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While the adverse effects of glucocorticoids on bone are well described, positive effects of glucocorticoids 

on the differentiation of osteoblasts are also observed. These paradoxical effects of glucocorticoids are dose 

dependent. At both physiologicaland supraphysiological levels of glucocorticoids, osteoblasts and osteocytes 

are the major glucocorticoid target cells. However, the response of the osteoblasts to each of these is quite 

distinct. At physiology levels, glucocorticoids direct mesenchymal progenitor cells to differentiate towards 

osteoblasts and thus increase bone formation in a positive way. In contrast with ageing, the excess production 

of glucocorticoids, at both systemic and intracellular levels, appear to impact on osteoblast and osteocytes in a 

negative way in a similar fashion to that seen with therapeutic glucocorticoids. This review will focus on 

therole of glucocorticoids in normal bone physiology, with particular emphasis on the mechanism by which 

endogenous glucocorticoids impact on bone and its constituent cells. 
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Introduc tion 
 

The  a d ve rse  e ffe c ts o f hig h do se  the ra pe utic  g luc o c o rti- 

c o ids o n b o ne  a re  we ll de sc rib e d  a nd  inc lude  o ste o - 

po ro sis a nd  o ste o ne c ro sis. The se  e ffe c ts a re  prima rily 

me dia te d  thro ug h to xic  e ffe c ts o n o ste o b la sts (the  b o ne  

fo rming  c e lls) a nd  o ste o c yte s (lo ng -live d  c e lls re la te d  to  

o ste o b la sts whic h a re  re side nt within b o ne  tissue ). By 

c o ntra st, it is a lso  c le a r tha t g luc o c o rtic o ids ha ve  a n 

impo rta nt a nd  o fte n e sse ntia l ro le  in the  diffe re ntia tio n 

o f o ste o b la sts c ulture d  in vitro . The se  da ta  sug g e st tha t 

e ndo g e no us g luc o c o rtic o ids c o uld  ha ve  a  po sitive , 

ra the r tha n a  ne g a tive , e ffe c t o n b o ne  de ve lo p me nt 

a nd  me ta b o lism. Re se nt in vivo  stud ie s ha ve  a dva nc e d  

o ur kno wle d g e  o f the  e ffe c ts o f e ndo g e no us g luc o c o rti- 

c o ids o n b o ne  a nd  b o ne  c e lls. The  da ta  o b ta ine d  fro m 

e xpe rime nts utilizing  g e ne tic a lly mo difie d  mo use  mo de ls 

de mo nstra te  tha t g luc o c o rtic o ids d ire c t c e ll line a g e  

c o mmitme nt o f e a rly me se nc hyma l pro g e nito rs thro ug h 

e ffe c ts o n o ste o b la sts. The se  a c tio ns, a t le a st in pa rt, a re  
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re g ula te d  thro ug h the  Wnt/β-c a te nin sig na ling  pa th- 

wa y in ma ture  o ste o b la sts. This g luc o c o rtic o id  re g ula te d  

sig na ling  pa thwa y within ma ture  o ste o b la sts is e sse ntia l 

fo r no rma l intra me mb ra no us (i.e . c a lva ria l) b o ne  de - 

ve lo p me nt. During  b o ne  mo de ling  a nd  re mo de ling , 

g luc o c o rtic o ids a lso  a ppe a r to  p la y a n impo rta nt p o si- 

tive  ro le  in ma inta ining  b o ne  struc ture . Ho we ve r, with 

a g e ing , the se  b e ne fic ia l e ffe c ts o f e ndo g e no us g luc o - 

c o rtic o idsa re  le ss e vide nt a nd  ma y in fa c t b e  de tri- 

me nta l e .g . c a using  b o ne  lo ss a nd  re duc e d  le ve ls o f 

pro te ins a sso c ia te d  with b o ne  fo rma tio n suc h a s o ste o - 

c a lc in. The se  de trime nta l a c tio ns a p pe a r to  re sult fro m a  

c o mb ina tio n o f a  sub tle  inc re a se  in c irc ula ting  g luc o - 

c o rtic o id  le ve ls with a g e  a nd  a n inc re a se d  lo c a l pro - 

duc tio n o f g luc o c o rtic o ids within o ste o b la sts with a g e . 

This re vie w will d isc uss the  e ffe c ts o f e nd o g e no us g luc o - 

c o rtic o idso n b o ne  a nd  c o ntra st the n to  the  we ll-e sta b - 

lishe d e ffe c ts o f e xo ge no us, the rape utic  g luc o c o rtic o ids. 

 

The  e ffe c ts of the rape utic  g luc oc ortic oids on bone  

 

The ra pe utic  g luc o c o rtic o ids we re  first de ve lo pe d  in the  

1950s to  tre a t rhe uma to id  a rthritis (1). Sinc e  the n the  use  

o f the se  p o te nt, b ro a d  spe c trum a nti-infla mma to ry 
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a g e nts ha s e xpa nde d  dra ma tic a lly a nd  the y a re  no w 

utilize d  in a lmo st a ll a re a s o f me dic a l pra c tic e . Ho we ve r, 

while  the  c linic a l b e ne fits o f g luc o c o rtic o ids a re  we ll 

e sta b lishe d , sig nific a nt a d ve rse  o utc o me s with lo ng  te rm 

use  fre q ue ntly limit the ir c linic a l a pplic a tio n. Gluc o - 

c o rtic o id -induc e d  musc ulo ske le ta l d iso rde rs, a nd  in 

pa rtic ula r g luc o c o rtic o id -induc e d  o ste o po ro sis (GIO), 

ha ve  lo ng  b e e n re c o g nize d  a s se rio us a nd  so me time s 

de va sta ting  c o nse q ue nc e s o f e ithe r e ndo g e no us 

hype rc o rtiso lism (a s se e n in Cushing ’ s d ise a se ) (2), o r o f 

lo ng -te rm tre a tme nt with e xo g e no us g luc o c o rtic o ids (3). 

Da ta  o b ta ine d  b e fo re  the  e ra  o f e ffe c tive  the ra pie s fo r 

GIO e stima te d  tha t 50% o f a ll pa tie nts tre a te d  with o ra l 

g luc o c o rtic o ids fo r 6 mo nths o r lo ng e r we re  a ffe c te d  b y 

GIO. Simila r de trime nta l e ffe c ts o f g luc o c o rtic o ids o n 

b o ne  ha ve  b e e n re po rte d  in a  ra ng e  o f o the r spe c ie s, 

inc luding  ro de nts (4-5).  

Distinc t fro m po stme no p a usa l o ste o po ro sis, whic h is 

a sso c ia te d  with a n inc re a se  in o ste o c la stic  b o ne  re so rp - 

tio n, the  pre do mina nt fe a ture  o f GIO is a  dra ma tic  

suppre ssio n o f o ste o b la st a c tivity a nd  b o ne  fo rma tio n. 

