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DANTROLENE INHIBITS ADRENAL STEROIDOGENESIS 
BY A MECHAN~M INDEPENDENT OF EFFECTS ON 

STORED CALCIUM RELEASE 
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M.~ ~ood Pressure U~ W~m Infirmary, Gl~gow GII 6NT, Sco0and, U.K. 

~ e c e ~  5 0 ~ e r  1990) 

Smumsry--The mu~le ~laxant dantrokne h~ been widely used ~ ~gnai uansducfion stu~es 
as an ~ t o r  of intra~H~ar cal~um ~ a ~ .  Howeve~ ~ v~o s ~  have shown that ~e 
drug may inhibit stcro~ogen~ by a mecha~sm w~ch h &sfin~ from i~ effects on c.al~um 
mo~lizat~n. U~ng freshly isohted ~1~ and mitochondria from the ou~rrnost ~oons of 
bo~ne adrenal cortex we have shown ~at dantrolene (0.2 mM) ~gnificanfly inhi~¢ s~ro~ 
syn~ i s  sfim~ated by ~th~ anOotensin H (AII) or by addition of va~ous precursor. Our 
rcs~U sugg~t ~at dantrolcne in ,hie  the ~-limifing steps of adrenocortical st~oidogen~is, 
L~ the ~tramitochondri~ conversion of ch~es~rol m p~gnenolon¢ (for bo~ ~dosterone 
and cortisol) and the convenion of corticos~rone to ~dos~rone (for ~dos~rone), by a 
mechanism independent from i~ known eff~ts on cal~um ~iea~. A pos~ble ~ternafive 
m~ha~sm may ~volve ~rcct inkib~on of cytochrome P45~dependent hydrox~afion 
reactiong 

INTRODUCTION 

Damro~ne ( l-{[5-(p-nitrophenyl)~ffuryfi~n~- 
amino}hydantoi~ ~ a ~rect acting skeletM 
muscle relaxant widely used ~ the tnatmem of 
muscM s p ~ f i ~  and amociated disorde~ [1-3]. 
It appea~ to ex i t  ffs therapeutic eff~t 
by ~Mb~ng ~e  nMase of calfium from the 
terminM cis~rnae of ~e  sa~oplasmic nticu- 
lure [4-6]. In recent years tMs property has 
made damrolene an ob~ous to~ to ~udy the 
r~e of cal~um relea~ ~ mediating hormone 
a~ion [7-9]. However, adve~e cfin~M eff~ts, 
most nom~y hepatic inju~ (w~ch co~d be 
~tal), have been ~po~ed, ~peciM~ ~llowing 
tnatment with a Mgh dM~ dose of~e  drug 00]. 
Fran~s and Hamrick have shown ~a t  liver 
damage may be associated wi~ ~ r ~ t  inhibition 
of hepatic, cy~chrome P45~dependem, mixed 
funct~n ox~a~ enzymes[l l, 1~. The same 
investigators Mso showed ~aL ~ v ~  damro- 
~ne ~Mbits glucoco~icoid sec~fion ~ 3]. ~ n ~  
s~ro~ogenesis depends on various cytochrome 
P450 enzym~[l~ d a n ~ e n e  may exert an 
adrenal eff~t ~miMr to that ~ the fiver. Wffh 
t~s hepatic cytochrome P450 effect ~ min~ the 
following ~udy has focused on whe~er dantro- 
Mne ~rectly affec~ s~r~dogene~s other than 

*To whom correspon~n~ shoed ~ addressed. 

by ~ b i t i n g  cal~um release ~om ~uacellular 
stons an~ ~ s~ whe~er key mi tochond~ 
s~r~d hydrox~a~on ~eps a n  affected. 

