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Abstract 

Background: G lucocorti coids (GC) a re potent a nti -inflam matory a nd immunosup­
press ive stero id ho rmones, mainly produced by the adrena l gla nds. Ho wever, 
increas ing evidence suppo rts the idea o f additiona l ex tra-adrenal so urces o f bioac­
live G c. The lung epithelium is consta ntly exposed to a plethora of a ntigenic stim­
uli , and local GC synthesis could contribu te to limit unco ntrolled immune rea ctio ns 
a nd ti ssue da mage. 
Methods: Expression o f steroidogenic enzymes a nd GC synthesis in ex vivo o rga n 
cultures was studied in mo use lung tissue after in vivo stimula tio n o f immune cells. 
Results: Mo use lung ti ssue was fo und to express steroidogenic enzymes required fo r 
the synthesis of corticostero ne from cholesterol a nd to synthesize corti cos tero ne in 
la rge qua ntities a fter immune cell activa tion by a nti-CD3 antibody, lipopolysaccha­
ride, or TNFa. In ma rked contras t, ova lbumin-ind uced allergic a irway inflamma tio n 
failed to promo te lung GC synthes is. Altho ugh the lung expresses all steroidogenic 
enzymes necessa ry fo r de no vo synthesis o f co rti cos terone from cho les tero l, func­
tio nal da ta indica ted tha t inacti ve se rum-deri ved dehyd roco rti costerone is converted 
to ac tive corti coste rone by II p-hydroxystero id dehydrogenase I . 
Conclusion: Our results support the no tion tha t loca l GC synthesis represents a 
novel immunoregula tory mechanism to limit unco ntrolled immune respo nses in the 
lung a nd indica te tha t defecti ve local stero idogenesis may contribute to the pa tho­
genes is of a llergic airway infla mmation. 

The ex tensive epithelial surface o f the lung mucosa is in 
direc t contact with the plethora o f pa thogens of o utside 
world. T his prerequisite fo r effi cient gas excha nge represents 
a criti ca l site of infecti o n, which req uires a specia li zed 
immune system that effi ciently comba ts ha rmful infections 
while being tolerogenic towa rd most innocuo us inha led parti­
cles. Lung epithelial cells themselves a re linking the innate 
a nd adap ti ve immune sys tems a nd may either initiate o r 
coun terba lance uncontrolled immune reactions to minimize 

lung da mage ( I, 2). However, chro nic immune ce ll stimul a­
tio n by a ll ergens may deve lop into a hyper-responsiveness 
wi th uncontro lled a llergic lung inflamm ati on. 

Allergic asthma is a disease with increasing preva lence in 
the modern wo rld that ca n be co ntro lled by inhala tive gluco­
corticoid thera py (3, 4) . G lucocorticoids (GC) are po tent anti­
infla mmato ry steroid ho rmo nes, which a re a lso p roduced 
end ogeno usly in the adrenal cortex by a cascade of steroido­
genic enzymes . In mice, the bioacti ve GC corticostero ne is 
increas ingly produced upon sys temic st imulatio n by inflam­
ma to ry cytokines, such as IL- IP, lL-6, a nd TN Fa (5, 6). 
However, owing to differential exposure to inflammato ry trig­
gers, the req uirement of immuno regulato ry GC may strongly 
diverge in different tissues. T hus, regula ti on of local GC 
concentra tio ns may be importa nt fo r the ma in tena nce o r 

Abbreviations: 

BAL, bronchoalveolar lavage; GC, glucocorticoids; HPA, 
hypothalamus-pituitary-adrenal (axis); LPS, lipopolysaccharide; 
LRH-1, Liver receptor homolog-1, Nr5a2; OVA. ovalbumin; RIA, 
radioimmunoassay. 
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homeostasis. Although the ad rena l glands are the predominant 
source of endogenous GC, there is accumula ting evidence for 
GC sy nthesis at ex tra-adrena l sites , such as the brain, vascula r 
tissue, intestine, sk in, and thym us (7, 8). We could previously 
show that ex tra-ad renal GC synthesis in the intestine repre­
sents an importa nt negative feedback mechanism on loca l 
immunc ce ll activation (9, 10). Add itiona ll y, severa l o rga ns 
ca n increase loca l active GC amounts via the expression of 
II p-hydroxysteroid dehydrogenase type I ( II P-HSD I), which 
is able to locally interconvert the inert se rum metabolite dehy­
drocorticosterone into acti ve corti costerone ( II ). 