At the  sa me  time , o ste o c la st numb e rs a re  e ithe r 

unc ha ng e d  o r slig htly inc re a se d  (6). The re  is a lso  

e vide nc e  tha t g luc o c o rtic o ids d ire c tly pro lo ng  the  

life spa n o f ma ture  o ste o c la sts (7). Ho we ve r, b o th c linic a l 

(8-9) a nd  e xpe rime nta l d a ta  (10-11) ind ic a te  tha t 

o ste o b la sts a nd  o ste o c yte s a re  the  ma in ta rg e t c e lls o f 

g luc o c o rtic o id  a c tio n in b o ne , a nd  tha t g luc o c o rtic o id - 

induc e d  b o ne  lo ss is stro ng ly a sso c ia te d  with o ste o b la st 

a nd  o ste o c yte lo ss o f func tio n a nd  a po pto sis a nd  

a uto pha g y (6, 12-13). In c o ntra st, the  ma jo r e ve nt 

driving  o ste o c la st numb e rs a ppe a rs to  b e  a  c ha ng e  in 

the  ‘ RANKL/ OPG b a la nc e ’ . Altho ug h the  pre c ise  

me c ha nisms a re  still no t fully unde rsto o d , it is c le a r tha t 

the  o ste o c la st de ve lo p me nt a nd  surviva l a re  re g ula te d  

thro ug h c e lls o f the  o ste o b la st line a g e . In pa rtic ula r, 

g luc o c o rtic o ids stimula te  the  pro duc tio n o f the  c yto kine  

re c e pto r a c tiva to r o f nuc le a r fa c to r-κB ligand (RANKL) in 
c e lls o f the  o ste o b la st line a g e , inc lud ing  o ste o b la sts a nd  

o ste o c yte  (14), whic h a c ts a s a  ke y re g ula to r o f 

o ste o c la st re c ruitme nt, a c tiva tio n a nd  surviva l. The  

sa me  c e lls a lso  pro duc e  o ste o pro te g e rin (OPG) whic h is 

a  de c o y re c e pto r fo r RANKL a nd  inhib its its a c tio ns o n 

o ste o c la sts. OPG pro duc tio n is a lso  re g ula te d  b y g luc o - 

c o rtic o ids b ut in this c a se  ne g a tive ly (15). Thus, the  

RANKL/ OPG ra tio  is a  c e ntra l de te rmina nt o f o ste o c la st- 

me dia te d  b o ne  re so rp tio n, a nd  g luc o c o rtic o ids tip  the  

RANKL/ OPG b a la nc e  in fa vo ur o f RANKL. Ad ditio na lly, 

g luc o c o rtic o ids c a use  a n inc re a se  in ma c ro pha g e  

c o lo ny-stimula ting  fa c to r (m-CSF), a no the r e sse ntia l 

fa c to r in o ste o c la sto g e ne sis (10, 15-17).  

Mo st a tte ntio n ha s fo c use d  o n the ra pe utic  g luc o c o rti- 

c o ids a nd  the ir ne g a tive  e ffe c ts o n b o ne  c e lls. Ho we ve r, 

e ndo g e no us g luc o c o rtic o ids a re  a lso  imp o rta nt po sitive  

re g ula to rs o f me se nc hyma l c e ll d iffe re ntia tio n a nd  

func tio n. While  the se  c a ta b o lic  a nd  a na b o lic  o f g luc o - 

c o rtic o ids o n b o ne  we re  a t time  c o nside re d  pa ra - 

do xic a l, it is no w c le a r tha t the se  d iffe re ntia l a c tio ns a re  

a  func tio n o f do se  a nd  timing , de pe nd  o n the  pa rtic ula r 

ta rg e t c e ll po pula tio n. The  c linic a l a nd  me c ha nistic  

a spe c ts o f GIO ha ve  b e e n re vie we d  e lse whe re  (18). This 

re vie w will d isc uss the  physio lo g y o f ske le ta l g luc o c o rti- 

c o id  ac tio ns, with partic ular e mpha sis o n the  me c hanism 

b y whic h e ndo g e no us g luc o c o rtic o ids a ffe c t b o ne  a nd  

its c e lls. 

 

Me c hanisms of g luc oc ortic oid signa ling  

 

Endo g e no us g luc o c o rtic o ids ha ve  a  wide  ra ng e  o f 

physio lo g ic a l func tio ns a nd  a re  e sse ntia l to  life . The y 

c o ntro l e le c tro lyte  a nd  fluid  ho me o sta sis, syste mic  fue l 

me ta b o lism, the  immune  syste m a nd  the  stre ss re spo nse s. 

The se  a c tio ns a re  me dia te d  thro ug h a c tiva tio n o f 

g luc o c o rtic o id  re c e pto r (GR) within ta rg e t tissue s. The  

GR is a  lig a nd-induc ib le  tra nsc riptio n fa c to r tha t re g u- 

la te s g e ne  tra nsc riptio n b y se ve ra l me c ha nisms. 

Altho ug h va rio us fo rms o f the  GR e xist (fo r insta nc e  a  GR 

fo rm pro po se d  to  b e  a  do mina nt ne g a tive  mo dula to r o f 

g luc o c o rtic o id  a c tio n a nd  the  mine ra lo c o rtic o id  re c e p- 

to r is so me time s c la ssifie d  a s a  type  o f GR), mo st a c tio ns 

o f g luc o c o rtic o ids a ppe a r to  b e  me dia te d  thro ug h the  

‘ c la ssic a l’  GR (so me time s re fe rre d  to  a s GR) (19). The  

intra c e llula r me c ha nisms b y whic h the  GR sig na ls a re  

d ive rse  a nd  no t fully unde rsto o d . The se  me c ha nisms 

inc lude : b ind ing  (mo st o fte n a s a  d ime ric  c o mple x) to  a  

c o nse nsus g luc o c o rtic o id  re spo nse  e le me nt (GRE) within 

DNA g e ne  pro mo te r e le me nts; d ire c t inte ra c tio n (a nd  

inte rfe re nc e ) with o the r tra nsc riptio n fa c to rs (prima rily 

tho se  a sso c ia te d  with pro infla mma to ry sig na lling  suc h a s 

AP-1 a nd  NF-κB) in a  me c ha nisms tha t is inde pe nde nt o f 

GR b inding  to  the  GRE; a nd  inte ra c tio n with, a nd  

b inding  to  the  GRE to g e the r with o the r tra nsc riptio n 

fa c to rs (19-21). In a dditio n to  the se  “ c la ssic a l”  g e no mic  

me c ha nisms, the  me mb ra ne -b o und g luc o c o rtic o id 

re c e pto r (mGR) ha s b e e n re po rte d  to  me dia te  no n- 

g e no mic  e ffe c ts o f the rape utic  g luc o c o rtic o ids. This 

ma y c o nstitute  a n impo rta nt a d ditio na l me c ha nism o f 

immuno suppre ssio n b y the se  me dic a tio ns (22). The  

c irc ula ting  le ve l o f e ndo g e no us g luc o c o rtic o id  le ve ls is 

re g ula te d  b y the  hyp o tha la mic -p ituita ry-a dre na l (HPA) 

a xis, a  c la ssic  e ndo c rine  ne g a tive  fe e db a c k lo o p . 

Ho we ve r, it is no w a ppre c ia te d  tha t g luc o c o rtic o id  

a c tio n de pe nds no t o nly o n p la sma  a nd  inte rstitia l fluid 

g luc o c o rtic o id  c o nc e ntra tio ns, b ut a lso  o n intra c e llula r 



                                  Hong Zhou et al. 

  

www.boneresearch.org | Bone Research 

109 

g luc o c o rtic o id  a va ila b ility. Within spe c ific  tissue s, this 

lo c a l g luc o c o rtic o id  a va ila b ility is c ritic a lly de te rmine d  

b y intra c e llula r g luc o c o rtic o id  me ta b o lism (23-24). This 

lo c a l ‘ pre -re c e pto r’  re g ula tio n o f g luc o c o rtic o id  a va ila - 

b ility is me dia te d  b y the  inte rc o nve rsio n o f ho rmo na lly 

a c tive  a nd  ina c tive  lig a nds b y the  two  11β-hydro xy- 

ste ro id  de hydro g e na se  (11βHSD) iso e nzyme s (23-24). 

