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Summary-We have previously reported that treatment of cultured mouse adrenal tumor cells 
with 0.6-l .2 y M monensin, a monovalent carboxylic ionophore, results in disruption of the 
organized structure of the Golgi complex. This is associated with an inhibition of adreno- 
corticotropic hormone (ACTH) or dibutyryl CAMP-stimulated steroidogenesis and impair- 
ment of mitochondrial cholesterol side-chain cleavage activity. The present report describes 
further investigations regarding possible mechanisms for the inhibition. Monensin inhibits 
both synthesis of fluorogenic steroids and incorporation of [14C]acetate into the end-product 
steroid 1 lfl,20a-dihydroxy-4-pregnen-3-one. Supplementation of monensin-treated cells with 
25hvdroxycholestero1, a readily available substrate for steroidogenesis, does not reverse the 
inhlbltory effect on the reaction. The incorporation of L-[35S]methionine into trichloroacetic 
acid precipitable proteins in the isolated mitochondria of monensin-treated cells is inhibited 
approximately by 40%, whereas the inhibitory effect on the proteins in the cell homogenate 
is marginal. These findings suggest that a deficiency of newly synthesized proteins in 
mitochondria, rather than the av~lability of the substrate cholesterol, may be the primary 
factor causing impairment of steroidogenesis. 

INTRODMXION 

In 1938, Reese and Moon[l] observed that, following 
hypophysectoiny of the rat, the Golgi complex of the 
adrenal cortex became atrophic, whereas stimulation 
of hypophysectomi~d rats with ACTH-induced 
hy~rtrophy of the adrenal Golgi complex. In con- 
trast, the Golgi complex of the adrenal medulla failed 
to show any consistent change. Sub~uently, 
ACTH-induced hypertrophy of the Golgi complex 
has been observed not only in rat adrenal cortex 121, 
but also in cultures of rat fetal adrenocortical cells [3] 
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Abbreviations: ACTH, adrenocortocotropic hormone; 
db-CAMP, dibutyryl-CAMP; HEPES, hydroxyethyl 
piperazine ethanesulfonic acid; HPLC, high-perfor- 
mance liquid chromato~aphy; monensin, 2-[%ethyl- 
tetrahydro-5-[tetrahydro-3-methyl-5-[tetrahydro-6- 
hydroxy-6-(hydroxymethyl)-3,5-dimelhyl-2H-pyran-2- 
yl]-2-furyl]-2-furyl]-9-hydroxy-B_methoxy-~,y,2,g-tetra- 
methyl-l,ddioxaspiro[4.5]decane-7-butyric acid; P450, 
total cytochrome P450 regardless of specificity; 
P45011fi, cytochrome P450 which is specifically in- 
volved in 1 I/3 steroid hydroxylation; P450,, cyto- 
chrome P450 which is specifically involved in cholesterol 
side-chain cleavage reaction; TCA, trichloroacetic acid; 
TLC, thin-layer chromatography. 

and mouse adrenal tumor (Y-l) cells [4], Admini- 
stration of aminoglutethimide to rats, an inhibitor 
of the mitochondrial cholesterol side-chain cleavage 
reaction, induces an accumulation of digitonin- 
precipitable cholesterol in the Golgi complex of 
rat adrenal fasciculata cells[5]. Treatment of rats 
with a-amanitin, an inhibitor of RNA transcription, 
induces clusters of microvesi~les with dense content in 
the Golgi frans-area of adrenal fasciculata cell [6]. We 
have shown that, using acid phosphatase as a marker, 
the region of Golgi-endoplasmic reticulum-lysosome 
(GERL) of Y-l cells is dramatically activated by 
ACTH [7]. The Golgi complex in the adrenal cortex 
has been implicated in the secretion of steroids, 
transport of steroid intermediates, production of 
lysosomes, and lipid droplet formation (for a review 
see f8]). 

