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und der IL-6-Sekretion aus dem Gewebe (Miller et al. 2000). Jedoch ist die 

Freisetzung des sympathischen Neurotransmitters Noradrenalin aus dem 

Synovialgewebe im Vergleich zu OA-Patienten nicht vermindert. Seine Her-

kunft sind vermutlich synoviale Makrophagen oder andere TH+ Zellen (Miller 

et al., 2000; Miller et al., 2002). Die Entfernung des Sympathikus im Tiermo-

dell verdeutlicht seinen zeitabhängigen unterschiedlichen Einfluss auf den 

Krankheitsverlauf. Während eine Sympathektomie vor der Erkrankung einen 

deutlich milderen Verlauf der induzierten Arthritis zur Folge hat (Härle et al., 

zur Publikation angenommen; Sluka et al., 1994), führt eine Spätsympathek-

tomie zu einer Verschlechterung der klinischen Parameter bei den Tieren 

(Härle et al., zur Publikation angenommen; Levine et al., 1985). Das sympa-

thische Nervensystem zeigt somit eine duale Rolle mit einem proinflammato-

rischen Einfluss in der frühen Phase der Entzündung und einen 

antiinflammatorischen Einfluss im späteren Verlauf der Erkrankung (Levine et 

al., 1988; Lorton et al., 1999). Die Ursache dieser Beobachtung liegt in der 

unterschiedlichen Zytokinstimulierung in den lymphatischen Organen. So 

konnte gezeigt werden, dass die Frühsympathektomie im Vergleich zu den 

nicht behandelten Tieren zu erhöhten IL-10- und IL-4-Konzentrationen in den 

lokalen Lymphknoten führt (Härle et al., zur Publikation angenommen). Die 

Milz- und Lymphknotenzellen spätsympathektomierter arthritischer Mäuse 

hingegen hatten eine signifikant höhere TNF- und INF-γ-Sekretion im 

Vergleich zu den nicht-sympathektomierten Tieren. Dies verdeutlicht, dass 

das sympathische Nervensystem in den verschiedenen Phasen der 

Erkrankung die Sekretion pro- und antiinflammatorischer Zytokine in den 

lymphatischen Organen moduliert und somit in einer frühen Phase der 

Erkrankung zu einer Verstärkung der Entzündung und in der chronischen 

Phase zu einer Hemmung der induzierten Arthritis führt. Der bei der RA 

beobachtete Verlust an sympathischen Nervenfasern (Miller et al., 2000; 

Miller et al., 2002) hat demnach einen entzündungsfördernden Effekt.  

Nun soll auf die Wirkungen der sympathischen Neurotransmitter (vor allem 

Adenosin und Noradrenalin) näher eingegangen werden. Noradrenalin bindet 

an α- und β-Rezeptoren verschiedener Immunzellen und löst dort unter-

schiedliche Reaktionen aus. In niedriger Konzentration bindet es vor allem an 

α-Rezeptoren. Dies bewirkt in Makrophagen eine vermehrte TNF-Produktion 
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(Spengler et al., 1990). Noradrenalin und Adrenalin führen über einen α2-

adrenergen Mechanismus zu einer Verschiebung der Synoviozytenpopulati-

on. So erhöhen sie die Anzahl der makrophagenähnlichen Synovialzellen 

wohingegen die Synoviozyten vom Typ B durch Noradrenalin und Adrenalin 

vermindert werden (Mishima et al., 2001). Bei hohen Konzentrationen bevor-

zugt Noradrenalin die Bindung an β-Rezeptoren. Die Stimulation dieser Re-

zeptoren führt dagegen zu einer Reduktion der Sekretion von TNF aus LPS-

stimulierten Makrophagen und erhöht die Expression des T-Zell-Rezeptors 

(Guirao et al., 1997; Haskó et al, 1998). Noradrenalin inhibiert neben TNF 

auch die Produktion von IL-6 und IL-8 von synovialen Zellen (Miller et al., 

2002). Dieser suppressive Effekt auf die TNF- und IL-8-Sekretion wird in RA-

Synoviozyten durch Kortikosteroide verstärkt (Straub et al., 2002). Weiterhin 

vermindert die Gabe eines β2-Agonisten die IFN-γ- und IgG2a-Produktion aus 

murinen TH1- bzw. B-Zellen (Sanders et al., 1997). Im Kollagen II induzierten 

Arthritis-Tiermodell zeigt sich der antiinflammatorische Einfluss des β2-

adrenergen Agonisten Salbutamol. Die mit dieser Substanz behandelten Tie-

re weisen einen deutlich milderen Krankheitsverlauf auf als die Kontrollgrup-

pe. Die Autoren führen diese Beobachtung auf die verminderte IL-12 und 

TNF-Produktion aus Peritonealmakrophagen und eine erniedrigte IFN-γ-

Sekretion aus den Lymphknoten der mit Salbutamol behandelten Tiere zu-

rück (Malfait et al., 1999). Ein weiterer Mechanismus der Wirkung sympathi-

scher Neurotransmitter über den β-adrengergen Rezeptor ist der chemotakti-

sche Effekt von Noradrenalin, Neuropeptid Y (NPY) und dem β-Agonisten 

Isoproterenol auf Monozyten, der bei Gabe von α-Agonisten nicht zu beo-

bachten war (Straub et al., 2000). Neben Noradrenalin moduliert auch NPY 

verschiedene immunologische Aspekte wie die Aktivierung natürlicher Killer-

zellen, die Zytokinsekretion aus Monozyten und die Differenzierung von T-

Zellen (Bedoui et al., 2003). Auf Grund der Irrelevanz in dieser Arbeit wird 

jedoch hier nicht näher darauf eingegangen.  

Ein weiterer sympathischer Neurotransmitter ist Adenosin. Es interagiert mit 

Adenosin-Rezeptoren und führt über eine cAMP-Erhöhung zu vielen an-

tiinflammatorischen Effekten (A2). So hemmt es die TNF- und IL-12-

Produktion aus humanen Monozyten und aus Makrophagen der Ratte und 
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steigert die IL-10-Sekretion aus humanen Monozyten (Le Moine et al., 1997; 

Link et al., 2000; Ritchie et al., 1997). Weiterhin hemmt Adenosin die Aktivität 

zytotoxischer T-Zellen und natürlicher Killerzellen (Priebe et al., 1988). Hohe 

Konzentrationen an Adenosin führen zu einer verminderten Leukozytenak-

kumulation im Entzündungsarreal und vermindern somit den Entzündungs-

grad (Cronstein et al., 1995). Insgesamt zeigen sympathische Neurotransmit-

ter vielfältige Wirkungen auf das Immunsystem, die bei entzündlichen Pro-

zessen von Bedeutung sind. Hinsichtlich des großen Einflusses und der Be-

deutung sensibler und sympathischer Nervenfasern mit ihren Neurotransmit-

tern wird bei der RA (und anderen Entzündungen) von einer „neurogenen 

Entzündung“ gesprochen (Konttinen et al., 1994; Matucci-Cerinic et al., 

1998). 

 

1.5.3 Nerven-abstoßende Faktoren und Nervenwachstumsfakto-

ren 
Die Ursache der Dissoziation der Dichte an sympathischen und sensiblen 

Nervenfasern (Verlust der sympathischen bzw. Erhöhung der sensiblen Fa-

sern) bei der RA ist bislang unbekannt. Eine Rolle hierbei könnte das Ver-

hältnis von Nerven-abstoßenden Faktoren und Nervenwachstumsfaktoren 

spielen (Konttinen et al., 1994). Kürzlich wurde gezeigt, dass der sympathi-

sche Nerven-abstoßende Faktor Semaphorin 3C im Synovium von Patienten 

mit RA im Vergleich zu OA und gesunden Kontrollpersonen hochreguliert 

wird. Dies konnte für Nerven-abstoßenden Faktoren des sensiblen Nerven-

systems nicht beobachtet werden (Miller et al., 2004). Diese Studie erklärt 

möglicherweise den Verlust an sympathischen Nervenfasern im Synovialge-

webe bei RA im Vergleich zu OA und Patienten ohne entzündliche Anzei-

chen im Synovium in dieser Studie. Jedoch gibt es keine Erklärung für die 

erhöhte Dichte sympathischer Nervenfasern bei OA-Patienten im Vergleich 

zu den anderen Gruppen. Neurotrophe Faktoren wie der brain derived neu-

rotrophic factor (BDNF), nerve growth factor (NGF), Neurotrophin-3, Neu-

rotrophin 4/5 und der ciliary neurotrophic factor (CNTF) spielen hierbei mögli-

cherweise neben Nerven-abstoßenden Faktoren eine Rolle. Diese Neu-

rotrophine haben neben ihrer Bedeutung bei der Entwicklung und Differen-

zierung des Nervensystems auch die Aufgabe der Erhaltung der sensiblen 
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Nervenfasern im Gewebe (Kirstein und Fariñas, 2002). Allerdings ist der Ef-

fekt der Neurotrophine nicht spezifisch auf die sensiblen Nervenfasern be-

schränkt. Die Bedeutung der beiden Neurotrophine NGF und BDNF in ent-

zündlichen Prozessen soll an dieser Stelle nun kurz beleuchtet werden. NGF 

wird in Verbindung mit mehreren inflammatorischen Erkrankungen gebracht 

und wird bei Entzündungen der Haut (Shu und Mendell, 1999), der Lunge 

(Braun et al., 1999) und der RA (Aloe et al., 1992) hochreguliert. Durch den 

neurotrophen Effekt des NGF auf beide Nervenfaserarten muss jedoch ein 

anderer Faktor für die Dissoziation der sympathischen und sensiblen Nerven-

fasern im Synovialgewebe von RA-Patienten verantwortlich sein. BDNF – ein 

weiteres Neurotrophin – wird eher in den Zusammenhang mit sensiblen Ner-

venfasern gebracht (Pezet et al., 2002). Weiterhin ist bekannt, dass BDNF 

nach einer akuten Entzündung zentral produziert wird und in die peripheren 

Gewebe transportiert wird (Bayas et al., 2002; Cho et al., 1997). Auch ist ge-

zeigt worden, dass aktivierte Immunzellen nach Stimulation BDNF sezernie-

ren (Barouch et al., 2000; Kerschensteiner et al., 1999). In entzündlichen Er-

krankungen wie der akuten Pankreatitis, der Multiplen Sklerose oder der En-

zephalitis ist ebenfalls BDNF nachgewiesen worden (Kerschensteiner et al., 

1999; Toma et al., 2002). Die Rolle des BDNF bei OA oder RA ist bisher 

nicht untersucht worden.  
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1.6 Zielsetzung der Arbeit 
 

Die Ziele dieser Arbeit waren, sowohl hormonale als auch neuronale Verän-

derungen bei der RA aber auch bei anderen chronischen Erkrankungen des 

Bindegewebes herauszustellen, die möglicherweise zur Pathogenese der 

Krankheiten beitragen. Darunter fallen Konversionsexperimente an gemisch-

ten primären Synovialzellen, um die lokale Umwandlung von Steroidhormo-

nen im Gewebe durch die 11βHSD und die STS aufzuzeigen. Weiterhin soll-

ten die Bedeutung unterschiedlich hydroxylierter Östrogene bei der RA und 

dem SLE aufgezeigt werden. Hinsichtlich der neuronalen Veränderungen war 

die Innervierung im Synovialgewebe von Patienten mit OA, RA und gesun-

den Kontrollpersonen und die Rolle des BDNF von Interesse. Bei zwei weite-

ren Erkrankungen des Bindegewebes sollten ebenfalls die sympathische und 

sensible Nervenfaserdichte bestimmt werden: bei Achillodynie- und Du-

puytren-Patienten.  

 

1.6.1 Hormonale Veränderungen 
Ein Ziel dieser Arbeit war es, die lokale Deaktivierung und Reaktivierung des 

Kortisol und die Expression beider dafür zuständiger Enzyme der 11βHSD im 

Synovialgewebe von Patienten mit RA im Vergleich zu OA zu bestimmen. 

Weiterhin sollten verschiedene Substanzen, die möglicherweise einen Ein-

fluss auf die Konversion haben könnten, getestet werden. Hierunter fallen z. 

B. einige Entzündungsmarker wie das TNF oder sympathische Neurotrans-

mitter. Neben der Untersuchung des Kortisolmetabolismus in primären ge-

mischten Synoviozyten von RA-Patienten sollte die Konversion in diesen Zel-

len zu einem weiteren antiinflammatorisches Hormon, dem DHEA, unter-

sucht werden. Ferner sollte diese lokale Umwandlung von DHEAS zu DHEA 

in den Synovialzellen hinsichtlich eventueller die Konversion modulierender 

Substanzen untersucht werden. Ein zusätzlicher hormonaler Aspekt in der 

Pathogenese der RA und auch des SLE spielen die Östrogene. Die unter-

schiedlichen Effekte der 2α- und der 16α-hydroxylierten Östrogene ist in ver-

schiedenen Studien gezeigt worden. Möglicherweise spielen beide Hormone 

mit ihren stark östrogenen bzw. antagonisierenden Wirkungen eine Rolle bei 
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Erkrankungen wie SLE oder RA, welche mit einer erhöhten Proliferation im 

Gewebe verbunden sind. Die vorliegende Arbeit sollte nun diesen Zusam-

menhang bei Patienten mit RA und SLE im Vergleich zu gesunden Kontroll-

personen herausstellen. Dazu wurde die Konzentration der unterschiedlich 

hydroxylierten Metabolite im Urin gemessen.  

 

1.6.2 Neuronale Veränderungen 
In dieser Arbeit sollte erstmals an einer großen Patientengruppe die Dichte 

an sensiblen und sympathischen Nervenfasern im Synovium gesunder Pati-

enten im Vergleich zu OA und RA bestimmt werden. Bei der gesunden Kon-

trollgruppe handelte es sich um Patienten mit einem akuten Knietrauma, bei 

dem davon ausgegangen werden konnte, dass im Synovium keine krankhaf-

ten und entzündlichen Veränderungen vorhanden waren. Weiterhin sollte die 

Dichte an BDNF-positiven Zellen im Synovialgewebe aller drei Gruppen 

quantifiziert werden und in Beziehung zu der Nervenfaserdichte an sensiblen 

und sympathischen Nervenfasern gesetzt werden, um so möglicherweise 

eine Erklärung für die Dissoziation der beiden Nervenfaserarten zu finden.  

Auch bei Patienten mit Achillodynie und Morbus Dupuytren sollte im Ver-

gleich zu gesunden Kontrollpersonen die Dichte an sympathischen und sen-

siblen Nervenfasern in der Achillessehne bestimmt werden. Die Pathogenese 

bei diesen Erkrankungen ist weitgehend unklar. Möglicherweise spielen SP+ 

Nervenfasern dabei eine Rolle, da bekannt ist, dass sensible Nervenfasern 

im Entzündungsgebiet (Miller et al., 2000) oder bei Wundheilungen (Lai et al., 

2002; Wolf et al., 2001) vermehrt vorhanden sind. Das Ziel war es, die Dichte 

beider Nervenfaserarten im Sehnen- bzw. Fasziengewebe bei Patienten mit 

Achillodynie und Morbus Dupuytren im Vergleich zu gesunden Kontrollper-

sonen zu bestimmen und Zusammenhänge mit der Infiltration verschiedener 

Entzündungszellen herzustellen.  
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2 Material und Methoden 
 
2.1 Tabellarische Zusammenfassung der angewandten 

Methoden 
 

In Tabelle 3 sind alle wichtigen benutzten Methoden zusammengefasst. Es 

kann daraus entnommen werden, in welcher Publikation eine nähere Be-

schreibung zu finden ist oder ob eine ergänzende Beschreibung folgt.  

 
Tab. 3: Tabellarische Zusammenfassung der angewandten Methoden. M1 – M6 = Beschrei-

bung der Methode im jeweiligen Manuskript, E = ergänzende Beschreibung im Kapi-

tel Material und Methoden.  

