in periosteal cells, it caused a
direct ADRB2-dependent induction of the angiogenic factors Vegfa
and Hifla. Both mediators regulate the formation of type-H blood
vessels, which are essential for new bone formation during fracture
healing (33, 34). Consequently, the callus of mice with TBI showed
an increased density of type-H vessels, and adult Adrb2™'~ mice ex-
hibited the opposite vascular phenotype, suggesting that enhanced
NE-ADRB2 signaling is a critical regulator of callus vascularization.
That VEGFA was not reduced in unfractured bones from naive adult
Adrb2™'™ mice further implies that physical disruption or an inflam-
matory response after bone injury is required for activation of
ADRB2-dependent up-regulation of VEGFA in the skeleton.

The importance of callus vascularization in bone regeneration is
best illustrated by several clinical studies demonstrating that vascular
disease is a major risk factor for fracture nonunion (33, 50). Similarly,
damage to the periosteum, whose integrity is a prerequisite for suffi-
cient callus vascularization, impairs bone healing (5I). The neuro-
peptide «CGRP, which signals through the G protein-coupled
calcitonin receptor-like receptor, is known to be highly expressed in
the periosteum and essential for adequate fracture healing (36). Given
that a previous study described a CGRP-dependent induction of
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Vegfa expression during bone healing, we also tested the functional
role of *CGRP in the stimulatory effect of NE on VEGFA expression
(35). Like VEGFA, aCGRP was induced by NE in periosteal cells, and
aCgrp~'~ mice showed no improved bone healing after TBI. Given
that Vegfa induction by NE was blunted by the CGRP receptor an-
tagonist olcegepant (BIBN4096), these observations suggest an auto-
crine mechanism by which CGRP modulates the stimulatory effect of
NE on VEGFA expression. Although our study focused primarily on
periosteal cells, we also found that NE-ADRB2 signaling increased
Vegfa expression in osteoblasts. Thus, it is likely that increased NE
signaling induces the production of angiogenic factors not only in
periosteal cells but also in other cell types during bone repair, because
ADRB?2 has been repeatedly shown to be a positive regulator of angio-
genesis in many organ systems (52). For example, NE dose- and time-
dependently induces Vegfa transcription in brown adipocytes, which
is reversible by the B-blocker propranolol (53, 54). Similarly, adrener-
gic signaling through ADRB2 has been shown to promote VEGFA-
dependent tumor vascularization in prostate, skin, and breast cancer
cells (55-57). Together, these observations demonstrate that NE is
capable of inducing VEGFA in a variety of different cell types and, in
the case of bone healing, results in an overall promotion of type-H
vessel formation required for osteogenesis.

From a translational perspective, we conducted a retrospective
analysis of a cohort of patients with long bone fractures treated with
intravenous NE. These patients received systemic NE for cardiovascu-
lar support after polytrauma with life-threatening injuries, which
typically worsen fracture healing outcomes (58). The association of
systemic NE treatment with increased bone callus formation 6 months
after injury in this cohort provides suggestive evidence in support of
our findings in mice, but there were a number of potential confound-
ers in this clinical study, including comorbidities and injury scores.
We treated adult WT mice with the selective ADRB2 agonist for-
moterol after inducing osteotomy. Systemic application of this drug,
which is widely used clinically as an inhaled agent for asthma and
chronic obstructive pulmonary disease, promoted type-H vessel for-
mation and improved fracture healing, demonstrating that pharma-
cological ADRB2 agonism is a suitable approach to stimulate bone
regeneration, at least in mice. Although these data identify the cell
surface receptor ADRB2 as a promising target for promoting bone
healing, they also suggest that its blockade may result in impaired
fracture healing. Our observation that the nonselective f-blocker pro-
pranolol caused delayed fracture healing in adult mice is supported by
the Steffenson et al. (59) study reporting a moderate association of -
blocker exposure with nonunion in 253,266 fracture cases. Given
these findings and recent demographic trends, with >22% of people
aged 60 years or older taking -blockers (60), it is reasonable to exam-
ine the impact of this class of drugs on fracture nonunion in humans
in more depth. Our data in fractured bone in mice and previous ob-
servations by the Karsenty group and others in unfractured bone sug-
gest that ADRB2 mediates most of the effects of NE in mice (29, 44).
There is also clinical evidence supporting a predominant role for
ADRBI in the human skeleton (61). The ADRBI1 antagonist atenolol
did not affect fracture healing in our mouse study, suggesting poten-
tially distinct roles for ADRBI and ADRB2 in fracture healing.

