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Summary--Transfer of cholesterol to cytochrome P450scc is generally the rate-limiting step 
in steroid synthesis. Depending on the steroidogenic cell, cholesterol is supplied from low or 
high density lipoproteins (LDL or HDL) or de novo synthesis. ACTH and gonadotropins 
stimulate this cholesterol transfer prior to activation of gene transcription, both through 
increasing the availability of cytosolic free cholesterol and through enhanced cholesterol 
transfer between the outer and inner mitochondrial membranes. Cytosolic free cholesterol 
from LDL or HDL is primarily increased through enhanced cholesterol ester hydrolysis and 
suppressed esterification, but increased de novo synthesis can be significant. Elements of the 
cytoskeleton, probably in conjunction with sterol carrier protein2 (SCP2), mediate cholesterol 
transfer to the mitochondrial outer membranes. Several factors contribute to the transfer of 
cholesterol between mitochondrial membranes; steroidogenesis activator peptide acts synergis- 
tically with GTP and is supplemented by SCP2.5-Hydroperoxyeicosatrienoic acid, endozepine 
(at peripheral benzodiazepine receptors), and rapid changes in outer membrane phospholipid 
content may also contribute stimulatory effects at this step. It is suggested that hormonal 
activation, through these factors, alters membrane structure around mitochondrial inter- 
membrane contact sites, which also function to transfer ADP, phospholipids, and proteins 
to the inner mitochondria. Cholesterol transfer may occur following a labile fusion of inner 
and outer membranes, stimulated through involvement of cardiolipin and phosphatidyl- 
ethanolamine in hexagonal phase membrane domains. Ligand binding to benzodiazepine 
receptors and the mitochondrial uptake of 37 kDa phosphoproteins that uniquely characterize 
steroidogenic mitochondria could possibly facilitate these changes. ACTH activation of rat 
adrenals increases the susceptibility of mitochondrial outer membranes to digitonin solubil- 
ization, suggesting increased cholesterol availability. Proteins associated with contact sites 
were not solubilized, indicating that this part of the outer membrane is resistant to this 
treatment. Two pools of reactive cholesterol within adrenal mitochondria have been distin- 
guished by different isocitrate- and succinate-supported metabolism. These pools appear to be 
differentially affected in vitro by the above stimulatory factors. 
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1. ACUTE HORMONAL REGULATION OF 
STEROIDOGENESIS 

The metabolism of cholesterol to pregnenolone 
by cytochrome P450scc is the rate-limiting 
step in the production of  to tal  steroids for all 
steroid-producing tissues, even though for- 
mation of  individual downstream steroids may 
be selectively controlled [1-3]. For  each cell 
type, cholesterol metabolism consists of  three 
distinct processes, each of  which involves mul- 
tiple steps and each of  which can potentially 
be rate limiting: cholesterol supply, intra- 
cellular transfer, and metabolism. Cholesterol 
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is an essential component of cell membranes, 
and consequently steroidogenesis depends on 
a sufficient supply of cell cholesterol that 
exceeds constitutive cellular requirements. This 
cholesterol must be transferred to cytochrome 
P450scc on the inner membranes of the mito- 
chondria[4] prior to metabolic cleavage to 
pregnenolone by the cytochrome. 

Hormonal stimulation of cholesterol metab- 
olism may occur within minutes but may also 
change over the course of days. Acute stimu- 
lation inevitably involves activation of metab- 
olism without increased gene expression and 
depends exclusively on enhanced cholesterol 
availability. Slower stimulation ( > 3 h) typically 
involves increased gene transcription, result- 
ing in increased levels of proteins involved in 
cholesterol metabolism, including cytochrome 
P450scc and those involved in mobilization of 
cholesterol. Slow changes (several days) may 
additionally involve changes in the numbers of 
specific steroidogenic cells. The overall process 
of cholesterol side-chain cleavage is always 
hormonally controlled in steroidogenic cells, 
although the relative rates, points of activation, 
and detailed mechanism may be cell specific. 
Thus cholesterol can be supplied from serum 
as various cholesterol esters by transfer from 
either low or high density lipoproteins (LDL or 
HDL) [5, 6], or cholesterol may be provided 
by enhanced de novo synthesis of cholesterol. 
The various processes for internal transfer of 
cholesterol that will be described in this review 
may additionally depend on the source of the 
cholesterol. 

Enzymatic cleavage of cholesterol in the mito- 
chondria requires a high NADPH/NADP ratio, 
two electron transfer proteins, adrenodoxin 
(ADX) and NADPH-ADX-reductase, together 
with cytochrome P450scc [7, 8]. P450scc and 
ADX are present in approximately stoichio- 
metric amounts, substantially in excess of 
ADX-reductase [9]. ADX functions by shuttling 
between the reductase and P450scc, forward 
in the reduced state and back in the oxidized 
state [7, 10]. The rate of cholesterol side-chain 
cleavage when cholesterol is optimally avail- 
able is relatively high and is only likely to 
limit pregnenolone formation if expression of 
P450scc (or reductases) is extremely low. In 
ACTH-stimulated rat adrenal glands, ADX is 
fully reduced in the mitochondria, even though 
these conditions provide the highest rate of 
pregnenolone formation in any tissue [11]. Thus, 
the supply of reducing equivalents is unlikely 

to be a limiting factor in vivo, at least in adrenal 
mitochondria. During in vivo turnover in the rat 
adrenal, the P450scc is nearly fully depleted 
of cholesterol, consistent with rate-limiting 
cholesterol availability [12]. 

Steroidogenic cells clearly share many mech- 
anisms of cholesterol regulation that can be 
controlled externally by a variety of cell-specific 
hormonal processes (e.g. ACTH for adrenal 
fasciculata cells, LH for testis Leydig cells). The 
intracellular processes that stimulate steroid 
synthesis can be activated either by hormonal 
activation of cAMP (ACTH/adrenal fascicu- 
lata) [13] or through elevation of cytosolic Ca 2+ 
(angiotensin/adrenal glomerulosa) [14]. Both 
mechanisms may also operate in the same cells. 
Thus, cholesterol metabolism in cultured bovine 
adrenal fasciculata cells can be stimulated 
effectively by both ACTH and angiotensin [15], 
although significant differences in the regulation 
of subsequent metabolic steps typically occur. 
In these bovine adrenal cells, cholesterol is 
mobilized within minutes by ACTH and cAMP 
through an overall process that shows very 
similar characteristics to those of rat adrenals 
in vivo [16]. However, stimulation of the tran- 
scription of the various steroidogenic genes 
peaks only after 24-36 h [17], and recent work 
suggests that cAMP may be insufficient to 
account for the stimulatory activity of 
ACTH [18]. 