Histologische Bestimmungen 
HE-, Giemsa- und Turnbull-Blau-Färbung, CD68+ und CD163+ 

Makrophagen, CD3+ T-Zellen, CD20+ B-Zellen, CD45+ Leukozyten, 

CD117+ Mastzellen, S100+ Granulozyten, Kollagen IV+ Blutgefäße, 

Prolyl-4-Hydroxylase+ Fibroblasten 

M1, M2, 

M4, M5, 

M6 

Steroidkonvertierende Enzyme: STS, 11βHSD 1, 11βHSD 2 M1, M2 

TH+ und SP+ Nervenfasern sowie TH+ und BDNF+ Zellen 

M1, M2, 

M4, M5, 

M6 

In-situ-Hybridisierung 

BDNF M4 

Superfusion 

Superfusion von Synovialgewebe M1, M2 

Konzentrationsbestimmungen per ELISA 

Zytokine: IL-6, IL-8, TNF M1, M2 

Steroidhormone: 16α-Hydroxyestron, 2α-Hydroxyestron, 2α-

Hydroxyestradiol, 2α-Hydroxyestriol 

M3 
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Zellisolation und Zellkultur 

Gewinnung der primären Synovialzellen M1, M2 

Zellkultur der L929 Zellen M2 

Bioassays 

Bioassay mit TNF-sensitiven L929 Zellen M2 

LIVE/DEAD-Assay  E 

Steroidkonversionen 

Konversion von DHEAS zu DHEA M2 

Konversion von Kortisol zu Kortison M1 

 

 

2.2 Patienten und Patientenmaterial 
 

In den vorliegenden Manuskripten wurde Material von Patienten mit RA, 

SLE, OA, Achillodynie, Morbus Dupuytren sowie von gesunden Kontrollen-

personen untersucht. Alle Patienten wurden über den Zweck der Studien un-

terrichtet und gaben ihr schriftliches Einverständnis. Die Studien wurden 

durch das Ethikkomitee der Universität Regensburg  genehmigt. Die klini-

schen Daten sowie die Medikation der Patienten wurden aufgezeichnet. Zur 

Bestimmung der hydroxylierten Östrogene im Urin wurden Urinproben am 

Morgen und zusätzlich ein 24 Stunden Urin gesammelt. Entsprechende Ali-

quots wurden bis zur weiteren Verwendung bei –30°C aufbewahrt. Das Sy-

novialgewebe wurde im Rahmen von Kniegelenkersatzoperationen oder 

Arthroskopien entnommen, in Natriumchloridlösung gekühlt ins Labor trans-

portiert und dort für die unterschiedlichen Untersuchungen (Histologie, Su-

perfusion, Gewinnung der primären Synoviozyten) vorbereitet. Für die Be-

stimmung der sympathischen und sensiblen Nervenfaserdichte bei Patienten 

mit Achillodynie und Dupuytren wurden Achillessehne- bzw. Handfas-

zienproben im Zuge routinemäßiger histologischer Untersuchungen ent-

nommen.  
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2.3 Histologie 
 

Die immunhistologischen Bestimmungen wurden an Aceton, Aceton-

Methanol oder Formaldehyd fixierten Gefrierschnitten sowie an Formaldehyd 

fixierten Paraffinschnitten durchgeführt. Die folgende Tabelle gibt eine Über-

sicht über die markierten Antigene, die verwendeten Fixierungen, Antigene, 

Detektionssysteme und Substrat-Chromogenlösungen.  
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Tab. 4: Übersicht über die immunhistologischen Methoden. C = Gefrierschnitt, P = Paraffin-

schnitt, A = Aceton fixiert, AM = Aceton-Methanol fixiert, F = Formaldehyd fixiert, 

APAAP = Alkalische-Phosphatase-Anti-Alkalische-Phosphatase.  
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BDNF wurde zusätzlich mittels in-situ-Hybridisierung im Synovialgewebe von 

OA und RA Patienten nachgewiesen. Diese Untersuchung wurde von Micha-

el Harbuz, Department of Clinical Medicine, University of Bristol, UK, durch-

geführt. Als histologische Färbemethoden wurden die HE-, die Giemsa- und 

die Turnbull-Blau-Färbung verwendet. Die quantitative Auswertung der posi-

tiv gefärbten Strukturen ist den jeweiligen Manuskripten zu entnehmen.  

 

2.4 Superfusion 
 

Die Sekretion der Zytokine IL-6, IL-8 und TNF aus dem Synovialgewebe 

wurde mit Hilfe der Superfusion bestimmt. Diese Methode wurde von Prof. 

Straub ursprünglich zur Untersuchung der Nerv-/Immunzell-Interaktion im 

murinen Milzgewebe entwickelt (Straub et al., 1995) und auch auf das huma-

ne Synovialgewebe angewendet (Miller et al., 2000). Mit Hilfe der Superfusi-

on kann sowohl die Freisetzung verschiedener Substanzen aus dem Gewe-

beverband als auch die Veränderung dieser durch verschiedene Wirkstoffe 

ermittelt werden. In dieser Arbeit wurden Synovialgewebestückchen mit einer 

Größe von ca. 16mm² mit Medium bei einer konstanten Durchflussrate von 

66µl/min superfundiert. Im aufgefangenen Zwei-Stunden-Superfusat konnte 

dann die Konzentration der Zytokine bestimmt werden.  

 

2.5 Bestimmung der Zytokin- und Hormonkonzentratio-

nen im Superfusat und Urin 
 

Die Zytokin- und Hormonkonzentrationen im Superfusat und Urin wurde mit-

tels ELISA bestimmt. Die Durchführung erfolgte entsprechend Arbeitsanlei-

tungen der ELISA-Kits. Eine Übersicht der verwendeten Kits zeigt Tabelle 5.  
 

Tab. 5: Übersicht der verwendeten ELISA-Kits.  

ELISA Firma Bestimmung im
Estramet 2/16 IBL, Hamburg Urin 
OptEIATM Set: Human IL-6 PharMingen, San Diego, USA Superfusat 
OptEIATM Set: Human IL-8 PharMingen, San Diego, USA Superfusat 
TNF, hochsensitiv R&D Systems, Wiesbaden Superfusat 
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2.6 Zellisolation und Zellkultur 
 

Die gemischten Synovialzellen wurden aus frischem Synovialgewebe durch 

enzymatischen Verdau isoliert. Diese so gewonnenen primären Synovialzel-

len wurden in serumfreiem RPMI 1640 resuspendiert und entweder sofort für 

die Konversion von DHEAS zu DHEA verwendet oder in Teflonbeuteln auf 

Eis nach Jena ans Institut für Biochemie der Friedrich-Schiller-Universität 

verschickt. Dr. Martin Schmidt untersuchte dort die Steroidkonversion von 

Kortisol zu Kortison. 

 

2.7 Bioassays 
 

Um den TNF-neutralisierenden Effekt der polyklonalen Immunglobluline zu 

testen, wurden TNF-sensitive murine L929 Fibrosarkomzellen unter Zugabe 

von Actinomycin D mit verschiedenen Konzentrationen von TNF (0-625 

pg/ml) zusammen mit den folgenden Konzentrationen an IgG und Infliximab 

inkubiert:  0.01 und 0.1 pg/ml. Die Überlebensrate der Zellen wurde mittels 

eines CellTiter 96 AQueous Assay (Promega Corporation, Madison, USA) 

ermittelt.  

Um eventuelle Toxizität zugegebener Substanzen auf die Zellen auszu-

schließen, wurde bei allen Zellkulturexperimenten der LIVE/DEAD-Viability-

Cytotoxicity-Assay durchgeführt (Molecular Probes, Leiden, Niederlande). 

Dazu wurden die Zellen mit den Substanzen Calcein AM (2µM) und Ethidium 

Homodimer-1 (4µM) für 30 Minuten inkubiert. Calcein AM wird von intakten 

Zellen aufgenommen und durch eine zelleigene Esterase in das grün fluo-

reszierende Calcein umgewandelt. Ethidium-Homodimer-1 kann hingegen 

nur durch zerstörte Zellmembranen in die Zellen gelangen und dort an die 

DNS binden. Die toten Zellen zeigen nun eine intensiv rote Fluoreszenz. Zur 

Quantifizierung wurden im Fluoreszenzmikroskop pro Bedingung die Anzahl 

an lebenden und toten Zellen in drei Gesichtfeldern bestimmt. Die Überle-

bensrate der Zellen lag immer zwischen 80 und 90 Prozent.  
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2.8 Steroidkonversionen 
 

Für die Untersuchung der Steroidkonversionen wurden die primären Synovi-

alzellen mit radioaktiv markierten Substraten (0,2µM [1,2,6,7-3H]-DHEAS, 

0,249µM [4-14C]-Kortisol) allein und unter Anwesenheit bestimmter, die Kon-

versionen modulierender, Substanzen für 24 bzw. 48 Stunden inkubiert. Die 

verwendeten Substanzen sind mit ihren Konzentrationen in der folgenden 

Tabelle wiedergegeben.  

 
Tab. 6: Verwendete Substanzen für die Steroidkonversionen. 

Substanz Firma Eingesetzte        
Konzentration 

Konversion von DHEAS zu DHEA 

IgG Gammonativ Pharmacia & Upjohn, Erlangen 0.01 und 0.1 µg/ml 
Infliximab Essex Pharma GmbH, München 0.01 und 0.1 µg/ml 
rmOSMβ-Rezeptor/ 
Fc-Chimäre R&D Systems, Wiesbaden 0.01 und 0.1 µg/ml 

Konversion von Kortisol zu Kortison 

Adenosin Sigma-Aldrich, Steinheim 2.5 x 10-5 M 
Carbenoxolon Sigma-Aldrich, Steinheim 5 µM 
Infliximab Essex Pharma, München 3 µg/ml 
Isoproterenol Sigma-Aldrich, Steinheim 10-5 M 
L-703,606 Sigma-Aldrich, Steinheim 10-6 M 
Metyrapon Sigma-Aldrich, Steinheim 100 µM 
SP Sigma-Aldrich, Steinheim 10-9 M 
TNF PeproTech, Rocky Hill, USA 10 ng/ml 
 

Die Steroide wurden aus dem Überstand mit Ethylacetat extrahiert, vom Lö-

sungsmittel befreit und in Ethanol gelöst. Mit Hilfe zweier Dünnschichtchro-

matographiesysteme (Kortisol zu Kortison: Chloroform : Ethylacetat : Ethanol 

20:5:1; DHEAS zu DHEA: Chloroform : Diethylether 1:1, beide auf Kiesel-

gelplatten) wurden die Steroide getrennt und die Spots mit Hilfe eines 

Phosphoimagers ausgewertet.  

Zur Bestimmung der Aktivität der Reduktaseaktivität der 11βHSD 1 wurde 

der spezifische Inhibitor Metyrapon eingesetzt (Kumar et al., 1997). Dadurch 
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wurde die Reaktion von inaktivem Kortison zum aktiven Kortisol gehemmt. 

Um nun dieses Ausmaß an Reaktivierung zu messen, wurde ein Verhältnis 

zwischen Kortisonproduktion unter Metyraponeinfluss und Kortisonbildung 

ohne Hemmstoff gebildet. Diese Formel lautet demnach folgendermaßen: 

 

  Reaktivierungsquotient =      
Kortison Metyrapon 

Kortison  

Dieser Quotient wird nun als Maß für die Kapazität der Zellen herangenom-

men, Kortison wieder zu Kortisol zu reaktivieren.  

 

2.9 Statistische Auswertung der Daten 
 

Alle Ergebnisse wurden mit SPSS / PC, Version 11.5, SPSS Inc., Chicago, 

USA ausgewertet. Alle Daten wurden als Mittelwerte ± Standardfehler ange-

geben. Gruppenmittelwerte wurden mittels der folgenden Tests verglichen: t-

Test, Mann-Whitney-Test, Wilcoxon-Test. Korrelationen wurden mit der 

Spearman Rank Korrelationsanalyse ermittelt. Eine ROC-Analyse (receiver 

operator characteristic) wurde angewendet, um einen Trennwert des Reakti-

vierungsquotienten zwischen beiden Gruppen (OA und RA) zu errechnen. 

Bei allen Statistiken galt ein p-Wert kleiner als 0.05 als signifikant.  

 

2.10 Eigener Arbeitsanteil an den verschiedenen Manu-

skripten 
 

M1 Reduced capacity for the re-activation of glucocorticoids in rheumatoid 

arthritis synovial cells. Arthritis Rheum., in Revision. 

- Vorbereitung des Synovialgewebes 

- Superfusion des Synovialgewebes 

- Gewinnung der Synovialzellen 

- Histologische und immunhistologische Bestimmungen 
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M2 TNF inhibits dehydroepiandrosterone (DHEA) sulfate to DHEA con-

version in rheumatoid arthritis synovial cells – a prerequisite for local 

androgen deficiency. Arthritis Rheum., in Revision. 

- Vorbereitung des Synovialgewebes 

- Superfusion des Synovialgewebes 

- Gewinnung der Synovialzellen 

- Steroidkonversionsexperimente (zur Hälfte von Soňa Struharo-

va durchgeführt) 

- Histologische und immunhistologische Bestimmungen 

- Bioassay mit TNF-sensitiven L929 Zellen 

 

M3 Patients with rheumatoid arthritis and systemic lupus erythematosus 

have increased renal excretion of mitogenic estrogens in relation to 

endogenous antiestrogens. J Rheumatol. 2004; 31:489-494. 

- Einfrieren und Aliquotieren des Probenmaterials 

- ELISA der Hormone im Urin 

 

M4 Low density of sympathetic nerve fibers and increased density of brain 

derived neurotrophic factor – positive cells in RA synovium. Ann 

Rheum Dis., zur Publikation angenommen. 

- Betreuung der immunhistologischen Arbeiten von Christoph 

Holzer: TH- und SP-Bestimmung im gesunden Synovialgewebe 

sowie die Durchführung der BDNF-Immunhistologie an Patien-

ten mit RA, OA und gesunden Kontrollpersonen 

- Vorbereitung des Synovialgewebes von Patienten mit RA und 

OA 

- Immunhistologische Bestimmungen der Nervenfaserdichte und 

TH-positiven Zellen bei Patienten mit RA und OA sowie die im-

munhistochemischen Doppelfärbungen 

 

M5 Achilles tendinosis is associated with sprouting of substance P – posi-

tive nerve fibers. Ann Rheum Dis., zur Publikation angenommen. 

- Immunhistologische Bestimmungen der Nervenfaserdichte 
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(ABSTRACT) 

 

Objective. Cortisol, the biologically active glucocorticoid, is a major endogenous antiinflammatory fac-

tor in RA. Local conversion of cortisol to biologically inactive cortisone and vice versa (the cortisol  

cortisone shuttle) has never been extensively investigated in a large number of patients with RA and OA. 

 

Methods. In this study, we investigated the cortisol to cortisone shuttle in mixed synovial cells making 

use of thin layer chromatography and phosphorimaging. By double immunohistochemistry we assessed 

the key enzymes, the 11β-hydroxysteroid dehydrogenase (11βHSD) 1 and 2, and their possible cellular 

location. 

 

Results. Double immunohistochemistry demonstrated 11βHSD 1 / 2 positive macrophages in the sub-

lining area. The ratio of 11βHSD2 positive cells / 11βHSD1 positive cells was higher in RA as compared 

to OA (p=0.021). Cortisol was converted to inactive cortisone in mixed synovial cells of RA and OA pa-

tients, which was largely inhibited by carbenoxolone (inhibitor of 11βHSD 1 and 2). Using metyrapone to 

inhibit the reducing 11βHSD 1 – reaction (cortisone  cortisol), we were able to demonstrate that the 

capacity for the re-activation of cortisone to cortisol was higher in OA than in RA (p=0.003). Although the 

capacity for the cortisone to cortisol shuttle was higher in synovial cells of less inflamed OA tissue as 

compared to inflamed RA tissue, it was obvious that synovial inflammation in RA was positively related to 

re-activation of cortisone (not in OA). This indicates that in RA another cause, apart from typical inflam-

matory factors, inhibits re-activation of cortisone. Since isoproterenol and adenosine inhibited cortisol to 

cortisone shuttle, the loss of sympathetic nerve fibers (loss of β-adrenergic agonist and adenosine) may 

be the missing link for increased cortisol to cortisone shuttle in RA. 

 

Conclusions. This study demonstrates a reduced capacity of local re-activation of cortisone in RA 

synovial cells. Since synthetic glucocorticoids also use this re-activation shuttle the same applies for 

therapeutic glucocorticoids. This defective re-activation of cortisone may be an important unrecognized 

pathophysiological factor in RA. 
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(Introduction) 

 

Cortisol or therapeutic glucocorticoids are inactivated to biologically cortisone or therapeutic glucocor-

ticoids via the 11β-hydroxysteroid dehydrogenase (11βHSD) (1, 2). The cortisol to cortisone shuttle is a 

bi-directional reaction whereby the enzyme 11βHSD 1 mediates an oxidizing as well as reducing reaction 

(cortisol  cortisone), and 11βHSD 2 only catalyzes the oxidation (cortisol  cortisone) (Fig. 1A). The 

corresponding human gene for the 11βHSD 1 is located on chromosome 1 (3), whereas the gene of the 

11βHSD 2 is located on chromosome 16 (2). The balance of these two enzymes is a key factor for the 

availability of biologically active cortisol in the tissue (1, 2). Early work from the 1960s demonstrated that 

synovial tissue of RA patients is able to interconvert cortisol and cortisone and that interconversion is not 

solely restricted to hepatic tissue (4). It was demonstrated that these enzymes are also active in murine 

leukocytes (5), and differentiation of monocytes to macrophages was accompanied by upregulation of the 

11βHSD 1 (6). It was further demonstrated that key proinflammatory cytokines such as IL-1β and TNFα 

stimulate the cortisone to cortisol shuttle – the re-activation of cortisone (7-10). Such a reaction would 

increase the biologically active cortisol in inflamed tissue which can be necessary to counteract inflamma-

tion. 

From this point of view, we would expect a reduced shuttle from cortisol to cortisone and an increased 

shuttle back from cortisone to cortisol in tissue of patients with RA. It was speculated that therapeutic 

inhibition of cortisol to cortisone shuttle would ameliorate inflammation in chronic inflammatory diseases. 