~ P E R I M E ~  

Iso~ted ~Us aM ~ t ~ M f i a  w~e pn-  
~ e d  ~om ~ e  ~ r e ~ l  ~ands of f ~ y  
~au~te~d  cat~e a~ording to ~e  ~ 
~ 

~ 

B~efl~ as d ~  by S~pson et aL [l~; 
t~n s ~ s  of ~ssue were m ~ n  from ~ ou~r 
n~ons  ~ ~ t t e d  ~ n n ~  ~ and ~ n ~  
~ ~ ing  s u ~ t e d  to ~ l ~ g e n ~  ~ 6 o n  
(1 .Smg/~ W o ~ n ~ o n  ~ h e ~ c ~  C o ~ ,  
NJ, ~ S ~ 0  ~ ~ b s  bicar~nate ~ ¢ s  
s~ufion c o m a ~  ~01 M #uco~ and bo~ne 
~ M b m ~  Q 0 # ~  The ~fis wen t ~ n  
~ d  t ~ ,  ~ f l y  ~ r o ~ h  a tea s~ainer aM 
then t ~ o u #  l ~  ~m g a ~  (Hen~ ~mon ~ 
~ k ~ n ,  ~ )  Mfon ~ appfied to a 
• ~ n u o u s  gra~ent of ~ o ~ c  ~ .  
F ~ o ~  ~ n ~ f i o n  ( 1 0 ~  28~&) ~e  
~ l~  ~ t h  ~ .  ~ . > 1 ~ 3 9  ~ d  <1~52 wen 
removed aM resus~ded ~ me~um 199 
~o~f ied  ~ t ~ t  t ~  ion~ com~sifion was ~e 
s ~ e  ~ ~ of ~e ~ n ~ ¢ s  m ~  c o n ~  
0~l  M #ucose ~ d  BSA ~ # ~  We have s h o ~  

~3 
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pre~ou~y that, although these cells are 
enriched with aldosterone-producing zona 
Oomerulosa cells, they ~so synthesize ~gnifi- 
cant amounts of cortisd [1~. The final concen- 
tration of ceils used in the fol~wing expe~men¢ 
was approx. 3 × l& cefi~ml. 

M iwchondr~ 

T~n ~ces of tissue were ag~n removed from 
the outermost re ,on  of bo~ne adren~ ~ands. 
Adrenocortical tissue was ~raped ~om the 
capsule and homogen~ed 0 x 10~ using a 
P ~ r o n  PTA20S homogen~er (Kinemati~ 
Denmar~ h i c e ~ d  0~5 M sucrose, pH 7.~ 
c o n t ~ n g  triethanolamine hydroc~ofide 
(10 raM), ethylenediamino~a-acetic acid 
(0.1 raM) and BSA ( 1 0 ~ .  Th~ homogenate 
was then ~ntrifuged at 600g ~ r  10min to 
remove c e ~ a r  debris and the superna~m cen- 
trifuged at l~000g ~ r  10rain. The pellet was 
then washed twice by resuspend~g ~ sucro~ 
and reeentfifu~ng. Hnall~ prior ~ ~eubatio~ 
the mitochondr~ were suspended ~ 0.25 M 
sucros~ pH 7.1, cont~n~g KCI ~0mM), 
triethanolamine hydroehlo~de (15 raM), MgCI2 
~ raM) and BSA (10 g/I) at a concentration of 
3-15 mg protei~ml [1~. 

Incubat~ns 

Cell and mi~chondfi~ suspen~ons ~.5 ml) 
were ~cubated ~ sextuplica~ ~ 1.5 ml micro- 
centrifuge robes at 37°C ~ an ~mosphere of 
95% (O~, 5% (CO2) ~ med~m 199 (ceH~ or 
sucrose s~ufion (mitochondfia) eon~i~ng 
dantrdene and~r va~ous across  (fin~ 
concentration 5 ~mol/l). S~r~ds, di~dved ~ 
l0 ~l m~hand,  were added m the a p p r o p ~ e  
tubes and the methand was allowed to 
evapora~ p~or to the addition of incubation 
medium. S~r~ds used in these expe~ments 
~0~&ydroxycholes~rol, pregnenolon~ pro- 
ges~ron~ 1 l~eoxycortico~erone, eortieoster- 
one, 18&ydroxy-co~icosterone and I l-deox~ 
cortisol) were aH supplied by ~graa (Pode, 
Dor~L U.KO. The reactions were init~ted by 
the addition of cells or ~ r  mitochond~al incu- 
ba~ons by the addition of a solution composed 
of sodium succinate, ~o~tra~ and NADP + 
~.5mM, 5ram and 160pM). Reactions were 
~opped after 1 h for cel~ by ~ans~rfing tubes 
to ice~oM w ~ .  The cell incubations w~e then 
cemfi~ged at 800g ~ r  10rain at 4°C and the 
superna~nt ~ored ~ - 2 ~ C  ~ r  ~ r  analysi~ 
M~ochond~  reactions were ~opped a~er 