In this study, we ana lyzed the capabi lity of the lung to 
loca ll y prod uce GC in response to in flammatory stimuli . As 
the mucosa l surface of the lung has much in common with 
the intestina l mucosa , it is tempting to speculate tha t the lung 
may similarly represent an extra-adrena l source of immuno­
regulato ry steroids. Our resul ts demonstrate for the first time 
that the lung is a potent source of corticosterone, which may 
have important im plica tions in the local regul ation of 
immune responses and airwa y hypersensitivity, such as a ller­
gies and asthma. 

Materials and methods 

Cell lines and culture conditions 

The human embryonic kidney cell line HEK 293T (CRL-
11 268) and huma n lung adenocarcinoma cell line H2009 
(C RL-59 11 ) were obtained from the America n Type Cul ture 
Collection (ATCC, Rockville , MD, USA) and cultured in 
complete Iscove's Modified Dulbecco's Med ium (IMDM , 
Sigma-Aldrich, Buchs, Switzerland) as descr ibed before ( 10). 

Animals 

C57 BI /6 and Balb/c mice were used in experiments be tween 6 
and 12 weeks of age. TNFRI - I- , TNFRT I- , TNFRI IT I- , 
and LRH I +1- mice were described elsewhere ( 12- 14). Adre­
na lectomized C57B I/6 mice, obtained from Harlan Laborato­
ries (Host, the Netherlands), were used after a recovery 
period of 2 weeks, and drink ing water was supplemented 
with 0.9% NaC!. All experiments were performed acco rding 
to ethical guidelines of the Ca ntona l Veterinary Office of the 
State of Bern . 

Detection of gene expression by RT-PCR 

RNA isola ti on, reverse transcript ion, and PC R we re per­
formed as previously described (9). T he fo llowing primers 
were used for co nventi ona l PC R: Cyp ll a l fo rward 5'­
CCAGGCCAACATTACCGAGAT-3' and reverse 5'-GAC 
TTCAGCCCGCAGCAT-3'; Cyp2 1 forward 5'-AACCACTG 
GTCCATCCAAATCT-3' a nd reve rse 5'-TCTTCGTCTTTG 
CCATCCCT-3'; H d3b3 fo rward 5'-CATCGTGAAAGCAC 
ATGGTC-3' and reverse 5'-ATACTGGGTTGGCTGTGGA 
G-3'; Cyp ll b l forward 5'-GCTGGGACAGTCCTCAATGT-3' 
and reverse 5'-ACGTGGAAGGA TTTCAGCAC-3'; Hsd II b I 
forward 5'-CAGAAATGCTCCAGGGAAAGAA-3' and reverse 
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5'- GCAGTCAATACCACATGGGC-3'; and Gapdh forward 
5'-AGGTCGGTGTGAACGGATTTG-3' and reverse 5'-TG 
TAGACCATGTAGTTGAGGTCA-3'. Annea li ng tempera­
tures were 60°C for Cyp II a I and Hsd3b3, 57"C for Cyp II b I, 
and 53°C for Hsd II b I, and touchd own PCR with tempera­
tures between 72 and 57°C was performed for Cyp2 1 and 
Gapd h. Quantita tive enzyme expression ana lysis a nd in terna l 
normaliza tion with Gapdh were performed with commercia l 
primers from Qiagen (Hombrechti kon, Switzerland) as previ­
ously described ( 15) . 

Animal experiments 

C57 BI /6 wild-type and gene-de ficient mice were i.p. injected 
with either 20 ~lg of anti-CD3f (clone 145-2c ll ), 100 ~lg of 
li popolysaccharide (LPS) (from Sa/mOl/ella el/lerica sero type 
enterididis, ce ll culture grade; Sigma-Aldrich), or 1- 3 ~lg of 
TNFIl( (Peprotech, London, UK). After 3 h, mice were killed, 
a nd erum a nd orga ns were co llected fo r further ana lys is. 