Our study has several limitations, and further steps are needed to
translate our findings into clinical practice. First, in accordance with
the 3R principles (replace, reduce, refine), we used group sizes of
n = 6 to 9 for the animal experiments. Therefore, subtle phenotypic
changes, for example, in the bone and healing phenotypes of young
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Adrb2™!~ mice, might not have been measurable because of the lim-
ited sample size. Second, we relied on a global ADRB2 deficiency
mouse model. Although this does not affect the overall conclusions
of this study, follow-up experiments in mice with conditional dele-
tion of Adrb2 in periosteal cells, osteoblasts, or other cell types are
warranted to identify the precise cellular mechanism by which
ADRB?2 signaling affects neovascularization and fracture callus heal-
ing. Similarly, systemic application of formoterol is not an ideal ap-
proach to augment bone repair in humans because of potential
cardiovascular adverse effects. Therefore, the development of techni-
cal means to locally activate ADRB2 in the event of a fracture, for
example, by controlled drug release scaffolds or systemic ADRB2
agonists conjugated to specific targets expressed in regenerating
bone, is required. Last, prospective clinical trials are warranted to ex-
amine whether p-blockers are suitable to prevent bone loss after TBI
and whether their use is associated with impaired outcomes in bone
healing. A National Institutes of Health (NIH)-funded randomized
controlled trial is currently investigating the effect of B-blockers in
the prevention of osteoporosis (62).

In summary, we have clarified the mechanism underlying the neg-
ative impact of TBI on intact bone, revealing that increased ADRB2
signaling after TBI has an inhibitory effect on bone formation. More-
over, our results unexpectedly identified an important function of
ADRB? signaling in the injured mouse skeleton. We show that under
conditions of enhanced sympathetic tone due to increased NE release,
such as in TBI or, most commonly, as a physiological adaptation in the
aging organism (30), ADRB2 signaling is an essential stimulus for
bone healing. It is currently still unclear whether nonunion differs
with age in humans (63), and some studies have even reported lower
rates of fracture nonunion in healthy elderly patients compared with
young patients with lower sympathetic tone (64-66). Further studies
are warranted to examine the potential clinical implications of our
findings regarding improved fracture healing in mice with TBI.

MATERIALS AND METHODS

Study design

The aim of this study was to investigate the effects of TBI on fracture
healing and bone metabolism in mice. To dissect functional pathways
including the roles of ADRB2 and aCGRP, we used mice that were
subjected to genetic or pharmacological modification. Genetically
modified models included mice with a global deletion of Adrb2 or
aCgrp, respectively. For pharmacologic proof-of-principle experi-
ments, WT mice were systemically treated with the ADRB1/2 antago-
nist propranolol, the ADRBI-specific antagonist atenolol, or the
ADRB2-specific agonist formoterol. Bone volume per tissue volume
(for uninjured bone) and bone volume (for injured bone) was mea-
sured by pCT and was used as the primary end point; secondary end
points were prospectively developed during the study. For in vivo ex-
periments, sample sizes were calculated on the basis of our previous
work according to the method in www.lasec.cuhk.edu.hk/sample-
size-calculation.html, with a statistical power of 80% and a level of
significance of 0.05. This resulted in group sizes of at least n = 6 mice
per group for each time point. For all animal experiments, directly
compared groups such as sham, isolated fracture, or fracture in com-
bination with TBI were performed in parallel and treated equally
throughout the experiment. Littermates were randomized to the dif-
ferent experimental groups, and all biological samples were coded to
facilitate blinded evaluation. Health status was controlled daily, using
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predefined score sheets and humane end points, whereby no animal
had to be excluded. Underlying molecular pathways were further ex-
amined by the cultivation and stimulation of different murine pri-
mary cells. For the corresponding in vitro studies, the a priori sample
size calculation was performed as for the in vivo experiments, with
fold change gene expression as the primary end point. Using the re-
sults of our previous work, this yielded a group size of n = 6 biologi-
cally independent cultures. For the in vitro sample evaluation process,
investigators were blinded during sample processing and analysis
of outcome measures. The association of systemic NE treatment
with bone regeneration in patients with long bone fractures was
determined by measuring the callus diameter on digitally recorded
radiographs.