15 rnin by dilution with methanol (I: 20) prior to 
~orage. 

SteroM assays 

Pregnenolone, corfisol and ~dos~rone were 
measured by RIA according to m~hods 
pre~ously described [l~ 1~ 15, respectively. 

Results were compared by a n a ~ s  of vari- 
ance u~ng the Newman-Keuls multip~ range 
~ [20] or unp~red t-tests where indicated. 

~ T S  

Figure 1 shows aldos~rone output in basal 
and AII-sfimulated cel~ in the presence of in- 
crea~ng concentrations of dantrokne; ~02 mM 
reduced and 0.2 mM abolished the a~osmrone 
response to AII (P < ~01~ The effec~ of the 
same concentrations of dan~o~ne on Mdo~e~ 
one synthc~s in cel~ incubated in the presence 
and absence of hydroxycholestcrol ~ shown in 
Fi~ 2. In the absence of hydroxycholestcrol, 
inhibition of ~dosmronc synthe~s was slight 
and only reached significance (P < ~0~ at the 
highest coneen~ation of dantrolene (0.2 raM). 
In the presence of hydroxycholesterol, aldos- 
terone synthe~s was inhibimd at aH concen- 
~a~ons of dan~olcnc in a dose-dependent 
manner (P < 0.01; ICs value appro~ ~02 mM~ 
HoweveL aldosterone synthe~s ~om added 
hydroxycholesmrol was still greamr than con- 
tro~ when cells were ~eamd with the highest 
concen~ation of dan~okne (0~ raM). 

The effec~ of dantrolene (0.2 mM) on ~do~ 
intone production in ceHs w~ch were incubated 
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Dtn~o~ne C o . c e n ~ o .  ~ )  

~ 1. Effe~ of ~antrolene on ~dost~one syn~b by 
bo~ne ad~nocortical celk incubated ~ the absence or 
p~sence of AII O0 nmol/~ V~ues shown are means ± SE, 
n = • • And  *" ~ c a ~  ~gnif icam ~fferences at P < ~ 0 5  
and P < ~01, ~speetively (Newman-Keul's m~tiple ~nge 
test), ~r ~dos~rone o~put ~om dan~olene-treated cells, 

compared with ~ ~om cel~ exposed w ve~d~ 
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~ 2. Eff~t of d ~ o l ~ e  on a~os~ron¢ s ~ ¢ ~  ~ 
~ n e  adr~oco~icfl ~ ,s  i n c u ~  ~ ~ pR~n~ ~ d  
ab~n~ of ~ h ~ r o x ~ t e r ~  ¥a1~  ~ o ~  ~ 
m ~ n s ± S ~  n = 6. * ~ n ~ s  d ~ f i ~ t  ~ffi~fion ~ 
~ e n c  ~ < 0.01) m~g Ne~an-Kcf ls  m~fi~c ~ 
~ ~r  aldosterone o u ~  f~m ~ r o ~ o e - t ~ t ~  ~ ~ 
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OH-C~I ~ s ~  ~ o  O 