Lung ex vivo organ cultures and corticosterone radioimmuno­
assay 

Lung ex vivo cultures were performed as previously described 
for intes tinal ti ssue ( 16). Corticosterone from lung cul ture 
supernatant was meas ured by a previously described rad ioim­
munoassay (RIA) (9). G lucocorticoid synthesis was defined 
as nanograms of corticoste rone produced per gram tissue 
weight and calculated as the difference between sa mples cul­
tured without and with metyrapone (metyrapone- blocka ble 
corticosterone sy nthes is) to correct fo r contamina tion with 
serum Gc. 

Glucocorticoid bioassay 

G lucocorti coids synthesis was additiona ll y assessed with a 
GC receptor- mediated bioassay ( 10) . Briefl y, H EK 293T cells 
were transfected with a GC receptor SVGR I expression con­
struct and a luciferase reporter const ruct conta ini ng GC 
response elements GRE2tk-LUC and p-ga lactosidase for nor­
maliza tion. Luciferase acti vity was assessed from cells that 
were exposed to either corticosterone standard or lung cul ­
ture supernatant. 

Allergic a irway inflammation 

To ind uce a n allergic airway inflammation, Ba lb/c mice were 
sensitized on day 0 and day 7 by i.p. injection of 100 ~lg of 
chicken egg ovalbumin (OVA grade V; Sigma-A ldrich) and 
2 mg of a luminum hyd roxide (Alum; Sigma-Aldrich) . On 
day 14, mice were cha llenged in an aeroso l chamber with 
3% OVA in PBS or PBS only for 30 min using a PariBoy 
SX Nebulisor (Pa ri , Sternberg, Germa ny). Twenty fo ur 
hours a fter cha llenge, mice lungs were lavaged two times 
with I ml of PBS by an in tratrachea l venflon cannula (220; 
Beckton Dickinson, I-Ie lsingborg, Sweden), and lavage cclls 
were spun on glass slides and sta ined with Hemacolor 
(Merck , Darmstadt, Germany). 



Immunohistochemistry 

Formalin-fixed and pa raffin-embedded lung tissue sections 
were stained using a polyclonal a nti -mo use II ~-HSD I anti ­
body (ab39364 I : 600; Abcam, Cambridge, UK) or iso type 
control and a secondary biotinylated antibody . Vectastain 
ABC-kit (Vector Laboratories, Burlingham, CA, USA) was 
used to convert DAB (Sigma-Aldrich) into a colored product. 
Nuclei were countersta ined by Meyer hema lum soluti on 
(Merck). 

Steroidogenic enzyme assays 

Enzymatic activities of P450C II or II~-HSDI in lung tissue 
were assessed by a previously described enzymatic conversion 
assay (17). Briefly, perfused lung pieces were put in culture 
supplemented with JH-Iabeled II -deoxycorticosterone or 11 -
dehydrocorticosterone (0.5 ~lCi ; American Radiolabeled 
C hemica ls, St Louis, MO, USA) and incubated up to 16 h. 
Ex tracted radioactive steroids were spotted o n a silica ge l 
thin-layer chromatography plate (Macherey-Nagel, Oensin­
gen, Switzerl a nd) . Deoxycorticostero ne was separated from 
its meta bolites using dichloromethane/methanol/ H20 
(150 : 10 : I), whereas dehydroco rticos terone conversion 
products were separa ted in chloroform/ethanol (9 : I). Radio­
activity of ste roid spots was measured with a TRI-Carb 
2800TR liquid scintillation analyzer (Perkin Elmer, Schwer­
zen bach, Switzerland) . 

Luciferase reporter analysis 

The murine Cyp II a I promoter luciferase reporter construct 
(Cypllal-Luc) and expression plasmid for mouse LRH- I 
have been described previously (18, 19). Nur77 mouse expres­
sion plasmid was provided by Barbara Osborne (University 
of Massachusetts, USA) . H2009 cells were transiently trans­
fected using Effecte ne transfection reagent (Qiagen) , ~-ga l ac­

tosidasc transfection was used for interna l no rma liza tio n, and 
ce ll s were either control -trea ted o r s timulated by 3 ng/ml 
phorbol myristate ace tate (PMA ; En20 Life Science, Lausen, 
Switze rland) . 