All experimental procedures were approved by the local legal rep-
resentative animal rights protection authorities (Landesamt fiir Ge-
sundheit und Soziales Berlin, G0009/12; G0007/2017; G0147/2018;
G0112/2022 and Behorde fiir Justiz und Verbraucherschutz Ham-
burg, N085/2020; N062/2023; N118/2023) and were performed ac-
cording to the principles established by the NIH Guide for the Care
and Use of Laboratory Animals as well as the Welfare Act (Federal Law
Gazette I, p.1094). The anonymized retrospective clinical study was
approved by the local ethics committee of the Charité—Universitits-
medizin Berlin, Campus Virchow Klinikum (EA4/038/17).

Retrospective clinical observational study

Medical records of all patients admitted to Charité—Universitats-
medizin Berlin, Campus Virchow Klinikum, and diagnosed with a
traumatic shaft fracture of the humerus, femur, or tibia [Al to A3
and B1 to B3 according to (67)] between 2008 and 2022 were identi-
fied by patient management software (SAP Business Client 6.5, SAP
Walldorf). Inclusion criteria were traumatic midshaft fractures of the
humerus, femur, or tibia that were surgically stabilized with an intra-
medullary nail and recorded radiographic follow-up for 6 months.
Exclusion criteria were pathologic fractures; no 6-month radio-
graphic follow-up; and no recorded Injury Severity Score (ISS), TBI,
or spinal cord injury. A total of 850 patients were identified. Fifty-
seven patients were excluded because of concomitant TBI or spinal
cord injury. Six hundred five patients were excluded because they
were lost to follow-up or had pathologic fractures. One hundred
eighty-eight patients were finally identified, of whom 36 had received
NE therapy during their intensive care unit (ICU) stay and 152 had
not. Propensity score matching for age, sex, and American Society of
Anesthesiologists (ASA) score was performed in R software using
the Matchlt package (RStudio) to create balanced and homogeneous
groups. This resulted in a total of 72 patients, 36 patients with and 36
patients without systemic NE therapy (n = 3 humerus fractures,
n = 16 femoral fractures, n = 17 tibial fractures per group). Fracture
healing was analyzed radiologically by measuring the maximum
diameter of callus formation on anterior-posterior and sagittal ra-
diographs 6 months postoperatively using radiographic calibration
markers. The measurements were then divided by the maximum di-
ameter of the fracture site measured on radiographs 1 week after sur-
gery to calculate the resulting relative increase in callus growth.

Animals

WT mice with FVB/129 or C57Bl/6] background were used at the
age of 12 (young) or 30 (adult) weeks as indicated. Adrb2™'™ mice
(Adrb2tm1Bkk/]; the Jackson Laboratory, no. 031496) exhibited
FVB/129 genetic background, and aCgrp™~ mice (CalcatmlEme;
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MGI, no. 21485389) exhibited C57Bl/6] genetic background (both
lines backcrossed at least seven times) (68). The animals were
maintained under standard conditions (12-hour light-dark circadian
rhythm, 22°C) in a specific pathogen-free facility and housed in
stable groups. Water and a standard diet were provided ad libitum. In
line with the animal welfare act, to reduce the total number of bred
mice, male mice were used for the investigation of isolated fracture
healing in Adrb2~~ mice and for the treatment experiments with
propranolol, atenolol, and formoterol. For all experiments involving
TBI, female mice were used. To control for potential sex differences,
the impact of ADRB2 deficiency on isolated fracture healing was
confirmed in female mice, whereas the ADRB2-dependent effect of
TBI on fracture healing was confirmed in male mice with similar
results. Directly compared groups always had the same sex.