S~ro~ Precursor 

~ • E ~ t  ~ ~ n v o ~  on co~s~ ~ ~ 
p ~ u ~  ~ d ~  m ~ ~ o ~  ~ .  V~ues 
sho~ ~ m ~ s ± $ ~  . = ~  ~ d  a~ ~ p ~ s ~  ~ a 
~ ~ ~ntrol, ve~c~expo~d valu~ ( ~  mxt ~ r  
a b s o ~  ~ u ~ ) .  S~r~d p ~ r m ~  w ~  ~ ~ d ~  at a 
~ n ~ a f i o n  of 5 #m~. S~fi~i~gy fi~fi~nt ~ f i o n  
of c o ~ l  s ~ s  ~ ~ t ~  by * * * ~ < ~ l )  

~np~r~ t - ~ .  

with various biosynthetic intermcd~s are 
shown ~ Fi~ 3. ResuRs are cxpre~ed as a 
percentage of con~s 0.~ ~dos~ronc syn- 
thcfizcd ~ the absence of dantr~enO. Contr~ 
vflucs (pmol/l~ cells/h) were 70 ± 5, 250 ± 13, 
356±19, 942±39, 667±36 and 65±3 for 
ccHs ~cubatcd with hydroxychok~croL pre~ 
ncn~on~ progesterone, dcoxycor~costerone, 
co~o~crone and l~hydroxyco~ico~erone, 
respectively. In all cases dantrolenc dgnificant~ 
~ d  aldostcronc synthesis (P < &01). The 

~ Contro~ 
--] Oantrolene 
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OH-Ch~ ~ ~ ~ ~ I~H-B 

~ d  Precursor 

F~. ~. Eff~t ~ ~mrolene on aldosterone ~ o n  from 
~ d ~  p ~ u ~ .  ~ ~v~e  ~ ~  ~H~ V f l u .  
s ~ w n  ~ e  means±$£,  n = ~  ~ d  a ~  e x p m ~  m a 
~ n ~  of ~nt r~,  v e ~ c ~  v ~  ( ~  ~xt ~ r  
a ~ u t e  ~ 1 ~  $ ~ r ~ d  p ~ u ~ o ~  ~ ~ a d d ~  at a 
~n~ntraf ion ~ ~ # m ~ .  S m t i s f i ~  f i ~ f i ~ m  ~ o n  
of fldos~rone s~thefis ~ ~ d  ~ * ' ~  < 0.0D ~ d  
* * ~ P < ~ D  ~ n p ~  t-trot). ~ ,  ~ o x y ~ -  
mron~ ~ c o ~ s t ~ o n ~  and 1 ~ O ~  1 8 - h ~ m x ~ -  

C~t~O~e. 

greate~ p~rcentage inhibition by dantrolene was 
in ce,s exposed to hydroxycho~sterol ~9%) 
and the ~ast inh~ition was with 18-hydroxy- 
corticosterone (28%). 

Figu~ 4 shows the effect of d a n ~ e n e  on 
cortisol synthefis. The cells used h t~s expe~ 
iment were the same as those ~ Fig. 3. Corfis~ 
production was 227 ± 0.1& 3.99 ± 0.19 and 
6.5 ± 0.32 nmol/l~ cells/h for c o n ~  cells incu- 
ba~d with hydroxychdes~rol, p~gnenobne 
and progesterone, respectively. D a n ~ e n e  oily 
~hibited co~isol production ~ celB exposed to 
h y d r o x y c h o ~ d  ~9%, P < ~01). 