The capacity of a hormone to stimulate a 
particular cell type will be determined by the 
extent of expression of the corresponding cell 
surface receptors and on the coupling of these 
receptors to signalling enzymes through G pro- 
teins [19]. The expression of receptors and G 
protein, together with their mutual interactions, 
may change substantially when cells are cul- 
tured, depending on many factors, including the 
culture medium and time in culture[20, 21]. 
While a hormone such as ACTH may be 
absolutely dependent on cAMP and protein 
kinase A in cultured adrenal cells [22], this does 
not exclude additional regulatory factors (e.g. 
Ca-dependent steps). Irrespective of whether 
signalling is mediated by cytosolic cAMP or 
Ca 2+, a sequence of protein phosphorylation 
steps presumably follows the stimulation of 
adrenal steroidogenesis by ACTH[23] and 
mediates hormonal control of the steroidogenic 
pathways. One of the major challenges in 
understanding the activation of steroidogenesis 
is the identification of these key protein 
phosphorylation steps. 
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2. R E G U L A T I O N  OF  C Y T O S O L I C  
C H O L E S T E R O L  

Many questions remain about whether 
cholesterol regulatory mechanisms in 
steroidogenic cells differ fundamentally from 
those in other cells, such as, for example, macro- 
phage, where specialized cholesterol scaveng- 
ing functions have been identified [24]. We will 
examine whether the exceptional transfer of 
cholesterol to the mitochondria of steroidogenic 
cells requires processes that are only found in 
these cells or whether hormones activate excep- 
tionally high levels of activities found in most 
cells. 

2.1. Lipoprotein uptake and processing 

For the most part, current evidence sug- 
gests that the availability of cholesterol in 
steroidogenic cells is determined by processes 
that are equivalent to those analyzed in non- 
steroidogenic cells [25]. These various steps are 
summarized in Fig. 1. In most steroidogenic 
cells, cholesterol esters are provided through 
endocytotic uptake of LDL via a receptor that 
binds either apo B or apo E protein components 
of LDL [7, 23, 24]. After uptake, LDL is pro- 
cessed in lysosomes where cholesterol ester is 
hydrolyzed to free cholesterol by an acidic 
cholesterol esterase [26]. This process is inhib- 
ited by chloroquine and by other agents that 
raise intralysosomal pH [27]. HDL can also 
supply cholesterol esters to cells, and this is 
the favored pathway in rat adrenal cells [28]. 
Here uptake involves saturable binding of 
the lipoprotein particle with the plasma mem- 
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Fig. 1. Steps involved in the transfer of  cholesterol to 
mitochondrial  cytochrome P450scc in steroidogenic tissues. 
The figure shows transfer between lysosomes, endoplasmic 
reticulum, and  mitochondria.  Numbers  I - 9  refer to specific 
inhibitors fisted in Table 1. E represents cholesterol esters, 
and M T  refers to microfilaments and microtubules. Other 

abbreviations are referred to in the text. 

brane to an, as yet, uncharacterized binding 
site [6, 28, 29]. This is followed by direct transfer 
of cholesterol ester to the cytosol, where lipid 
droplets form after sufficient accumulation. 
Hydrolysis of lipid droplet esters involves a 
distinct neutral cholesterol ester hydrolase [30] 
that is selectively inhibited by 10/zM diethyl 
phosphate [31]. 

The transfer of LDL--cholesterol from lyso- 
somes to other cell membranes is relatively 
slow (fl/2 = 10-30 min) [32, 33] and can be selec- 
tively inhibited by a variety of drugs that 
appear to contain both a lipophilic region and 
an amine functional group, such as steroid 
amines [34] and imipramine [35]. A major part 
of cholesterol transfer between cell membranes 
involves transfer of membrane segments that 
are targeted, in part, by lipid constituents [36]. 
This plasma membrane, golgi, and lysosomes 
contain a far higher proportion of sphingo- 
myelin than is found in endoplasmic reticulum 
and mitochondria. The high concentration of 
cholesterol in plasma membranes is dependent 
on sphingomyelin, such that enzymatic hydroly- 
sis releases cholesterol to other membranes [37]. 
A human deficiency in cholesterol processing 
known as the Niemann-Pick Type C syndrome 
is located at the lysosomal cholesterol redistri- 
bution step since, like imipramine inhibition, 
it is associated with accumulation of free 
cholesterol in lysosomes [38]. Growth of cells 
in the presence of imipramine or these amino- 
steroids is highly inhibited as cells are effectively 
starved of cholesterol, as evidenced from a 
failure of this lysosomal cholesterol to regulate 
cholesterol synthesis or esterification. Variant 
cells that escape this block have recently 
been isolated[39] and may provide insight 
into the mechanism of cholesterol transfer from 
lysosome to other cellular locations. 

The regulation of cholesterol distribution and 
of many cholesterol-related proteins in cells is 

Table I. Selective inhibitors of cholesterol metabolism 

Process 

I. Lysosomal cholesterol esterase Chloroquine 
2. Transfer of cholesterol from Imipramine, 

lysosome to cytosol 3~-(diethylamino)- 
Ethnxyandrostenedione 

3. Neutral cholesterol esterase Diethyl phosphate 
4. ACAT Sandoz 58035 
5. Choles~rol synthesis Lovastatin 
6. Cytoskeletal transfer of Cytochalasins, 

cholesterol to mitochondria vinblastine 
7. Steroidogenesis activator peptide Cycloheximide 
8. 5-HPETE Nordihydroguaretic acid 
9. Cytochrome P450scc Aminoglulethimide 

Steps 1-9 are shown in Fig. I. 
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determined by the concentration of free choles- 
terol in the cytosol or endoplasmic reticulum. 
This concentration depends on the relative rates 
of cholesterol supply from the net effects of 
ester hydrolysis, cholesterol esterification by the 
microsomal acyl CoA cholesterol acyl trans- 
ferase (ACAT) enzyme and de novo syn- 
thesis[40], which are enhanced (hydrolysis, 
synthesis) or suppressed (esterification) by in- 
creased cholesterol availability. Many of the 
genes that are responsive to changes in cytosolic 
cholesterol have sterol-response elements that 
mediate increased or decreased transcription as 
cholesterol levels change[41]. These changes 
may be directly affected by 27-hydroxycholes- 
terol that can be formed by a mitochondrial 
P450-mediated reaction [42]. A selective bind- 
ing protein for this sterol has been isolated, but 
its role in regulation is unknown [43]. 

Separate measurement of acidic (lysosomal) 
and neutral cholesterol esterases following 
stimulation of rat adrenals indicates elevation 
of both activities[44], although the neutral 
esterase is much more active. This neutral 
cholesterol esterase is identical or closely hom- 
ologous to hormone-sensitive lipase [45]. This 
84 kDa protein is regulated by phosphorylation 
of serine groups at positions 563 and 565 in a 
mutually exclusive manner, cAMP-dependent 
protein kinase activates the enzyme by phos- 
phorylation of Ser-563 AMP-dependent, and 
Ca2+/calmodulin-dependent protein kinases 
target Ser-565 and, consequently, prevent acti- 
vation. In rat adrenal fasciculata cells, the 
most effective stimulant of cholesterol esterase 
activity appears to be ~-MSH (melanocyte 
stimulatory hormone), rather than ACTH. 
However, like ACTH, ~-MSH is formed by 
cleavage of pro-opiomelanocortin [46, 47]. The 
intracellular mediator for ~-MSH is unknown, 
but it seems likely that the regulation by ACTH 
and ~,-MSH involves a combination of the two 
phosphorylation steps on the esterase/lipase. 
ACTH also elevates free cholesterol by sup- 
pressing ACAT activity, as indicated by use of 
the specific ACAT inhibitor, Sandoz 58035 [48]. 
Inhibitors that selectively inhibit each of the 
steps in cholesterol distribution are listed in 
Table 1. 

