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Sumraary--Sterold-producmg tissues reqmre a continuous supply of cholesterol for hormone 
synthesis In the majority of the steroldogemc Ussues the cholesterol is imported wa the 
receptor-medmted uptake of hpoprotems, and therefore the influence on the hpoproteln 
receptors provides an additional level for the regulation of hormone synthesis Hormones 
regulatmg the andrenocort~cal acUwty exert both short- and long-term actton, and thus they 
may control the interactions of the major cholesterol delivery parUcles--low- (LDLs) and 
high-density hpoprotems (HDLs)--and their receptors in short- and long-term action, possibly 
modulating the s~gnal transductlon m the former case and the number and distribution m the 
latter The LDL and HDL pathway and the signal transductlon mechanism is briefly rewewed 
Data are dascussed concernmg short- and long-term action of hormones (~-MSH and ACTH, 
respectively) on the HDL 3 receptors of isolated adrenocortlcal cells Short-term treatment with 
~-MSH and long-term treatment with ACTH increased the binding of HDL3 to zona 
glomerulosa and faselculata cells, respectwely, while both treatments increased the hormone 
production m the presence of HDL The hpoprotem receptors were frequently found on the 
rmcrovllh of adrenocorucal cell membranes 

INTRODUC~ON 

Cortlcolds are synthesized within minutes m 
response to stlmuh [1,2] The precursor, choles- 
terol, is stored in estenfied form m the mtra- 
cellular hpld droplets The cholesterol may 
originate from local synthesis, which under 
basal condmons is very low [3], but under stimu- 
lated condmons when the actw~ty of  the 3-hy- 
droxy-3-methylglutaryl-coenzyme A reductase 
(HMG-CoA reductase) is enhanced, can serve 
as a supply for hormone synthesis [4] Most of 
the adrenal cholesterol comes from the serum 
hpoprotems [5] All mammahan adrenocorucal 
cells thus far examined have the potentml to 
express the low-density hpoprotem (LDL) 
pathway (lmportmg the cholesterol by receptor- 
medmted endocytosls), but m rodents the 
high-density hpoproteln (HDL) pathway for 
cholesterol dehvery is superior [5] 

The hormones regulating the adrenocortlcal 
function exert their effects m short-term action 
or increase the long-term capactty for stero~do- 
genesis [1] In the short-term acUon the mare 
tropic hormone of  the adrenal cortex, ACTH, 
Increases the avadabdlty of  cholesterol for the 
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synthes~s of  cortlcolds by increasing the actlwty 
of  cholesterol esterase [1] and by increasing the 
dehvery of  cholesterol to the tuner rmtochon- 
drlal membrane Once the rate-hnutmg conver- 
sion of  cholesterol to pregnenolone is fully 
actwated, the supply of cholesterol through the 
Import of hpoprotelns or local synthesis may 
become rate-hrmtmg In the long-term action, 
tropic hormones boost the plasma level of  cort~- 
colds by increasing the actwmes of  stero~do- 
gemc enzymes and of  the cholesterol side-chain 
cleavage system or by ramng the number of  
hpoprotem receptors [4, 6] 

LDL RECEPTORS AND SIGNAL TRANSDUCTION 

L D L  pathway 

Brown and Goldsteln identified those plasma 
membrane receptors which inmate the uptake of  
plasma LDL particles into the cell vm endocyto- 
sis [7] Slmdarly to many receptors revolved m 
the pathways of endocytosls (either constxtutwe 
or hgand-mduced), these receptors then cluster 
m clathnn-eoated pits, mvagmate, enter the cell 
via clathnn-coated vesicles and, after discharg- 
ing their hgands m the endosome, return to the 
surface whde the hgands are degraded m the 
lysosomes The factors regulating the mtttat~on 
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and subsequent route of mternahzaUon are not 
fully understood 