The  type  1 e nzyme  (11β-HSD1) pre do mina ntly c a ta lyse s 

the  fo rma tio n o f a c tive  c o rtiso l (in ma n) a nd  c o rtic o - 

ste ro ne  (in ro de nts) fro m ina c tive  c o rtiso ne  a nd  11- 

de hydro c o rtic o ste ro ne  (11-DHC) re spe c tive ly. The  e n- 

zyme  thus inc re a se s intra c e llula r g luc o c o rtic o id  c o nc e n- 

tra tio ns. Va rio us c yto kine s a nd  g ro wth fa c to rs a re  a b le  

to  mo dula te  this c o ntro l o n a  lo c a l le ve l (25-26). In 

c o ntra st, 11β-hydro xyste ro id  de hydro g e na se  type  2 

(11βHSD2) unid ire c tio na lly c a ta lyse s the  c o nve rsio n o f 

a c tive  g luc o c o rtic o ids to  the ir ina c tive  me ta b o lite s 

(Fig ure  1). Hig he st e xpre ssio n o f 11βHSD2 is se e n in 

mine ra lo c o rtic o id  ta rg e t tissue s suc h a s the  kidne y (23, 

27-28). As g luc o c o rtic o ids ha ve  a  simila r a ffinity to  the  

mine ra lo c o rtic o id  re c e pto r (MR) to  tha t o f the  ma in 

mine ra lo c o rtic o id  a ldo ste ro ne , the  prima ry b io lo g ic a l 

func tio n o f 11βHSD2 in mine ra lo c o rtic o id  ta rg e t tissue s 

se e ms to  b e  the  pro te c tio n o f the  MR a g a inst unwa nte d  

a c tiva tio n b y g luc o c o rtic o ids (25, 28-29).   

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 The mechanisms of action of glucocorticoids. Glucocorticoids, cortisone (in man) or dehydro-corticosterone (in rodents) are activated by 

11β-HSD1 to cortisol or corticosterone which then binds to their receptor (GR), after which the activated ligand-receptor-complex travels to the nucleus. 

The activated GR can either bind to its specific response element (GRE) or bind to other transcription factors such as AP-1 (fos and jun) pathway. 

 

Ma jo r insig hts into  the  ro le  o f e ndo g e no us g luc o c o rti- 

c o ids within the  ske le to n ha ve  b e e n de rive d  fro m 

e xpe rime nts utilizing  g e ne tic  mo difie d  mo use  mo de ls. 

Thus, a ltho ug h no t e xpre sse d  na tura lly in b o ne  c e lls, the  

g luc o c o rtic o id -ina c tiva ting  e nzyme , 11βHSD2, ha s b e e n 

use d  a s a  to o l to  e xa mine  the  e ffe c ts o f e ndo g e no us 

g luc o c o rtic o ids o n spe c ific  b o ne  c e lls. Give n the  intrinsic  

a c tivity o f the  e nzyme , tra nsg e nic  o ve re xpre ssio n o f 

11βHSD2 wo uld  b e  e xpe c te d  to  c o nfe r re sista nc e  to  

g luc o c o rtic o id  a c tio n (30). As suc h, a  numb e r o f tra ns- 

g e nic  mo use  line s ha ve  b e e n g e ne ra te d  using  b o ne  

c e ll-spe c ific  tra nsg e nic  e xpre ssio n o f 11βHSD2 to  d isrupt 

intra c e llula r g luc o c o rtic o id sig na ling . The  ra ng e  o f 

o ste o b la st spe c ific  pro mo te rs (Fig ure  2) use d  to  drive  

e ithe r 11βHSD2 g e ne  e xpre ssio n o r to  de le te  the  GR 

g e ne  b y Cre  e xpre ssio n in the  b o ne  line a g e  ra ng e s fro m 

tho se  tha t ta rg e t e a rly multi-po te ntia l c e lls (De rmo 1-Cre ; 

GRfl/ fl) (31-32) to  e a rly c o mmitte d  o ste o b la stic  pro - 

g e nito rs (Runx2-Cre ; GRfl/ fl) (33), pre -o ste o b la sts (Co l3.6- 

11βHSD2) (34), ma ture  o ste o b la sts (Co l2.3-11βHSD2) 

(35-40), a nd  la te r sta g e  ma ture  o ste o b la st to  o ste o c yte s  

(OG2-11βHSD2) (11). Finding s utilizing  the se  mo de ls will 

b e  d isc usse d  thro ug ho ut this re vie w. 

 

Role  of g luc oc ortic oids and Wnt signaling  in mesen-  

c hymal c e ll diffe re ntiation 

 

The  e ffe c ts o f g luc o c o rtic o ids o n me se nc hyma l c e ll 

d iffe re ntia tio n ha ve  prima rily b e e n e xp lo re d  in vitro . In 

vivo  stud ie s we re  limite d  d ue  to  mic e  with g lo b a l GR 

de le tio n o r me se nc hyma l ta rg e te d-de le tio n o f GR b e ing  

una b le  to  survive  po st-na ta lly (32, 41). Ho we ve r, e ve n 
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ta rg e te d  de le tio n o f the  GR in me se nc hyma l c e lls, using  

the  De rmo 1-Cre  a ppro a c h (De rmo 1-Cre ; GRfl/ fl mic e ), 

re sults in mic e  with po stna ta l le tha lity (so o n a fte r b o rn) 

due  to  a  fa ilure  o f lung -ma tura tio n (32). The  phe no type  

o f the se  mic e  is ve ry simila r to  the  o ne  se e n in mic e  with 

g lo b a l GR de le tio n (41). In a d ditio n, a  la rg e  pro po rtio n 

o f De rmo 1-Cre ; GRfl/ fl e mb ryo s pre se nte d  with a  de fe c t 

in ve ntra l a b do mina l wa ll fo rma tio n (32), ind ic a ting  tha t 

me se nc hyma l GR sig na ling  p la ys a  c ritic a l ro le  in e mb ry- 

o nic  lung  a nd  sug g e sts a n a d ditio na l ro le  in a b do mina l 

wa ll de ve lo p me nt (32). Ho we ve r, De rmo 1-Cre  GRfl/ fl 

e mb ryo s a p pe a r to  fo rm no rma l b o ne  a nd  c a rtila g e  

sug g e sting  tha t a t le a st during  e mb ryo nic / fe ta l de ve lo p- 

me nt the re  is no  a b so lute  re q uire me nt fo r g luc o c o rti- 

c o ids sig na ling  within me se nc hyma l c e lls to  fo rm the se  

tissue s (32).  

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 Model of osteoblast differentiation and the putative stage of transgene expression. Diagram showing the expression of transgenes under the 

control of various promoters active along the mesenchymal/osteoblastic lineage. Dermo1 promoter (31-32) is activated in early multi-potential cells.  

Runx2 (33, 88-89) and Osterix (89-90) are the two well characterized promoters activated in early committed osteoblastic progenitors; Col3.6 promoter 

(91-92) is expressed after osterix expression in pre-osteoblasts at the stages in which cells express type I collagen (Collagen 1) and subsequently alkaline 

phosphatase (ALP); Col2.3 promoter (91-92) is expressed in mature osteoblasts which express Wnt7b and then Dkk2 which switch on mineralization (47);  

Osteocalcin promoter (OG2) is active at the later stage of mature osteoblasts when mineralization has been initiated (11, 57-58, 93). Both Col2.3 and OG2 

promoters are expressed in osteocytes. 