When cholesterol influx into adrenal cells 
is depleted by removal of serum lipoproteins, 
the availability of free cholesterol can be par- 
tially retained through stimulation of de novo 
cholesterol biosynthesis [49]. During adrenal cell 
culture with LDL-deficient media, ACTH elev- 

ates HMG CoA reductase [49, 50]. Transcrip- 
tion of the HMG CoA reductase gene is 
probably increased in response to a lowering of 
cytosolic cholesterol. Following ACTH stimu- 
lation of adrenal cells [40] or gonadotropin 
stimulation of luteal cells [51]. Steroid synthesis 
depends on HDL cholesterol esters. In the 
adrenals of lipoprotein-suppressed rats choles- 
terol synthesis is insufficient to maintain cortico- 
sterone synthesis at levels seen with normal rats. 
However, in the testis, where steroid synthesis is 
much slower, cholesterol biosynthesis probably 
plays the major role [52]. 

2.2. Transfer to mitochondria 

In MA-10 Leydig tumor cells, the slow 
release of cholesterol from lysosomes probably 
limits redistribution of LDL cholesterol to 
the plasma membrane which, when LDL is 
removed, becomes the primary source for 
cholesterol side-chain cleavage [33, 53]. Under 
LDL-deficient conditions, cAMP stimulates 
depletion of plasma membrane cholesterol 
equivalent to mitochondrial metabolism. Inhi- 
bition of metabolism prevents this depletion, 
indicating that cholesterol is not actively 
transferred to the mitochondria but rather that 
cholesterol moves to the mitochondria to meet 
the deficiency produced by metabolism. How- 
ever, in the presence of lipoproteins, studies 
in several other cell types and in vivo indicate 
that cAMP can increase mitochondrial choles- 
terol levels when metabolism is inhibited, 
suggesting an alternative active transfer to the 
mitochondria in these tissues [54, 55]. 

Several studies have shown that cholesterol 
transfer to the mitochondria is dependent on 
an intact cytoskeleton. Transfer to mitochon- 
dria in Y-1 adrenal tumor cells is blocked by 
cytochalasins [56] and by intracellular adminis- 
tration of anti-actin antibodies[57]. In rat 
adrenal cells, drugs that disrupt microfilaments 
and microtubules are equally effective in pre- 
venting cholesterol transfer to the mitochon- 
dria [58]. It has been reported that cytochalasins 
are ineffective in bovine adrenal cells [59] but 
under conditions where the source of choles- 
terol is intracellular. In these experiments, 
there was no extraceUular LDL, suggesting that 
steroidogenesis may be dependent on choles- 
terol synthesized within the cells. Recent work 
described in this issue [60] shows that cytosolic 
lipid droplets bind directly to vimentin in inter- 
mediate filaments, thus providing a mechanism 
for involvement of the cytoskeleton. ACTH 
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causes a rounding up of bovine adrenal cells 
through dissolution of microfilaments, but this 
process can be prevented by inhibition of the 
proteolytic enzyme, urokinase, without effect on 
steroidogenesis[61]. This suggests that this 
major effect of ACTH on the cytoskeleton is not 
a necessary part of the cholesterol transfer 
process. 

2.3. Apoprotein E 

ACTH stimulation of adrenal glands is as- 
sociated with rapid depletion of cytosolic 
cholesterol esters from the gland [3]. Apoprotein 
E (Apo E) mediates binding to LDL receptors 
and has been associated with reverse cholesterol 
transfer to plasma HDL [24, 62]. It has been 
suggested that association of Apo E with intra- 
cellular cholesterol/phospholipid particles may 
target them for exocytosis[24]. Apo E is 
expressed at high levels in steroidogenic 
cells [63, 64] and, as in macrophage, the syn- 
thesis of this protein is probably triggered 
by elevated free cytosolic cholesterol, thus 
providing an additional homeostatic mechanism 
for cellular cholesterol [62]. Elevation of Apo 
E in Y-I adrenal cells by transfection results 
in suppression of cholesterol transport to 
mitochondria[64], but surprisingly this was 
accompanied by suppression of cAMP-depen- 
dent activation of the transcription of several 
steroidogenic genes. Although Apo E may 
participate in directing cholesterol to the plasma 
membrane, there is no evidence of Apo E-medi- 
ated transfer to the mitochondria. 

3. INTRAMITOCHONDRIAL CHOLESTEROL 
TRANSPORT 

Transfer of cholesterol within the mitochon- 
dria is a critical part of the steroidogenic process 
and is also under hormonal control. Several 
contributors to the intramitochondrial choles- 
terol transfer have been suggested and will be 
discussed in the following sections. 

3.1. Protein synthesis and steroidogenesis activa- 
tor peptide (SAP) 

In adrenal cells, ACTH activation greatly 
enhances transfer of cholesterol from the outer 
to the inner membrane by a process that is 
contingent upon ongoing protein synthesis 
[65-67]. These effects of ACTH are retained, at 
least in part, by isolated mitochondria. Follow- 

ing ACTH stimulation in vivo, rat adrenal 
mitochondria retain a pool of reactive choles- 
terol and exhibit enhanced cholesterol P450scc- 
cholesterol complex formation, as indicated 
by optical and EPR spectroscopy [68-70]. The 
presence in intact cells of inhibitors of protein 
synthesis, such as cyclobeximide, very rapidly 
(<  10 min) blocks this intermembrane transfer 
with a consequent ACTH-stimulated accumu- 
lation of cholesterol in the outer membrane 
that is unavailable to P450scc, as evidenced 
by low metabolism and complex formation [68]. 
This inhibition has no effect on the meta- 
bolism of more soluble hydroxy-cholesterol 
analogs, which readily transfer across the 
intermembrane space[70]. Similar effects of 
cycloheximide have been seen in mitochondria 
from the ovaries of luteinized rats [7 I]. Complex 
formation between cholesterol and P450scc 
in isolated rat adrenal mitochondria parallels 
the size of the pool of reactive cholesterol. 
A comparison of these parameters following 
different adrenal excision procedures indicates 
that most of this cholesterol accumulates 
when the gland is deprived of oxygen[12]. 
This change corresponds in part to the 
accumulation seen after inhibition of P450scc 
with aminoglutethimide, suggesting that choles- 
terol transfer continues in the gland after 
cessation of metabolism at P450scc through 
lack of oxygen [54, 55, 65]. When these mito- 
chondria are disrupted by sonication, these 
effects of pretreatment are lost, presumably 
because of a loss of the intermembrane 
barrier [70]. 