Monensin is a well characterized monovalent 
carboxylic ionophore which disrupts the Golgi 
complex through ~~urbation of monovalent 
cation gradients in the organelle of mammalian cells 
(for a review see A). We have used monensin to 
investigate the possible involvement of the Golgi 
complex in the regulation of steroidogenesis of Y-l 
cells. The key findings of our initial studies [lo] are 
summarized as follows. Treatment of cells with 
monensin (0.6-l .2 PM) results in disruption of the 
organized architecture of the Golgi complex of both 
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unstimulated and ACTH-stimulated cells into irregu- 
lar vacuoles and diminishes vesicular activity associ- 
ated with the organelle. Concomitant with the 
disruption is the inhibition of both basal and ACTH 
or db-CAMP-stimulated steroidogenesis. There is 
no apparent effect on mitochondrial morphology. 
Mitochondrial cholesterol side-chain cleavage activ- 
ity is impaired in the organelles isolated from cells 
previously stimulated with ACTH in the presence of 
monensin, but monensin has no apparent direct 
effect on the activity in isolated mitochondria. We 
have also demonstrated [l l] that the disruption of the 
Golgi complex is reversible; reorganization of the 
Golgi structure is associated with full restoration of 
steroidogenic activity of cells. 

Independently, Matsuoka et a/.[121 also reported 
that ACTH- and angiotensin II-stimulated aldo- 
sterone synthesis by rat adrenal capsular cells in vitro 
is inhibited by monensin. The present report presents 
additional studies directed at further characterizing 
the inhibitory effect of monensin on steroidogenesis 
in cultured Y-l cells. 

EXPERIMENTAL 

Materials 

ACTH, _24 (Cortrosyn) was obtained from Organon 
(West Orange, N.J.). Authentic 1 lg,20a-dihydroxy- 
4-pregnen-3-one was kindly donated by Professor 
D. N. Kirk, Steroid Collections (London, England). 
Monensin and other authentic lipids described in 
the text were purchased from Sigma (St Louis, 
MO.). Si-Cl8 octadecyl precoated TLC plate and 
HPLC-grade acetonitrile and methanol, and 
dichloromethane were purchased from J. T. Baker 
(Phillipsburg, N.J.). Radiochemicals: [2-‘4C]acetic 
acid and #S]methionine were purchased from New 
England (Boston, Mass) and Amersham (Arlington 
Hts., Ill.), respectively. Except for glucose and 
NaHCO, (J. T. Baker), the medium components for 
cell growth were purchased from Gibco (Grand 
Island, N.Y.). 

Cell culture 

The methods of Y-l cell culture and tumor 
transplantation have been detailed previ- 
ously [7, 10, 11, 13-161. In brief, cells were plated in 
60 x 15 mm plastic culture plates and grown in mini- 
mum essential medium (MEM) at 37°C in an atmos- 
phere of 5% carbon dioxide. The MEM was prepared 
by mixing 3 1 of distilled water (purified by Millipore 
Water Systems), 30.0 g of minimum essential medium 
powder, 6.6 g of NaHCO,, 35 ml of a penicillin 
(10,000 U/ml)-streptomycim (10,000 pg/ml) solution, 
30 ml of a solution containing 10 mM non-essential 
amino acids, 30 ml of a 200 mM a-glutamine solu- 
tion, and 45 ml of a glucose solution (100 mg/ml). 
The medium was further supplemented with 13.4% 
(v/v) gamma globulin-free horse serum and 2.3% 
(v/v) fetal calf serum. 

Experimental protocols 

Before each experiment, the medium of confluent 
cultures was replaced with serum-free MEM and the 
cells were incubated in this medium overnight to 
minimize the possible effect of sera. All experiments 
were carried out in PBS-RH medium, pH 7.5, which 
was prepared by mixing an equal portion of Gey’s 
phosphate-buffered saline and Ringer’s solution 
buffered with HEPES [14]. For stimulation, a concen- 
tration of ACTH of 100 mu/ml was used to produce 
a maximal effect on steroidogenesis unless specified 
otherwise. To study steroidogenesis utilizing endoge- 
nously synthesized cholesterol, cells were labeled with 
[14C]acetate, 1.3 x IO6 cpm/plate, for 18 h prior to 
stimulation with ACTH. To study the levels of de 
nova protein synthesis in cells or mitochondria, cells 
were labeled with L-[“Slmethionine (40 pCi/ml). The 
other experimental conditions are detailed in the 
legends of figures and tables. 