Szgnal transductton 
Some of the events following hgand-receptor 

interaction are known The mternahzatlon of 
LDLs and subsequent lysosomal release of free 
cholesterol down-regulates the number of LDL 
receptors, suppresses the actwlty of HMG-CoA 
reductase (the key regulatory enzyme of choles- 
terol b~osynthes~s), and stimulates the activity of 
acyl CoA--cholesterol acyltransferase (ACAT, 
the enzyme estenfylng free cholesterol) thus 
coordinately regulating the cell's reqmrement 
for free cholesterol [8] Other events that may be 
involved in cellular regulation of the cholesterol 
metabohsm have also been described The sol- 
uble protein kmase which phosphorylates the 
last senne residue in the cytoplasmic domain of 
the LDL receptor has been purified from 
adrenal cytosol [9] The mteractmn of LDLs and 
receptors stimulates the lntracellular phospho- 
mosmde metabohsm, elevates [Ca2+], and en- 
hances the phosphorylaUon of cellular proteins 
in various cell types [10-13] The LDLs reduce 
early growth-related events, i e they transcribe 
the expression of c-fos and c-myc In vascular 
smooth muscle cells [14, 15] Events directly re- 
lated to the lntracellular cholesterol metabolism 
have been observed m adrenocortlcal cells, whde 
the others have not been studied 

Regulation of  LDL receptor actwtty, biochemical 
properties 

Growth factors (platelet-denved growth fac- 
tor, endothelial cell-derived growth factor and 
the postulated macrophage-denved growth fac- 
tor), hormones (estrogens, thyroid hormones 
and insulin) [8] and the constituents of the diet- 
ary fat [16, 17] could stimulate the activity of the 
LDL receptors of various cells Some of these 
mechamsms are predictably active in the 
adrenocortlcal cells we observed increased 
numbers of macrophages m lipid-laden cells of 
the adrenal cortex of rabbits fed with a high 
cholesterol-contalmng diet[18], the phenom- 
enon may indicate the active role of macro- 
phages in the increased uptake of LDL The 
stlmulatory effect of ACTH on the expression 
of hpoprotem receptors in adrenocorUcal cells 
has been desclabed [5]. The adrenal gland is 
the organ and the highest density of LDL 
receptors[4] and these receptors have been 
characterized [19] 

Locahzatton of  LDL receptors on the adreno- 
cortical cells 

The LDL receptors have been locahzed on 
non-steroldogemc tissues by different methods 
[20, 22] In our studies the receptors were local- 
xzed by using gold probes conjugated to an 
anu-receptor IgG [20] or a hgand [23] Both 
lmmuno- and affimty-cytochemlstry locahzed 
the LDL receptors at the s~tes of macrovdh and 
in coated pits on the surface of Y-1 adreno- 
cortical cells, and m vesicles and endosomes 
reside the cells (Figs 1-3) 

HDL RECEPTORS AND SIGNAL TRANSDUCTION 

HDL pathway 

HDLs are thought to be promoters of choles- 
terol efflux from extrahepatlc, non-steroldo- 
gemc cells, whde m steroldogemc txssues they 
provide cholesterol for cortlcoldogenesls[5] 
HDL binding proteins have been Identified 
[24-27] Their physiological role may be the 
regulation of cholesterol synthesis and estenfi- 
cation [28], the translocauon of cholesterol from 
mtracellular membranes to the cell surface [29] 
or the catabolism of HDL [30], since the binding 
sites are not necessary for cholesterol transport 
between cells and HDLs[29, 31] The HDLs 
seem to interact wxth steroldogemc cells in two 
ways [5, 32] (1) through apoB/E receptors [33] 
and (n) HDL3 (devoid of apoE) through 
apohpoprotem A-I [34, 35] With the exception 
of macrophages, the bmdmg of HDLs to 
specific receptors on the cell surface does not 
result m endocytosls of a great amount of 
receptor-HDL complex [36, 37] 

Signal transductton 

The action of HDLs at a cellular level is less 
well established than that of LDLs In addmon 
to providing cholesterol as a substrate, HDLs 
may influence the membrane composmon and 
m this way increase corUcold production It has 
been reported that an increased cholesterol 
content of the plasma membrane increases the 
binding of ACTH to its receptor m mouse 
adrenocortlcal Y-1 cells [38] There are data 
indicating that the mechanism by which HDLs 
alter the steroxdogemc response molves the cal- 
cram metabolism Cholesterol and HDLs alter 
the free calcium level in erythrocytes [39] HDLs 
may act through cell surface receptors to acti- 
vate mtracellular second messenger pathways 
the cychc AMP pathways or the phosphomosl- 
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Figs 1-3 Electron nucrographs of parts of the Y-1 cells m culture LDL receptors were locahzed by the 
dmltrophenol-IgG lmmunogold techmque [20] LDL receptors on the nucroxalll (arrows), and at the base 
of the nuerovdh (arrowheads) Fig 1 Receptors in a coated pit Fig 2 Receptors on microwlh 
Fig 3 Many LDL receptors on the nucrowlh after apphcatlon of 25/amol/l compactm 0nhlbltor of 