A hormonally stimulated cycloheximide- 
sensitive SAP has been isolated from adrenal 
and testis cells[72-74]. This 30 amino acid 
peptide corresponds to the C-terminus of the 
glycosylation regulatory protein (GRP-781, a 
regulator of cellular protein glycosylation and 
turnover [75]. SAP is probably produced by an 
ACTH-stimulated co-translational proteolysis 
as GRP-78 is transferred from the ribosome into 
the lumen of the endoplasmic reticulum [76]. 
The stimulation of intramitochondrial choles- 
terol transfer by direct addition of SAP is, 
however, far smaller than would account for 
activation of mitochondrial steroidogenesis seen 
in intact cells and may, as discussed later, 
require other participants. Nevertheless, the 
level of this peptide increases within minutes in 
all steroidogenic tissues and shows very similar 
hormonal dependence to the steroidogenesis 
response. 
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3.2. Lipoxygenase metabofites 

Several experiments implicate 5-lipoxygenase 
metabolites in the mitochondrial transfer of 
cholesterol [76, 77]. In rat adrenal cells, 
ACTH stimulates by 5- to 10-fold the synthesis 
of the lipoxygenase-dependent products, 5- 
hydroxyeicosatrienoic acid (5-HETE) and 
leukotriene B 4 (LTB4). ACTH also stimulates 
the formation of each of the major prostanoids 
formed from an initial endoperoxide synthase 
reaction (PGF~ > PGI 2 > PGE 2 > TXA2). In- 
domethacin, which substantially decreases 
prostanoid levels through inhibition of the syn- 
thase, however, has no effect on steroidogenesis. 
A specific lipoxygenase inhibitor (AA861--a 
derivative of 2,3,5-trimethyl-p-benzoquinone) 
inhibited formation of 5-HETE and LTB4 
while also decreasing steroidogenesis [76]. How- 
ever, dibutyryl cAMP (dbcAMP) stimulated 
steroidogenesis in rat adrenal cells but had 
no effect on 5-1ipoxygenase activities. Unfortu- 
nately the effect of AA861 on steroidogenesis 
stimulated by db cAMP was not examined. 
Nordihydroguaretic acid (NDGA), another 
lipoxygenase inhibitor, also inhibited ACTH- 
induced steroidogenesis in rat adrenal 
cells [77]. NDGA inhibited dbcAMP-stimulated 
steroidogenesis in these cells but was less 
effective at high levels of dbcAMP than at 
lower levels or following ACTH stimulation 
(50 vs 80%). 5-Hydroperoxyeicosatrienoic acid 
(5-HPETE), the initial product of the 5-1ipoxy- 
genase, reversed the action of AA861, 
suggesting that this may be the active product. 
In support of this conclusion, other products 
were inactive. Leukotriene A4 (LTA4), the 
intermediate metabolite from 5-HPETE, was 
inhibitory, while LTB4 had no effect. A similar 
involvement of lipoxygenase products has 
been deduced from inhibitor effects on LH- 
stimulated steroidogenesis in rat Leydig 
cells [78, 79]. 

Lipoxygenase products probably affect the 
transfer of cholesterol to P450scc. As with 
protein synthesis inhibitors, there was no effect 
of these inhibitors on 25-hydroxycholesterol 
metabolism to pregnenolone or on steroid syn- 
thesis from pregnenolone. AA861, like protein 
synthesis inhibitors, increased mitochondrial 
cholesterol levels, indicating a block to mito- 
chondrial cholesterol transfer [76]. This study 
did not, however, exclude AA861 inhibition of 
protein synthesis, which would be sufficient to 
block cholesterol transport to P450scc. Never- 

theless, these studies suggest that SAP and 
5-HPETE (or a metabolite) act together and 
perhaps synergistically on transfer of cholesterol 
between mitochondrial membranes. In other 
cells, 5-HPETE has been associated with cal- 
cium-dependent processes [80], and calcium sen- 
sitivity of the cholesterol metabolism in adrenal 
mitochondria has been reported previously [81]. 
Several other arachidonic acid metabolites 
(14,15-epoxide, 12- and 15-1ipoxygenase prod- 
ucts) have been reported in glomerulosa 
cells following angiotensin-II stimulation, and 
12-1ipoxygenase products have been implicated 
in aldosterone synthesis [82]. These additional 
products could also contribute to metabolism in 
adrenal fasciculata cells. 

3.3. Sterol carrier protein: (SCPz) 

SCPz, a 13 kDa protein that has been purified 
from liver, stimulates the activity of several 
microsomal enzymes involved in the synthesis 
and utilization of cholesterol. For example, 
cholesterol esterification in microsomal mem- 
branes catalyzed by ACAT is stimulated by 
SCP2 [83, 84], probably through enhanced deliv- 
ery of the substrate. SCP2 enhances transfer of 
cholesterol from lipid droplets to mitochondria 
and also weakly stimulates mitochondrial 
steroidogenesis [85, 86]. SCP2 is synthesized 
from a 60 kDa precursor protein, and both 
precursor and mature forms are primarily lo- 
cated in peroxisomes [87, 88]. Significant 
amounts can be detected in rat adrenal mito- 
chondria, but this is not elevated by ACTH 
during acute stimulation [87]. However, treat- 
ment of rat adrenal cells for 24 h with ACTH 
elevated SCP2 several fold [89]. Likewise, in rat 
corpus luteum, estradiol elevated SCP2 while 
increasing the availability of cholesterol to 
P450scc [90]. In Leydig cells, hormonal stimu- 
lation is associated with redistribution of 
SCP2 [91]. In rat adrenal cells, steroidogenesis is 
partially suppressed by intracellular adminis- 
tration of anti-SCP2 IgG [92]. Overexpression of 
SCP2 in COS cells also enhances steroidogene- 
sis, but the site of this effect has not been defined 
and overall rates of steroid production remain 
very low [93]. 