Indeed, it has been shown that inhibition of this pathway by glycyrrhetinic acid strongly inhibited experi-

mental dermatitis by potentiation of glucocorticoid effects (11). Others have found that protein and mRNA 

expression of the 11βHSD 2 was reduced in ulcerative colitis which demonstrates that this enzyme may 

play a role in human chronic inflammatory diseases (12). It was also shown that 11βHSD 2 is active in 

tissue of Crohn's disease, ulcerative colitis, and diverticulitis (13). Although this bi-directional hormone 

shuttle may be of high importance in chronic inflammatory diseases no studies are available which have 

compared this reaction in primary cells of patients with RA and OA. We hypothesized that cortisol / corti-

sone shuttle is altered in RA as compared to OA patients. Such changes may be due to proinflammatory 

and other factors in the tissue. 

This study was initiated in order to demonstrate the presence of 11βHSD 1 and 2 in synovial tissue of 

patients with RA and OA. We functionally tested cortisol to cortisone shuttle in mixed synovial cells of RA 

and OA patients and tried to find factors which influence this particular enzyme step in primary synovial 

cells. 
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PATIENTS AND METHODS 

 

Patients. In this study, 11 patients with long-standing RA fulfilling the American College of Rheuma-

tology criteria for RA (14) and 14 patients with OA were included. These patients underwent elective knee 

joint replacement surgery. They were informed about the purpose of the study and gave written consent. 

The study was approved by the Ethics Committee of the University of Regensburg. Basic clinical and 

laboratory data are given in table 1. Parameters such as C-reactive protein and rheumatoid factor were 

measured by standard techniques as described earlier (15). 

 

Synovial tissue preparation. Synovial tissue samples were obtained immediately after opening the 

knee joint capsule and preparation of which was described (16). A piece of synovial tissue of up to 9 cm2 

was dissected. A larger piece of the synovial tissue was used to isolate mixed synovial cells (see below), 

and approximately 8 pieces of the same synovial area were used for histology: Samples intended for 

hematoxylin–eosin (HE) staining and alkaline phosphatase – anti-alkaline phosphatase (APAAP) staining 

were immediately placed in protective freezing medium (Tissue Tek, Sakura Finetek, Zoeterwoude, The 

Netherlands) and then quick-frozen. Tissue samples for the detection of nerve fibers were fixed for 12 to 

24 hr in phosphate buffered saline (PBS) containing 3.7% formaldehyde and then incubated in PBS with 

20% sucrose for 12 - 24 hr. Thereafter, tissue was embedded in Tissue Tek and quick-frozen. All tissue 

samples were stored at -80°C. 

 

Histological evaluation and determination of synovial innervation. Histological evaluation was 

carried out as described previously (15). From 5-7 µm thick sections, cell density and lining layer thick-

ness were determined of about 45 sections from at least 3 different tissue samples per patient (HE stain). 

The overall cell density was determined by counting all stained cell nuclei in 17 randomly selected high 

power fields of view (400x). The lining layer thickness was analyzed by averaging the number of cells in a 

lining layer cross section at 9 different locations (400x). To determine the number of T-cells (CD3, Dako, 

Hamburg, Germany), macrophages (CD163, Dako), and vessels (collagen IV, Dako), 8 cryosections were 

investigated using APAAP staining and the number of identified structures was averaged from 17 ran-

domly selected high power fields (400x). The number of investigated high power fields was derived from a 

pioneering histological study of Bresnihan et al. (17). 
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For the determination of synovial innervation 6 to 8 cryosections (5-7 µm thick) were used for immu-

nohistochemistry with a primary antibody against tyrosine hydroxylase (TH, the key enzyme for norepi-

nephrine production in sympathetic nerve endings, Chemicon, Temecula, CA, USA) (15), and an Alexa 

546 conjugated secondary antibody (Molecular Probes, Leiden, The Netherlands). The numbers of sym-

pathetic nerve fibers per mm² were determined by averaging the number of stained nerve fibers (mini-

mum length 50 µm, determined through a micrometer eyepiece) in 17 randomly selected high power 

fields of view (400x). 

 

Immunohistochemistry of the 11βHSD 1 and 2. Human 11βHSD 1 and 2 were detected and double 

stained using immunofluorescence. Crysections were blocked and then incubated overnight with poly-

clonal antibodies against the two enzymes (11βHSD 1 from Santa Cruz Biotechnology Inc., Santa Cruz, 

California, 11βHSD 2 from Alpha Diagnostic International Inc., San Antonio, Texas, U.S.A.) each together 

with a monoclonal antibody against activated macrophages (CD163, DakoCytomation, Carpinteria, Cali-

fornia, U.S.A.) . After three washes, staining of the positive cells was achieved by incubating the sections 

with respective secondary Alexa Fluor 488 and 555 F(ab´)2 fragments (Molecular Probes, Eugene, Ore-

gon, U.S.A.). Nuclei were stained with Vectashield mounting medium with DAPI (Vector Laboratories Inc., 

Burlingame, California, U.S.A.). The numbers of 11βHSD 1 and 2-positive cells per mm² were determined 

in 17 randomly selected high power fields of view (400x). 

 

Isolation and culture of primary mixed synovial cells. Mixed synovial cells were isolated by enzy-

matic digestion of fresh synovial tissue for 1-2 hr at 37°C using Dispase (Grade II, Boehringer, Mannheim, 

Germany). The synovial cells were re-suspended in RPMI 1640 medium (Sigma, Taufkirchen, Germany), 

supplemented with 10% FCS (Sigma, Taufkirchen, Germany), 1% penicillin/streptomycin (Life Technolo-

gies Inc., Paisley, U.K.), 0.1% amphotericin B (Bristol-Myers Squibb, Munich, Germany) and 4 ml/l cipro-

floxacin (Bayer, Leverkusen, Germany). The cells were stored for 24 hr in teflon bags (Heraeus, Hanau, 

Germany) for immediate 4°C express shipping to the University of Jena (M.S.). After removal from the 

teflon bags, synoviocytes were washed twice with serum-free RPMI medium (Biochrom, Berlin, Ger-

many). Roughly 3-4 x 105 viable cells per well were placed into 6-well plates in a final volume of 3 ml and 

incubated for 3 hr. There was no difference in viability between cells obtained from OA and RA patients, 

respectively. During culture, cells were kept in a humidified atmosphere with 5% CO2 at a temperature of 

37°C. After 3 hr, cells were subjected to incubation with radiolabelled cortisol with/without additional test 

compounds (see below). 
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Incubation with radiolabelled cortisol, steroid extraction, and thin layer chromatography. Sol-

vents and other reagents were purchased from Merck (Darmstadt, Germany), if not stated otherwise. 

Unlabelled steroids, substance P, a substance P receptor antagonist (L-703606), adenosine, and isopro-

terenol were from Sigma (Taufkirchen, Germany). Furthermore, we used the enzyme inhibitors 

metyrapone (Sigma, Taufkirchen, Germany) and carbenoxolone (Sigma, Taufkirchen, Germany) as well 

as TNFα (PeproTech, Rocky Hill, USA), and infliximab (Essex-Pharma, München, Germany). Radioactive 

[4-14C]cortisol was purchased from PerkinElmer (Rodgau, Germany). Metyrapone and carbenoxolone 

were used at 100 µM and 5 µM, respectively, because these concentrations demonstrated maximal ef-

fects (18, 19). 

After addition of various compounds or vehicles, respectively, cells were incubated with 0.249 µM 

[4-14C]cortisol (1979.5 MBq/mmol; PerkinElmer, Rodgau, Germany) for another 48 hr. We used this corti-

sol concentration because it reflects the normal serum concentration (20). The time window was chosen, 

because it was well within the time window of linear product accumulation (data not shown). Then, the 

culture supernatants were transferred to polypropylene tubes and centrifuged at 4°C at 600 g for 5 min. 

Steroids were extracted twice with 3 ml cold ethyl acetate. The exact concentrations of radiolabelled corti-

sol applied to each well and the extraction efficiencies were monitored by liquid scintillation counting of 

aliquots. More than 90% of the total radioactivity was routinely recovered in the organic phase, which was 

lyophilized in a speed-vac concentrator (Saur, Reutlingen, Germany) and stored at –20°C until analysis.  

Lyophilized extracts were dissolved in 50µl ethanol. Samples of 10µl were spotted on silica gel 60 

F254 thin-layer chromatography (TLC) aluminum sheets and developed in chloroform : ethyl acetate : 

ethanol (20:5:1). Unlabelled cortisol and cortisone, 10 µg each per lane, were used as carriers and for 

identification of corresponding spots on the TLC plates under UV illumination. Radioactivity on the TLC-

plates was quantified by phosphorimaging (FLA 3000, Fuji-Raytest, Straubenhardt, Germany). Spots 

were assigned only, if their intensity was more than two standard deviations above background. All TLC 

analyses were repeated twice for each sample. The results are calculated and given as pmoles cortisone 

produced by 106 cells in a 48 hr incubation period. Calculations based on the amounts of cortisol used 

gave essentially the same results.  

 

The re-activation ratio. Radiolabelled cortisol is converted to cortisone and again back to cortisol by 

the bi-directional reaction of 11βHSD 1 and 11βHSD 2 (Fig. 1A). Re-activation of cortisone is made pos-

sible by the 11βHSD 1 and this pathway can be blocked by metyrapone at 100 µmol/l (19). Due to the 
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amount of synovial cells available, metyrapone was used at 100 µmol/l in order to test the pathways of 

the 11βHSD 1 and 11βHSD 2 with only one radiolabelled compound (cortisol). In order to find a measure 

for re-activation of cortisone (cortisone  cortisol), a ratio of cortisone production with metyrapone di-

vided by cortisone production without metyrapone was calculated according to the following formula: 

Metyraponecortisone
cortisone

=re-activation  ratio  

This ratio is an excellent indicator of the capacity to re-activate cortisone (cortisone  cortisol).This 

particular ratio was denominated the re-activation ratio. 

 

Presentation of data and statistical analysis. All data are given as means ± SEM. When variables 

were normally distributed paired or unpaired t-test were used, otherwise the Mann-Whitney test for un-

paired data or the Wilcoxon test for paired data were used (SPSS / PC, V.11.5, SPSS Inc., Chicago, 

USA). Correlations were calculated by Spearman rank correlation analysis (SPSS). p<0.05 was the level 

of significance. 

 

 

RESULTS 

 

Markers of inflammation in synovial tissue. In order to delineate severity of local tissue inflamma-

tion, we investigated lining layer thickness, overall cellularity, density of CD3+ T cells, CD163+ macro-

phages, and vascularity. Obviously, patients with RA had more severe inflammation as compared to pa-

tients with OA (Table 1). 

 

Immunohistochemistry of 11βHSD 1 and 2. Cells positive for 11βHSD 1 and 2 were detected in the 

sublining area of synovial tissue of patients with RA and OA. Double staining identified CD163 positive 

macrophages with 11βHSD 1 and 2 (Fig. 1). The number of 11βHSD 1 (11βHSD 2) positive cells was 

somewhat lower (higher) in RA as compared to OA (Fig. 1D) but this did not reach the significance level. 

Calculation of the ratio of 11βHSD 2 positive cells divided by 11βHSD 1 positive cells revealed a signifi-

cant increase in RA as compared to OA (Fig. 1E). 

 

Interconversion of cortisol and cortisone. Figure 2 demonstrates that cortisol is converted to corti-

sone as exemplified in an OA patient. It is demonstrated that metyrapone, an inhibitor of the reducing 
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reaction of 11βHSD 1 increased cortisone production (Fig. 2, lane 5/6). Since cortisone production under 

metyrapone is markedly higher than without this compound (Fig. 2, compare lane 3/4 with lane 5/6), a 

significant part of cortisone is shifted back to cortisol via the 11βHSD 1 under conditions without 

metyrapone. The overall inhibitor of 11βHSD 1 and 2, carbenoxolone, largely inhibited conversion from 

cortisol to cortisone (Fig. 2, lane 7/8). In further experiments on 4 RA and 4 OA patients, we quantified the 

effects of carbenoxolone with/without metyrapone (Fig. 3). Under conditions with/without metyrapone, 

carbenoxolone nearly completely inhibited inactivation of cortisol, which was significant in OA and tended 

to be significant in RA (Fig. 3A,B). 

To further quantify effects of metyrapone, synovial cells of 11 RA and 14 OA patients were investi-

gated (Fig. 4). It is obvious that metyrapone led to a strong inhibition of re-activation of cortisone (corti-

sone  cortisol) in OA patients which was not significant in RA (Fig. 4A). This indicates that this particular 

reaction was more prominent in OA synovial cells and did nearly not happen in RA synovial cells (Fig. 

4A). The re-activation ratio was significantly higher in OA as compared to RA (Fig. 4B). 

 

Re-activation of cortisone and inflammation. Inflammation may have an impact on re-activation of 

cortisone because it has been demonstrated that cytokines such as TNFα and IL-1β influence 11βHSD 

(7-10). It seems that a status with less inflammation in OA patients was not linked to increased or de-

creased re-activation of cortisone (no significant correlations between synovial cellularity and reactivation 

ratio: R=0.-370, n.s., and between T cell density and re-activation ratio: R=-0.080, n.s.). However, in RA 

patients an increased inflammatory status evaluated by cellularity and T cell density significantly corre-

lated with an increased re-activation ratio (cellularity: R=0.860, p=0.002; T cell density: R=0.720, 

p=0.019). Although the general level of re-activation of cortisone is much lower in RA than in OA (Fig. 

4B), a higher inflammatory status seems to be linked to an increased re-activation of cortisone. 

There was no interrelation between re-activation of cortisone and therapeutically administered drugs 

(NSAIDS: p=0.045, prednisolone: p=0.32). 

 

Re-activation of cortisone and proinflammatory factors and sympathetic neurotransmitters. 

Above data indicated that, apart from inflammatory mediators, another causal factor may be involved in 

low re-activation of cortisone in RA patients. In our earlier studies, we have demonstrated a dramatic loss 

of sympathetic nerve fibers in synovial tissue of patients with RA as compared to OA (15, 21). In this 

study we were able to confirm the significant loss of sympathetic nerve fibers in patients with RA as com-

pared to OA (Fig. 5A). This prompted us to study two typical neurotransmitter pathways mediated by the 
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sympathetic nervous system: via the β-adrenoceptor (using isoproterenol, a specific β1,2-adrenergic ago-

nist) and via the adenosine receptor A2 (using high concentrations of adenosine). Isoproterenol and 

adenosine inhibited conversion of cortisol to cortisone (Fig. 5B). Isoproterenol demonstrated a dose-

response relationship (Fig. 5C). Other mediators such as TNFα, infliximab (anti-TNFα antibody), sub-

stance P, and a substance P receptor inhibitor did not influence this conversion step (Fig. 5B). This indi-

cates that sympathetic neurotransmitters influence the oxidizing capacity of the 11βHSD 1 or 11βHSD 2 

(cortisol  cortisone). 

 

 

DISCUSSION 

 

Cortisol conversion to cortisone is an important mechanism in order to inactivate the biologically active 

endogenous glucocorticoid. Inactivation can play an important role for generation of an inflammatory mi-

lieu, which is very important in Listeria monocytogenes infection (22): Defense mechanisms which control 

the progressive growth of Listeria monocytogenes in normal mice in vivo are dependent upon inactivation 

of endogenous glucocorticoids by the 11βHSD, because pharmacological inhibition of 11βHSD largely 

increased host susceptibility to progressive bacterial disease (22). One may hypothesize that inactivation 

of cortisol in peripheral tissue has been evolutionarily conserved in order to protect the host from bacterial 

invasion. Inactivation of cortisol can also be important in chronic inflammatory diseases. 

In this comparative study of RA and OA synovial cells, we were able to demonstrate that re-activation 

of cortisone via the reducing capacity of the 11βHSD 1 (cortisone  cortisol, see Fig. 1A) was signifi-

cantly decreased in RA as compared to OA. Thus, the supply of cortisol by re-activation of cortisone is 

obviously different in these two diseases. The question arises whether, or not, administered prednisolone 

has modulated these effects in our RA patients. It has been demonstrated in human osteoblasts that glu-

cocorticoids can increase the activity of the 11βHSD 1 in vitro (cortisone  cortisol) (23). Under consid-

eration of this information, one would expect an increased re-activation of cortisone in chronically gluco-

corticoid treated RA patients as compared to OA. However, this present study demonstrated decreased 

re-activation of cortisone in RA, which makes it unlikely that administered prednisolone has largely influ-

enced our results. 

In the sixties of the last century, it has been shown that synovial tissue is able to interconvert cortisol 

and cortisone (4). At this time, the responsible enzymes have not been cloned, and respective inhibitors 

were not known in detail. In this study of Murphy and West, it was demonstrated in synovial tissue that 
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cortisol inactivation was increased in two patients with RA as compared to two patients with diabetes (as 

controls) (4). However, a detailed statistical analysis was not possible due to the low numbers of investi-

gated patients. In our study, it turned out that particularly re-activation of cortisone is markedly lower in 

RA than in OA patients. Furthermore, it turned out that carbenoxolone, an inhibitor of the entire reaction of 

the 11βHSD 1 and 11βHSD 2 nearly completely abolished cortisol inactivation. Such a pharmacological 

effect can be an important therapeutical principle which has been demonstrated in dermatitis in mice (11). 