Determination qf Jkorogenic steroids 

The methodology for assaying fluorogenic steroids 
has been previously documented by this labora- 
tory [15]. In brief, the culture medium was extracted 
with 5-fold dichloromethane. Aliquots of dichloro- 
methane containing steroids were mixed with 2 ml of 
a sulfuric acid-ethanol solution, 70:30 (v/v). After 
incubation at room temperature for 60 min, fluores- 
cence of the mixture was measured at an excitation 
wavelength 475 nm and emission wavelength 525 nm 
in an Aminco-Bowman Spectrophotometer. Authen- 
tic 20a-hydroxy-4-pregnen-3-one was used as 
standard. 

Determination of [14C]acetate incorporated into 
11&20a-dihydroxy-4-pregnen-3-one by TLC 

The steroid in each extract was purified by a 
reversed phase TLC system using Si-Cl8 octadecyl 
precoated TLC plates (20 x 20 cm) and a solvent- 
mixture containing acetonitrile: water, 75 : 25 (v/v). 
The Rf of 1 l/I,20a-dihydroxy-4-pregnen-3-one was 
0.60, whereas the R,s of other steroid intermediates 
(progesterone, pregnenolone, 20a -hydroxy-4- 
pregnen-3-one, and 1 l/I-hydroxyprogesterone) were 
0.294.50. The R,s of hydroxycholesterol derivatives 
such as 25-hydroxycholesterol, 22(R)-hydroxy- 
cholesterol, and 22(S)-hydroxycholesterol were 
0.05-0.07. Cholesterol, cholesteryl oleate, squalene, 
lanosterol, and phospholipids (L-a-phosphatidylino- 
sitol, L-U -phosphatidylcholine, L-a -phosphatidyl- 
serine, L-a -phosphatidylethanolamine, cardiolipin, 
and sphingomyelin) remained at the origin in this 
solvent system. Therefore, this reversed-phase TLC 
method is suitable for separation of steroid products 
from labeled cholesterol and other lipids. Authentic 
1 lfl,20a-dihydroxy-4-pregnen-3-one and the culture 
samples were run in parallel on the same TLC plate. 
The location of the authentic compound was detected 
by charring after a brief spray with a sulfuric acid- 
dichromate reagent. The corresponding untreated 
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areas in the channels of the culture samples were 
removed and counted in a Searle Tracer Analytic 
counter. 

Determination of 11/3,2Oa-dihydroxy-I-pregnen-3- 
one by HPLC 

A specific reversed-phase HPLC system for this 
purpose has recently been reported from this labora- 
tory [16]. Briefly, 2.5 pg 17a-hydroxyprogesterone, 
the internal standard, in 10~1 ethanol was added to 
1 ml culture medium immediately prior to extraction. 
The culture medium was extracted at room tempera- 
ture with a 5-fold volume of dichloromethane by 
vigorously vortexing for 1 min. After centrifugation, 
the aqueous phase was removed and the organic 
phase was washed with 0.5 ml distilled water. After 
further centrifugation, 4 ml of the organic phase was 
removed and dried under a stream of nitrogen. The 
dried residues were dissolved in 100 ~1 methanol and 
50 ~1 was injected into a HPLC system as described 
below. 