 

In vitro  studie s ha ve  de mo nstra te d  tha t g luc o c o rtic o ids 

p la y a n impo rta nt ro le  in o ste o b la st d iffe re ntia tio n, with 

do se -de pe nde nt e ffe c ts o n b o th o ste o b la st a nd  a d ipo - 

c yte  line a g e  c o mmitme nt (42-44). G luc o c o rtic o ids 

a ppe a r e sse ntia l fo r the  d iffe re ntia tio n o f me se nc hyma l 

c e lls (usua lly de rive d  fro m b o ne  ma rro w) into  ma ture  

o ste o b la sts (43-45). Altho ug h a dditio na l g luc o c o rtic o ids 

a d ministra tio n is usua lly no t re q uire d  fo r d iffe re ntia tio n o f 

c ulture s o f c e lls de rive d  fro m c a lva ria , it is impo rta nt to  

re a lize  tha t g luc o c o rtic o ids a re  c o nta ine d  in a ll o ste o - 

g e nic  c ulture  me dia . Fo r e xa mp le , 10% fe ta l b o vine  

se rum (FBS), o ne  o f the  mo st c o mmo nly use d  o ste o - 

g e nic  c ulture  a dditive s, c o nta ins sig nific a nt a mo unts o f 

c o rtiso l a t c o nc e ntra tio n o f a ppro xima te ly 8x10-9 mo l·L-1 

(37). Wo rk invo lving  se le c tive  a b ro g a tio n o f g luc o c o rti- 

c o id  sig na ling  ha s indic a te d  tha t the  re q uire me nt fo r 

a d ditio na l g luc o c o rtic o ids to  induc e  d iffe re ntia tio n o f 

me se nc hyma l c e lls into  o ste o b la sts ma y de pe nd  o n the  

pro po rtio n o f ma ture  o ste o b la sts c o nta ine d  within the  

iso la te s. Ca lva ria l c e ll c ulture s de rive d  fro m Co l2.3- 

11βHSD2 tra nsg e nic  mic e  e xhib it g re a tly re duc e d  o ste o - 

b la sto g e ne sis (37, 46) a nd  pre do mina nt a d ipo g e ne sis 

(37) whe n c o mpa re d  with wild -type  c ulture s. This phe no - 

typ ic  shift in me se nc hyma l pro g e nito r c e ll c o mmitme nt 

is a c c o mpa nie d  b y a  re duc tio n in Wnt7b  a nd  Wnt10b  

mRNA a nd  β-c a te nin pro te in le ve ls a nd  a n inc re a se  in 

mRNA e xpre ssio n fo r sFRP1, a  Wnt sig na ling  p a thwa y 

inhib ito r, in Co l2.3-11βHSD2 tra nsg e nic  ve rsus wild -type  

c ulture s. It thus a ppe a rs tha t if g luc o c o rtic o id  sig na ling  is 

a tte nua te d  in o ste o b la sts a nd  o ste o c yte s the  Wnt/ β- 
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c a te nin pa thwa y b e c o me s suppre sse d . This le a ds to  

a c tiva tio n o f PPARγ, a  c ritic a l fa c to r in a d ipo c yte  

de ve lo p me nt, a nd  thus me se nc hyma l pro g e nito rs a re  

pushe d  to wa rds d iffe re ntia ting  into  a d ipo c yte s. Of no te , 

tra nswe ll c o -c ulture  o f Co l2.3-11βHSD2 tra nsg e nic  

me se nc hyma l pro g e nito r c e lls with wild -type  o ste o b la sts 

re sto re d  c o mmitme nt to  the  o ste o b la st line a g e , a s d id  

tre a tme nt o f tra nsg e nic  c ulture s with e xo g e no us Wnt3a  

(37). The  a b ility o f wild -type  o ste o b la sts to  re sto re  c o m- 

mitme nt to  the  o ste o b la st line a g e  wa s b lo c ke d  b y sFRP1. 

The se  studie s de mo nstra te  tha t g luc o c o rtic o ids no t o nly 

a c t o n ma ture  o ste o b la st thro ug h re g ula tio n o f Wnt/ β- 

c a te nin sig na ling  b ut a lso  p la y a n e sse ntia l ro le  in 

d ire c ting  c e ll line a g e  c o mmitme nt o f e a rly me se nc hy- 

ma l pro g e nito rs via  ind ire c t invo lve me nt o f o ste o b la sts 

(37).  

Expre ssio n o f Wnt7b  a nd  Wnt10b  in ma ture  o ste o b la sts 

is mo dula te d  b y c o rtic o ste ro ne  (the  ma in g luc o c o rti- 

c o id  in ro de nts), in a  b ipha sic  fa shio n with 3 to  3.5-fo ld  

up-re g ula tio n a t 10-8 mo l·L-1 c o rtic o ste ro ne , a nd  50% 

do wn-re g ula tio n a t 10-7 mo l·L-1 c o rtic o ste ro ne . Co rtic o - 

ste ro ne  a t 10-7 mo l·L-1 a lso  inc re a se d  e xpre ssio n o f the  

Wnt inhib ito rs, sFRP-1 a nd  DKK-1 b y 2- to  3-fo ld . The se  

do se  de pe nde nt b ipha sic  a c tio ns ma y e xp la in the  

o b se rva tio ns tha t g luc o c o rtic o ids b o th e nha nc e  a nd  

impa ir o ste o b la st d iffe re ntia tio n fro m me se nc hyma l 

pro g e nito r c e lls, a nd  ind ic a te  tha t this is a t le a st in pa rt 

thro ug h the  re g ula tio n o f Wnt e xpre ssio n in o ste o g e nic  

c ulture s (39). This sug g e sts tha t the  c o ntra sting  a na b o lic  

a nd  c a ta b o lic  e ffe c ts o f g luc o c o rtic o ids o n b o ne  a re , 

a t le a st in pa rt, me dia te d  thro ug h the  re g ula tio n o f Wnt 

e xpre ssio n a nd  its inhib ito rs in ma ture  o ste o b la sts. The  

b ipha sic  e ffe c ts o f g luc o c o rtic o ids in re g ula ting  Wnt 

e xpre ssio n a nd  its inhib ito rs via  o ste o b la sts ma y pro vide  

a  me c ha nistic  b a sis fo r the  se e ming ly d isp a ra te  a c tio ns 

o f g luc o c o rtic o ids o n b o ne  a nd  c o uld  e xp la in the ir 

phe no typ ic  c o nse q ue nc e s. 

In the  c a lva ria l c e ll c ulture  syste m, c a lva ria l d isso c ia - 

tio ns c o nsist o f he te ro g e ne o us c e ll po pula tio ns c o nta in- 

ing  imma ture  me se nc hyma l pre c urso r c e lls, pre -o ste o - 

b la sts, ma ture  o ste o b la sts a nd  o ste o c yte s. Amo ng  the se  

c e lls, ma ture  o ste o b la sts a ppe a r to  b e  the  d o mina nt 

so urc e  o f Wnt pro te ins, a s the y e xpre ss a  wide  ra ng e  o f 

Wnt mo le c ule s a t sig nific antly hig he r le ve l tha n e a rly 

me se nc hyma l pre c urso r c e lls (37-39, 47), e spe c ia lly 

Wnt7b , Wnt10b  a nd  Wnt9a , a ll o f whic h a re  impo rta nt 

re g ula to rs o f o ste o b la sto g e ne sis (47-52). Furthe rmo re , 

the  g luc o c o rtic o id -induc e d  upre g ula tio n o f Wnt sig na l- 

ing  is o b se rve d  o nly in d iffe re ntia te d  o ste o b la sts with no  

o b se rva b le  e ffe c t o f g luc o c o rtic o ids o n pre c urso r c e lls 

(39).  

The se  find ing s a re  c o nsiste nt with the  a b ility o f ma ture  

o ste o b la sts to  pro duc e  Wnt pro te ins a s sig na ling  mo le - 

c ule s, while  the  pre c urso r c e lls a re  prima rily re c ipie nt 

c e lls tha t re ly o n pa ra c rine  sig na ls to  c o ntro l c e ll fa te  

spe c ific a tio n (Fig ure  2). Furthe r e vide nc e  fo r this 

me c ha nism ha s b e e n de rive d  fro m in vivo  stud ie s 

e xa mining  c ra nia l b o ne  de ve lo p me nt (38). 

 

Endoge nous g luc oc ortic oids are  importa nt in c ra -  

nia l bone  de velopme nt in vivo  

 

Ne o na ta l Co l2.3-HSD2 tra nsg e nic  mic e  e xhib it a  d istinc t 

phe no type  c ha ra c te rise d  b y hypo pla sia  a nd  o ste o - 

pe nia  o f the  c ra nia l ske le to n, inc re a se d  suture  p a te nc y, 

e c to p ic  d iffe re ntia tio n o f c a rtila g e  in the  sa g itta l suture  

a nd  a n inc re a se d  a mo unt o f pa rie ta l c a rtila g e  (38, 53).  