Interestingly, no such therapeutical principle has ever been introduced into pharmacological treatment of 

patients with RA or other chronic inflammatory diseases. 

Since RA is a disease with strong inflammation, key cytokines such as TNFα may play a role in corti-

sol inactivation. It has been demonstrated that IL-1β and TNFα stimulate re-activation of cortisone in pe-

ripheral tissue (7-10). Such a reaction would increase the biologically active cortisol in inflamed tissue, 

which can be necessary to counteract inflammation in RA. In this study, we confirmed that proinflamma-

tory factors were positively correlated to increased re-activation of cortisone in RA but not in OA. How-

ever, the level of re-activation of cortisone was largely lower in RA as compared to OA. At this point, the 

question arises whether, or not, other factor apart from proinflammatory cytokines can inhibit re-activation 

of cortisone. 

In recent years, we demonstrated a dramatic loss of sympathetic nerve fibers in the synovial tissue of 

patients with RA as compared to OA (15, 21). In parallel, tissue innervation with sensory substance P – 

positive nerve fibers remains relatively stable (15, 21). Such a dysbalance between sympathetic and sen-

sory nerve fibers may influence local cortisol availability. Indeed, it has been demonstrated that an in-

crease of the second messenger cAMP of the β-adrenergic signaling pathway inhibits both, the 11βHSD 

1 and 2 (24). In another study with Leydig cells, adenosine, another sympathetic neurotransmitter, in-

creased cortisone re-activation (25). These results may indicate that sympathetic neurotransmitters in-

crease local cortisol concentration by inhibition of cortisol inactivation or increased re-activation of corti-

sone. In this present study, we were able to demonstrate that isoproterenol, a β-adrenergic receptor ago-

nist, and adenosine inhibited cortisol inactivation particularly in OA but less in RA patients. The lower 

influence of these neurotransmitters in RA may be due to reduced neurotransmitter receptor density on 

local cells (26). 

At this point, we recall the general cooperativity of sympathetic neurotransmitters on one hand and 

glucocorticoids on the other: In asthma therapy parallel topical (or systemic) treatment with a β-adrenergic 

agonist and corticosteroids (CS) has an additive anti-obstructive effect (27). Cooperative effects of cortisol 

and norepinephrine lead to an increase of glucocorticoid receptors, β-adrenoceptors, intracellular cAMP, 
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protein kinase A, and cAMP responsive element binding protein, a sequence of events which has been 

demonstrated in various cell types (28-35). Increase of these intracellular mediators is accompanied by a 

dramatic antiinflammatory response in various immune cells (36, 37). Furthermore, cortisol supports pro-

duction of norepinephrine and epinephrine from sympathetic nerve terminals and adrenal medulla by 

inducing the synthesizing enzymes (38, 39). In synovial cells, cooperativity of norepinephrine and cortisol 

lead to decreased production of TNFα, IL-6, and IL-8 (40). From this point of view, the above mentioned 

influence of sympathetic neurotransmitters on cortisol inactivation would be an additional way in order to 

sustain cooperativity of these two systems. One may speculate that loss of sympathetic nerve fibers to-

gether with a decrease of β-adrenoceptor density on RA leukocytes is an important causal factor for low 

cortisol availability in inflamed tissue. 

In conclusion, this study demonstrated a reduced capacity of local re-activation of cortisone in rheuma-

toid arthritis synovial cells as compared to OA synovial cells. Since synthetic glucocorticoids also use this 

re-activation shuttle the same applies for therapeutic glucocorticoids. This defective re-activation of corti-

sone may be an important unrecognized pathophysiological factor for the perpetuation of inflammation in 

RA.  
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Table 1 Basic and histological characteristics of patients with rheumatoid arthritis and 

osteoarthritis who underwent knee-joint replacement surgery. Data are given as 

means ± SEM, percentages are given in parentheses. 

 

 Osteoarthritis Rheumatoid arthritis 

Number of patients 14 11 

Age (yr) 71.3 ± 2.4 66.6 ± 3.2 

Gender m/f 3 / 11 3 / 8 

Disease duration (yr) n.a. 11.6 ± 2.0 

C-reactive protein (mg/l) 6.2 ± 1.1 31.4 ± 12.0** 

Presence of rheumatoid factor (n / %) n.a. 8 (73) 

Lining layer thickness (number of cells) 2.0 ± 0.2 3.9 ± 0.4** 

Overall cellularity (cells / mm²) 1202 ± 175 2046 ± 309* 

CD3+ T cell density (cells / mm²) 28.2 ± 9.4 83.3 ± 34.7 

CD163+ macrophages (cells / mm²) 47.6 ± 10.6 126.1 ± 32.8* 

Vascularity (vessels / mm²) 25.0 ± 1.6 34.5 ± 6.0 

   

Medication   

Prednisolone (n / %) 0 (0) 9 (82) 

Methotrexate (n / %) 0 (0) 2 (18) 

Sulfasalazine (n / %) 0 (0) 1 (9) 

Leflunomide (n / %) 0 (0) 3 (27) 

Chloroquine / hydroxychloroquine (n / %) 0 (0) 3 (27) 

Azathioprine (n / %) 0 (0) 1 (9) 

Cyclosporin A (n / %) 0 (0) 1 (9) 

COX2 inhibitors (n / %) 2 (14) 3 (27) 

NSAID (unspecific COX1/2 inhibitors) (n / %) 8 (57) 10 (91) 

*p < 0.05, **p < 0.01 vs. osteoarthritis. Abbreviation: n.a., not applicable 
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Figure legends 

 

 

Figure 1 Identification of the 11beta-hydroxysteroid dehydrogenase (11βHSD) 1 and 2. A) This 

graph schematically depicts cortisol production and inactivation. B) and C) Immunohisto-

chemistry of 11βHSD 1 and 11βHSD 2 in osteoarthritis (OA) and rheumatoid arthritis (RA) 

patients. Magnification 400x. D) Density of 11βHSD 1 and 2 positive cells per mm² in pa-

tients with OA (white bars) and RA (black bars). A total of 17 randomly selected high power 

fields (440x) was investigated in each patient. E) Ratio of 11βHSD 1 positive cells divided 

by 11βHSD 2 positive cells and vice versa. Data in panels D) and E) are given as means ± 

SEM. 

 

Figure 2 Analysis of cortisol metabolism by thin-layer chromatography. A) The graph schematically 

depicts glucocorticoid interconversion via the 11beta-hydroxysteroid dehydrogenases 

(11βHSD). The points of action of applied inhibitors of the 11βHSD 1 and 11βHSD 2 are 

demonstrated. B) In a representative experiment, synovial cells from a patient with OA 

were isolated and cultured as described in Materials and Methods. Cells were incubated 

with 249 nM [4-14C]cortisol for 48 hr in serum-free RPMI medium. The positions of radio-

labelled cortisol (*cortisol) and *cortisone are indicated: *cortisone is the major product. 

Samples were spotted in duplicate at the position indicated (start): 1+2, no synovial cells; 

3+4, untreated synovial cells (control); 5+6, synovial cells treated with 100 µM metyrapone; 

7+8, synovial cells treated with 5 µM carbenoxolone.  

 

Figure 3 11βHSD inhibition blocks cortisone production in osteoarthritis (A) and rheumatoid arthritis 

(B). Synovial cells from 4 OA patients and from 4 RA patients were isolated, cultured and 

analyzed as described in Materials and Methods. Cells were treated with 100 µM 

metyrapone (M) or 5 µM carbenoxolone (CBX), or respective vehicles, as indicated. All 

data are given as means ± SEM. The insert demonstrates the points of action of investi-

gated inhibitors in OA and RA synovial cells. 
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Figure 4 Re-activation of cortisone in osteoarthritis and rheumatoid arthritis. A) Different 11βHSD 

reductase activity in OA versus RA patients. Synoviocytes of 14 OA patients and 11 RA pa-

tients were isolated and cultured as described in Materials and Methods. Cells were treated 

for 48 hr with radiolabelled cortisol in the absence or presence of 100 µM metyrapone (M), 

which inhibits solely the reductase activity of 11βHSD 1 in the concentration used (see in-

sert). All data are given as means ± SEM. B) Re-activation ratio in patients with OA and 

RA. This ratio indicates the amount of re-activation of cortisone (cortisone  cortisol). For 

calculation of the re-activation ratio see Materials and Methods. Box plots indicate 75th/25th 

percentiles, whiskers indicate 90th/10th percentiles, solid lines indicate medians, and 

dashed lines indicate means. 

 

Figure 5 Sympathetic nervous system and cortisol inactivation. A) Density of sympathetic nerve 

fibers in patients with osteoarthritis (OA) and rheumatoid arthritis (RA). B) Influence of dif-

ferent factors on cortisol inactivation. Synovial cells were treated for 48 hr with radiolabelled 

cortisol in the absence or presence of different factors: TNFα (10 ng/ml); I, infliximab (3 

µg/ml); SP, substance P (10-9 mol/l); L, L-703606 (10-6 mol/l, specific substance P receptor 

antagonist); Iso, isoproterenol (β-adrenergic agonist: 10-5 mol/l); Ado, adenosine (2.5 x 10-5 

mol/l). Synovial cells of at least three different patients with OA and RA were investigated. 

The insert (C) demonstrates the dose response curve for isoproterenol. *p < 0.05, 

**p< 0.020, #p = 0.009 for the comparison vs. control. The horizontal lines indicate control ± 

SEM. All data are given as means ± SEM. 
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(ABSTRACT) 

 

 

Objective. Anti-TNF antibody therapy in rheumatoid arthritis (RA) has expanded our understanding 

about possible mechanisms by which this treatment reduces inflammation. Beyond effects on local im-

mune responses, anti-TNF treatment may also modulate local hormone supply. Since androgens such as 

DHEA are thought to inhibit immune responses, their presence in inflamed tissue is an additionally impor-

tant antiinflammatory factor. 

Methods. In this study, we investigated conversion of the ubiquitous DHEA sulfate (DHEAS, the bio-

logically inactive precursor of DHEA) to the androgen DHEA in mixed synovial cells of patients with RA 

and osteoarthritis (OA) making use of thin layer chromatography and phosphorimaging. By immunohisto-

chemistry we detected the respective key enzyme, the steroid sulfatase. 

Results. We observed a significantly lower DHEAS to DHEA conversion in synovial cells of RA pa-

tients as compared to OA patients (3.3 ± 0.5 vs 6.0 ± 0.9 % of applied [3H]DHEAS per 106 synovial cells, 

p = 0.042). In RA but not in OA, converted [3H]DHEA inversely correlated with synovial density of macro-

phages (RRank= -0.725, n=13, p=0.005, vs. RRank= 0.069, n=18, n.s.) and T cells (RRank= -0.621, n=13, 

p=0.024, vs. RRank= 0.117, n=18, n.s.). Double immunohistochemistry revealed that the steroid sulfatase 

was mainly located in synovial macrophages but was also found in fibroblasts. Neutralization of TNF 

largely up-regulated DHEAS to DHEA conversion in RA (p<0.05) but not in OA. A similar neutralizing 

effect was observed with polyclonal human immunoglobulins which is most probably mediated via TNF 

neutralization at low TNF concentrations (p<0.01). 

Conclusions. These data indicate that TNF inhibits DHEAS to DHEA conversion in RA synovial cells. 

Since androgens are antiinflammatory mediators, TNF-induced inhibition of the local androgen supply is a 

supplementary proinflammatory factor. Consequently, anti-TNF strategies may also exert their positive 

effects by an increase of tissue androgens.  

 



DHEAS to DHEA conversion in RA, Weidler et al., p.3 
 

(Introduction) 

 

Tumor necrosis factor (TNF) is an important stimulus of local inflammation and its neutralization is a 

fast acting treatment option in patients with rheumatoid arthritis (RA) (1) and other diseases (2, 3). TNF 

may also modulate local availability of steroid hormones because it has been demonstrated that this cyto-

kine interferes with typical steroid converting enzymes in normal endocrine tissue (4-6). In this respect, 

the biologically inactive dehydroepiandrosterone sulfate (DHEAS) is an important steroid hormone pre-

cursor for local androgens and estrogens (7). Particularly, after gradual involution of endocrine tissue, 

adrenal DHEAS supply is of outstanding importance for local tissue supply of the biologically active 

downstream dehydroepiandrosterone (DHEA) (8). After a decade of extensive work on the role of andro-

gens on immune responses, these hormones are thought to play a critical antiinflammatory role in human 

rheumatic diseases (9-15) but also in animal models of arthritis and systemic lupus erythematosus (16, 

17). 

Tissue supply with DHEAS, which is locally converted to biologically active DHEA, is a critical factor 

for the further downstream conversion to testosterone and 17β-estradiol (Fig. 1). Thus, DHEAS desulfata-

tion by the X-chromosomally located microsomal steroid sulfatase (18), is the key enzyme step for DHEA 

tissue supply. Important work in macrophages of normal mice demonstrated that proinflammatory media-

tors such as lipopolysaccharide and TNF inhibit this enzyme step (19). However, cytokine-modulated 

conversion of DHEAS to DHEA has never been investigated in cells of inflamed tissue of patients with 

chronic inflammatory diseases. 

It was the aim of this present study to investigate the role of TNF on DHEAS to DHEA conversion in 

mixed synovial cells of patients with RA and patients with osteoarthritis (OA). This study should give an 

idea as to how the ubiquitous precursor hormone DHEAS is locally converted to DHEA, the important 

precursor of testosterone and estrogens. 

 

 

PATIENTS AND METHODS 

 

Patients. In this study, 15 patients with long-standing RA fulfilling the American College of Rheuma-

tology criteria for RA (20) and 22 patients with OA were included. These patients underwent elective knee 

joint replacement surgery, and they were informed about the purpose of the study and gave written con-

sent. The study was approved by the Ethical Committee of the University of Regensburg. Basic clinical 
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and laboratory data are given in table 1. Parameters such as erythrocyte sedimentation rate, C-reactive 

protein, and rheumatoid factor were measured by standard techniques.  

 

Synovial tissue preparation. Synovial tissue samples were obtained immediately after opening the 

knee joint capsule. The preparation of the tissue for histology was described (21). Briefly, a piece of syno-

vial tissue of up to 9 cm2 was dissected. Fat tissue and tissue with a large number of blood vessels were 

removed. Six pieces of about 16 mm2 were loaded into 8 superfusion chambers (see below), and ap-

proximately 8 pieces (0.8 cm2) of the same synovial area were used for histology. Samples intended for 

hematoxylin–eosin (HE) staining and alkaline phosphatase – anti-alkaline phosphatase (APAAP) staining 

were immediately placed in protective freezing medium (Tissue Tek, Sakura Finetek, Zoeterwoude, The 

Netherlands) and then quick-frozen floating on liquid nitrogen. Tissue samples for the detection of nerve 

fibers were fixed for 12 to 24 hr in phosphate buffered saline (PBS) containing 3.7% formaldehyde and 

then incubated in PBS with 20% sucrose for 12 - 24 hr. Thereafter, tissue was embedded in Tissue Tek 

and quick-frozen. All tissue samples were stored at -80°C. 

 

Histological evaluation and determination of synovial innervation. Histological evaluation was 

carried out as described previously (22). Briefly, the frozen tissue samples were cut into 6-8 µm thick 

sections and cell density and lining layer thickness were determined using standard HE staining of about 

45 sections from at least 3 different tissue samples per patient. The overall cell density was determined 

by counting all stained cell nuclei in 17 randomly selected high power fields of view (400x) and expressed 

per square millimeter. The lining layer thickness was analyzed by averaging the number of cells in a lining 

layer cross section at 9 different locations at 400x magnification. To determine the number of T-cells 

(CD3, Dako, Hamburg, Germany), macrophages (CD163, Dako), and vessels (collagen IV, Dako) in the 

synovial tissue of each patient, 8 cryosections were investigated using APAAP staining and the number of 

identified structures was averaged from 17 randomly selected high power fields of view (400x) and ex-

pressed per square millimeter. The number of investigated high power fields was derived from a pioneer-

ing histological study of Bresnihan et al. (23). 

The determination of synovial innervation has been described previously (22). Briefly, 6 to 8 cryosec-

tions (7 – 9 µm thick) of the formaldehyde / sucrose – fixed tissue samples were used for immunohisto-

chemistry with a primary antibody against tyrosine hydroxylase (TH, the key enzyme for NE production in 

sympathetic nerve endings, Chemicon, Temecula, CA, USA). An Alexa 546 conjugated secondary anti-

body (Molecular Probes, Leiden, The Netherlands) was used to achieve immunofluorescent staining of 
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sympathetic nerve fibers. The numbers of TH-positive nerve fibers and cells per square millimeter were 

determined by averaging the number of stained nerve fibers (minimum length 50 µm, determined through 

a micrometer eyepiece) in 17 randomly selected high power fields of view (400x). 