SCP2 has also been characterized as a 
non-specific phospholipid transfer protein that 
facilitates the transfer of several types of phos- 
pholipid between cell membranes [94]. At most, 
this protein binds cholesterol very weakly, and 
this interaction is certainly weaker than the 
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Table 2. Stimulation of rat adrenal mitochondria by rat adrenal cytosols (from Ref. [I00]) 

Increased activity 
(nmol pregnenolone/mg protein/10 min) 

Stimulant Reductant Total" SCP2-derived b ACTH sensitive c 

Ex. I 
Control cytosol Isoeitrate 0.32 (35) d 0.25 - -  

Suoeinate 0.45 (96) 0.29 - -  
ACTH cytosol Isoeitrate 0.70 (76) 0.29 0.38 

Suecinate 1.06 (225) 0.33 0.6 I 
Ex. 2 

SCP 2 (1/aM) Isoeitrate 0.60 (38) 
Succinate 0.50 (145) 

Rat adrenal mitochondria were isolated from rats treated for 15 rain with ACTH and cycloheximide. 
Mitoehondria (0.5 mg/ml) were incubated for 10 rain with and without the designated cytosol 
(30/50/~1 incubation) plus the indicated reductant. Cytosols were obtained from adrenals isolated 
(6/2 ml homogenate) from rats treated for 20 h with dexamethasone to suppress ACTH and then 
ACTH or saline for the final 15 min. Cytosols contributed ~0.1/zM SCP 2 to the incubations. 

a(Activity in presence of eytosol) - (activity in absence of eytosol). 
b(Activity after control IgG t rea tment) -  (activity after anti-SC'P 2 treatment). 
~l'otal stimulation ffi (stimulation by ACTH ey toso l ) -  (stimulation by control cytosol). ACTH- 

sensitive increases were halved by co-treatment with cycloheximide. 
dNumbers in parentheses represent percent stimulation. 

interaction with phospholipids. This affinity 
may only be sufficient to enhance cholesterol 
transfer from lipid droplets or aqueous suspen- 
sions but not from the stronger interactions 
involved in phospholipid-cholesterol vesicles. 
The stimulatory effect on cholesterol metab- 
olism in adrenal mitochondria is low affinity 
and increases linearly up to the highest SCP2 
concentration (10/zM), where several-fold 
stimulation can be observed [86]. Facilitated 
transfer of cholesterol from outer to inner mito- 
chondrial membranes has been reported [95], 
but this effect may well depend on perturbation 
of mitochondrial membrane structure, similar 
to that seen after addition of hexane and cardi- 
olipin to adrenal mitochondria [96]. 

3.4. Cytosolic factors 

Several laboratories have noted that 
cytosol from ACTH-stimulated adrenal cells 
can stimulate cholesterol metabolism in adrenal 
mitochondria isolated from cycloheximide- 
inhibited or from unstimulated rats [97-99]. 
After Sephadex fractionation of cytosol, the 
only stimulatory fraction was more strongly 
retained by the column than even small peptides 
(5 kDa). The active fraction was rich in phos- 
pholipids, and cardiolipin was identified as 
the major mitochondrial stimulant [98]. Since 
cytosol also contains both SCP2 and SAP, we 
attempted to resolve their contributions[100] 
(Table 2). Anti-SCP2 IgG decreased the magni- 
tude of cytosolic stimulation and indicated that 
the contribution of SCP2 was independent of 
ACTH stimulation. Thus, SCP2 contributed 
nearly half of the activation from unstimulated 
cytosol. Quantitation of SCP2 in these cytosol 

preparations confirmed that levels were not 
elevated by ACTH but also showed that the 
activity of SCP2 in the cytosol fraction was 
10 times higher active than purified liver 
SCP~ with respect to mitochondrial activation. 
In vivo cycloheximide treatment approximately 
halved the increased stimulatory effect of 
cytosol following ACTH treatment, consistent 
with a cycloheximide-induced decline in SAP 
levels [72]. 

3.5. GTP 

When isolated rat adrenal mitochondria are 
pre-incubated with GTP, metabolism of exo- 
genously added cholesterol is stimulated [101]. 
This stimulation seems to reflect enhanced 
transfer of cholesterol from outer to inner mito- 
chondrial membranes. Recent studies indicate 
that while SAP is essentially inactive in stimulat- 
ing mitochondrial cholesterol metabolism, 
stimulation by GTP is doubled when added with 
SAP [101]. The effect of SCP2 is independent of 
both GTP and SAP but is approximately addi- 
tive with the combined SAP/GTP stimulation. 
The direct proportionality between the rate of 
cholesterol metabolism and SCP2 levels is con- 
sistent with cholesterol transfer to the mito- 
chondria through a complex with SCP2. The 
effect of GTP is dependent on preincubation of 
the mitochondria with the nucleotide and is 
enhanced by use of a GTP generator, which 
maintains the levels in the face of rapid hydroly- 
sis. GTPy S is inactive, suggesting that hydroly- 
sis of the nucleotide at a mitochondrial G 
protein may mediate intermembrane cholesterol 
transfer. GTP activates the metabolism of 
exogenous cholesterol but not endogenous 
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cholesterol. In this laboratory, we find that GTP 
stimulation depends critically on the medium 
used for mitochondrial suspension. 

3.6. Heterogeneity of mitochondrial cholesterol 
pool 

Studies in this laboratory point towards 
additional requirements for metabolism of chol- 
esterol within the inner mitochondria [102, 103]. 
Optimum cholesterol metabolism in rat adrenal 
mitochondria is obtained with 1 mM iso- 
citrate, while only about 50% of this reactive 
mitochondrial cholesterol is available to metab- 
olism supported by maximal levels of succinate. 
The reactive cholesterol pool is turned over 
in 2-10min, depending on the amount of 
cholesterol in the inner membranes. Addition of 
20~-hydroxycholesterol after cessation of succi- 
nate-supported cholesterol metabolism restarts 
pregnenolone formation, indicating that reduc- 
tant transfer and P450scc remain fully func- 
tional. Succinate also sustains NADPH for 
11/~-hydroxylation for 30 min, although again 
less effectively than isocitrate. Apparently, suc- 
cinate can serve as a source of reducing equiva- 
lents for only about half of the inner membrane 
P450scc and a corresponding proportion of the 
total reactive cholesterol pool. 

Figure 2 shows a model for metabolism 
of cholesterol located both on the inner mem- 
brane and on matrix vesicles that are uniquely 
characteristic of the most active steroidogenic 
mitochondria [104, 105]. Succinate generates 
NADPH through a potential-driven NADH/ 
NADP transhydrogenase that is linked to 
succinate dehydrogenase [106]. Our recent data 
indicate two separable deficiencies in choles- 
terol metabolism supported by succinate. First, 
NADPH generation is less effective, as evi- 
denced by lower activities for metabolism of 
20~-hydroxycholesterol at P450scc and deoxy- 
corticosterone at P450cl 1. An additional factor 
is, however, indicated by the observation that 
cholesterol metabolism supported by succinate 
is almost completely lost after a 2 min/37 ° pre- 
incubation prior to addition of reductant. 
NADPH generation, as evidenced by succinate- 
dependent metabolism of 20~-hydroxychol- 
esterol or deoxycorticosterone, is only slightly 
decreased. We find that this preincubation- 
induced transition corresponds closely to a 
loss of capacity for succinate-dependent ATP 
generation. Succinate-dependent reactions at 
P450scc and P450cl 1, together with ATP gen- 
eration, are enhanced and protected against 