Another mouse model in which the 11βHSD2 transgene 
is e xpre sse d  in the  o ste o b la st line a g e  fro m pre -o ste o - 

b la sts o nwa rd s using  a  3.6 kb  c o lla g e n type  I (Co l3.6) 

pro mo te r (Co l3.6-11βHSD2 tra nsg e nic ) sho we d  a  ve ry 

simila r phe no type  to  the  Co l2.3-11βHSD2 tra nsg e nic  

mic e  (34). During  c ra nia l b o ne  de ve lo p me nt, it a ppe a rs 

tha t e nd o g e no us g luc o c o rtic o ids stimula te  the  e xpre - 

ssio n a nd  se c re tio n o f Wnt pro te ins in ma ture  c ra nia l 

o ste o b la sts (38). The  e nsuing  c a no nic a l Wnt sig na ling  

c a sc a de  induc e s: me se nc hyma l pro g e nito r c e lls to  

d iffe re ntia te  a wa y fro m the  c ho ndro c yte  line a g e  

to wa rds the  o ste o b la st line a g e  a nd  thus fo rm b o ne ; 

o ste o b la sts to  initia te  MMP14-me dia te d  re mo de lling  o f 

the  c o lla g e no us ma trix surro unding  o ste o b la sts; a nd  

pa rie ta l c a rtila g e  c ho ndro c yte s to  initia te  MMP14- 

me dia te d  c a rtila g e  de g ra da tio n (Fig ure  3). The se  

c o nc urre nt a nd  tig htly inte rc o nne c te d  p a thwa ys 

e sta b lish a  no ve l ro le  fo r b o th g luc o c o rtic o ids a nd  

o ste o b la sts in the  intric a te  pro c e ss o f intra me mb ra no us 

b o ne  de ve lo p me nt. In yo ung  a nima ls, the  suture s se rve  

a s g ro wth c e ntre s, whe re  me se nc hyma l c e lls re side  a s a  

re se rvo ir fo r po stna ta l o ste o g e ne sis a nd  ne w b o ne  

fo rma tio n. In this pro c e ss, Wnt/ β-c a te nin sig na ling  is 

re q uire d  to  suppre ss c ho ndro g e ne sis a nd  to  a llo w 

o ste o b la sts to  fo rm (54-55). Of no te , the  phe no type  in 

Co l2.3-11βHSD2 tra nsg e nic  mic e  wa s a sso c ia te d  with a  

dra ma tic  re duc tio n in β-c a te nin pro te in a c c umula tio n in 

c a lva ria l o ste o b la sts a nd  pro g e nito r c e lls lo c a te d  in the  

suture s, ind ic a ting  tha t c a no nic a l Wnt sig na ling  wa s 

a tte nua te d . The  imp a ire d  c ra nia l c a rtila g e  de g ra d a tio n 

in Co l2.3-11βHSD2 tra nsg e nic  mic e  is simila r to  the  

c a lva ria l c a rtila g e  phe no type  se e n in MMP14 (a lso  

na me d MT1-MMP) kno c ko ut mic e  (56). As e xpe c te d , 

e xpre ssio n o f MMP14 is ma rke dly re duc e d  in pa rie ta l 

b o ne  a nd  c a rtila g e  o f Co l2.3-11βHSD2 tra nsg e nic  mic e . 

Expre ssio n o f Wnt9a  a nd  Wnt10b  is sig nific a ntly re duc e d  

in o ste o b la sts with d isrupte d  g luc o c o rtic o id  sig na ling , 
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a nd a c c umula tio n o f β-c a te nin, the  upstre a m re g ula to r 

o f MMP14 e xpre ssio n, is de c re a se d  in o ste o b la sts, 

c ho ndro c yte s a nd  me se nc hyma l pro g e nito rs o f tra ns- 

g e nic  mic e . The  re duc e d  e xpre ssio n o f o ste o b la stic  

Wnts a nd  MMP14 is a lso  a c c o mp a nie d  b y a  pro - 

no unc e d  d iso rg a nisa tio n o f the  re side nt o ste o b la sts a nd  

the  c o lla g e no us b o ne  ma trix in Co l2.3-11βHSD2 tra ns- 

g e nic  c a lva ria  sug g e sting  the  no rma l c a lva ria l b o ne  

fo rma tio n is a lso  de pe nde nt o n a n a uto c rine  Wnt/ β- 

c a te nin-MMP14 sig na ling  lo o p . Supra -c a lva ria l inje c tio n 

o f Wnt3a  pro te in no t o nly re sc ue d  the  a b no rma l 

c a rtila g e  phe no type , b ut a lso  sig nific a ntly impro ve d  

pa rie ta l b o ne  fo rma tio n, mine ra liza tio n a nd , c o nse - 

q ue ntly, suture  na rro wing , furthe r c o nfirming  the  ro le  o f 

g luc o c o rtic o id  re g ula te d  p a ra c rine  a nd  a uto c rine  Wnt 

sig na ling  in c ra nia l b o ne  de ve lo p me nt. 

Co l2.3-11βHSD2 tra nsg e nic  mic e  we re  c ha ra c te rize d  

b y de la ye d  intra me mb ra no us (i.e . c a lva ria l) b o ne  

de ve lo p me nt in the  pre se nc e  o f no rma l e ndo c ho ndra l 

fo rma tio n (lo ng  b o ne s). Da y a nd  c o lle a g ue s ha ve  

sho wn tha t intra me mb ra no us o ssific a tio n re q uire s hig h 

le ve ls o f β-c a te nin, thro ug h up-re g ula tio n b y Wnt 

sig na ling , to  pro mo te  o ste o b la st d iffe re ntia tio n. In c o n- 

tra st, during  e ndo c ho ndra l o ssific a tio n (i.e . lo ng  b o ne ), 

β-c a te nin pro te in le ve ls a re  ke pt lo w b y inhib itio n o f 

c a no nic a l Wnt sig na ling  inside  me se nc hyma l c o nde n- 

sa tio ns to  e nsure  tha t o nly c ho ndro c yte s c a n fo rm 

initia lly (55). This d iffe re nc e  ma y e xp la in why lo ng  b o ne  

de ve lo p me nt is no t a ffe c te d  in po stna ta l Co l2.3- 

11βHSD2 tra nsg e nic  mic e , b ut a lte re d  whe n the  mic e  

a re  a t the  a g e  o f 3 we e ks o nwa rds (40).   

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 Glucocorticoids control of lineage commitment of mesenchymal progenitors through mature osteoblast via Wnt signaling. Glucocorticoids 

stimulate osteoblasts to increase secretion of Wnts and to decrease secretion of the Wnt inhibitor, sFRP1; both actions would advance canonical Wnt 

signaling in mesenchymal progenitor cells which in turn, causes β-catenin to enter the nucleus which increases Runx2 expression while inhibiting PPARγ 

expression. These actions promote osteoblastogenesis but inhibit adipogenesis. 

 

Role  of endogenous gluc oc ortic oids in long bone  

de velopme nt and mainte nanc e  

 

Altho ug h e ndo g e no us g luc o c o rtic o ids ma y no t b e  

re q uire d  in e ndo c ho ndra l o ssific a tio n the y a ppe a r to  b e  

re q uire d  fo r no rma l b o ne  g ro wth a nd  ma inte na nc e . 