 

Immunohistochemistry of the steroid sulfatase. Human steroid sulfatase was detected using a 

specific rabbit antiserum against the protein previously published (24), and sections were double stained 

using immunofluorescence. Briefly, cryosections of acetone-fixed synovial tissue samples were air-dried 

for 1 hr and then rehydrated in 0.05 M TBS. Unspecific binding sites were blocked with 0.05 M TBS con-

taining 10% fetal calf serum, 10% bovine serum albumin and 10% normal goat serum for 1 hr at room 

temperature. After a 10 min wash with TBS, the sections were incubated with the polyclonal anti-steroid 

sulfatase antibodies for 12 to 18 hr at room temperature together with a monoclonal antibody against 

activated macrophages (CD163, Dako) or fibroblasts (prolyl-4-hydroxylase, Dako). After three washes, 

staining of the positive cells was achieved by incubating the sections with respective secondary Alexa 

Fluor 488 and 555 F(ab´)2 fragments (Molecular Probes, Eugene, Oregon, U.S.A.). Nuclei were stained 

with Vectashield mounting medium with DAPI (Vector Laboratories Inc., Burlingame, California, U.S.A.). 

Control staining with non-immune rabbit and mouse serum was carried out in parallel. 

 

Steroid hormone conversion assay. Mixed synovial cells were isolated by enzymatic digestion of 

fresh synovial tissue for 1-2 hr at 37°C (Dispase Grade II, Roche Biochemicals, Mannheim, Germany). 

The synovial cells were re-suspended in serum-free RPMI 1640 medium (Sigma, Taufkirchen, Germany), 

supplemented with 1% penicillin/streptomycin (Life Technologies Inc., Paisley, U.K.), 0.1% amphotericin B 

(Bristol-Myers Squibb, Munich, Germany) and 4 ml/l ciprofloxacin (Bayer, Leverkusen, Germany). A total 

of 35.000 cells were seeded into 48-well plates in a volume of 250 µl and cultured for 24 hr (primary early 

culture of mixed synovial cells without further selection) in a humidified atmosphere with 5% CO2 at a 

temperature of 37°C. 

To measure the activity of the steroid sulfatase, [1,2,6,7-3H]DHEAS (PerkinElmer Life Sciences, Rot-

gau, Germany) was added to each dish to achieve a final concentration of 0.2 µmol/l (normal serum con-

centration approx. 6 µmol/l, serum concentration in patients with RA: 1.2 µmol/l, ref. 25). In order to test 

modulation of DHEAS to DHEA conversion, we added anti-TNF monoclonal antibody (infliximab, Essex 

Pharma GmbH, Munich, Germany), polyclonal immunoglobulins (as a control to the Fab part of infliximab, 

IgG Gammonativ, Pharmacia & Upjohn, Erlangen, Germany), and a biologically irrelevant Fc chimera with 

the mouse oncostatin M receptor β-chain (as a true control to the Fc part of infliximab, protein homology 
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to the human oncostatin M receptor β-chain < 50%, R&D Systems, Wiesbaden, Germany) to synovial 

cells. The substances were added to achieve a final concentration of 0.01 and 0.1 µg/ml, respectively. 

The synovial cells were cultured with [1,2,6,7-3H]DHEAS for additional 24 hr in a humidified atmosphere 

with 5% CO2 at a temperature of 37°C. 

 

Thin layer chromatography (TLC) analysis. Steroids in the supernatant were extracted twice with 

ethyl acetate at pH 1.0. After centrifugation, the organic phase was removed and evaporated to dryness 

by a nitrogen stream. Dried extracts were dissolved in 50 µl 100% ethanol. Samples of 10 µl were then 

spotted on silica gel 60 F254 TCL aluminum sheets (Merck, Darmstadt, Germany). A mixture of unlabeled 

carrier steroids (DHEAS, DHEA, androstenediol, testosterone, estrone, all from Sigma, Taufkirchen, 

Germany) were also spotted on each sheet in order to control chromatography later by UV illumination. 

The silica gel aluminum sheets were then developed in one dimension with the solvent system chloro-

form:diethylether (1:1). After developing, aluminum sheets were marked with [1,2,6,7-3H]DHEAS at 1µM, 

0.1µM, 0.01µM in order to produce a standard curve on every aluminum sheet (Fig. 2). Establishing a 

standard curve on every TLC sheet allows the exact determination of molar amounts of converted 

[3H]DHEA. Then the sheets were exposed to tritium storage phosphor screens (Molecular Dynamics, 

Amersham Pharmacia Biotech, Freiburg, Germany) for 18 - 24 hr. For the measurement of the activated 

screens we used the PhosphorImager SI (Molecular Dynamics, Amersham Pharmacia Biotech, Freiburg, 

Germany). Spontaneous [3H]DHEA generation from [3H]DHEAS and background radioactivity were sub-

tracted from each radioactivity spot (Fig. 2). TLC spots were assigned to steroid hormones by co-

migration with authentic standards in the solvent system and visualized by heating to 130°C after dipping 

plates into 3% copper(II)-acetate in 8% phosphoric acid.  

 

Superfusion technique of synovial tissue samples. In order to use an additional soluble readout 

parameter of synovial inflammation, IL-6 was detected in the superfusate of synovial tissue samples. The 

superfusion technique has been described previously in detail for spleen slices (26). Briefly, six pieces of 

synovial tissue samples were placed in superfusion chambers with 80 µl volume and then superfused 

with serum-free culture medium (RPMI 1640, 25 mM HEPES, 1% penicillin/streptomycin, 30 µM mercap-

toethanol, 0.57 mM ascorbic acid, 1.3 mM calcium, all additions from Sigma, Taufkirchen, Germany). 

Superfusion was performed for 2 hr at 37ºC using a flow rate of 66 µl/min (one sample per chamber, six 
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chambers in parallel). Superfusate was collected at 2 hr and stored at –20°C for later bulk analysis of IL-6 

by ELISA (Endogen via Perbio Science, Bonn, Germany). 

 

Measurement of TNF in the synovial cell supernatant. An aliquot of isolated synovial cells of each 

patient was also incubated for 48 hr in supplemented RPMI 1640 without adding any substances. The 

TNF concentrations of these supernatants were measured by a high sensitive ELISA (R&D Systems, 

Wiesbaden, Germany).  

 

L929 cell bioassay for detection of TNF effects. This assay was established in order to detect the 

possible TNF-neutralizing activity of IgG Gammonativ (see Results). L929 murine fibrosarcoma cells were 

cultured in RPMI 1640 supplemented with 10% fetal calf serum (Sigma, Taufkirchen, Germany), 1% peni-

cillium/streptomycin (Life Technologies Inc., Paisley, U.K.) and 3 x 10-5 mol/l 2-mercaptoethanol (Sigma, 

Taufkirchen, Germany). The bioassays were carried out in supplemented RPMI 1640 under serum-free 

conditions. A total of 3 x 105 cells per well were seeded into a 96 well plate in supplemented medium con-

taining 4 µg/ml actinomycin D (Sigma, Taufkirchen, Germany). Then IgG Gammonativ and infliximab 

were added in the same concentrations as mentioned above together with different concentrations of TNF 

(39, 156, and 625 pg/ml, recombinant human protein from R&D Systems, Wiesbaden, Germany). After 24 

hr in a humidified atmosphere with 5% CO2 at a temperature of 37°C, the viability of the cells was meas-

ured by a colorimetric method using a standard protocol of the CellTiter 96 AQueous Assay (Promega 

Corporation, Madison, U.S.A.). The percentage of cell survival was calculated as follows: (Absorptiontreated 

cells / Absorptionuntreated cells) x 100.  

 

Presentation of data and statistical analysis. All data are given as means ± SEM. Groups were 

compared by the non-parametric Mann-Whitney test, correlations were calculated by Spearman rank 

correlation analysis (SPSS / PC, V.11.5, SPSS Inc., Chicago, USA). p<0.05 was the level of significance. 

 

 

RESULTS 

 

Markers of inflammation in synovial tissue. In order to delineate severity of local tissue inflamma-

tion, we investigated lining layer thickness, overall cellularity, density of CD3+ T cells, CD163+ macro-

phages, vascularity, and density of sympathetic nerve fibers which is an excellent marker of synovial in-
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flammation (22). Obviously, patients with RA had more severe inflammation as compared to patients with 

OA (Table 1, Table 2). 

 

DHEAS to DHEA conversion in synovial cells of RA and OA. Figure 3 demonstrates that DHEA 

generation from DHEAS was significantly lower in patients with RA as compared to OA. OA patients pro-

duced twice as much DHEA from the biologically inactive precursor DHEAS (Fig.3A). Under these condi-

tions with one million synovial cells, produced DHEA is approximately 5 % of the initially administered 

DHEAS which reflects a conversion rate of 1:20 (Fig. 3A). Since steroid sulfatase located in synovial cells 

is responsible for DHEAS to DHEA conversion, we calculated the ratio of converted DHEA divided by 

overall cellularity (Fig. 3B). This ratio supported our above mentioned findings of low DHEAS to DHEA 

conversion in RA as compared to OA. 

 

DHEAS to DHEA conversion and markers of inflammation. In order to link the amount of converted 

DHEA with typical markers of inflammation, Spearman correlation analysis was carried out. Obviously, 

there was a negative correlation between converted DHEA and density of T cells in patients with RA but 

not in OA (Fig. 4A,B). An even more clear picture appeared for the correlation between converted DHEA 

and macrophage density (Fig. 4C,D). Both tissue markers of inflammation were negatively linked to the 

amount of generated DHEA in patients with RA but not in OA. Similarly, superfusate concentration of IL-6 

was negatively correlated to produced DHEA in RA but not in OA (RRank= -0.588, n=13, p=0.035, vs. 

RRank= 0.181, n=18, n.s.). Superfusate TNF was not investigated because it is not measurable in half of 

the patients. From these experiments, it seems to be obvious that increased inflammation is linked to 

lower amounts of converted DHEA. Interestingly, there was interrelation between medication such as 

prednisolone, methotrexate, sulfasalazine, leflunomide, chloroquine / hydroxychloroquine, azathioprine, 

cyclosporin A, COX2 inhibitors, or NSAID (unspecific COX1/2 inhibitors) and the amount of converted 

DHEA (data not shown). However, statistical power for this comparison was low due to low numbers of 

patients with respective drugs. 

 

Double immunohistochemistry of the steroid sulfatase. Our above mentioned functional studies 

demonstrated steroid sulfatase activity in synovial cells of RA and OA. Immunohistochemical studies were 

carried out in order to detect the responsible sulfatase in the tissue. It is obvious that in OA and RA 

macrophages and fibroblast were positive for the steroid sulfatase (Fig. 5). Steroid sulfatase was mainly 

found in the sublining area (data not shown). 
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TNF and immunoglobulin G inhibit DHEAS to DHEA conversion in patients with RA. Since the 

inflammatory milieu seems to down-regulate DHEAS to DHEA conversion, TNF may be an excellent can-

didate to cause these effects (19). Indeed, the anti-TNF antibody infliximab enhanced DHEAS to DHEA 

conversion in mixed synovial cells of patients with RA but not in patients with OA (Fig. 6A,B). The use of 

polyclonal IgG as control to the Fab part of infliximab also demonstrated markedly enhanced DHEAS to 

DHEA conversion in mixed synovial cells of patients with RA but not in patients with OA (Fig. 6C,D). It 

seems likely that either Fc gamma receptors instigate this effect or that polyclonal IgG have TNF-neutra-

lizing capacity. Both possibilities were tested in further experiments. 

In order to delineate the role of Fc gamma receptors, we used a Fab - irrelevant protein, the Fc chi-

mera / murine oncostatin M receptor β chain (homology to the human protein < 50%). Experiments with 

the Fc chimera did not reveal any effects in OA and RA patients which obviously rules out a direct effect 

via Fc gamma receptors (Fig. 7A,B). This may indicate that polyclonal IgG have got a TNF-neutralizing 

activity. TNF without addition of infliximab or IgG typically reduced viability of L929 cells (Fig. 7C, white 

bars). At all investigated concentrations of TNF, infliximab was able to completely abolish the TNF effect 

on these TNF - sensitive cells (Fig. 7C, black bars). Interestingly, polyclonal IgG also abolished the TNF 

effect at TNF concentrations of 39 pg/ml (Fig. 7C, cross-hatched bars). At higher concentrations of TNF, 

polyclonal IgG did not neutralize TNF effects (Fig. 7C, cross-hatched bars). This prompted us to investi-

gate the supernatant concentration of incubated mixed synovial cells in RA and OA (3.5 ± 1.9 vs. 7.1 ± 

3.8 pg/ml, n.s., p=0.418). This indicates that TNF concentrations were in the respective range in which 

neutralization of TNF by IgG is possible. 

 

 

DISCUSSION 

 

Adrenal androgens, precursors of testosterone and estrogens in tissue, are dramatically decreased in 

the systemic circulation of patients with rheumatic diseases (25, 27-34). Recent investigations even dem-

onstrated that patients with low serum levels of DHEAS many years prior to the onset of RA were more 

likely to develop RA as compared to subjects with normal levels (35). In addition, androgens, the first 

products of DHEAS conversion in the tissue, have an antiinflammatory role in human rheumatic diseases 

(9-15) but also in animal models of arthritis and systemic lupus erythematosus (16, 17). At this point, we 

may summarize that low serum levels of DHEAS may be disadvantageous in chronic inflammatory dis-
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eases due to a deficiency of this hormone and downstream androgens in inflamed tissue. However, it was 

not known how much of still available DHEAS can be converted to the androgen precursor DHEA in 

synovial cells of affected patients. 

In this study, we demonstrate for the first time that DHEAS to DHEA conversion is decreased in pa-

tients with RA as compared to OA. Under consideration of low levels of serum DHEAS in patients with 

RA, this additional information demonstrates the full picture of local androgen deficiency in this disease. A 

likely factor which may influence this important conversion step is TNF because it has been demonstrated 

in macrophages of normal mice that TNF inhibits activity or expression of the microsomal steroid sulfa-

tase, the key enzyme for DHEA generation in the tissue (19). In this present study, we were fortunate to 

demonstrate that TNF is also a strong inhibitor of DHEAS to DHEA conversion in synovial cells of RA 

patients but absolutely not in OA patients. Use of the Fab control of infliximab, polyclonal IgG, revealed a 

very similar increasing influence on this conversion step only in RA patients. Further experiments re-

vealed that the positive effect of polyclonal IgG is most probably due to TNF neutralization at low TNF 

concentrations. It is not known whether, or not, TNF neutralization by polyclonal IgG is a likely factor for 

the positive effects of this therapy in rheumatic diseases. At least in our preparation the TNF neutraliza-

tion is rather probable due to the low concentration of TNF in synovial cell cultures. 

Interestingly, immunohistochemical double staining revealed that the steroid sulfatase was located in 

macrophages and to a smaller extent also in fibroblasts. This corroborates the idea that macrophages are 

mainly responsible for conversion of DHEAS to DHEA which was studied in murine macrophages (19). 

Double immunohistochemistry further demonstrates that many different cells are capable of converting 

DHEAS to DHEA. Since patients with RA demonstrated somewhat more macrophages per square milli-

meter tissue, one must assume that the activity of this particular enzyme is inhibited. As demonstrated in 

this study in RA and OA synovial cells, particularly TNF will be a strong inhibitor. 

In conclusion, DHEAS to DHEA conversion is reduced in synovial cells of RA patients in comparison 

to OA, and TNF plays a critical inhibitory role. These findings in synovial cells extend our knowledge of 

androgen deficiency in systemic circulation. Both factors, local and systemic, together with the increased 

local activity of the aromatase in RA tissue (36), which converts androgens to estrogens (Fig. 1), leads to 

a severe androgen deficit in inflamed RA tissue. The balance of androgens versus estrogens is severely 

shifted to estrogens which most likely supports continuous inflammation in RA synovial tissue. 
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Table 1 Basic characteristics of patients with osteoarthritis and rheumatoid arthritis who 

underwent knee-joint replacement surgery. Data are given as means ± S.E.M., 

percentages are given in parentheses. 

 

 Osteoarthritis Rheumatoid arthritis 

Number of patients 22 15 

Age (yr) 69.6 ± 1.6 65.3 ± 3.3 

Gender m/f 2 / 20 0 / 15 

Disease duration (yr) n.a. 15.4 ± 2.0 

Erythrocyte sedimentation rate (mm 1st hr) 16.2 ± 2,4* 28.6 ± 7.2 

C-reactive protein (mg/l) 5.5 ± 0.7** 28.6 ± 7.2 

Presence of rheumatoid factor n.a. 14 (87.5) 

   

Medication   

Prednisolone 0 (0) 10 (67.0) 

Methotrexate 0 (0) 3 (20.0) 

Sulfasalazine 0 (0) 1 (7.0) 

Leflunomide 0 (0) 2 (13.3) 

Chloroquine / hydroxychloroquine 0 (0) 2 (13.3) 

Azathioprine 0 (0) 1 (7.0) 

Cyclosporin A 0 (0) 0 (0) 

COX2 inhibitors 2 (9.1) 1 (7.0) 

NSAID (unspecific COX1/2 inhibitors) 13 (59.1) 13 (81.3) 

*p < 0.02, **p<0.005 vs. patients with rheumatoid arthritis; n.a. not applicable. Abbreviations: COX, cyclo-

oxygenase. 
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Table 2 Inflammatory markers in synovial tissue of patients with RA and OA. Data are 

given as means ± S.E.M. 