The HPLC system (Waters Assoc., Milford, Mass) 
used consisted of dual pumps (model SlO), a 
computer (model 680), a U.V. detector (model 450), 
and a C-18 fi Bondapak reverse-phase column 
(3.9mm i.d. x 30cm) connected with a guard 
column. An integrator/recorder (Shimadzu, model 
CR3A, Tokuj, Japan) was used for data analysis. The 
mobile phase employed was a solvent-mixture com- 
posed of acetonitrile : methanol : water, 35 : 11: 54 
(v/v/v). Isocratic flow-rate was set at 1 ml/min. The 
separation of steroids was monitored at 254nm 
(u.v.). The steroid content was calculated from a 
standard curve which demonstrated a linear relation- 
ship between the area-ratio of 1 l/I, 20 a-dihydroxy-C 
pregnen-3-one peak to the internal standard peak and 
the known amount of authentic steroid added prior 
to extraction. 

Determination of L-[-“S]methionine incorporated into 
cellular and mitochondrial proteins 

Our established protocol was described previ- 
ously [17]. Cells were scraped out from culture plates 
with a rubber policeman and were homogenized in a 
buffered solution containing 10 mM Tris, pH 7.4, and 
8.6% sucrose (w/v) at 4°C. Mitochondria were then 
prepared from cell homogenate as Ref. [lo]. Aliquots 
of cell homogenate and mitochondrial suspension 
were taken to determine protein content by a modifi- 
cation of Lowry’s procedure [18]. The radioactivity of 
TCA-precipitated cellular, and mitochondrial 
proteins on No. 540 Whatman paper filter was 
counted in 5 ml Liquifluor. 

Statistical analysis 

The statistical significance of the difference be- 
tween the sample means was determined by unpaired 
Student’s t-test. 

ACTH + nwnensn 

0 0.01 0.1 1 10 100 

ACTS Dose, mu/ml 

Fig. 1. The effect of monensin on ACTH dose-dependent 
steroidogenesis. Cells were stimulated with varied ACTH 
doses (O.Ol-lOOmU/ml) in the presence or absence of 
monensin (1.2 PM) for 4 h. Data are presented as 

means + SD of 4 determinations. 

RESULTS 

As shown in Fig. 1, monensin (1.2 PM) inhibited 
steroidogenesis of Y-l cells to a greater extent in 
the presence of l-100 mu/ml ACTH than in the 
presence of lower doses of the hormone. Prolonged 
incubation of cells with monensin up to 24 h (Fig. 2), 
or exposure of cells to higher concentrations of 
monensin up to 60 PM (Fig. 3), further increased the 
inhibitory potency of the ionophore on steroido- 
genesis of cells, but neither condition resulted in 
complete inhibition. Although greater inhibitory 
effects of monensin could be achieved under these 

IQ.“, 
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Fig. 2. The effect of prolonged incubation of cells with 
monensin on steroidogenesis. Cells were stimulated with 
ACTH (lOOmU/ml) in presence or absence of monensin 
(1.2 PM) for 4, 8, and 24 h. Data are presented as 

means f SD of 4 determinations. 
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J 
0 5 15 25 35 45 55 

Monen8In Concentration, PM 

Fig. 3. The effect of strengthened monensin concentrations 
on steroidogenesis: cells were stimulated with ACTH 
(100 mu/ml) in the presence of 0 (control), 1.2, 6, 12, and 
60 PM monensin for 4 h. Data are presented as % of the 

control. 

conditions, the possibility of undesirable side-effects 
was also increased. For the following experiments, 
the concentration of monensin used was kept at 
1.2 FM and the maximal time for exposure of cells to 
the ionophore was kept at 4 h or less, unless specified 
otherwise. 

In order to label endogenously synthesized choles- 
terol, cells were preincubated with [“Clacetate. As 
demonstrated in Table 1, the impairment of fluoro- 
genie steroidogenesis of cells in the presence of 
monensin was accompanied by diminished incorpo- 
ration of [14C]acetate into the end-product steroid 
118,201~ -dihydroxy-4-pregnen-3-one (Table 1). 
Because ‘H-labeled 11&20cr-dihydroxy-4-pregnen-3- 
one was not available for use as a recovery marker, 
the inhibitory effect on specific radioactivity in 
the steroid could not be precisely estimated. We 
subsequently developed a specific method to deter- 
mine this steroid using reversed phase HPLC [ 161; 
this method was used in the following experiment. 