De le tio n o f the  GR in o ste o b la st pro g e nito rs (Runx2-Cre ; 

GRfl/ fl, a lso  na me d GRRunx2Cre ) re sults in mic e  with a  mild  

b ut hig hly sig nific a nt de c re a se  in b o ne  de nsity (33). With 

ta rg e te d  o ve re xpre ssio n o f 11βHSD2 in ma ture  o ste o - 

b la sts a nd  o ste o c yte s, Co l2.3-11βHSD2 tra nsg e nic  mic e  

e xhib it ve rte b ra l (b ut no t fe mo ra l) tra b e c ula r o ste o - 

pe nia  (35), while  fe mo ra l c o rtic a l b o ne  pa ra me te rs 

we re  de c re a se d  in b o th fe ma le  a nd  ma le  mic e  (36). 

The se  d a ta  sug g e st tha t g luc o c o rtic o id  sig na ling  in 

o ste o b la sts ma y b e  re q uire d  to  ma inta in no rma l b o ne  

ma ss in se xua lly ma ture  mic e  b ut this ma y b e  mo du- 

la te d  b y se x ho rmo ne  le ve ls. To  de te rmine  the  ro le  o f 

e ndo g e no us g luc o c o rtic o ids in b o ne  g ro wth a nd  ma in- 

te na nc e , a nd  its de pe nde nc e  o n a g e , se xua l ma turity, 

g e nde r a nd  ske le ta l site , 3-we e k-o ld  (se xua lly imma ture ) 

a nd  7-we e k-o ld  (se xua lly ma ture ) ma le  a nd  fe ma le  

Co l2.3–11βHSD2 tra nsg e nic  mic e  a nd  the ir wild -type  

litte rma te s we re  c o mpa re d  (40). Lo we r b o ne  vo lume , 

lo we r tra b e c ula r numb e r a nd  hig he r tra b e c ula r se pa ra - 

tio n in tib ia l tra b e c ula r b o ne  we re  o b se rve d  in 3 a nd  

7-we e k-o ld  Co l2.3-11βHSD2 tra nsg e nic  mic e , ind ic a ting  

tha t the  b io lo g ic a l e ffe c t o f d isrupte d  g luc o c o rtic o id - 
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sig na lling  wa s inde pe nde nt o f se xua l ma turity (40).  

Ho we ve r, this wa s no t the  c a se  fo r the  ve rte b ra l b o ne s, 

whe re  sig nific a nt d iffe re nc e s b e twe e n Co l2.3-11βHSD2 

tra nsg e nic  a nd  wild -type  mic e  we re  se e n in 7-we e k-o ld  

b ut no t in 3-we e k-o ld  a nima ls, sug g e sting  tha t the  

e ffe c ts o f the  tra nsg e ne  a t this site  ma y b e  mo dula te d  

b y a g e  a nd / o r c ha ng e s in c irc ula ting  se x ho rmo ne  

le ve ls (40). Co l3.6-11βHSD2 tra nsg e nic  mic e  sho we d  a  

ve ry simila r phe no type  to  the  Co l2.3-11βHSD2 tra nsg e nic  

mic e  (34), furthe r c o nfirming  tha t g luc o c o rtic o id  sig na l- 

ing  p la ys a n imp o rta nt ro le  in the  o ste o b la st line a g e  

d iffe re ntia tio n. Ove r-e xpre ssio n o f 11β-HSD2 ha s a lso  

b e e n a c hie ve d  utilizing  the  murine  o ste o c a lc in g e ne  2 

(OG2) pro mo te r whic h is a c tive  o nly in ve ry ma ture  

o ste o b la sts a nd  o ste o c yte s (11). Unde r the  c o ntro l o f this 

pro mo te r, e xpre ssio n o f the  11β-HSD2 tra nsg e ne  d id  no t 

a ppe a r to  a ffe c t no rma l b o ne  de ve lo p me nt o r turno ve r 

a s de mo nstra te d  b y ide ntic a l b o ne  mine ra l de nsity 

(BMD), stre ng th, a nd  histo mo rpho me try in a dult tra ns- 

g e nic  a nd  wild  type  a nima ls, sug g e sting  tha t e ndo - 

g e no us g luc o c o rtic o id  a c tio n in o ste o c a lc in-e xpre ssing  

c e lls is no t re q uire d  fo r no rma l ske le ta l de ve lo p me nt (11).

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 Model of glucocorticoid dependent canonical Wnt signaling in cranial development. Glucocorticoids stimulate mature osteoblasts to produce 

canonical Wnt proteins, which activate the β-catenin signaling cascade in: (A) cranial mesenchymal progenitor cells, through up-regulation of Runx2 and 

down-regulation of Sox9 expression, to differentiate towards osteoblasts and away from chondrocytes; (B) osteoblasts, through up-regulation of DKK2 

terminating osteoblast differentiation and leading to mineralization; up-regulation of MMP14 to initiate the remodelling of the collagenous matrix 

surrounding the osteoblast; (C) cranial chondrocytes, through up-regulation of MMP14 to initiate the cranial cartilage degradation. 

 

One  e xp la na tio n fo r d isc re pa nc y in re sults using  

d iffe re nt pro mo te rs c o uld  b e  tha t o ste o c a lc in is o nly e x- 

pre sse d  during  the  la te st sta g e  o f o ste o b la st d iffe re nti- 

a tio n, the  b o ne  ma trix b e c o me s mine ra lize d  (57-58). 

Expre ssio n o f Wnt7b , ho we ve r, pe a ks during  the  ma tura - 

tio n pha se  o f o ste o b la stic  de ve lo p me nt a nd  the n fa lls 

during  mine ra liza tio n (47). It is c o nc e iva b le  tha t during  

la te r sta g e s o f o ste o b la st d iffe re ntia tio n, d isruptio n o f 

g luc o c o rtic o id  sig na lling  ha s little  o r no  e ffe c ts o n Wnt7b  

e xpre ssio n, he nc e  the  a b se nc e  o f a  d istinc t phe no type . 
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Role  of endogenous gluc oc ortic oids in bone  during  

aging  

 

The re  is g o o d  e vide nc e  tha t e ve ning  (i.e . na dir) a s we ll 

a s me a n c o rtiso l le ve ls inc re a se  with a g e  in huma ns 

(59-62). In a dditio n, stud ie s in huma ns sug g e st tha t the re  

is a n a g e -re la te d  de c line  in the  ne g a tive  fe e db a c k 

re spo nse  o f the  HPA a xis, le a d ing  to  pro g re ssive ly 

g re a te r e xpo sure  o f tissue s to c o rtiso l (61-62). Ag e - 

re la te d  c ha ng e s in mic e  a re  simila r to  tho se  o b se rve d  in 

huma ns. Ag e ing  in mic e  is a sso c ia te d  with a n inc re a se  

in a dre na l pro duc tio n o f c o rtic o ste ro ne  (63), the  pre - 

do mina nt g luc o c o rtic o ids in ro de nts. Two  fa c to rs mig ht 

fa c ilita te  this pro c e ss: a g e -re la te d  de c re a se  in b ra in 

c o rtic o ste ro id  re c e pto rs le a ds to  a  de c re a se d  HPA a xis 

se nsitivity to  ne g a tive  fe e d b a c k fro m g luc o c o rtic o ids; 

a nd  re pe a te d  c o rtiso l (o r c o rtic o ste ro ne )-g e ne ra ting  

stre ss c ha lle ng e s. Anima l studie s ind ic a te  tha t a g e ing  

ma y b e  a c c o mpa nie d  b y a  re duc tio n in the  numb e r o f 

hippo c a mpa l g luc o c o rtic o id  re c e pto rs. This wo uld  re sult 

in a n a g e -de pe nde nt d e c re a se  o f the  ne g a tive  

fe e db a c k e ffe c t o f c o rtiso l o n the  HPA a xis a nd  c a use  

a n inc re a se d  c o rtiso l re spo nse  to  e a c h stre ssful e ve nt. In 

huma ns, stud ie s ha ve  e xa mine d  the  physio lo g ic a l 

re g ula tio n o f HPA a xis re spo nse s a nd  de mo nstra te d  tha t 

the  c o rtiso l re spo nse  to  stre sso rs c a n b e  e xa g g e ra te d  in 

the  e lde rly. In a dditio n, the re  is a  re duc e d  ne g a tive  

fe e db a c k, suc h tha t c irc ula ting  c o rtiso l le ve ls sta y 

e le va te d  lo ng e r (64-65). Furthe rmo re , a  g e nde r e ffe c t 

wa s a lso  sug g e ste d , with a  g re a te r a g e -re la te d  inc re a se  

in HPA a xis re a c tivity to  c ha lle ng e  in wo me n, re la tive  to  

me n (64-65).  