Statistical Analysis 

Student's {-tes t was performed o n PrismS software (Gra ph­
Pad Software, La Jolla , CA, USA) to define significant differ­
ences between two ex perimenta l groups. A P-va lue of < 0 .05 
was rega rded significa nt a nd marked as *. 

Results 

Steroidogenic enzymes are expressed in lung tissue 

Glucocorti coids can be synthesized de 1I0VO from cho lesterol 
via a cascade of steroidogenic enzymes o r via reactivat io n 
from inact ive se rum dehydrocorticostero ne by II ~-HSD I 
(Fig. I A). Here, we assessed the ex pression of the complete 
GC-synthesizing enzymatic machinery in the lung by 
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Figure 1 Expression of steroidogenic enzymes in lung t issue. (A) 
Simplifi ed scheme of the mouse glucocorticoids biosynthes is path­
way. (B) Detection of steroidogenic enzyme gene expression by 
conventional RT-PCR in lung and intesti nal tissue of PBS-injected 
mice and mice treated for 3 h with ant i-CD3 (lCD3, 20 pg) anti­
body. Gapdh was used as loading control. (C-F) Changes in 
Cypl l al (CI. Hsd3b3 ID), Cyp21 (EI. and Cypl lb l IF) in lung tissue 
from control or anti-CD3-treated mice were quantified by quantita­
tive PCR . Relative expression levels were normalized to mean 
expression levels of control mice. Gapdh was used for interna l nor­
malization. Each dot represents expression values of one mouse; 
4- 7 mice were analyzed per group. *** P < 0.005. 

conventio na l RT-PCR in comparison with the intestine, 
which was previo usly shown to express a ll steroidogenic 
enzymes necessary for de 1I0VO synthesis of co rticosterone 
(Fig. I B) (9) . In contrast to the intestine, most enzymes were 
cons titutively expressed in the lung, a nd only the rate-limiting 
enzyme P450scc, encoded by Cyp II a I, was induced upon 
immune cell ac tivation , promoted by injectio n of a n ant i­
CD3 antibody (Fig. I B). These results were confirmed by 
qua ntitative RT-PC R a na lys is of the lung (Fig. IC- F). 
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The lung produces bioactive cor ticosterone in situ 

Expression of the complete s te ro idogenic cascade suggested 
tha t the lung is capab le o f secreting corti cos terone to the 
superna ta nt of ex vivo-cultured lung tissue. Even unde r 

basa l cond itio ns, corticosterone re leased into the supernatant 
could be detected by rad io immunoassay (RI A), a nd GC 
synthesis was further enha nced a fter stimula tion by i.p . 

injection with a T-cell-activa ting a nti -CD 3 a ntibody o r 
mac rophage-acti va ting LPS (F ig. 2A,C). To di scrimina te 
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Figure 2 In situ corticosterone synthesis in lung tissue. (A-D) 
Mice were i. p. injected with PBS control, anti-CD3 (aCD3, 20 ~t g) 

ant ibody, or lipopolysaccharide (LPS) (1 00 ~t g ) for 3 h, lung t issue 
was cultured ex vivo in the presence or absence of metyrapone 
(Met yr., 250 ~tg/m l) for 5 h, and corticoste rone (CORT) re leased 
into the supernatant was measured by RIA. (B, D) Ill ustration of 
metyrapone-blockable in situ lung corticosterone synthesis after 
anti-CD3 (B) or LPS in jection (D) by subtraction of metyrapone­
blocked values from unblocked values . Dots represent values of 
individual mice (n = 9). (E-F) HEK-293T cells were transfected with 
GR and a luciferase reporter construct (GRE-LUC). Luciferase activ­
ity (R LU ) was measured after cells have been stimulated with 
CORT (E) or lung culture supernatant from anti-CD3 stimulated 
mice in the presence or absence of metyrapone (F). Bars show 
mean values of six mice ± SD. *** P < 0.005. 
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between in situ-produced lung corticos tero ne a nd serum con­

taminatio n, lung G C synthes is was blocked by m etyra pone, 
a n inhibito r of II ~-hydroxy l ase (P450C II ), w hich a lso 
weakly inhibits the enzymes P450scc a nd II ~-HSD I (20, 2 1). 
Consequentl y, the metyra pone-bl ocka ble fracti on o f de tec ted 

GC represents bona fi de ill situ lung biosy nthesis (Fig. 2B,D ) 
a nd will be illustra ted in subseq uent fi gures as m etyrapone­
blockable Gc. 