Surgery

Mice received a femoral osteotomy stabilized with an external fixator
as previously described (69). Briefly, the mice were anesthetized with
isoflurane, and the right femur was exposed. An external fixator (RI-
System) was mounted on the femur, using four pins and a 0.45-mm
hand drill. The fracture gap was created using a 0.7-mm-diameter
Gigli wire saw. The wound was closed with a simple interrupted su-
ture. TBI to the left parietotemporal cortex was induced as previ-
ously described (20). After the craniotomy, a controlled cortical
impact (bolt 3 mm flat, 45° angle, impact velocity of 3.5 m s ™', 0.25 mm
penetration depth, contact duration of 0.15 s) was induced on
the intact dura mater. Subsequently, the skull piece was repositioned
and fixed with dental cementum, and the skin incision was closed
with Ethilon 6.0 suture. For sham surgery, the same protocol was fol-
lowed, except for the controlled cortical impact onto the dura mater.
For the combination of both injuries, TBI was induced before the
fracture. Clindamycin (150 mg kg™', Hikma Pharma GmbH) and
buprenorphine (0.1 mg kg™', Richter Pharma AG) were adminis-
tered preoperatively. For optimal pain relief, metamizole (1 mg ml ™",
Novaminsulfon-ratiopharm) or Tramal (0.3 mg ml™}, Griinenthal)
was administered in the drinking water for 3 days postoperatively.

Pharmacological treatment

From the time point of surgery until euthanasia, the mice with frac-
tures received two intraperitoneal injections daily of either vehicle
(0.9% saline), propranolol hydrochloride (20 mg kg™" for the first
5 days and 10 mg kg_1 from day 6 until euthanasia, Merck), atenolol
(10 mg kg™, Merck), or formoterol fumarate dihydrate (10 mg kg™,
Merck), diluted in 0.9% saline, with a total volume of 100 pl intra-
peritoneally. The mice were euthanized on postoperative day 14 or
21 as indicated. For naive animals (no osteotomy), the mice received
the same treatment daily for 21 days before euthanasia.

Microcomputed tomography

Fractured femora were fixed in 4% paraformaldehyde at 4°C for
24 hours. After removing the fixators, the bones were washed three
times and stored in phosphate-buffered saline (PBS) during pCT
scanning. Both fractured and unfractured femora were scanned using
pCT (VivaCT 80, SCANCO Medical AG, Briittisellen, Switzerland)
with a voxel resolution of 15.6 pm, 400-ms integration time, 70 kVp,
and 113 pA. The callus evaluation was performed in a volume of inter-
est of 1 mm by 2 mm by 2 mm around the fracture gap. Data are pre-
sented according to the American Society for Bone and Mineral
Research (ASBMR) guidelines for pCT analysis (70). For evaluation
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of unfractured femora, a 1- to 2-mm midshaft and 1- to 2-mm distal
segment were analyzed. Cortical and trabecular properties were de-
rived using an automated image analysis algorithm provided by the
manufacturer.

Biomechanics

After pCT evaluation, all bones harvested on day 28 were challenged
with a destructive three-point bending test as previously described
(71). In brief, femora were placed on two support bars of the device
(ZwickRoell), and a bending load with a maximum of 20 N was ap-
plied medially onto the callus site. Derived parameters were calculat-
ed automatically by the device software.