 

 Osteoarthritis Rheumatoid arthritis 

Lining layer thickness (number of cells) 1.7 ± 0.1** 4.0 ± 0.4 

Overall cellularity (cells / mm²) 1310 ± 133* 2039 ± 237 

CD3+ T cell density (cells / mm²) 27.7 ± 6.4 73.3 ± 27 

CD163+ macrophages (cells / mm²) 73.1 ± 10.1 110.4 ± 29.0 

Vascularity (vessels / mm²) 32.0 ± 4.7 27.4 ± 5.2 

sympathetic nerve fibers (fibers / mm²) 1.9 ± 0.4** 0.5 ± 0.2 

*p < 0.02, **p ≤ 0.005 vs. patients with rheumatoid arthritis. 
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Figure Legends 

 

Figure 1 Schematic diagram demonstrating the biosynthesis of tissue steroid hormones. The ulti-

mate precursor of androgens in synovial tissue is biologically inactive DHEAS which is 

converted to the active DHEA by the steroid sulfatase (ST). DHEA itself can be converted 

to downstream androgens (androstenedione, testosterone) and estrogens (hormones be-

low the AROM = aromatase enzyme). Steroid hormones in a green (red) area indicate 

supposed antiinflammatory (proinflammatory) activity. Cytokines such as IL-1, IL-6, and 

TNF stimulate the aromatase (red arrow). Abbreviations: DHEA, dehydroepiandrosterone; 

DHEAS, DHEA sulfate; Enzymes: 3-β-HSD, 3β-hydroxysteroid dehydrogenase; 17-β-

HSD, 17β-hydroxysteroid dehydrogenase; ST, DHEAS sulfatase. 

 

Figure 2 Example of a thin layer chromatography. On the left side, it is demonstrated how 

[³H]DHEAS is spontaneously converted to [³H]DHEA under conditions without synovial 

cells. In the lower right corner, two samples of synovial cell supernatant of a patient with 

OA are given (two replicates). It is obvious that spontaneous conversion is minimal in 

comparison to conversion in the presence of synovial cells. Results of spontaneous con-

version were subtracted from results of conversion in the presence of cells. In the upper 

right corner, the standard curve is delineated (10-6M, 10-7M, 10-8M). This standard curve 

was blotted on every sheet in order to avoid differences between sheets. 

 

Figure 3 Amount of DHEAS to DHEA conversion in synovial cells of patients with osteoarthritis 

(OA) and rheumatoid arthritis (RA). A) The diagram gives converted [3H]DHEA (*DHEA) 

in percent of applied [3H]DHEAS (*DHEAS) per one million investigated synovial cells. B) 

This graph delineates the ratio of above mentioned *DHEA divided by overall cellularity 

(see also table 2). In all experiments, 0.2 µmol/l *DHEAS was used in 18 patients with OA 

and 13 patients with RA, and assays were carried out in duplicate. 

 

Figure 4 Correlation analysis of inflammatory markers and converted DHEA in patients with os-

teoarthritis (OA) and rheumatoid arthritis (RA). Due to some missing histological evalua-

tions in patients with OA and RA not all patients were included in these diagrams. The 

diagrams give the linear regression line, the Spearman rank correlation coefficient, and 
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the respective p-value according to the number of patients. For these experiments, 0.2 

µmol/l *DHEAS was used. 

 

Figure 5 Double immunohistochemistry of steroid sulfatase in a patient with osteoarthritis and 

rheumatoid arthritis. Synovial cells from a patient with OA and RA stain positive for 

CD163+ macrophages (green fluorescence) and prolyl-4-hydroxylase – positive fibro-

blasts (green fluorescence) as well as steroid sulfatase (red fluorescence). The panels on 

the right side demonstrate the overlay with indicated double staining (white arrows). Mi-

crographs were taken at 400x magnification. 

 

Figure 6 Modulation of DHEAS to DHEA conversion by infliximab and polyclonal IgG in patients 

with osteoarthritis (OA, panels A and C) and rheumatoid arthritis (RA, panels B and D). 

Conversion in at least four different patients was investigated. *p = 0.066, **p = 0.011, 

+p= 0.003, and ++p< 0.001 for the comparison of control (Co) versus indicated concentra-

tions of infliximab (anti-TNF) and polyclonal IgG. In all experiments, 0.2 µmol/l *DHEAS 

was used in at least 3 patients with OA and 3 patients with RA, and assays were carried 

out in duplicate. 

 

Figure 7 Modulation of DHEAS to DHEA conversion by the Fc chimera / oncostatin M receptor β 

chain and results of the L929 TNF bioassay. A,B) In patients with osteoarthritis (OA) and 

rheumatoid arthritis (RA), the Fc chimera does not stimulate DHEAS to DHEA conver-

sion. In all experiments, 0.2 µmol/l *DHEAS was used, and steroid hormone conversion in 

at least three different patients was investigated. C) L929 TNF bioassay in order to detect 

the TNF-neutralizing capacity of infliximab and polyclonal IgG. In the L929 TNF bioassay, 

addition of TNF to L929 cells leads to fast cell death which is indicated by decreased ab-

sorbance in a colorimetric method. The data are given in percent of the control (Co = no 

TNF, no infliximab, no polyclonal IgG). White bars demonstrate controls without addition 

of infliximab or polyclonal IgG. Black (cross-hatched) bars demonstrate the TNF-

neutralizing effects of infliximab (polyclonal IgG) at concentrations of 0.1 (.1) and 1.0 

µg/ml. For each condition, four independent experiments with two replicates were carried 

out. *p = 0.052, **p = 0.010, and +p< 0.005 for the comparison versus the respective con-

trol condition (white bar). 
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In the late 1970s, Kunkel and colleagues made the important
observation that estrogen metabolism is altered in patients
with systemic lupus erythematosus (SLE)1,2. This group
described elevated serum concentrations of 16α-hydroxy-
lated estrogens in patients with SLE. They concluded that
women with SLE had abnormal patterns of estradiol metab-
olism that may lead to increased estrogenic activity1. A

similar phenomenon was recently described for synovial
fluid concentrations of this hormone in patients with
rheumatoid arthritis (RA)3. This suggests that 16α-hydroxy-
lated estrone may play an important role in these diseases.
This estrogen and others are converted from upstream
estrone and 17ß-estradiol (Figure 1).

Interestingly, breast cancer research revealed a mitogenic
tumor growth-stimulating role of 16α-hydroxylated estro-
gens that indicates the potent estrogenic activity of these
hormones4. These hormones bind to the estrogen receptor
and thereby induce nuclear translocation of the hormone-
receptor complex and subsequently growth of breast cancer
cells in vitro5. Other conversion products of estrone and
17ß-estradiol are the 2-hydroxylated estrogens such as 2-
hydroxyestrone and 2-hydroxyestradiol (Figure 1). In
contrast to 16α-hydroxylated estrogens, the 2-hydroxylated
forms inhibit growth-promoting effects of 17ß-estradiol6.
The anticarcinogenic effect of 2-hydroxyestrone has been
extensively reviewed7. Further, the estrogen metabolism
pathway favoring 2-hydroxylation over 16α-hydroxylation
is associated with a reduced risk of invasive breast cancer in

Patients with Rheumatoid Arthritis and Systemic
Lupus Erythematosus Have Increased Renal Excretion
of Mitogenic Estrogens in Relation to Endogenous
Antiestrogens
CLAUDIA WEIDLER, PETER HÄRLE, JOERG SCHEDEL, MARTIN SCHMIDT, JÜRGEN SCHÖLMERICH, 
and RAINER H. STRAUB

ABSTRACT. Objective. In patients with rheumatoid arthritis (RA) and systemic lupus erythematosus (SLE), 17ß-
estradiol was thought to play a dual pro- and antiinflammatory role depending on its concentration
or probably conversion to downstream mitogenic 16α-hydroxyestrone or naturally occurring antie-
strogens such as 2-hydroxyestrone. We compared renal excretion of these 2 types of estrogens in
healthy subjects and patients with RA and SLE.
Methods. In a prospective study with 30 patients with RA, 32 with SLE, and 54 healthy subjects, we
measured urinary levels of 16α-hydroxyestrone and 2-hydroxyestrogens by enzyme immunoassay.
We studied renal excretion to estimate the time-integral of hormone production.
Results. Urinary concentration and total urinary loss of 2-hydroxyestrogens was 10 times higher in
healthy subjects compared to patients with either SLE or RA irrespective of prior prednisolone treat-
ment or sex. The urinary concentration and loss of 16α-hydroxyestrone did not differ between
healthy subjects and patients with RA/SLE. The ratio of urinary 16α-hydroxyestrone/2-hydroxye-
strogens was more than 20 times higher in RA and SLE than healthy subjects irrespective of prior
glucocorticoid treatment or sex.
Conclusion. This study in RA and SLE patients clearly demonstrates a large shift to mitogenic estro-
gens in relation to endogenous antiestrogens. Both steroids are converted from the precursor 17ß-
estradiol and estrone. In patients with RA and SLE, the magnitude of conversion to the mitogenic
16α-hydroxyestrone is greatly upregulated, which likely contributes to maintenance of the prolifer-
ative state in these diseases. (J Rheumatol 2004;31:489–94)

Key Indexing Terms:
RHEUMATOID ARTHRITIS        ESTROGENS          SYSTEMIC LUPUS ERYTHEMATOSUS
16α-HYDROXYESTRONE           2-HYDROXYESTRONE              2-HYDROXYESTRADIOL
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premenopausal women8. In epithelial cells, 16α-hydroxye-
strone leads to transformation and increased proliferative
activity9.

We can summarize that 16α-hydroxylated estrogens are
biologically active whereas the 2-hydroxylated metabolites
of estrone and 17ß-estradiol are not. Thus, the molar rela-
tionship of 2-hydroxylated versus 16α-hydroxylated estro-
gens may be an important indicator of the presence of
inactive (or even antagonizing) versus active estrogens. In
patients with RA and SLE, we investigated the renal excre-
tion of both metabolites and their molar ratio. Renal excre-
tion yields a time-integral of the endogenous production of
these estrogenic metabolites and is more suitable compared
to single measurements in serum.

MATERIALS AND METHODS
We studied 30 Caucasian patients with diagnosed RA fulfilling the
American College of Rheumatology criteria10. Clinical variables of disease
activity included the number of swollen and tender joints and erythrocyte

sedimentation rate. In order to simultaneously study patients with another
chronic inflammatory disease, we enrolled 32 Caucasian patients with SLE
according to the criteria of the American College of Rheumatology11. In the
latter, clinical activity was assessed by the SLE Disease Activity Index
(SLEDAI). Basic characteristics of both disease groups, including therapy,
are shown in Table 1. It can be seen that patients in both disease groups
presented mild to moderate disease activity. All women with periodic
menstrual bleeding were in the follicular phase of the menstrual cycle.

For comparison, 54 healthy Caucasian controls were recruited (mean
age 40.8 ± 1.5 yrs), and health status was verified by means of a 33-item
questionnaire12. The questionnaire addressed known diseases in the past
and at present, current symptoms of disease, current medication, alcohol
intake, smoking habits, family history, and surgical history. The question-
naire was adapted to the SENIEUR protocol13. Our rules established strict
admission criteria for immunogerontological studies based on clinical
information. Fertile women (controls and patients) were not taking contra-
ceptives and they were in the early to mid-follicular phase of the menstrual
cycle.

Due to the different ages and sexes in the disease groups, subgroup
analyses were carried out in order to correctly compare the different groups
with controls. Subgroups were matched according to age and sex (Table 1).

Patients and controls were instructed to collect urine for 24 h in special
urine containers during the day before the visit. On the day of the visit,
between 8:00 and 10:00 AM, urine samples for further determination of
steroid hormones were taken and stored at –30°C in adequate aliquots. All
patients and controls gave written consent for further investigation of
samples. Due to the difficulties in recruiting large numbers of patients and
controls (taking no contraceptives and in the correct phase of the menstrual
cycle), collection of the material lasted 2 years. 

Laboratory measures. We used the Estramet 2/16 commercial enzyme
immunoassay kit (IBL, Hamburg, Germany). This assay detects either 16α-
hydroxyestrone (cross-reactivity of the subject antibody for other related
estrogens and androgens at least < 3%) or the 2-hydroxylated forms of
estrone (cross-reactivity of the antibody 100%), estradiol (100%), and
estriol (74%). Since urinary forms of these hormones appear as
glucuronides or sulfates, the estrogens were deconjugated by use of a
mixture of ß-glucuronidase and arylsulfatase (Gusulase; IBL). The assay
and antibodies are described by Klug, et al14. The sensitivity of the assay is
about 0.2 nmol/l urinary 16α-hydroxyestrone and roughly 0.5 nmol/l of 2-
hydroxyestrogens. For both assays, intraassay and interassay coefficients of
variation were below 10%. Both assays have been shown to demonstrate
100% recovery of metabolites. Urinary levels of these 2 hormones are good
indicators of their production. Since serum concentrations cannot be
measured by this test kit, we were unable to determine serum levels of these
2 hormones.

Patients and controls were also part of another related study that inves-
tigated excretion of adrenal hormones (unpublished data). That study
revealed that creatinine clearances of controls and patients in the different
disease groups were very similar. Thus, we do not give these data here.

Statistical analysis. To compare medians in 2 different groups the Mann-
Whitney signed-rank test was used (SPSS/PC for Windows, V. 10.0.5,
SPSS Inc., Chicago, IL, USA). Investigation of interrelation between 2
variables was by Spearman rank correlation analysis. P values less than
0.05 were considered significant and means are given ± SEM.

RESULTS
Urinary hormone concentration of 2- and 16α-hydroxylated
estrogens. In comparison to controls, patients with RA and
SLE irrespective of prior prednisolone treatment had signif-
icantly lower urinary hormone concentrations of 2-hydrox-
yestrogens (Figures 2A, 2B). The levels in controls were 10
to 20 times higher compared to patients with RA and SLE.
In contrast, we found no marked difference in urinary levels

The Journal of Rheumatology 2004; 31:3490

Figure 1. The biosynthesis of steroid hormones. Precursor hormones such
as DHEAS and DHEA can be converted to downstream androgens
(androstenedione, testosterone) and estrogens [hormones below the
aromatase enzyme (AROM)]. Steroid hormones shown in green (red) indi-
cate supposed antiinflammatory (proinflammatory) activity. DHEA: dehy-
droepiandrosterone; DHEAS: DHEA sulfate. Enzymes: 3-ß-HSD:
3ß-hydroxysteroid dehydrogenase; 5-α-R: 5α-reductase; 17-ß-HSD: 17ß-
hydroxysteroid dehydrogenase; DST: DHEA sulfatase; ST: sulfotrans-
ferase.
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of 16α-hydroxylated estrone between controls and patients
of both disease groups (Figures 2C, 2D). Comparison of
women and men with RA/SLE with their respective controls
revealed very similar results (data not shown). Comparison
of male versus female controls and also patients did not
reveal a significant difference for urinary hormone concen-
trations of the 2 metabolites (data not shown).

Total urinary loss of 2- and 16α-hydroxylated estrogens. A
very similar picture to that for urinary concentrations was
found for total urinary loss of these hormones in nmol per
hour (Figure 3). Urine volume and collection time were
included into the calculation of this measure, as: total loss =
(concentration × volume)/collection time. Again, patients in
both disease groups irrespective of prior prednisolone treat-
ment compared to controls showed a decreased loss of 2-
hydroxylated estrogens (Figures 3A, 3B). In patients with
RA, the molar amount of excreted 16α-hydroxyestrone was

very similar to controls (Figure 3C). In SLE patients without
prior prednisolone treatment, loss of 16α-hydroxyestrone
was significantly increased in relation to controls (Figure
3D). This did not reach significance level in all SLE patients
including those with prednisolone pretreatment due to the
high variation (Figure 3D). Comparison of women and men
with RA/SLE to their respective controls revealed very
similar results (data not shown). Comparison of male with
female controls and also patients revealed no significant
difference for both urinary hormone concentrations (data
not shown).

Relation of 16α-hydroxylated and 2-hydroxylated estrogens.
To estimate the relative increase of 16α-hydroxyestrone in
relation to 2-hydroxylated estrogens a molar ratio of these 2
hormones was calculated using the numerical value of the
urinary concentrations (an identical ratio is calculated when
the total urinary loss in nmol/h is used; i.e., a unitless ratio).

Weidler, et al: Mitogenic estrogens in RA and SLE 491

Table 1. Basic characteristics of patients with RA or SLE in the subgroup analyses. Data are given as means ±
SEM and percentages in parentheses.