Synthes is o f bioactive corticos tero ne in the lung was con­
finn ed in a G C bi oassay. H EK 293T cells we re t ransfected 
with GC recep to r (G R) a nd a G R respo nse e lemen t luciferase 
repo rter (GR E-LU C). Additi on o f increasing concentra tio ns 

of corti costerone (F ig. 2E) o r lung culture supernata nt (Fig. 2 
F) to the repo rter cell s resul ted in increased lucife rase activ­

ity, which was a bo lished when lung tissue was cultured in the 
presence o f metyrapone. 

Lung GC synthesis in a model of allergic airway inflamma ­

tion 

As our findings demo nstra te tha t immune ce ll ac ti va tio n by 
anti-C D3 o r LPS injectio n pro motes local G C synthes is, we 

further a imed at inves tiga ting lung stero idogenes is during a n 
antigen-dependent a llergic airway infla mmation. Beca use GC 
a re well known fo r their thera peutic po tentia l in inflamma­

to ry lung di sease such as asthm a, locall y produced lung G C 
might act as a puta ti ve coun te r-regulato ry mecha nism . Fig­

ure 3A illustra tes the pro tocol used to sensiti ze mice to OVA . 
Upo n cha ll enge with OVA aerosol, massive infiltra ti on of 

neutro phils and eos inophils into the a lveo lar space a nd peri ­
bro nchi o la r tissue could be observed (F ig. 3C,E) in compa ri ­
son with contro l-trea ted mice (Fig. 3B,D). Analysis of GC 

synthes is in lung ti ssue showed a peak induction a t 24 h a fte r 

OVA cha llenge (Fig. 3F), co inciding with maximal eos inophil 
inflltra tio n. H owever, lung GC productio n remained ra ther 

at low levels, a nd no significant inducti on could be detected 
wi th la rge r numbers o f mice a nalyzed (Fig. 3G) . Simila rly , 
o nl y a slight increase in lung G C concentratio ns a fter OVA 

cha llenge could be detected in bro nchoa lveo lar lavage (BAL) 
(Fig. SIA). 

To invest iga te whether th is lack o f loca l G C inducti o n 

was attributa ble to the genetic background of the mice used 
for OVA experiments (Balb/c), we compared lung GC syn­

thes is of C57 BI/6 a nd Balb/c mice. Neither a nti -CD3 injec­
tio n no r OVA challenge res ul ted in significant d ifferences in 

max ima l lung corticosterone synthes is between the two 
mo use strains (Fig. S I B,C). As the adjuva nt alum trigge rs a 
Th2 respo nse with increased se rum a nd BAL levels of IL-4 
a nd IL-5 a nd uncha nged leve ls o f IFN y (F ig. S2A- C), a 

shift toward a Th I response might be mo re favo rable to 

trigge r lung GC synthesis ( 16) . Therefo re, C57 BI/6 mice 
were immuni zed with incomplete F reund adjuva nt a nd CpG 
DNA, but no signi fica nt increase in OVA-induced lung GC 

synthesis could be observed (Fig. S I D). Thus, a lle rgic a ir­
way inflamma tion fa ils to ind uce a compa ra ble increase in 
lung ste ro idogenesis as seen a fter a nti-CD 3 or LPS stimula­