HMG-CoA reductase) for 24 h Bars 0 5/~m 

ude pathway [40] Exposure of ceils to HDLs 
generates an mtracellular signal (release of 
calcmm from mtracellular stores) reduced by a 
hpld component of HDL 3 and possibly 
medmted by IP3,  and it is suggested that the 
HDL-mduced Ca 2+ release may be a signal for 
rmtogenesls [41] Although there are many stml- 
lantles between the LDL and HDL cholesterol 
metabohsms, there are also important differ- 
ences with regard to the hydrolysis of hpo- 
protein cholesteryl ester [42] 

Regulatton of HDL receptor actwtty, btochemtcal 
propertws 

SUmuh have been shown to affect HDL brad- 
mg to a variety of cells after loading w~th chol- 
esterol [37, 43], or after treatment w~th growth 

factors [44] and hormones [24, 45] ACTH re- 
duces the expression of HDL receptors on 
un&fferentlated glomerulosa-hke cells in culture 
[46] The HDL receptor is msensltxve to pronase 
or phosphohpase treatment [47], but it is cal- 
cium ion dependent [48] Lyslne and arglmne 
residues seem not to be revolved m HDL bind- 
ing, but tetranltromethane modification of 
HDLs has been shown to prevent their binding 
[49] The binding is more enhanced at 37 than 
at 4°C [52] 

Dtstrtbutton of HDL receptors on adrenocortwai 
cells 

The &stnbutlon of HDL receptors on the 
plasma membrane of steroldogemc ussue has 
been investigated by several methods [51, 52] 

O 

Figs 4-6 Electron rmcrographs of parts of zona fasaculata cells The rats were treated with ACTH for 
14 days (30/zg/kg/day) HDL receptors on the nncrowlh (arrows), and at the base of the rmcrowlh 
(arrowheads) The isolated zona fasclculata cells from the untreated (Fig 4) and the treated (Fig 5) rats 
were incubated with colloidal gold-labelled HDL 3 (0 I ml, protein content <70/~g) for 5 h at 37°C, and 
processed for electron rmcroscopy Fig 6 Immunogold locahzauon of apoA-I on ultrathm frozen secUon 

of ACTH-treated rats The method of Tokuyashu [61] was used Bars 0 5/zm 
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We locahzed the H D L  binding by an redirect 
method in dtfferent funcUonal states of  rat 
adrenocortlcal cells (Figs 4--6) 

EFFECT OF SHORT-TERM HORMONE 

STIMULATION ON THE LIPOPROTEIN 

RECEPTORS OF ADRENOCORTICAL CELLS 

In acute, m wtro  stu&es, ~t ~s assumed that 
abundant  stores of  cholesterol wtthln cyto- 
plasmic lipid droplets provide sufficmnt sub- 
strate for cort~co~dogeness However, there are 
c~rcumstances (treatment with serum choles- 
terol-lowering drugs) when the reduced concen- 
trations of  plasma and adrenal cholesterol hmlt 
both basal and stimulated steroid output 
[53-55] After molatton, the cells are devoid of  
extracellular cholesterol, which m turn could 
influence thmr stero~dogentc capao ty  

Freshly isolated adrenocorttcal zona 
glomerulosa cells increase their angmtensln-II,  
K ÷- and ACTH-st lmulated hormone produc- 
uon upon remcubatmn with H D L  [56] These 
stu&es showed that, m short-term mcubatlons 
of  fresh tmsue, the supply of  cholesterol may be 
a hmmng factor m aldosterone synthesis 