In a dditio n to  the  inc re a se  in syste mic  g luc o c o rtic o id  

le ve ls, 11β-HSD1 e xpre ssio n in c e rta in tissue s is a lso  

inc re a se d . It ha s b e e n sho wn tha t 11β-HSD1 e xpre ssio n 

a nd  a c tivity a re  po sitive ly c o rre la te d  with do no r a g e  in 

huma n skin tissue  (66) a nd  in e x vivo  c ulture d  huma n 

o ste o b la sts (67). Simila r find ing s ha ve  a lso  b e e n 

o b se rve d  in mo use  b o ne  (63). The  ve rte b ra l b o ne  

e xpre ssio n o f 11β-HSD1 is inc re a se d  in a g e d  (25-31 

mo nths o ld ) ma le  a nd  fe ma le  c o mp a re  to  4-mo nth-o ld  

a nima ls (63).   

Altho ug h e xc e ssive  g luc o c o rtic o ids e xpo sure  is a  

we ll-re c o g nize d  c a use  o f o ste o po ro sis, little  is kno wn 

a b o ut the  ro le  o f a g e -re la te d  e xc e ssive  e ndo g e no us 

g luc o c o rtic o ids in de te rmining  b o ne  ma ss. Only a  fe w 

e p ide mio lo g ic a l stud ie s ha ve  e xa mine d  the  re la tio nship  

b e twe e n the  le ve ls o f c o rtiso l in the  c irc ula tio n a nd  

c urre nt b o ne  de nsity in c o mmunity-d we lling  e lde rly 

wo me n a nd  me n. 684 me n a nd  wo me n a g e d  70–79 

we re  pa rtic ipa nts in the  Mac Arthur Stud y o f Suc c e ssful 

Ag ing  o ve r a  7-ye a r pe rio d  (68). Whe n a ll p a rtic ipa nts 

we re  c o nside re d  to g e the r, inc re a sing  o ve rnig ht urina ry 

fre e  c o rtiso l wa s a sso c ia te d  with inc re a sing  risk o f 

fra c ture . Gre e nda le  e t a l sho we d  tha t e ve ning  sa liva ry 

c o rtiso l wa s sig nific a ntly e le va te d  in e lde rly me n a nd  

wo me n a s c o mp a re  to  yo ung e r c o ntro l ind ividua ls. 

Eve ning  sa liva ry c o rtiso l le ve ls we re  fo und  to  b e  

ne g a tive ly c o rre la te d  with sp ine  BMD in e lde rly wo me n, 

whe re a s mo rning  sa liva ry c o rtiso l wa s ne g a tive ly 

c o rre la te d  with lumb a r BMD in e lde rly me n (69). In a  

stud y o f the  HPA a xis in re spo nse  to  a n inje c tio n o f 

synthe tic  ACTH, the  re la tio nships b e twe e n c o rtiso l se c re - 

tio n a nd  b o ne  ma ss wa s e xa mine d  in a  c o ho rt o f 247 

e lde rly me n a nd  wo me n. The  pe a k c o rtiso l re spo nse  

fo llo wing  inje c tio n o f ACTH c o rre la te d  ne g a tive ly with 

b a se line  BMD a t the  fe mo ra l ne c k in wo me n, with lo ss o f 

BMD a t the  fe mo ra l ne c k in wo me n a nd  lo ss o f BMD a t 

the  lumb a r sp ine  in me n. Altho ug h the se  da ta  we re  in 

c o nsiste nt in te rms o f the  time  o f d a y, sub je c t g e nde r 

a nd  the  me tho d  use d  to  a sc e rta in c o rtiso l le ve ls, the se  

da ta  pro vide  e vide nc e  tha t c irc ula ting  e ndo g e no us 

g luc o c o rtic o ids influe nc e  the  ra te  o f b o ne  lo ss in he a lthy 

e lde rly ind ividua ls.  

As d isc usse d  a b o ve , se le c tive  o ve re xpre ssio n o f 

11βHSD2 in ma ture  o ste o b la sts a nd  o ste o c yte s drive n b y 

the  o ste o c a lc in g e ne  2 (OG2) pro mo te r (OG2-11βHSD2) 

ha s no  a pp a re nt e ffe c t o n the  b o ne  phe no type  a t 5 

mo nths o f a g e  (11). Inte re sting ly, ho we ve r, po sitive  

e ffe c ts o f the  tra nsg e ne  a re  fo und  in a g e d  OG2- 

11βHSD2 mic e  (63). Like  huma ns, mic e  a lso  e xhib it a n 

a g e -re la te d  de c re a se  in b o ne  ma ss a nd  stre ng th.  

The se  de c line s a re  a sso c ia te d  with a n inc re a se  in 

a dre na l pro duc tio n o f g luc o c o rtic o ids a s we ll a s 

11βHSD1 e xpre ssio n in b o ne  c e lls. OG2-11βHSD2 tra ns- 

g e nic  mic e  ha d  simila r le ve ls o f se rum g luc o c o rtic o ids 

a nd  o ste o b la stic  11βHSD1 e xpre ssio n c o mpa re d  to  

wild -type  a nima ls, ho we ve r, the  a d ve rse  e ffe c ts o f 

a g ing  o n o ste o b la st a nd  o ste o c yte  a po p to sis, b o ne  

fo rma tio n ra te  a nd  mic ro a rc hite c ture , c rysta llinity, 

va sc ula ture  vo lume , inte rstitia l fluid , a nd  stre ng th se e n in 

wild -type  a nima ls we re  pre ve nte d . Inte re sting ly, the  

e xpre ssio n o f o ste o c a lc in, a  g e ne  do wn-re g ula te d  b y 

g luc o c o rtic o ids, is hig he r in OG2-11βHSD2 tra nsg e nic  

mic e  whe n c o mpa re  to  a g e  a nd  g e nde r ma tc he d  

wild -type  a nima ls (63). The re  is no w mo unting  e vide nc e  

tha t o ste o c a lc in is invo lve d  in the  re g ula tio n o f no rma l 

fue l me ta b o lism (70-76) a nd  re c e nt re se a rc h sug g e sts 

tha t the  pe p tide  p la ys a  c e ntra l ro le  in the  pa tho g e ne sis 

o f g luc o c o rtic o id -induc e d  dysme ta b o lism (77). Up  to  

da te , it is no t kno wn whe the r the  a g e -re la te d  c ha ng e s 

in b o dy c o mpo sitio n a nd  fue l me ta b o lism invo lve  the  

a c tio n o f e ndo g e no us g luc o c o rtic o id  o n o ste o b la st 

func tio n, spe c ific a lly via  o ste o c a lc in. At le a st, b o dy 
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we ig ht d id  no t a ppe a r to  d iffe r b e twe e n the  21-mo nth- 

o ld  ma le  wild -type  a nd  OG2-11βHSD2 tra nsg e nic  mic e  

(63).   