tio n, desp ite the presence of a stro ng inflamm ato ry 
respo nse. 
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Figure 3 Induction of lung glucocorticoids synthesis in a model of 
allergic airway in flammation. (A) A descriptive scheme for the induc­
tion of airway hypersensitivity to ovalbumin (OVA) antigen is shown. 
(B- C) Cytospin preparations of bronchoalveola r lavage cells from 
control (B) and OVA-sensitized (C) mice 24 h after aerosol chal­
lenge. Arrowheads indicate eosinophils. (D-E) H&E-stained lung tis­
sue sections showing leukocyte infiltration in con trol-treated (D) and 
OVA·challenged (E) mice . (F) Detection of metyrapone-blockable 
corticosterone by RIA in the supernatant of ex vivo lung tissue cul­
ture at various time points after OVA chal lenge. Values of individual 
mice lungs are shown (2- 4 per time point) ; mean va lues are con­
nected by the black line. (G) Metyrapone-blockable lung corticoste­
rone synthesis 24 h after OVA challenge compared to PBS controls. 
Each dot represents the measurement from one mouse (n = 8). 

Role of TNFa in lung GC synthesis 

The pro-inflammatory cytokine TNFCl has been previously 

identified as a key inducer of intestinal steroidogenesis, as the 

absence of TNFa leads to a complete lack of in test inal G C 

synthesis and consequently to an exacerbatio n of experimen­

tal co litis ( 15, 16). Anti -C0 3 and LPS injec tions both lead to 

a strong increase in serum TNFCl levels, which declined rap­

idly 2 h after injection (Fig. S3A B) . In marked contrast and 

despite the strong inflammatory response, no increase in 

serum TNFa and only minimal levels of TNFa in BAL were 

seen in OVA-treated mice (Fig. S3 ). To assess whether lack 

of TNFCl production cou ld explain differences in lung GC 

synthesis, we treated mice direc tl y i .p. with TNFa. While 

TNFa increased dose-dependently serum GC levels (Fig. 4A), 

injection of TNFCl promoted ill situ l ung GC synthesis even 

morc strongly, comparable to levels observed after anti-C03 

injection (Fig. 4B). H oweve r, anti-C0 3 injection into 

TNFR 1- or TNFR2-deficient mice, or mice lacking both 

TNF receptors, did not result in reduced lung GC sy nthesis 

(Fig. 4C,O). Thus, while TNFa ca n induce lung GC synthe­

sis, other factors might have redundant effects and compen­

sate for missing TNFa signaling. 

Regulat ion of steroidogenic enzyme expression by LRH-l 

T he nuclear receptor L RH- I is known to be critically involved 

in transcriptional regulation of in test inal steroidogenic enzymes 
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Figure 4 TNFcx is a redundant inducer of corticosterone synthesis 
in lung tissue. Mice were injected i.p. with 1 or 3 ~lg of mouse 
recombinant TNFcx or 20 ~lg of anti-CD3 (cxCD3). Corticosterone con­
centrations were measured by RIA in serum (A) or in ex vivo lung 
t issue cultures (B). Bars show mean values ± SD of n = 5 mice for 
TNFcx and n = 3 mice for PBS and anti-CD3. (C-D) Wild-type, 
TNFR1 -1- (R ,-I-), TNFRT1- (R 2- 1- ), or TNFR1/T 1- (R ,/R2- 1- ) mice 

were injected with PBS control or anti-CD3 antibody. and metyra­
pone-blockable corticosterone synthesis in ex vivo lung tissue cul­
tures was assessed. Dots represent values of individual mice, 
which are normalized to mean synthesis of untreated t issue. ns, 
not significant; ** P < 0.01; *** P < 0.005. 
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(14, 18). In compa ri son with intestina l mRNA express io n, 
the lung expressed s lightly reduced but comparable basal lev­
els of LRH-I , which were further red uced in an ti -CD3-trea­
ted mice (Fig. SA). To in vestigate whether LRH- I could be 
responsible for the increase in immune cell- induced Cyp ll a l 
expression (Fig. I C), H2009 lung epithelial cells were tra ns­
fected with LRH-I expression plasmids a nd a Cyp ll a l pro­
moter lucife rase reportcr construct (Fig. SB). As reported 
earlier (22, 23), LRH - I nicely induced Cyp ll a l promoter 
activity, which was further enhanced after LRH- I activation 
by phorbol ester (PMA) (24). In con trast, transfeclion with 
the nuclea r receptor Nur77 failed to induce Cyp ll a l pro­
moter acti vity. Thus, as LRH-I could represent a criti ca l reg­
ula tor of lung stero idogenesis, we further assessed lung GC 
syn thesis in haploinsuffic ient LRH-I +/- mice previously 
shown to have impaired immune cell- induced intesti na l ste­
ro idogenesis (18) (Fig. S4A ,B) . However, wild-type a nd 
LRH I I / - mice showed no differences in lung corticosterone 