IClow SU ~ cholesterol ~ IChigh 

, , , ,I  ,,,,,,, 

' ~ ' y  NADH ~ ' ~  b l , ~  NADPH ",~ ' ~  

Fig. 2. A model for cholesterol transfer and metabolism 
in adrenal mitochondria. Cholesterol is transferred from 
outer to inner membrane mediated by various factors at 
contact sites and then moves to intramatrix vesicles (B). 
In this model, only metabolism in the inner membrane 
(Pool A) is mediated by succinate dehydrogenase (SDH) and 
NADH/NADP transhydrogenase (TH). NADPH generated 
by NADP/isocitrate dehydrogenase mediates metabolism at 
all P450scc (P). A high affinity isocitrate reaction is also 

mediated by the transhydrogenase. 

preincubation losses by sequestering Ca 2+ and 
fatty acids with, respectively, EDTA and 
defatted bovine serum albumin [102, 103]. This 
suggests that Ca 2÷ and fatty acids may cause 
inactivation of succinate-mediated cholesterol 
metabolism, possibly through effects on 
membrane permeability. Succinate-dependent 
NADPH generation requires membrane in- 
tegrity because of dependence on the trans- 
hydrogenase. Cholesterol availability to 
P450scc, at least when succinate is the reduc- 
tant, is evidently still more sensitive, possibly 
through changes in membrane fluidity with 
mitochondrial energy state. 

Cholesterol, unlike 20~-hydroxycholesterol 
or deoxycorticosterone, is a membrane com- 
ponent and succinate-dehydrogenase, unlike 
NADP-dependent isocitrate dehydrogenase, is 
an integral membrane protein. NADPH gener- 
ated from succinate via the transhydrogenase 
may therefore preferentially mediate metab- 
olism of cholesterol at P450scc located on sur- 
rounding inner membrane. Thus, NADPH 
transfer from transhydrogenase to ADX-re- 
ductase may parallel the high localized enzyme 
to enzyme transfer of NAD/NADH reported 
for complexed mitochondrial enzymes[107]. 
Isocitrate may, by contrast, provide NADPH 
to all matrix locations through the soluble 
NADP-isocitrate dehydrogenase [108]. Interest- 
ingly, a similar decrease in the malate-mediated 
reactive cholesterol pool in rat adrenal mito- 
chondria is seen when the 02 concentration is 
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decreased[109]. In bovine adrenal mitochon- 
dria, the diminished activity of succinate is 
not seen. Here, the malate enzyme is very 
active in NADPH generation [110] and prob- 
ably provides the preferred route for succinate- 
dependent cholesterol metabolism, which is 
typically faster than isocitrate-driven cholesterol 
metabolism. 

3. Z Contact sites 

Rapid transfer of cholesterol between the 
outer and inner mitochondrial membranes 
that is seen in activated adrenal mitochondria 
probably involves contact between the two 
membranes since cholesterol exchange between 
separate membranes is typically very slow (tl/2 
1-2 h) [111]. Figure 3 shows a diagrammatic 
presentation of a contact site involving features 
that will be described in the following sections. 
Such contact sites provide the location for 
the import of mitochondrial proteins that are 
synthesized on cytoplasmic ribosomes[ll2]. 
This process requires an organized complex of 
proteins juxtaposed on the outer and inner 
membranes[ll3] involving about 10% of the 
mitochondrial surface and 5000 sites per 
mitochondria[ll2]. Contact sites have also 
been implicated in the transfer of phospho- 
lipids[ll4, 115] and in the transfer of mito- 
chondrial energy to the cytoplasm [116]. Energy 
transfer involves a complex formed between the 
ADP/ATP translocator protein that spans the 
inner membrane and creatine kinase (CK) [116]. 
When this complex is formed, intramitochon- 
drial ATP is used by CK in preference to added 
ATP [117], possibly because an intermembrane 
compartment is formed by these contact inter- 
actions. A special mitochondrial form of CK 
that forms both dimers and octamers [118] has 
been immunohistochemically located at contact 
sites [119]. CK binds to both outer and inner 
membranes with higher affinity when in the 
octomeric form and probably also interacts 
with the ATP/ADP translocator in the contact 
site [119, 120]. Octamer formation is selectively 
opposed by phosphate ions and by increased 
pH in the range 6-8, suggesting a mechan- 
ism for physiological coupling to oxidative 
phosphorylation. 

The interaction of CK with mitochondrial 
membranes is facilitated by cardiolipin[121], 
which also enhances the affinity of P450scc for 
cholesterol [122], thus suggesting the possibility 
of enhanced cholesterol transfer to P450scc at 
contact sites. Since cardiolipin induces non- 

C CPATP 

! 7 - -  
NDK~ h ~ATP ~N ~ _  .~__ ADP 

IIIIIII1~ P450 ~11 

Fig. 3. A model for cholesterol transfer at contact 
sites. Contact sites comprise ADP/ATP transloeator (T), 
octameric creatine kinase (CK), porin (P), hexokinase (HK), 
benzodiazepine receptor (B), glutathione-transferase (GT), 
and protein translocation complex. The inner membrane 
contains a 30 kDa phosphoprotein [30] which is associated 
with active steroidogenesis and which may facilitate chol- 
esterol transfer. Adenylate kinase (ADK) and nucleoside 
diphosphate kinase (NDK) are kinases located in the 

intermembrane space. 

bilayer membrane structures that also enhance 
membrane fusion [123], a model can be conjec- 
tured in which P450scc preferentially accepts 
cholesterol in a cardiolipin-rich region of the 
inner membrane that has been observed in 
contact sites [124]. A linkage between CK and 
the membrane environment of P450scc is 
supported by a recent observation that salt- 
mediated dissociation of CK from liver mito- 
plasts produces a change in inner membrane 
fluidity [116]. 

The contact site is also associated with 
porin, a 30 kDa outer membrane protein that 
permits entry of small molecules into the inter- 
membrane space, by hexokinase bound to 
the extra-mitochondrial surface of porin by 
nucleoside diphosphate kinase (NDK), and 
by a membrane-bound glutathione, S-trans- 
ferase [119, 125]. The channel formed by 
oligomeric porin is voltage dependent, while at 
contact sites the intermembrane distance ~s so 
close that inner membrane charges probably 
affect outer membrane permeability through 
porin channels [126]. At voltages more positive 
than 30mV, large anions (ADP, ATP, and 
creatine phosphate) are partially excluded while 
cation transport is retained[126]. Depletion 
of Ca 2÷ (EGTA wash) or addition of fatty acyl 
CoA results in a decrease in these contact 
compartments, as observed directly by freeze 
fracture electron microscopy [127]. This obser- 
vation suggests a connection between the 
number of contact sites and succinate-supported 

SBMB 43/8--~ 
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cholesterol metabolism, which is similarly 
sensitive. 