 

Role  of e ndog e nous g luc oc ortic oids in bone  re -  

sorption 

 

As d isc usse d  a b o ve , mo st studie s indic a te  tha t the  ma in 

c e llula r ta rg e t o f g luc o c o rtic o id  a c tio n is inde e d  the  

o ste o b la st (10-11, 15, 40, 77-78). The  b o ne  e ffe c ts o f 

e ndo g e no us a nd  e xo g e no us g luc o c o rtic o ids a ppe a r a  

c o nse q ue nc e  o f the ir d ire c t a c tio ns o n the  o ste o b la st. In 

c o ntra st, using  the  sa me  stra te g y to  de line a te  the  

e ffe c ts o f e ndo g e no us g luc o c o rtic o ids o n o ste o c la sts, 

o ste o c la st-specific expression of 11βHSD2 d id  no t a ffe c t 

ske le ta l de ve lo p me nt, a dult b o ne  ma ss o r the  numb e r 

o f o ste o c la sts a nd  o ste o b la sts in mic e  (7). It the re fo re  

a ppe a rs tha t the  c ha ng e s in o ste o c la st func tio n in 

re spo nse  to  e ndo g e no us g luc o c o rtic o ids in b o ne  a re  

usua lly o f a  se c o nda ry na ture .  

 

Possible  impac t of loc a l g luc oc ortic oid me tabolism 

on bone  

 

The  use  o f e c to p ic  e xpre ssio n o f 11βHSD2 to examine 
the  e ffe c ts o f g luc o c o rtic o ids o n b o ne  ha s b e e n 

d isc usse d  in de pth a b o ve . Ho we ve r, it sho uld  a lso  b e  

borne in mind that 11βHSD1, the activator of endo- 

g e no us g luc o c o rtic o ids, is no rma lly e xpre sse d  within 

b o ne , a nd  in pa rtic ula r, within o ste o b la sts. An a g e - 

re la te d  inc re a se  in e xpre ssio n within b o ne  ha s b e e n 

re po rte d  in b o th huma n a nd  mo use  o ste o b la sts (63, 67, 

79). This wo uld  b e  e xpe c te d  to  impa c t o n b o ne  fo rma - 

tio n (re duc ing  it) b ut c o uld  a lso  impa c t o n b o ne  re so rp - 

tio n (to  inc re a se  it) thro ug h a  g luc o c o rtic o id  me dia te d  

inc re a se  in RANKL e xpre ssio n b y o ste o b la sts (15). 

11βHSD1 g lo b a l kno c ko ut mic e  ha ve  no  o b vio us b o ne  

phenotype suggesting a limited role for 11βHSD1 in 
no rma l b o ne  de ve lo p me nt (80). Ho we ve r, a g e d  mic e  

ha ve  no t b e e n e xa mine d . In e lde rly huma ns the re  is a  

stro ng  c o rre la tio n b e twe e n p la sma  le ve ls o f c o rtiso ne  

a nd  o ste o c a lc in with a  hig h c o rtiso ne  le ve l pre d ic ting  a  

lo w o ste o c a lc in le ve l (81). The se  re la tio nships we re  

inde pe nde nt o f the  le ve l o f c o rtiso l in the  c irc ula tio n 

sug g e sting  tha t the  re duc tio n in o ste o c a lc in with hig h 

c o rtiso ne  le ve ls is a  re fle c tio n o f d ire c t pro duc tio n a nd  

action of locally generated cortisol via the 11βHSD1 
e nzyme  within o ste o b la sts. Ad ditio na l sup po rt fo r a  ro le  

of 11βHSD1 in age related bone loss comes from two 
inde pe nde nt g e ne  a sso c ia tio n studie s (82-83). The se  

de mo nstra te d  sig nific a nt asso c ia tio ns b e twe e n po ly- 

mo rphisms in HSD11B1, the  g e ne  fo r 11βHSD1, and bone 

mine ra l de nsity (BMD) a nd  fra c ture  risk. It wa s sug g e ste d  

tha t po lymo rphisms tha t pre d ic te d  lo w a c tivity o f the  

11βHSD1 enzyme were associated with a higher BMD 
a nd a  re duc e d  risk o f fra c ture .  

The re  is a  limite d  a mo unt o f da ta  a va ila b le  re g a rd ing  

chemical inhibition of 11βHSD enzymes in humans. The 
ma in stud y wa s o nly o f o ne  we e k dura tio n b ut de mo ns- 

tra te d  a  sig nific a nt re duc tio n in ma rke rs o f b o ne  re so rp - 

tio n sug g e sting  a  po ssib le  c linic a l a pplic a tio n in the  

tre a tme nt o f po st-me no pa usa l o ste o po ro sis (79). Furthe r 

c la rific a tio n o f the  po ssib le  a pplic a tio n will c o me  fro m 

studies examining specific inhibitors of the 11βHSD 
e nzyme  whic h ha ve  re c e ntly b e e n de ve lo pe d  prima rily 

to  ta rg e t o b e sity a nd  insulin re sista nc e .  

The expression of 11βHSD1 is dramatically up regu- 

la te d  b y pro -infla mma to ry c yto kine s suc h a s TNFα a nd  

IL-1β (84). As suc h, the  a mo unt o f g luc o c o rtic o ids 

g e ne ra te d  in b o ne  is like ly to  inc re a se  in re spo nse  to  

lo c a l o r syste mic  infla mma tio n. Bo ne  lo ss in infla mma to ry 

d iso rde rs is kno wn to  b e  d ue  to  a n inc re a se  in b o ne  

re so rptio n b ut a lso  to  a  re la tive  re duc tio n in b o ne  

fo rma tio n. The  me c ha nisms unde rlying  this ‘ unc o upling ’  

o f b o ne  fo rma tio n fro m re so rptio n a re  no t fully 

unde rsto o d  b ut lo c a l pro d uc tio n o f g luc o c o rtic o ids is 

like ly to  c o ntrib ute  (85). Inde e d , the  g lo b a l 11βHSD1 
kno c ko ut mo use , de sp ite  no t ha ving  a  re sting  b o ne  

phe no type , de ve lo ps a n o ste o phytic  re a c tio n in re s- 

po nse  to  e xpe rime nta l a rthritis (86). This is in ke e p ing  with 

a n a b no rma l ma inte na nc e  o r e xa g g e ra tio n o f b o ne  

fo rma tio n in the  fa c e  o f inc re a se d  infla mma tio n. The se  

data might suggest that inhibitors of 11βHSD1 activity 
mig ht b e  use ful in pre se rving  b o ne  fo rma tio n in pa tie nts 

with infla mma tio n a sso c ia te d  b o ne  lo ss. Ho we ve r, 

11βHSD1 activity is also important in the immune res- 
po nse  so  c a re  wo uld  b e  ne e de d  to  e nsure  tha t infla m- 

ma tio n is no t inc re a se d  b y suc h tre a tme nt (87). 

 

Conc lusion 

 

It is no w a pp a re nt tha t o ste o b la sts a nd  o ste o c yte s a re  

the  ma jo r g luc o c o rtic o id  ta rg e t c e lls in b o ne  fo r b o th 

e ndo g e no us le ve ls o f g luc o c o rtic o id  a nd  the  le ve ls se e n 

during  the ra pe utic  g luc o c o rtic o id  tre a tme nt. Ho we ve r, 

the  re spo nse  o f the  o ste o b la sts to  e a c h o f the se  is q uite  

d istinc t. At physio lo g y le ve ls, g luc o c o rtic o ids d ire c t 

me se nc hyma l pro g e nito r c e lls to  d iffe re ntia te  to wa rd s 

o ste o b la sts a nd  thus inc re a se  b o ne  fo rma tio n via  up- 

re g ula tio n o f Wnt/ β-c a te nin sig na ling  in ma ture  o ste o - 

b la sts in a  po sitive  wa y. In c o ntra st with a g e ing , the  

e xc e ss pro duc tio n o f g luc o c o rtic o ids, a t b o th syste mic  

a nd  intra c e llula r le ve ls, a pp e a r to  impa c t o n o ste o b la st 

a nd  o ste o c yte s in a  ne g a tive  wa y in a  simila r fa shio n to  
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tha t se e n with the ra pe utic  g luc o c o rtic o ids.  
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