synthes is o r Cyp II a I expression after anti-CD3 injection 
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tion of lung steroidogenesis. Relative expression levels of lung 
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mined by quantitative RT·PCR. in comparison with sma ll bowel 
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plasm ids for LRH-1 or Nu r77 as negative control. Cells were either 
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show mean values of four samples ± SD . (C-D) Wild-type (WT) 
and LRH-1+1- mice were injected i.p. with PBS control or anti-CD3. 
and metyrapone-blockable corticosterone synthesis in ex vivo lung 
cultures (C) and lung Cyp11a1 expression (D) were analyzed. Dots 
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significant. 
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(Fig. SC,D). Thus, ex tra-adrena l GC synthesis in the lung 
appea rs to be' regula ted differently than in the in testine and 
not to depend on LRH - 1. 

Role of l1~-HSDl-dependent GC reactivation vs de novo 
synthesis 

As LRI-I- I, which is a potent inducer of Cyp ll a l a nd 
Cyp llbl expression (1 8), does no t appea r to playa role in 
lung GC synthesis (Fig. SC,D) a nd Cyp II b I express ion i 
less ind ucible by inflammatory triggers than in the intestine 
(Fig. I F) (I S) , lung de novo GC synthes is from cholesterol 
seems unlikely and rather II ~-HSD I -media ted reactivation 
of adrenal-derived dehydrocorticosterone might represent 
the relevant source of Gc. To test the dependency of lung 
GC synthesis on adrenal metabolites, such as dehydrocorti­
costerone, we injected an ti -C D3 into control o r adrena lecto­
mized animals. Surprisingly, adrenalectomy not o nly 
eliminated se rum GC but a lso prevented anti-C D 3-induced 
loca l lung GC synthesis (Fig. 6A,B) . To further investiga te 
the mechanism of GC synthesis , we assessed the conversion 
of the 3H-labeled precursors dehydrocorticosterone a nd de­
oxycorti costerone into 3H-corticosterone in ex vivo lung cul ­
tures of anti-CD3-stimula ted mice using thin-layer 
chromatography (Fig. 6C,D) . While deoxycort icosterone 
supplementation o nl y resulted in an increase in a ldos terone 
production but no P4S0CII -dependent corticosterone accu­
mulatio n (Fig. 6C), dehydrocorticoste rone wa s mainly 
metabolized into corticosterone (Fig. 60) . F urthe r analysis 
of II ~-HSDI protein expression by immuno histochemistry 
showed stro ng sta ining in lung epithelial cells of anti-CD3-
injected mice in comparison with iso type control (Fig. 6 
E,F). The predomi na nt role of lung GC reactivation was 
further supported by much hi gher Hsd II b I mRNA levels in 
the lung than in intes tinal tissue (Fig. 6G). We conclude 
from these experiments tha t the lung prod uces increased lev­
els of co rti coste rone after immune ce ll stimulatio n via a n 
II ~-HSDI -mediated conversio n of inactive se rum dehydro­
corticosterone. 