The rodents may be the only mammahan  
spectes whose adrenocorttcal cells use the 

cholesterol from the HDLs  more than that 
from the LDLs as a source of  steroid precursor 
[5, 32] Hammaml  et al  [35, 37] showed that the 
ad&tlon of  whole plasma HDLs  to ACTH-  
stimulated adrenocortlcal cells m culture re- 
suited in a saturable concentration-dependent 
enhancement of cortlcold productton, and that 
the HDLs  are partly mternahzed and take phos- 
phohplds and apohpoprotems into the cells The 
mechantsm of  cortlcotd mductton is not known 
We studmd the effect of  an increasing concen- 
tratton of  H D L  3 on the ~-MSH-st~mulated cor- 
tlcold production of  zona glomerulosa cells m 
short-term (5 h) experiments [58, 59] The bmd- 
mg and uptake of  H D L  3 was detected wa the 
colloidal gold labelhng of  the H D L  3 at electron 
microscopic level The maJority of  the gold 
particles could be seen on the plasma mem- 
brane, frequently on the surface of  mlcrowlh, 
and rarely m coated pits and vestcles Bestdes 
lysosomes, endosomes and multtveslcular 
bodies contamed gold particles After short- 
term ~-MSH treatment the quahtattve distri- 
bution of the gold parucles was unchanged, but 
the surface-bound H D L - g o l d  particles were m- 
creased significantly (Fig 7) The ~-MSH- 
sUmulated aldosterone production was further 
increased by the addition of  HDL3 (Fig 8) 

HDL-Au on the s u r f a c e / c e l l  p r o I l l e s  (N °) 
600 - 

400 - 

300 - 

200 - 

100 - 

0- 

HDL-Au HDL-Au ~-MSH 

(n=23, n=22) 

Fig 7 Distribution of colloidal gold-labelled HDL3 on the surface of molated zona glomerulosa cells of 
rats The cells were derwed from untreated rats Ahquots of cell suspension were incubated with labelled 
HDL3 m the absence and presence of 1 3 x 10E-7 mol/l ~,-MSH At the end of incubation, 5 parallel tubes 
from each expenment were combined and processed for electron microscopy The cells were photographed 
at their entirety and the gold parUclcs were counted on the cell surface, then expressed as particles on 
cell surface/cellular profile Numbers of gold parhclcs were compared by Kruskal-Walhs non-parametric 
analyss [62] The data (median, minimum and maximum) obtained m ttus way were used to express the 
HDL3 binding sites The median values of the surface-bound HDL3 &ffers slgmficantly (*P < 0 05) 



Adrenocomcal cells and hpoprotems 399 

pmol/ml/3xlOE5 c e l l s / 5  h 
7 0 -  

6 o  - ~ 

5 0 -  

4 0 -  

8 0 -  

2 0 -  

0 -  I 
P 1 a c e b o  H D L - A u  O~-M SH H DL - A u  +O~-M SH 

Fig 8 Aldosterone productmn of zona glomerulosa cells of rats The ~solated cells were incubated with 
or without HDL3-Au m the absence or presence of 1 3 × 10E-7 mol/1 c¢-MSH (The same experiments as 
described m Fig 7 ) At the end of mcubatmn, 3~4 parallel tubes from each experiment were combined 
and used for detenmnatmn of aldosterone by RIA [63] The data were compared by analysis of variance 

and Dunnet contrasts [64] (*P < 0 05, **P < 0 01) 

E F F E C T  O F  L O N G - T E R M  H O R M O N E  
S T I M U L A T I O N  O N  T H E  L I P O P R O T E I N  

R E C E P T O R S  O F  A D R E N O C O R T I C A L  C E L L S  

S i m u l t a n e o u s  m c r e a s e  in  t he  n u m b e r  o f  L D L  

r e c e p t o r s  a n d  a l d o s t e r o n e  p r o d u c t i o n  h a s  b e e n  

d e s c r i b e d  tn  c u l t u r e d  b o v i n e  z o n a  g l o m e r u l o s a  

cells  in  r e s p o n s e  to  a n g t o t e n s i n  I I  s U m u l a t l o n  

s u g g e s t i n g  t h a t  m a n a l o g y  to  A C T H ,  a n g m -  

t e n s l n  I I  c a n  m f l u e n c e  r e c e p t o r - m e d i a t e d  u p t a k e  

o f  L D L  [60] 