RA SLE Controls

Number 30 23
Age, yrs 56.1 ± 2.4 51.5 ± 0.8
Sex (f/m), n 22/8 (73/27) 12/11 (52/48)

Premenopausal women, n 3/22 1/12
Disease duration, yrs 10.8 ± 1.9 NA
No. of swollen joints 4.1 ± 1.5 NA
No. of painful joints 6.6 ± 1.6 NA
ESR, mm/h 27.7 ± 3.9 NM
Medication

Prednisolone 20 (67) NA
Prednisolone, mg/day 6.5 ± 1.8 NA
Methotrexate 9 (41) NA
NSAID 11 (38) NA
Leflunomide 8 (27) NA
Anti-TNF strategy 6 (21) NA
Sulfasalazine 2 (7) NA
Cyclophosphamide 0 (0) NA
Azathioprine 0 (0) NA

Number 32 42
Age, yrs 38.1 ± 2.1 37.1 ± 1.5
Sex (f/m), n 24/8 (75/25) 25/17 (60/40)

Premenopausal women 22/24 18/25
Disease duration, yrs 8.0 ± 1.5 NA
SLEDAI (points) 10.1 ± 1.5 NA
ESR, mm/h 25.0 ± 3.3 NM
Medication

Prednisolone 22 (69) NA
Prednisolone, mg/day 9.4 ± 3.4 NA
Methotrexate 2 (6) NA
NSAID 13 (41) NA
Leflunomide 0 (0) NA
Anti-TNF strategy NA NA
Sulfasalazine 0 (0) NA
Cyclophosphamide 2 (6) NA
Azathioprine 12 (38) NA

Anti-TNF strategies are either infliximab or etanercept. ESR: erythrocyte sedimentation rate; NA: not applicable;
NM: not measured; NSAID: nonsteroidal antiinflammatory drugs; SLEDAI: SLE Disease Activity Index.

Personal, non-commercial use only.  The Journal of Rheumatology  Copyright © 2004. All rights reserved.
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This ratio was elevated more than 20 times in both patient
groups without prior prednisolone treatment, and it was
even further enhanced in all patients of the 2 disease groups
(Figure 4). Thus, the molar amount of excreted 16α-hydrox-
yestrone is markedly elevated in relation to 2-hydroxylated
estrogens. Comparison of women and men with RA/SLE
with their respective controls yielded the same results (data
not shown). Similar to the urinary hormone concentrations
and total renal excretion, this phenomenon was not sex-
dependent. 

Disease activity and excreted 2- and 16α-hydroxylated
estrogens. In patients with RA, irrespective of prior pred-
nisolone treatment, excretion of both estrogen metabolites
was not related to the number of tender or swollen joints (p
≥ 0.10). In all patients with SLE, the total molar amount of
2-hydroxylated estrogens per hour was negatively correlated
with the SLEDAI (RRank = –0.389 , p = 0.045), but no inter-
relation was observed for 16α-hydroxyestrone (p > 0.10). In
the smaller number of SLE patients without prior pred-
nisolone treatment, this did not achieve significance (p >
0.10).

DISCUSSION
This study clearly demonstrates increased renal excretion of
16α-hydroxyestrone in relation to 2-hydroxylated estrogens,
which may be unfavorable. Considering recent studies8,15, it
is thought that urinary excretion of these hormones reflects
production in the tissue because no respective hydroxylase
activity is expected in the urine. We recently reported that
patients with RA present significantly elevated concentra-
tions of synovial 16α-hydroxyestrone and 4-hydroxyestra-
diol compared to controls3. The synovial fluid levels of
2-hydroxyestrone were not significantly different between
the 2 groups. Thus, local conversion of estrone and 17ß-
estradiol are most likely the source of 16α-hydroxyestrone
and 2-hydroxylated estrogens. The conversion may be
particularly upregulated in inflamed tissue3.

Studies in breast cancer research determined that 16α-
hydroxyestrone is a mitogenic and proliferative endogenous
hormone that binds covalently to the estrogen receptor,
leading to nuclear translocation4,5,9. Because of this covalent
linkage to the receptor, 16α-hydroxyestrone shows persis-
tent biological responses16. In proliferation assays, 16α-

The Journal of Rheumatology 2004; 31:3492

Figure 2. Urinary concentrations of 2-hydroxylated estrogens (A, B) and
16α-hydroxyestrone (C, D) in patients with RA and SLE. Co: healthy
controls; –Pred: no prior prednisolone therapy. ##p < 0.001 for comparison
of the respective median with control. Data are given as mean nmol/l ±
SEM.

Figure 3. Total urinary loss of 2-hydroxylated estrogens (A, B) and 16α-
hydroxyestrone (C, D) in patients with RA and SLE. Co: healthy controls;
–Pred: no prior prednisolone therapy. *p < 0.05, ##p < 0.001 for compar-
ison of the respective median with control. Data are given as mean nmol/h
± SEM.
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hydroxyestrone had an activity comparable to that observed
for the carcinogen DMBA9. Measurement of anchorage-
independent colony formation of mammary epithelial cells
grown in soft agar showed that 16α-hydroxyestrone was far
more potent than 17ß-estradiol9. Thus, 16α-hydroxyestrone
may induce a hyperestrogenic state. This is particularly true
if the naturally occurring antiestrogens, the 2-hydroxylated
estrogens, are diminished. This is obviously the case in both
patient groups in our study, which led to more than 20 times
increased molar amounts of 16α-hydroxyestrone in relation
to 2-hydroxylated estrogens. In contrast to 16α-hydroxy-
lated estrogens, the 2-hydroxylated forms inhibit growth-
promoting effects of 17ß-estradiol6. In this respect,
2-hydroxyestrone has anticarcinogenic properties and, thus
it is most likely a naturally-occurring antiestrogen7. The
relative loss of 2-hydroxylated estrogens in relation to 16α-
hydroxyestrone may thus be an important switch to support
the chronic proliferative state in these diseases. This is
corroborated by the observation that disease activity in
patients with SLE was negatively correlated to urinary
concentrations of 2-hydroxylated estrogens. One may spec-
ulate that the role of 17ß-estradiol, which was thought to
play a dual pro- and antiinflammatory role in chronic
inflammatory diseases depending on its local concentra-
tion17,18, largely depends on conversion downstream to pro-
or antiinflammatory metabolites such as 16α-hydroxye-
strone or naturally-occurring antagonists (2-hydroxylated
forms of estrogens). Further, conversion to metabolites
downstream may also determine the pro- and antiinflamma-
tory role of estrogens during hormone replacement therapy.
Since the excretion of 2-hydroxylated estrogens was very
low in the 2 disease groups, we may expect an important
shunt pathway for estrogens, and elucidation of this would
be important to understand the entire phenomenon.

It is intriguing that sex and the ovulatory state did not
influence our findings. This clearly indicates that the
gonadal production of these hormones is not responsible for

the observed results. Thus, it seems that most of the
measured metabolites are converted in the periphery, which
is largely independent of sex. It is most probable that this
mainly depends on the inflammatory state in the tissue3.
Moreover, the hormone shift appears in both disease groups,
which indicates that the phenomenon is not disease-specific.
Similarly disease-nonspecific is the well known loss of
adrenal androgens and the inadequately low serum levels of
cortisol in relation to inflammation. It seems that these
disease related changes are not evolutionarily conserved for
a specific inflammatory disease. Most probably these
inflammation-dependent reactions were evolutionarily
conserved for other processes, which are used in a large
number of inflammatory reactions. Discovery of the general
rule behind these phenomena must be of great future
interest.
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Low density of sympathetic nerve fibres and increased
density of brain derived neurotrophic factor positive cells in
RA synovium
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Objective: To investigate the correlation between density of nerve fibres and the presence of BDNF+ cells.
Methods: Densities of nerve fibres and BDNF+ cells were detected by quantitative immunohistochemistry in
fresh synovial tissue from 52 patients with RA, 59 with OA, and 26 controls (Co). BDNF was also detected
by in situ hybridisation.
Results: Sympathetic nerve fibre density was similar in Co and OA but markedly reduced in RA
(p = 0.002), whereas density of substance P positive (SP+) sensory nerve fibres was lower in OA than in Co
and RA (p =0.002). The ratio of sympathetic/SP+ sensory nerve fibre density was highest in OA and Co,
followed by RA. The correlation between density of sympathetic nerve fibres and SP+ sensory nerve fibres
in OA (R=0.425, p = 0.001) was strongly positive, had a positive trend in Co (R=0.243, NS), but was
negative in RA (R=20.292, p = 0.040). In RA and OA tissue the density of BDNF+ cells was high in
sublining areas but markedly lower in Co (p = 0.001). BDNF+ cell density correlated positively with the
ratio of sympathetic/SP+ sensory nerve fibre density in Co (R=0.433, p = 0.045) and in OA (R=0.613,
p = 0.015), but not in RA (R=0.101, NS). Immunohistochemical double staining demonstrated that some
macrophages and fibroblasts were positive for BDNF.
Conclusions: The correlation of density of SP+ sensory with sympathetic nerve fibres was positive in Co and
OA but negative in RA. BDNF may have a stimulatory role on growth of sympathetic in relation to SP+

sensory nerve fibres in Co and OA, but not in RA.

P
eripheral sympathetic neurotransmitters and their co-
factors such as norepinephrine, neuropeptide Y (NPY),
and adenosine inhibit important inflammatory functions

such as, for example, production of tumour necrosis factor by
monocytes/macrophages,1–4 production of oxygen radicals by
neutrophils,5–7 and activity of natural killer cells.8–11 High con-
centrations of these neurotransmitters (1027 to 1025 mol/l
via b-adrenoceptors, Y1 NPY receptors, or A2 adenosine
receptors) down regulate many aspects of the innate immune
system and, thus the presence of sympathetic nerve fibres
should be favourable in the inflamed synovium of patients
with rheumatoid arthritis (RA) (reviewed by Straub and
Cutolo12). However, the density of sympathetic nerve fibres is
dramatically reduced in inflamed RA synovium,13 14 whereas
the density of proinflammatory substance P positive (SP+)
sensory nerve fibres is increased in the synovium of patients
with RA as compared with osteoarthritis (OA).15

The reasons for the imbalance of the density of sympa-
thetic in relation to SP+ sensory nerve fibres is not yet known,
but the ratio of neurotrophic factors to nerve repellent factors
may have an important role.16 17 We have recently shown that
the sympathetic nerve repellent factor semaphorin 3C is
markedly up regulated in RA synovium as compared with OA
or control tissue; this was not observed for nerve repellent
factors of sensory nerve fibres.18 This might lead to a decrease
of sympathetic nerve fibres in RA as compared with OA and
controls. However, there is no good explanation why the
density of sympathetic nerve fibres is higher in OA than in
RA or controls. It is unlikely that the repellent factors of the
semaphorin group play a part because repellent factors of
sensory neurons were not detected in the tissue of all
subgroups. On the other hand, changes of expression of

neurotrophic factors may be responsible for the observed
imbalance of sympathetic and SP+ sensory nerve fibres.
Since the discovery of the original nerve growth factor

(NGF) in the 1960s by Levi-Montalcini, other peripherally
acting neurotrophins, such as brain derived neurotrophic factor
(BDNF), neurotrophin-3, neurotrophin-4, neurotrophin-5, and
ciliary neurotrophic factor, have been described. In addition
to their canonical role in promoting neuronal survival and
growth, these molecules appear to regulate multiple aspects
of the development of the nervous system in vertebrates,
including neuronal differentiation, axon elongation, and
target innervation.19 The growth promoting effects of the
above mentioned neurotrophins on sensory or sympathetic
neurons are unspecific because their receptors appear on both
types of nerve fibres (see for example, Barbacid20 and
Chalazonitis21). Interestingly, NGF supports the inflamma-
tory process and it is up regulated during inflammatory
episodes in the skin,22 in rheumatoid synovium,23 and in the
bronchial system.24 On the basis of its unspecific effects on
both types of peripheral nerve fibres, NGF should induce
nerve fibre sprouting of sympathetic and sensory nerve fibres.
Because only SP+ sensory nerve fibres are increased in the
inflamed synovium of patients with RA other mechanisms
must be responsible for the observed imbalance.
In contrast with NGF, the role of BDNF in inflammation is

not precisely known. BDNF is up regulated in rat dorsal root
ganglia after acute peripheral inflammation.25 Activated cells
of the immune system express BDNF upon stimulation,26 27

Abbreviations: APAAP, alkaline phosphatase–anti-alkaline
phosphatase; BDNF, brain derived neurotrophic factor; NGF, nerve
growth factor; NPY, neuropeptide Y; OA, osteoarthritis; RA, rheumatoid
arthritis; SP, substance P; TH, tyrosine hydroxylase*C Weidler and C Holzer contributed equally to this study.
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and BDNF has been found in inflammatory lesions in the
brain and in the pancreas during pancreatitis.26 28 However,
its expression has never been investigated in arthritic animals
or in patients with RA or OA.
This study aimed at investigating the presence of BDNF+

cells in synovial tissue of patients with RA, OA, and traumatic
controls. Furthermore, we wanted to investigate a possible
relationship between the density of BDNF+ cells and the
density of sympathetic/SP+ sensory nerve fibres.

PATIENTS AND METHODS
Patients and controls
Fifty two patients with RA and 59 patients with OA who
underwent knee joint replacement surgery and 26 control
subjects with acute trauma who underwent arthroscopic
knee surgery were included without further selection. In the
original pool of 30 control subjects, four patients had chronic
traumatic joint affections. These latter control subjects had
clear signs of inflammation so that they were removed from
the analysis. The 26 remaining control subjects had acute
disease and no visible signs of inflammation. Diagnosis of RA
was based on the established American College of
Rheumatology criteria.29 All patients were informed about
the purpose of the study and gave written consent. The study
was approved by the ethical committee of the University of
Regensburg.

Table 1 shows details of the clinical and laboratory data for
the entire group and for the subgroup included in the BDNF
immunohistochemical study. Respective control subjects (11
women, 15 men) had a mean (SEM) age of 32.2 (2.4) (range
16–60) years. Patients for the subgroup analysis included in
the BDNF immunohistochemistry study are shown in braces
in table 1. Respective control subjects (2 women, 5 men) had
a mean (SEM) age of 41.1 (4.9) (16–60) years. Variables such
as erythrocyte sedimentation rate, C reactive protein, and
blood leucocyte count were measured by standard techni-
ques. Although our control subjects were markedly younger,
we decided to include them in order to present a completely
different group without any longstanding inflammation.
Furthermore, preliminary correlation analyses indicated that
nerve fibre density was not related to age (see also
‘‘Results’’). This group comprised patients with acute knee
joint problems such as tibial plateau fracture, anterior
cruciate ligament rupture, and loose bodies in the knee joint.

Synovial tissue preparation and
immunohistochemistry
Synovial tissue samples were obtained immediately after
opening the knee joint capsule or during arthroscopic surgery
(in controls). The tissue for histology was prepared as
described previously.14 Synovial tissue pieces of at least
363 mm2 were used for histology. Samples intended for

Table 1 Basic characteristics of all patients with RA and OA

Characteristic

RA OA

Entire group Subgroup` Entire group Subgroup`

Number 52 {15} 59 {17}
Age (years), mean (SEM) [range] 65.2 (1.3) [39–84] {66.2 (3.4) [39–84]} 68.9 (1.2) [41–88] {67.9 (3.1) [49–88]}
Sex (F/M) 41/11 {14/1} 43/16 {15/2}
ESR (mm/1st h), mean (SEM) 32.0 (3.7)** {35.6 (8.0)�} 15.2 (1.4) {17.3 (3.2)}
CRP (mg/l), mean (SEM) 27.6 (4.4)** {27.3 (8.9)*} 5.8 (0.6) {5.1 (0.8)}

Drugs (No (%) of patients)
Prednisolone 43 (83) {12 (80)} 1 (2) {0 (0)}
NSAID 41 (79) {13 (87)} 28 (47) {8 (53)}
Methotrexate 11 (21) {3 (20)} 0 (0) {0 (0)}
Leflunomide 4 (8) {4 (27)} 0 (0) {0 (0)}
Ciclosporin A 1 (2) {1 (7)} 0 (0) {0 (0)}
Azathioprine 3 (6) {1 (7)} 0 (0) {0 (0)}
Sulfasalazine 5 (10) {3 (20)} 1 (2) {0 (0)}
Hydroxychloroquine 4 (8) {3 (20)} 0 (0) {0 (0)}

*p,0.05, **p,0.01, �p =0.07 for comparison of the two disease groups.
`Data in braces are the subgroup characteristics for the immunohistochemistry study on BDNF.

Figure 1 Representative immunohistochemistry of substance P (SP) positive sensory nerve fibres and sympathetic tyrosine hydroxylase (TH) positive
nerve fibres. Note the typical juxtaposition of TH positive fibres and the structure of an artery (arrow heads). Micrographs were taken at6400
magnification.