The interactions at contact sites may directly 
affect the characteristics of the surrounding 
membrane, which may in turn have a major 
effect on cholesterol transfer. Suspension of 
mitochondria in 0.25M sucrose facilitates 
coupling between oxidative phosphorylation 
and creatine kinase that is lost after suspension 
in isotonic 0.125M KCI. When rat adrenal 
mitochondria are preincubated in 0.125 M KC1, 
succinate-supported metabolism of endogenous 
cholesterol increases while the opposite effect 
is seen in sucrose media (McNamara and 
Jefcoate, unpublished data). Since this relative 
high ionic strength induces dissociation of CK 
from membranes, a link between contact sites 
and cholesterol distribution is again suggested. 
In hepatocytes, the number of contact sites 
seems to be sensitive to hormonal regulation. 
Thus, ~t receptor-stimulation (elevated Ca 2÷) 
increases mitochondrial contacts, while 
glucagon (elevated cAMP) decreases con- 
tacts [54]. It is, however, unknown whether this 
is a direct effect of phosphorylation at the 
contact site or due to secondary metabolic 
changes. 

3.8. Endozepine /benzodiazepines 

The high concentration and activity of 
peripheral benzodiazepine receptors in adrenal 
mitoehondrial outer membranes [128] may be 
associated with regulation of contact sites. 
These receptors differ from the benzodiazepine 
receptors of the central nervous system with 
respect to ligand specificity. Thus, R05-4864 
is specific to peripheral sites but is without 
effect on the receptors in the central nervous 
system. Peripheral benzodiazepine receptors are 
18kDa proteins[129] that are increased in 
steroidogenic tissues by hormonal stimulation, 
presumably through enhanced transcrip- 
tion[130]. This receptor is present in many 
non-steroidogenic cell types where benzo- 
diazepines are active (pituitary, salivary gland, 
nasal epithelium, lung, kidney, uterus). In many 
cases, secretory functions are implicated, sug- 
gesting some more general function on ion 
fluxes and membranes. 

Benzodiazepine agonists stimulate steroido- 
genesis in adrenal, Leydig, and granulosa 
cells and are also effective when added to iso- 
lated mitochondria from adrenal or testis 
tissue[130-132]. This stimulation of isolated 
mitoehondria partially overcomes the block 

caused by treatment/n vivo with cycloheximide 
(SAP depletion) and results in enhanced 
cholesterol transfer from outer to inner 
membrane [133]. Active benzodiazepines, how- 
ever, stimulate cholesterol metabolism in 
steroidogenic cells to a much smaller degree 
(3- to 4-fold) than the appropriate hormone. 
Co-addition of benzodiazepines with ACTH in 
Y-1 adrenal cells did not increase the sensitivity 
to the hormone, suggesting that activity at the 
benzodiazepine receptor is not a limiting factor 
in the cellular process. Hormone-stimulated 
steroidogenesis in these cells and in MA-10 
Leydig cells, but not basal activity, was, 
however, inhibited 50% by the partial agonist, 
flunitrazepam, implying a role for the receptor 
in the activation of these mitochondria by 
cAMP [133]. 

An 8.5 kDa peptide has been isolated from 
bovine adrenal tissue that stimulates mitochon- 
drial steroidogenesis [134, 135]. This protein is 
identical to [des-Gly-Ile]endozepine, a natural 
agonist for both central and peripheral recep- 
tors which interact with different domains of the 
polypeptide [136]. Endozepine is also identical 
to the acyl CoA binding protein which has been 
purified from liver [137]. Certainly, regulation of 
the multiple activities at contact sites would 
seem a necessary cell function that interrelates 
cytosolic and mitochondrial compartments. 
Recent work indicates that, in MA-10 Leydig 
cells and Y-1 adrenal cells, hormonal stimu- 
lation of steroid synthesis is not associated with 
elevated endozepine peptide[138]. However, 
acyl CoA, through binding to endozepine, may 
also regulate binding to the receptor and thus 
affect contact sites. 

In view of the possible effects of intracellular 
mediators on contact sites, we have recently 
carried out experiments to determine whether 
enzymes that characterize contact sites are 
affected by ACTH stimulation of adrenal tissue. 
Although adrenal mitochondria exhibited 
clearly measurable activities for the enzymes 
that associate with contact sites (CK, NDK, 
hexokinase, and glutathione-transferase), these 
activities were completely insensitive to pro- 
longed ACTH activation (Table 3) and to 
loading the inner or outer mitochondrial 
membranes with cholesterol. An intermembrane 
enzyme, adenylate kinase, was also not signifi- 
cantly affected by these changes. Hormonal 
sensitivity was however seen with digitonin 
treatment, which selectively fragments the outer 
membrane through complexes with cholesterol. 
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This treatment produced a differential release 
of these enzymes from mitochondria. Adenylate 
kinase and rotenone-insensitive N A D H -  
cytochrome c reductase (outer membrane 
marker) were predominantly released, while a 
major proportion of the octomeric CK, hexoki- 
nase, NDK, and glutathione-transferase were 
unaffected by dig±ton±n, suggesting location of 
these enzymes at a resistant contact site [119]. 
Interestingly, suppression of ACTH in vivo with 
hypophysectomy (Table 3) or with dexametha- 
sone substantially decreased the sensitivity of 
rat adrenal mitochondria to digitonin indepen- 
dently of cholesterol content. We observed de- 
creased release of intermembrane adenylate 
kinase and higher residual levels of CK and 
NDK. This suggests a considerable change in 
the outer mitochondrial membrane. We cur- 
rently hypothesize that ACTH stimulates the 
availability of outer membrane cholesterol to 
digitonin complexation, possibly through 
changes in outer membrane lipids which we 
describe in a later section. There may also be a 
cAMP-mediated decrease in contact sites, con- 
sistent with observations in the liver [139]. 

These observations are counter to our 
expectation that cholesterol transfer would be 
favored by a stabilization of contact sites and 
instead suggest that transfer occurs at less 
stable, more mobile contacts. The resistance 
to digitonin following hypophysectomy is ex- 
ceptional compared to what we see in liver and 
kidney mitochondria, suggesting unusually 

stable contacts and membranes in these mito- 
chondria that are modified to a more normal 
status by hormonal stimulation. We have 
recently shown that a far shorter 30 rain ACTH 
stimulation substantially elevates metabolism of 
endogenous mitochondrial cholesterol without 
increasing digitonin susceptibility. The mem- 
brane state that is observed through this 
decreased digitonin sensitivity dearly is not the 
cause of low intramitochondrial cholesterol 
transfer. However small membrane changes 
produced by brief exposure to ACTH may be 
sufficient to elevate mitochondrial cholesterol 
metabolism without being detected by digitonin. 