Cryo-embedding

After uCT scans, the bones were incubated in ascending sucrose gradi-
ent (10, 20, and 30% each for 24 hours at 4°C) and embedded in super
cryo-embedding medium (Section-Lab Co. Ltd.), frozen in hexane (Carl
Roth GmbH & Co. KG), and stored at —80°C until further processing.
Using a cryostat (Leica CM3050S, Leica Microsystems), longitudinal
sections of 5 to 7 pm were prepared and mounted onto microscope
slides using cryofilm (Cryofilm type II C, Section-Lab Co. Ltd.).

Cell culture

Female and male WT and mutant mice at the age of 12 to 18 weeks
were used. For the generation of bone marrow-derived osteoblasts,
long bones (femora) were cut open above the distal metaphysis, and
the bone marrow was extracted by centrifugation (6000 rpm for 30 s).
To remove tissue debris, the bone marrow was then filtered through a
70-pm cell strainer. For periosteal cell culture, epiphyses of the femora
were removed, and bones were flushed out several times to remove the
bone marrow. In the case of calvariae, the bones were dissected free of
connective tissue. Digestion of periosteal tissue from femora and cal-
variae was then performed by incubation with 0.1% dispase (Roche
Diagnostics GmbH) and 0.25% collagenase II (Gibco Life Technolo-
gies Corporation) at 37°C for 3 hours. Periosteal cells were separated
using a 70-pm cell strainer and centrifuged at 1000 rpm for 10 min.
Subsequently, the cells were plated onto 12-well plates in a concentra-
tion of 1 x 10* cells per well. a-Minimum essential medium (Merck
KgaA) supplemented with 10% fetal calf serum was used for cultiva-
tion and changed every 2 to 3 days. Osteoblast differentiation was in-
duced through stimulation with ascorbic acid (25 pg ml™) and 5 mM
p-glycerophosphate when cells had reached 70% confluence for
10 days. For alizarin red staining, the cells were incubated with 40 mM
alizarin red staining solution (pH 4.2) for 10 min at room temperature
after fixation in 90% ethanol. To quantify alizarin red incorporation,
the cells were washed with PBS and fixed in 90% ethanol for 1 hour.
After additional washing, the cell-bound alizarin red was dissolved in
10% acetic acid. After incubation for 30 min at room temperature and
10 min at 85°C, the supernatant of a subsequent centrifugation step
was neutralized with 10% ammonium hydroxide solution, and the ab-
sorbance was measured at 405 nm. For short- and long-term stimula-
tions of periosteal cells and osteoblasts, the following conditions were
used: NE (Arterenol, Cheplapharm, no. 03870227, 107° M), BIBN4096
(Tocris, no. 4561, 10~ M), and recombinant mouse CGRP (Bachem,
no. H-2265, 1077 M).

Statistical analysis
All data were tested for normality by the Kolmogorov-Smirnoft test. Un-
paired two-tailed Student’s ¢ test (parametric data) or Mann-Whitney U
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test (nonparametric data) was used for simple comparisons. For com-
parisons of more than two groups, data were analyzed by one-way analy-
sis of variance (ANOVA) test, followed by Tukey’s post hoc tests. Clinical
data were assessed by Mann-Whitney U test. Numerical data are graphed
in boxplots with median and 25th and 75th quantiles; whiskers indicate
upper and lower extremes, respectively. The significance level was set at
P < 0.05, with all P values reported in the figures (GraphPad Prism
9.1.1). All individual-level data are available in data file S1.
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3. Zusammenfassung in deutscher Sprache