Discussion 

Our data suggest that the lung senses inflammatory responses 
a nd induces loca l reactivation of active corticosterone to 
resolve inflammatory processes and limi t tissue damage. It is 
fea sible to believe that immune ce ll- ind uced loca l GC synthe­
sis may be a commo n feature of mucosa l sur faces to protec t 
the vita l functions of thcse tissues, as both lung a nd intestine 
represent extra-ad rena l so urces of GC (9 , IS, 16) . Nonethe­
less, mucosa l tissues a re a lso highly specialized with a char­
acte ri stic set of immune cell s a nd have evolved different 
st rategies to maintain ti ssue homeos tasis (2S). Similarly, we 
could show substantia l differences in lung and intes tina l GC 
synthesis . Although the lung expresses the complete steroido­
genic enzyme cascade for de 1I0VO synthes is, functional 
ana lyses revea led that the predominant GC synthesis 
pat hway is LRH - I-independent reac ti vat ion of serum dehy­
d roco rticosterone via II ~-HSD I, in contrast to the in testine. 
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Figure 6 Lung glucocorticoids synthesis is dependent on serum 
metabolites that can be reactivated by 11 p·HSD1. (A-B) Control· 
treated and adrenalectomized (ADX) mice were injected with PBS 
or anti·CD3 antibody (aCD31. and serum (A) and metyrapone· 
blockable lung corticosterone (B) levels were measured by RIA. Val­
ues of individual mice normalized to mean levels of untreated 
control mice are shown, n = 3 per group. (C-D) Lung tissue of anti­
CD3-stimulated mice was cu ltured for indicated time points with 
3H-labeled deoxycorticosterone (DOC) (C) or 3H·dehyd rocorticoster­
one (Dehydroc) (Dl. and steroid metabolites were separated by 
TLC . Va lues for deoxycorticosterone, dehydrocorticosterone, aldo· 
sterone, and corticosterone are indicated. Mean values of t ripli­
cated ± SD are shown. (E-F) Immunohistochemical analysis of 
11 fl-HSD1 protein expression of lung tissue sections in comparison 
with isotype control. (G) Relative mR NA expression of Hsd 11 b1 in 
small bowel (SB) and lung tissue of control-treated and an ti·CD3· 
injected mice, measured by quantitative PCR . Relative mRNA levels 
are shown as fold induced over basal SB expression levels. Mean 
(bar) and individual values are shown for three mice. 

T hese findin gs correlate with previous reports where 
Hsd II b I expression was detected shortly before the emer­
gence of surfactants in the feta l lung as well as in adul t lung 
tissue (26, 27). 

Im portantly, it has been reported tha t TN Fa and other 
inflammatory cytokines, such as I L- l p, may induce 
Hsd II b I expression (28). Beca use T-ce ll and macro phage 
acti vation both lead to the release of TNFa, but TNF R 
knocko ut mice showed no impaired lung GC syn thesis, 
o ther fac tors might synergize in the induct ion of lung ste­
ro idogenesis. Although steroid regulato ry mechanism s a re 
highly complex and encompass innumerable fac to rs, I L- I P 
represen ts a promising ca ndida te fo r fu ture an alysis, as it 
o ften synergizes with TNFC! and has been shown to playa 
centra l ro le in extra-adrenal GC synthes is in the human 
skin (29). Additi onall y, TN FC! and [L- I p are bo th known 
inducers of sys temic GC synthes is, and GC in turn regula te 
their exp ress ion in an effi cient nega tive feedback ne twork 
(6). On the other hand, there is li ttle evidence that Th2-
type cytokines a re ab le to induce GC synthesis. [n line with 
this notion, it was shown that a Th2 cytokine- media ted 
colitis fa iled to elicit local steroid product ion, whereas a 
T h I-type colitis strongly promoted in tes tinal GC synthesis 
(1 6). 

T hus, during OVA-induced a llergic airway inflammation, 
the predominant Th2 response may lack key signature cy to­
kines to induce lung ti ssue stero idogenesis. As allergic dis­
eases in humans a re also characterized by a Th2 cytokine 
pa tte rn , it is feasible to propose tha t defec ts in lung G C syn­
thesis may cont ribute to the pa thogenesis of asthma in 
human pa tients. In support of this idea is the observa tion 
that impaired production of adrenal GC is associa ted with 
increased allergic airway inflammation and susceptibility to 
asthma exacerbations (30). While we do not propose to use 
TN FC! in the future to trea t pa ti ents with asthma, specific 
activa tion of II P-HSDI to increase loca l GC concentra tions 
a nd contain the inflammatory response may offer an a ttrac­
ti ve novel strategy fo r the treatment fo r a llergic inflammatory 
d isorders in the lung. 
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