H D L - A u  o n  t h e  s u r f a c e / c e l l  p r o f i l e s  (N ° )  
5 0 0  - 
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2 0 0  - 

1 0 0  - 
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H D L - A u  c o n t r o l  

It 

H DL-Au,  A C T H - t r e a t e d  

(n=25, n=26) 

Fig 9 Distnbutlon of colloidal gold-labelled HDL 3 on the surface of zona fasclculata cells denved from 
untreated and ACTH-treated rats (the same expenment as descnbed m Figs 4-6) The cells were 
photographed m their entirety and the gold parhcles were counted on the cell surfaces, then expressed 
as partacles on cell surface/cellular profile Numbers of gold parUcles were compared by Kruskal-Walhs 
non-paramemc analysis [62] The data (median, mlmmum and maximum) obtained m flus way were used 
to express the HDL 3 binding sites The median values of the surface-bound HDL 3 differs slgmfieantly 

(*P < 0 05) 
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Fig 10 The resting cortlcosterone production of zona fasc~culata cells denved from placebo- and 
ACTH-treated rats (14 days, the same experiment as described m Figs 4-6) The cell suspensions were 
incubated with colloidal gold-labelled HDL for 5 h at 37°C, and processed for determination of the 
cortlcosterone production by RIA [63] The values were compared by analysis of varmnce and Dunnet 

contrasts [64] (**P < 0 01) 

In b iochemica l  studtes the H D L  3 receptor  
has  been shown to be up- regula ted  by  A C T H  
[24, 25, 32] W e  s tu&ed  the b ind ing  and  mtern-  
a l l zauon  o f  co l lo ida l  gold- label led  HDL3 by 
isola ted  zona  fasciculata  cells d e n v e d  f rom 
long- te rm (14 days)  A C T H - t r e a t e d  rats  The  
H D L 3 - g o l d  par t ic les  were b o u n d  to the cell 
surface, main ly  at  the s~tes o f  mlcrovi lh ,  and  
were accumula ted  in the lysosomes,  bo th  m 
non- t rea ted  and  in long- te rm t rea ted  ra ts  (Figs  
4--6) Quan t i t a t ive  analysis  o f  the d l s t n b u t l o n  o f  
the gold  par t ic les  revealed a s igmficant  increase 
in the b ind ing  o f  the H D L  3 to the cell surface as 
a result  o f  the chronic  A C T H  t rea tment  (Fig  9) 
The  cor t icos te rone  p roduc t ion  o f  the tsola ted 
zona  fasclculata  cells increased in A C T H -  
t rea ted  ra ts  (F ig  10) Long- t e rm A C T H  treat-  
ment  resul ted in an  increase in the ln t racel lu lar  
cholesterol  th rough  an  enhanced  up take  o f  the 
p l a sma  HDL3 HDL3 can s t imula te  h o r m o n e  
produc t ion ,  poss ib ly  by  prov id ing  more  access- 
lble cholesterol ,  or  by prov id ing  an op t ima l  l ipid 
env i ronment  for  the assoc ia t ion  o f  cholesterol  
and  cy toch rome  P-450~c The  s teroidogenic  
effect o f  H D L  is most  s t r iking on the basa l  
h o r m o n e - p r o d u c i n g  ac twl ty  in long- te rm 
A C T H - t r e a t e d  rats  

CONCLUSIONS 

In s teroid h o r m o n e - p r o d u c i n g  tissues o f  
many  species, choles terol  is the ma jo r  source o f  

s teroldogenic  subs t ra te  The hpopro te in  choles- 
terol  is ho rmona l l y  regula ted  and coord ina ted  
with in t racel lu lar  cholesterol  synthesis and  
mob lhza t ion  o f  cholesteryl  esters f rom hpld 
drople t s  S tudy o f  the in terac t ion  o f  hpopro te ins  
w~th cells is i m p o r t a n t  f rom several  aspects  the 
componen t s  o f  l ipopro te lns  funct ion as sources 
o f  l ipid const i tuents  and  s teroid hormones ,  and  
hpopro te ins  convey signal t r ansduc t ion  The  
pos t -hgand  b inding  events need more  deta i led 
molecu la r  b iological  studies 
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