Mit zunehmendem Alter kommt es zu einem physiologischen Anstieg des
Sympathikotonus und zu einer Abnahme der Knochenmasse im nicht-frakturierten
Skelett. Vorherige Studien haben gezeigt, dass die durch Noradrenalin (Norepinephrin;
NE) induzierte Abnahme der Knochenbildung und die Zunahme der Knochenresorption
durch den beta2-adrenergen Rezeptor (Adrb2) vermittelt werden. Die Rolle von Adrb2
bei der Heilung eines gebrochenen Knochens war jedoch unklar. Um die Rolle von Adrb2
bei der Frakturheilung zu untersuchen, wurde in der vorliegenden Arbeit ein Mausmodell
verwendet, bei dem eine Femurosteotomie mit einem Fixateur externe stabilisiert wird.
Wahrend Adrb2 bei jungen Mausen mit niedrigem Sympathikotonus keine Rolle bei der
Frakturheilung spielte, erwies sich Adrb2 bei adulten Mausen mit erhéhtem
Sympathikotonus als essenziell fur die Knochenregeneration. Mechanistisch konnte
gezeigt werden, dass Adrb2 die Expression des vaskuldren endothelialen
Wachstumsfaktors A (Vegfa) im Periost induziert und dadurch die Bildung von Typ-H-
BlutgefalRen im Frakturkallus fordert, die die Neovaskularisation mit der Osteogenese
koppeln. Die pharmakologische Blockade von Adrb2 mit Propranolol beeintrachtigte die
Frakturheilung bei adulten Mausen, wahrend der Adrb2-Agonist Formoterol die
Frakturheilung durch Regulierung der Neovaskularisation im Kallus forderte.
Zusammenfassend zeigen diese Ergebnisse, dass das sympathische Nervensystem fir
die Knochenheilung unter hyperadrenergen Bedingungen, wie sie im hoheren
Lebensalter auftreten, von entscheidender Bedeutung ist. Dariber hinaus wurde Adrb2

als mdégliches therapeutisches Ziel zur Verbesserung der Knochenheilung identifiziert.
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4. Zusammenfassung in englischer Sprache

With advanced age, there is a physiological increase in sympathetic tone and a decrease
in bone mass in the non-fractured skeleton. Previous studies have shown that the
decrease in bone formation and the increase in bone resorption induced by
noradrenaline (norepinephrine; NE) are mediated by the beta2-adrenergic receptor
(Adrb2). However, the role of Adrb2 in the healing of fractured bone was unclear. To
investigate the role of Adrb2 in fracture healing, the present study used a mouse model
in which a femoral osteotomy is stabilized with an external fixator. While Adrb2 played
no role in fracture healing in young mice with low sympathetic tone, Adrb2 was shown to
be essential for bone regeneration in adult mice with increased sympathetic tone.
Mechanistically, Adrb2 was shown to induce the expression of vascular endothelial
growth factor A (Vegfa) in the periosteum, thereby promoting the formation of type-H
blood vessels in the fracture callus that couple neovascularization with osteogenesis.
Pharmacological blockade of Adrb2 with propranolol impaired fracture healing in adult
mice, whereas the Adrb2 agonist formoterol promoted fracture healing by regulating
neovascularization in the callus. In summary, these results show that the sympathetic
nervous system is crucial for bone healing under hyperadrenergic conditions that occur
in older age. Furthermore, Adrb2 was identified as a potential therapeutic target to

improve bone healing.
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Graphische Zusammenfassung
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Abbildung 1 Ubersicht tiber die Wirkung eines hyperadrenergen Zustandes (grau-blau)
im fortgeschrittenen Alter oder nach Schadel-Hirn-Trauma auf das Skelett. Bei
gleichzeitig vorliegendem Knochenbruch (grin), kommt es durch die Bindung von
Norepinephrin an seinen Rezeptor Adrb2 zu einer vermehrten Vaskularisation des Kallus

durch Typ-H-Gefale. Im nicht-gebrochenen Knochen (rot) kommt es hingegen zu einem

Knochenmasseverlust durch  verringerte  Osteoblastenaktivitdt bei  erhdhter
Osteoklastenaktivitat. NE= Norepinephrin. Adrb2= beta2-adrenerger Rezeptor. aCGRP=
Calcitonin-Gen-verwandtes  Peptid alpha. Vegfa= Vaskuladrer endothelialer

Wachstumsfaktor A. CD31= Cluster of Differentiation 31. Abbildung basierend auf *°.
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