3.9. Mitochondrial p30 proteins 

One further participant in mitochondrial 
steroidogenesis has been identified from two- 
dimensional electrophoresis of steroidogenic 
cells. This technique shows that hormonal acti- 
vation changes the levels of a set of four 30 kDa 
mitochondrial proteins [140-143]. A p37 precur- 
sor is processed in the mitochondria to a p32 
intermediate and then to a pair of p30 mature 
inner membrane proteins. Both precursors and 
mature proteins can be phosphorylated, and 
indeed in the adrenal the precursors have only 
been detected as phosphoproteins. The near 
identity of proteolysis products establishes that 
the four p30 proteins arise from two distinct 
modifications of a single precursor protein. Co- 
administration of cycloheximide with cAMP 
prevented formation of the phosphoproteins, 

Table 3. Digitonin solubilization of outer membrane and intermembrane enzymes in rat 
adrenal mitochondria 

Enzyme activity' 

AK CK NDK HK 

HYPOX (24 h) 
Intact 130 8 3 41 
0.25 b 130 (96 ± 3) c 12.5 (156) d 4 28 (64 __ 7) c 
0.45 40 (31) 7 (88) 2 23 (56) 

HYPOX + ACTH (24 h) 
Intact 192 8 3 43 
0.25 152 (69 + 6) c 8 (100) 3.5 23 (48 + 5) c 
0.45 29 (I 5) 4 (50) 3.5 - -  

Untreated 
Intact 176 12 I 1 38 
0.25 82 (46) I I (92) 4 19 (50) 
0.45 26 (15) 11 (92) 5 15 (39) 

Female rats were hypophysectomized 24 h prior to sacrifice. Half of the animals were 
injected after hypophysectomy and after a further 12h with long-acting ACTH. 
Digitonin treatment of isolated mitochondria was conducted at l0 mg protein/ml, as 
described previously [119]. 

"Activities are expressed in mU/mg protein using coupled assays in which NADPH is 
followed spectrophotometrically [119]. 

bRatio of dig±ton±n/protein. 
CMean 4- SD for 4 (AK) or 3 (HK) separate experiments. 
d( )Percent of activity in intact mitochondria--activities expressed per nag protein were 

more reproducible than corresponding numbers for retention of total mitochondrial 
activity. Approximately 20-30% of outer membrane and intermembrane proteins 
were released by digitonin. 
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suggesting phosphorylation concomitant with 
translation[141]. Since, however, the 37kDa 
precursor is apparently rapidly taken into the 
mitochondria, a cAMP-dependent phosphoryl- 
ation of p37 after release from the ribosome 
could produce similar kinetics through compe- 
tition with uptake. The association of ribosomes 
with contact sites[144] suggests a concerted 
process of synthesis, phosphorylation, and 
uptake. The appearance of p30 exhibits the 
same time course and hormonal concentration 
dependence as steroidogenesis, while cyclohex- 
imide sensitivity in part parallels the effect on 
cholesterol metabolism. However, the rapid 
decay of activity following this inhibition of 
steroidogenesis more closely follows the decay 
of intermediates (p37, p32) rather than any of 
the p30 variants. These proteins appear to 
localize in the inner mitochondrial mem- 
brane [141,142], and, therefore, the precursor 
protein should span the contact site prior 
to processing and inner membrane insertion. 
This could provide a mechanism for additional 
manipulation of the contact site that might 
facilitate cholesterol transfer. 

4. C H A N G E S  IN  A D R E N A L  L I P I D S  

ACTH stimulates a very rapid net synthesis of 
phospholipids, apparently secondary to de novo 
synthesis of phosphatidic acid [145, 146]. This 
increase is distinct from the rapid turnover 
of PI stimulated by angiotensin in adrenal 
glomerulosa cells that releases intracellular 
Ca 2+ and is associated with translocation of 

Table 4. ACTH stimulation of specific phospholipids in 
the outer membrane of rat adrenal mitochondria (from 

Ref. [147]) 

Phospholipid content 
(Pg phosphorus/ms protein) 

Control ACTH 

Outer 
Pl 0.7 -i- 0.04 1.4 + 0.1 (P < 0.01) 
PS 0.45 + 0.04 0.4 + 0.05 
CL 1.35 ± 0.1 1.9 ± 0.1 
PC 9.4 ± 1.5 9.1 ± 1.6 
PE 3.8 ± 0.5 5.9 ± 0.7 (P < 0.05) 
Total 15.7 ± 2.2 18.6 + 2.9 

Inner 
Pl 0.7+0.1 0.6±0.1 
PS 0.4 ± 0.04 0.3 ± 0.1 
CL 2.8 + 0.5 2.6 + 0.03 
PC 6 .8±1 .4  5.4 ± 0.1 
PE 4.9 ± 0.4 5.3 + 0.4 
Total 14.5 ± 2.4 14.2 + 1.0 

Adrenal mitochondria were isolated from rats pretreated 
for 20 min with ACTH or left untreated. Inner and 
outer membranes were separated by hyposmotic 
shock and uitracentrifugation through Ficoll, as 
described previously [65]. 

protein kinase C activity to cell membranes. 
This increase in lipid synthesis results in an 
elevation of PI and PE in the mitochondrial 
outer membrane (Table 4)[147]. Other studies 
indicate an ACTH-induced enrichment of the 
PE fraction with polyunsaturated (22: 6) adrenic 
acid [148]. Adrenic acid-substituted PE, like car- 
diolipin, directly stimulates mitochondrial 
steroidogenesis [148]. This, taken together with 
the enrichment of cardiolipin in contact 
sites[124], suggests that contact sites may 
mediate cholesterol transfer through hexagonal 
phase structures in which the normal bilayer 
inverts. This membrane inversion is favored by 
both polyunsaturated PE and cardiolipin [123] 
and has been observed in mitochondria at 
suspected contact sites [115]. Possibly, benzo- 
diazepine receptors, when bound by appropriate 
ligands, could favor such hexagonal phase 
structures. 

5. O T H E R  E X T R A C E L L U L A R  M O D U L A T O R S  O F  
C H O L E S T E R O L  D I S T R I B U T I O N  

In addition to direct hormonal stimulation 
of cholesterol mobilization, recent work 
indicates the involvement of other modulators 
of these processes. The participation of ~-MSH 
has already been described as a stimulant 
at least of cholesterol esterase [45]. The two 
best characterized modulators are TGF~, which 
partially inhibits steroidogenesis in most 
steroidogenic cells [I 49, 150], and atrial natrietic 
peptide (ANP), which decreases steroid 
synthesis in adrenal glomerulosa cells[151]. 
TGFp~ down-regulates several steroidogenic 
enzymes at the transcriptional level, most nota- 
bly P45017~ [150], but also decreases choles- 
terol mobilization[149]. In bovine adrenal 
cells, this effect in part involves decreased 
cholesterol uptake through the LDL path- 
way[149]. Interleukins I~ and lfl similarly 
suppress steroidogenesis, most obviously by 
modulating expression of P450 cytochromes, 
but changes in cholesterol transfer mechanisms 
have typically not been excluded[152, 153]. 
ANP decreases aldosterone synthesis, at least 
in part through decreased cholesterol avail- 
ability to P450scc, probably mediated by cGMP 
and antagonism of the Ca2+-mediated phos- 
phorylation step [151]. The complexity of the 
cholesterol transfer processes thus provides 
many opportunities for stimulation or inhi- 
bition by a variety of autocrine and paracrine 
processes. 
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