14 Weidler, Holzer, Harbuz, et al

www.annrheumdis.com



alkaline phosphatase–anti-alkaline phosphatase (APAAP)
staining were immediately placed in protective freezing
medium (Tissue Tek, Sakura Finetek, Zoeterwoude, The
Netherlands) and then quick frozen by floating on liquid
nitrogen. Tissue samples for the detection of nerve fibres
were fixed for 12–24 hours in phosphate buffered saline
containing 3.7% formaldehyde, and then incubated in
phosphate buffered saline with 20% sucrose for 12–24 hours.
Thereafter, tissue was embedded in Tissue Tek and quick
frozen. All tissue samples were stored at 280 C̊.
Histological evaluation was carried out as described

previously.14 Briefly, the frozen tissue samples were cut into
5–8 mm thick sections. To determine the number of BDNF+

cells (catalogue No MAB248; R&D Systems, Wiesbaden,
Germany) in the synovial tissue of each patient, eight
cryosections were investigated using APAAP staining and
the number of identified structures was averaged from 17
randomly selected high power fields of view (6400) and
expressed per square millimetre. Because we did not have
authentic BDNF, we controlled the positive BDNF staining by
incubating the tissue with mouse isotype IgG control
antibodies which always yielded a negative result. The
determination of synovial innervation has been described
previously.14 Briefly, six to eight cryosections (5–9 mm thick)
of the formaldehyde/sucrose fixed tissue samples were used
for immunohistochemistry with a primary antibody against
tyrosine hydroxylase (TH+, the key enzyme for norepinephr-
ine production in sympathetic nerve endings, catalogue No
MAB318; Chemicon, Temecula, CA, USA) and against SP+

(the key neurotransmitter of SP+ sensory nerve fibres,
catalogue No AB1566; Chemicon). An Alexa 546 conjugated
secondary antibody (catalogue No A-11030 against mouse

IgG, catalogue No A-121010 against rabbit IgG; Molecular
Probes, Leiden, The Netherlands) was used to achieve
immunofluorescent staining of sympathetic and SP+ sensory
nerve fibres (fig 1). The numbers of TH+ sympathetic and SP+

sensory nerve fibres per square millimetre were determined
by averaging the number of stained nerve fibres (minimum
length 50 mm, determined through a micrometre eyepiece) in
17 randomly selected high power fields of view (6400). We
controlled the positive nerve fibre staining by incubating the
tissue with polyclonal control antibodies which always
yielded a negative result.

Immunofluorescence double staining of BDNF+ cells
and macrophages/fibroblasts
Double staining of BDNF+ cells and macrophages/fibroblasts
was carried out as follows: acetone fixed cryosections were
incubated overnight with a polyclonal rabbit antihuman
BDNF antibody (catalogue No AB6201-500; Abcam Ltd,
Cambridge, UK). Thereafter, fibroblasts and macrophages
were stained by mouse monoclonal antibodies against prolyl-
4-hydroxylase or CD163 (catalogue No M0877 or M0794;
Dako, Glostrup, Denmark). Immunofluorescence staining
was achieved with F(ab)2 fragments of goat antirabbit or
antimouse IgG (Alexa Fluor 555 or 488, catalogue No. A-
21430 or A-11017; Molecular Probes, Leiden, The
Netherlands). Nuclei were stained with DAPI (Vectashield
mounting medium, catalogue No H-1200; Vector Labora-
tories, Burlingame, USA).

BDNF in situ hybridisation of synovial tissue
Synovial tissue was stored at 280 C̊ before sectioning
(20 mm) on a cryostat. Sections (4–6 per tissue) were

Figure 2 Density of sympathetic and SP+ sensory nerve fibres in control subjects (Co), patients with OA, and RA. (A) Density of SP+ sensory nerve
fibres; (B) density of sympathetic TH+ nerve fibres; and (C) ratio of density of sympathetic/SP+ sensory nerve fibres. Values of p for comparison of group
medians are given below the panels. The box plots demonstrate the 10th and 90th centile, the 25th and 75th centile, and the median.

Sympathetic/sensory nerves in RA and OA: role of BDNF 15
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mounted onto gelatin coated microscope slides that were
stored at 280 C̊ until required. In situ hybridisation
histochemistry was carried out as described previously.30

Briefly, the sections were taken through a series of
dehydrating alcohol washes, air dried, and a [35S]dATP
39 end labelled oligonucleotide BDNF probe added in
hybridisation buffer. The probe sequence was 59-CCA-GTG-
CCT-CTT-GTC-TAT-GCC-CCT-GCA-GCC-CTC-CTT-TGT-GTA-
CCC-CAT-39, representing nucleotides 746–795.31 The
sections were incubated overnight at 37 C̊ before washing
to remove unbound and non-specifically bound probe. The
sections were dried and exposed to autoradiography film.
Further sections were dipped in photographic emulsion to
visualise cellular distribution of the probe bound. Counter
staining was carried out with haematoxylin and eosin.

Presentation of data and statistical analysis
Data are presented as mean (SEM). Groups were compared
by the non-parametric Mann-Whitney test, correlations were
calculated by Pearson’s correlation analysis (SPSS/PC, ver-
sion 11.5, SPSS Inc, Chicago, USA). Frequencies in two
different groups were compared by x2 test using Yates’s
continuity correction or Fisher’s exact test if possible. p,0.05
was the level of significance.
We used the ratio ‘‘density of sympathetic TH+ nerve fibres/

density of SP+ sensory nerve fibres’’ in order to demonstrate
the relation between both types of nerve fibre (values are
without units).15 To investigate the interrelation between the
density of BDNF+ cells and the density of sympathetic TH+

or SP+ sensory nerve fibres, we used correlation analysis
(x value: density of BDNF+ cells; y value: above mentioned
nerve fibre ratio) and a ternary plot (x value: density of
BDNF+ cells; y value: density of sympathetic TH+ nerve fibres;
z value: density of SP+ sensory nerve fibres). A ternary plot is
an analytical and plotting application that normalises and
plots three values on a triangular diagram and three bivariate
cross plots. In the plot, means and standard deviations are

calculated in the normalised space (see http://home.c2i.
net/astandne/help_htm/english/terplot1.htm; accessed 27
September 2004). The ternary diagram was created using
the standard ternary plot software of SigmaPlot 2002 (SPSS
Inc, Chicago, USA).

RESULTS
Sympathetic and SP+ sensory innervation of synovial
tissue
Figure 1 shows representative immunohistochemical stain-
ings of SP+ sensory nerve fibres and sympathetic TH+ nerve
fibres. Note the typical pattern of TH+ staining which follows
larger arteries (fig 1). A significant reduction of SP+ sensory
nerve fibres was found in patients with OA compared with
patients with RA or control subjects with non-inflammatory
conditions (fig 2A). This indicates a reduction of SP+ sensory
innervation in patients with OA. For sympathetic synovial
innervation, there was a clear reduction of sympathetic TH+

nerve fibres in patients with RA as compared with patients
with OA and controls (fig 2B). No difference was seen
between patients with OA and control subjects (fig 2B). The
ratio of the density of sympathetic TH+ nerve fibres/SP+

sensory nerve fibres was markedly lower in patients with RA
than in patients with OA and controls (fig 2C). Interestingly,
patients with OA had a significantly higher ratio than
controls (fig 2C), which indicates that patients with OA
had the highest density of sympathetic in relation to SP+

sensory nerve fibres when compared with the other two
groups.
Correlation analysis showed a trend for a positive inter-

relation between sympathetic TH+ nerve fibres and SP+

sensory nerve fibres in control subjects (fig 3A) and in
patients with OA (fig 3B). In patients with RA, this
interrelation was negative, which indicates inverse coupling
of sympathetic and SP+ sensory nervous inputs to RA
synovium (fig 3C).

Figure 3 Interrelation between density of sympathetic TH+ nerve fibres and density of SP+ sensory nerve fibres in (A) control subjects (Co); (B) patients
with OA; and (C) patients with RA. The linear regression line and its Pearson correlation coefficient are given.

16 Weidler, Holzer, Harbuz, et al
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In a receiver operator curve analysis including all investi-
gated subjects, both the density of sympathetic nerve fibres
and the ratio of the density of sympathetic nerve fibres
divided by the density of SP+ nerve fibres turned out to be
excellent variables to separate patients with RA from either
patients with OA or control subjects. In this analysis, it was
found that a cut off value of 0.94 for the density of
sympathetic nerve fibres yielded the highest sensitivity of
92.0%, a specificity of 87.8%, and an accuracy of 89.4%. When
the nerve fibre ratio was used as the variable, it was found
that a cut off value of 0.50 yielded the highest sensitivity of
84.0%, a specificity of 85.4%, and an accuracy of 84.8%.
Because the control patients were markedly different in

age, we investigated whether an interrelation existed
between age and nerve fibre density in the various patient
subgroups: no such correlation was found for control subjects

(age v TH+: R=0.192, p=0.348; age v SP+: R=20.056,
p=0.785), patients with OA (age v TH+: R=0.243, p=0.069;
age v SP+: R=0.127, p=0.342), and patients with RA (age v
TH+: R=20.090, p=0.525; age v SP+: R=0.158, p=0.273).
In another analysis we compared women and men in order

to investigate a possible difference in nerve fibre density. We
detected no difference for density of sympathetic TH+ nerve
fibres and SP+ sensory nerve fibres between women and men
in the different patient groups (p values at least .0.20, data
not shown).

BDNF+ cells in synovial tissue
Neurotrophic factors such as BDNF may potentially influence
the growth of sympathetic and SP+ sensory nerve fibres in a
very differential way (supporting the growth of one,
inhibiting the other). To link the expression of BDNF to

Figure 4 Immunohistochemistry of BDNF in synovial tissue. (A) Synovial tissue from a control subject without an inflammatory condition (Co), a patient
with OA, and a patient with RA stains positive for BDNF. APAAP staining was used. (B) BDNF in situ hybridisation of synovial tissue from a patient with
OA and RA. (C) Immunofluorescence double staining of BDNF+ cells (green fluorescence) versus fibroblasts (left panel: red fluorescence, prolyl-4-
hydroxylase) or macrophages (right panel: red fluorescence, CD163). Nuclei were stained with DAPI. In all panels, respective control stainings were
always negative. All micrographs were taken at6400 magnification.
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sympathetic and SP+ sensory nerve fibres, BDNF was
detected immunohistochemically: BDNF+ cells were found
in all three patient groups (fig 4A). In all three patient
groups, BDNF cells were located in the lining area (fig 4A).
However, only in patients with RA and OA were the cells in
the synovial sublining area stained positive for BDNF (fig 4A).
A representative in situ hybridisation of OA and RA synovial
sublining tissue demonstrated marked expression of BDNF
mRNA (fig 4B). Immunohistochemical double staining
confirmed that BDNF+ cells most often stained positive also
for markers of fibroblasts (prolyl-4-hydroxylase) and macro-
phages (CD163), respectively (fig 4C). Furthermore, there
was a highly significant increase in the density of BDNF+ cells
in patients with RA and OA in comparison with control
subjects (fig 5). This indicates that BDNF is particularly
expressed under more inflammatory conditions. In the
different groups, age and sex were not related to the density
of BDNF+ cells (data not shown).

Interrelation between BDNF+ cells and sympathetic
TH+ or SP+ sensory nerve fibres
A correlation analysis for the density of BDNF+ cells and the
nerve fibre ratio demonstrated a positive interrelation in
control subjects and patients with OA (figs 6A and B), but no
such relationship existed in patients with RA (fig 6C). In
controls and patients with OA this indicates that increased
density of BDNF+ cells is linked to a higher ratio of
sympathetic nerve fibres to SP+ sensory nerve fibres.
In the ternary plot, control subjects clearly differed from

patients with RA and OA. This is demonstrated by the lower
density of BDNF+ cells and higher density of sympathetic TH+

nerve fibres (fig 6D, open circles). Patients with RA and some
patients with OA had a high density of BDNF+ cells and very
low density of sympathetic TH+ nerve fibres (fig 6D, red
circles and black triangles in lower left corner). A subgroup of
patients with OA exists who had an intermediate pattern
(fig 6D, black triangles, between lower left corner and control
subjects).

DISCUSSION
This is the first study which has demonstrated similar
synovial density of sympathetic nerve fibres in a control
group without inflammation in comparison with patients
with OA. This analysis was important in order to give an
unbiased absolute measure of the density of sympathetic
nerve fibres in non-inflamed synovial tissue. In addition, we
confirmed the striking loss of sympathetic nerve fibres in
patients with RA14 15 as compared with patients with OA and
control subjects.
In animal studies, reduction of nerve fibre density was

dependent on the stage of the disease.32 However, we were
unable to link reduction of sympathetic nerve fibres to
markers of inflammation or disease duration. Our patients
had long term disease, and it seems that in this stage of the
disease sympathetic nerve fibres are almost absent. In control
subjects and patients with OA, the densities of sympathetic
and SP+ sensory nerve fibres were positively correlated,
whereas in patients with RA this correlation was negative.
Because high levels of sympathetic neurotransmitters

inhibit many immunological functions, particularly, those
of the innate immune system,1–11 a normal density of
sympathetic nerve fibres of about 2.6 nerve fibres/mm2 may
be necessary for a balanced immune reaction (= the value of
the control subjects). This is particularly important because
the density of proinflammatory SP+ sensory nerve fibres
remains unaltered.14 15 It is important to mention that low
concentrations of norepinephrine (,1027 mol/l, via a-adreno-
ceptors) and adenosine (,1027 mol/l, via A1 adenosine
receptors) can exert a completely opposite, now pro-
inflammatory influence on the immune system (sum-
marised by Straub and Cutolo12). The equilibrium, as
estimated by the ratio of the density of sympathetic to the
density of SP+ sensory nerve fibres in control subjects and
patients with OA, is typically above 0.50–1.00. We may
speculate that under normal conditions this equilibrium is
maintained in order to establish a balanced tissue supply.
This balance is largely shifted to proinflammatory SP+

sensory nerve fibres in patients with RA. At this point the
question arises why, in this inflammatory process, the
density of sympathetic nerve fibres decreases and the density
of SP+ sensory nerve fibres remains constant.
The presence of nerve fibres in peripheral tissue is

controlled by nerve growth factors and nerve repellent
factors. It has been repeatedly demonstrated that NGF is
present in inflamed synovial tissue and fluid in RA,23 in
circulating blood,33 and in the synovial fluid of patients with
spondyloarthropathies.34 NGF is produced by different
leucocytes upon stimulation (see, for example, Pezzati et al35

and Morgan et al36), and was found to be an important
stimulator of wound healing.37–39 In contrast with NGF, the
presence of BDNF has never been described in synovial tissue
in animals or men. BDNF is up regulated in rat dorsal root
ganglia after acute peripheral inflammation.25 Activated cells
of the immune system express BDNF,26 27 and BDNF was
found in inflammatory lesions.26 28 Both BDNF and NGF are
up regulated in inflammatory lesions. Our study demon-
strated increased density of BDNF+ cells in inflamed
synovium of patients with RA and OA but not in control
subjects. The difference was most pronounced in the
sublining area, and both fibroblasts and macrophages stained
positive for BDNF.
Moreover, we tried to link cellular expression of BDNF to

the described dissociation of sympathetic versus SP+ sensory
nerve fibres. The analysis showed that the density of BDNF+

cells is positively related to the increased density of
sympathetic in relation to SP+ sensory nerve fibres in control
subjects and patients with OA, but not in patients with RA.
One may speculate that BDNF supports the growth of
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Figure 5 Density of BDNF+ cells in control subjects (Co), patients with
OA, and patients with RA. Values of p for comparison of group medians
are given.
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sympathetic nerve fibres more than the growth of SP+

sensory nerve fibres, which may be disrupted in patients
with RA. As patients with RA in comparison with OA and
controls demonstrate increased density of the sympathetic
nerve repellent factor semaphorin 3C in synovial tissue,18 the
presence of BDNF may not influence the growth of
sympathetic nerve fibres in the same way as in controls
and patients with OA.
Although the deductive nature of our approach does not

allow us to find a causative relationship between BDNF and
nerve fibre dissociation, it stimulates new ideas for following
up this intriguing subject in experimental models of arthritis.
In addition, the decrease of visible nerve fibres may also
depend on exaggerated release of neuropeptides or altera-
tions of expression of key enzymes such as TH during the
inflammatory process.16 17 Nevertheless, it seems obvious that
the detected loss of visible nerve fibres is probably linked to
functional alterations of these neuronal pathways.
A second interesting finding was the decreased density of

SP+ sensory nerve fibres in patients with OA as compared
with control subjects and patients with RA. At present, we do
not know how the loss of SP+ sensory nerve fibres influences

the osteoarthritic process but one may speculate that loss of
joint sensation would lead to continuous mechanical micro-
traumas.40 41 Furthermore, loss of SP may lead to a lack of
growth promoting factors because SP can stimulate extra-
cellular matrix production etc.42–44 Both conditions may lead
to a loss of joint protection in patients with OA.
In conclusion, the interrelation of the density of SP+

sensory and sympathetic nerve fibres was positive in control
subjects and OA but negative in RA, which demonstrates
inverse coupling of these two nervous systems in RA
synovium. BDNF, a neurotrophic factor, may have a
stimulatory role on the growth of sympathetic in relation to
SP+ sensory nerve fibres in control subjects and OA, which
may not be the case in RA. Further studies will be needed to
prove whether BDNF is a relevant cofactor for the observed
dissociation of sympathetic versus SP+ sensory nerve fibres in
animal models of arthritis.
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Figure 6 Interrelation of the density of
BDNF+ cells and the ratio of the density
of sympathetic TH+ nerve fibres/the
density of SP+ sensory nerve fibres in
(A) control subjects (Co); (B) patients
with OA; and (C) patients with RA. The
linear regression line and its Pearson
correlation coefficient are given.
(D) Ternary plot of the density of BDNF+

cells, the density of sympathetic TH+

nerve fibres, and the density of SP+

sensory nerve fibres. A ternary plot is
an analytical tool that normalises and
plots three values on a triangular
diagram. In the plot, means and
standard deviations are calculated in
the normalised space (SigmaPlot
2002).
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