~eane~°~Srnthe~| ~$~r°~sy~hefl $ Sy~he~z C~U~I ''011 ~ U  

S~ 

© so 1 
.~ ?U 
~ ~ Control 
~ SO D|ntrollne 
~ 40 2x~0"~ 

~ 1 
~U ~ 

U 
~-Ch~ ~ 18 OH-B ~ 

Ster~d Precursor 
~ ~ E ~ t  of d ~ t r o | ~ e  on p ~ e o ~ o o ~  c o ~  and 
~dos~one ~ r a ~ o n  r~m ~dd~  ~ o ~  by ~ c  
~ ~  ~ t ~ o ~ .  Y a ~  shown a ~  m~ns ± 
S ~  ~ = ~ ~ d  a ~  e x p r ~  ~ a ~ r ~  of ~ n ~  
~ c l ~ x ~  v~ues ( ~  text ~ r  abs~u~ val~s). S ~  
p ~  ~ ~ ~ ~ a ~ n ~ n t m ~ o n  ~ ~ p m o ~  
S ~ y  ~ m  ~ o n  o~ s ~ e ~ s  ~ i n ~ t ~  ~ 
**(P < O,Ol) ~ d  ***~  < ~ l )  ( u n p ~  ~-test). ~ d ~ x ~  

~ o ~  abb~af ions  ~ ~ legend ~ ~ 3, 
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MRochondfifl conver~on of pregneno~ne 
from added hydroxycholester~ and of ~doster- 
one and cortisol ~om added co~ogerone  and 
deoxycortisol were inhibi~d by dan~okne 
(P < 0.01; Fi~ ~. Con~ol ~eroid production 
values (nmol s~r~d/mg prot~n/15min) ~om 
mitochondria not ~eated with dantrokne were 
1.66 ± 0.15 for pregnenolone, ~057 ± 0.001 and 
g005±0~003 for aldos~rone with added 
corticosterone and 18-hydroxycorticos~rone, 
rcspectiv~y and 1Z88 ± ~55 for co~h~. 

DISCUSSION 

As others have previously described [21~ our 
studies show that dantro~ne inhibi~ AII~timu- 
lated aldo~erone syntberi~ The question ~hat 
we have raised is whether this inldbi~on ~ 
due to prevention of talcum r~ease ~om 
in~ace~ular stores or some other cal~um- 
independent process. In this regard, there are 
precedents suggesting that dantrolene does 
not always block intraceHular caldum re~ase. 
For exampl~ Joseph et al. [2~ report that IP~- 
induced caldum release from hepatocytes ~ 
not affected by dantrolene. Similarly, not all of 
the actions of the prindpal agonigs of adrenal 
catecholamine release are inhibited by dantro- 
~ne despite the fact that intracellular cal~um 
mobihzation ~ confidered in each case to 
mediate the response [2~. 

In the case of adrenal steroidogeneri~ a 
dantrolene-senritive component of caldum 
mobil~ation in response to All has been 
identified ~ 2~. It has also been noted that 
glucocorticoid synthesis in v~o  is blocked by 
dantro~ne[l~. Glucoco~oid syntheris ~ 
predominantly controlled by ACTH via an 
intracellular mechanism which does not involve 
phospholipase C activation and IP~-induced 
caldum release [26]. Our present stud,  s con- 
firm ~ v~o findings that dan~o~ne inhibits 
calcium-independent steroidogenesis. Whether 
the mechanisms of in v~o and in v~ro inhibition 
are the same is not dea~ Therapeut~ plasma 
concentrations of dantrolene are in the range 
7 5 - 5 3 0 n M ~ .  These concentrations would 
not inhibit ~eroidogenesis using the protocol of 
the present in vitro ~udies. Howeve~ ~ ~ not 
known whetheL with long-term treatmenL 
dantrolene ~ accumulated by adrenocortical 
tissue. R h dear though, that dantrokne effects 
~ vRro represent more than a block of agonist- 
induced in~acellular caldum releas~ Both 
aldogerone and cortisol formation ~om added 

hydroxycholester~ were inhibited. There were 
flso differences in the patterns of ~dosterone 
inhibition between AII- and hydroxycho~ 
terol-treated ceUs. The threshold concen~ation 
for dantrolen~s effects appeared lower in 
hydroxycho~s~rob~eated cells. In contrast, 
the highest concentration of dan~olene 
(0.2 raM) used here, completely inhibi~d the 
effects of AII but not those of hydroxycho~ 
terol. These resul~ are compatible with our 
hypothefis that dantro~ne interferes with two 
steroidoge~c processes: cfldum mobil~ation 
and inhibition of one or more of the enzymes in 
the steroidogenic pathwa~ 

To determine the ri~ of this secondary direct 
action we incubated cells with different steroid 
precursors. Expressed in rdafivc terms the 
grea~st effect of dan~olen¢ was on ceUs 
incubated with hydroxycholester~. R ~ perhaps 
significant that fldosteronc syntheri~ w~ch ~ 
regulated at two rites ~ h o ~ e r ~  ride-chfin 
cleavage and conversion from cortico- 
steronO ~ ,  was inhibi~d in cells incubated 
with a variety of precursors wbe~as cortis~ 
synthesis, wh~h depends acutely on cho~ster~ 
fide-chain c~avage, was inhibited only when 
ce~s were incubated with hydroxycholes~rol. 
Taken tog~he~ these results suggc~ that 
d a n ~ e n e  selectivdy inhibits two ~er~doge~c 
control s~ps (cholesterol s ~ c h ~ n  deavage 
and convers~n of cortico~eronc to aldo~ 
~ronO both of which are mitochondfial and 
calcium-dependent [29]. It seemed possible there- 
fore that dantrolene ~ocks both aldosterone and 
cortisol syntheris by preventing calcium influx 
across the mitochondrial membrane. Accord- 
i n ~  we tested d a n ~ e n e  on ~oh~d adreno- 
corficfl mitochondfia. In the absence of added 
c~dum, conve~ion of hydroxycholesterol to 
pregnenolone in mitochondfia was inhibit& as 
was the syntheris of a~os~rone from cortico- 
s~ron~ Although, in intact celh, we found that 
dantrolene did not affe~ cortisol synthesis from 
deoxyconisol, 1 lfl hydrox~ase acti~ty in ~o- 
hted mitochondria was profoundly in~bited. 
These data point at a direct action ofdantrolene 
which is independent of acknowledged caldum- 
dependent, rignal-responsc coupling processes. 
Dire~ inhibitory actions of several drugs on 
cytochrome P450-dependen~ ster~d hydroxyl- 
ation reactions have been described in various 
tissues [1~ 3~ 31]. Invariably these drugs are 
also metabolized by cytochrome P450 enzymes 
in the Hve~ ~nce dan~o~ne is known to be 
a competitive in~bitor of hepatic cytochrome 
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P450  enzymes [11], ~ ma y  be thM the drug Mnds 
~ a ~miMr way  to a d ~ n M  steroidogenic  

enzyme~ 
In s u m m a ~ ,  we have demons t ra t ed  a ~ r e c t  

~ b i t o r y  effect o f  d a n ~ e n e  on ~ d  
syn the~s  M adrenocort icM cells and  ~ isoMmd 

mi tochondr i a  w ~ c h  ~ independent  o f  its effects 

on i n t ~ c e l l u l a r  cM~um. The mos t  f ik~y  

exp lana t ion  of  t ~ s  effect ~ compet i t ive  

M~Mf ion  by the d rug  of  cy tochrome P450-  

dependem h y d r o x ~ a s e  e n z y m ~  of  the sterMd 

Mosynthet ic  p m h w a ~  In part icuML cho les~ro l  

s ide-chain cleavage ac t i~ ty ,  which c a t a l ~  ~ e  
i m p o ~ a n t  ra te-~mit ing conve r~on  of  c h ~ -  

t e r ~  to p r egneno ion~  ~ sensitive ~ dantrolene.  

These da ta  do n ~  deny tha t  dan~oMne  Mocks 

A H r f i m ~ M e ~  m o ~ t ~  t r i sphospha te  cMdum 

moMl~a t ion .  HoweveL cau t ion  ~ needed ~ 
~ r p r e t ~ g  exper iments  ~ w ~ c h  ~ d  

m e ~ u r e m e n t s  are used as an e n d p ~ n t  when  

d a n ~ e n e  is used spe~fical ly  m ~ u d y  signM 

t ransducf ion ~ ~ e r ~ d o g e n ~  tissues. 
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