In order to investigate the possibility that insuffi- 
cient delivery of cholesterol to mitochondria was the 
factor causing the impaired steroidogenesis of 

Table I. Monensin inhibits steroidogenesis in Y-l adrenal cells 
orelabeled with I”Clacetic acid 

Fluorogenic Radioactivity in I Ig,2Ocr- 
Treatment of cells steroids dihydroxy-4-pregnen-3-one 
in culture @g/4 h/plate) (cpm/4 h/plate) 

Control 2.57kO.18 1104k234 
ACTH (100 mu/ml) 7.10 k 0.18 2403 ? 352 
Monensin (I .2 p M) I .4 I f 0.20t 545 f 132tt 
ACTH + monensin 3.78 + 0.29; 1039 + 487** 

Endogenously synthesized cholesterol was prelabeled with [‘4C]acetic 
acid (1.3 x 106cpm/plate) in serum-free MEM for I8 h prior to the 
experiment. Cells were then stimulated with ACTH in the presence 
or absence of monensin in fresh PBS-RH medium for 4 h. The results 
are presented as means f SD of 4 determinations (tP < 0.0005 vs 
control; ‘P <0.0005 vs ACTH; ttP ~0.005 vs control; 
**P < 0.0025 vs ACTH). 

ACM 
+ + + + 

+ + + + 250tKhol 

+ + + + lno”s”s,” 

Fig. 4. The effect of 25-hydroxycholesterol on monensin- 
induced inhibition of steroidogenesis. Cells were preincu- 
bated with or without monensin (1.2 p M) for 30 min. After 
removal of ionophore-containing medium, cells were 
washed and then stimulated with ACTH (100 mu/ml) in the 
presence or absence of 2Shydroxycholesterol (15 pgjml) in 
fresh and monensin-free medium for 2 h. The content of 
1 lp,20a-dihydroxy-4-pregnen-3-one was determined by re- 
versed phase HPLC using 17-hydroxyprogesterone as an 

internal standard. 

monensin-treated cells, the effect of 2%hydroxy- 
cholesterol on the steroidogenic activity was deter- 
mined. This sterol had been known to be a readily 
active substrate for both rat luteal [19] and 
adrenal [20] steroidogenesis. If the impairment was 
indeed due to a limitation of cholesterol availability, 
supplementation of the cells with 25hydroxycholes- 
terol should be able to reverse the inhibitory effect. 
However, as determined by reversed phase HPLC, 
25-hydroxycholesterol increased 11,/?,20a -dihydroxy- 
4-pregnen-3-one synthesized by the cells but did not 
reverse the inhibitory potency of monensin on steroid 
production (Fig. 4). 

We subsequently used L-[35S]methionine as a probe 
to investigate the possibility that monensin inhibits de 
nouo protein synthesis in cells and mitochondria. As 
shown in Fig. 5, incubation of cells with monensin for 
14 h resulted in a small but significant inhibition of 
the incorporation of L-[15S]methionine into cell 
proteins. As shown in Table 2, the inhibition was 
greatly increased in mitochondria. The synthesis of 
proteins in mitochondria was inhibited approxi- 
mately 40% by monensin (42 k 13% inhibition 
summarized from three separate experiments under 
essentially similar conditions). In comparison, cyclo- 
heximide, an inhibitor of cytosolic ribosomal protein 
synthesis, inhibited protein synthesis by 80 k 2%. 
Initial studies of mitochondrial protein autoradio- 
grams by U.V. scanning revealed a complex pattern of 
proteins resulting from monensin treatment in Y-l 
cells, suggesting more than one mitochondrial protein 
was affected. 
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Fig. 5. The effect of monensin on incorporation of L- 
[?S]methionine into cell homogenate proteins. Cells were 
stimulated with ACTH (lOOmU/ml) in the presence of 
L-methionine (0,05 pg/ml) and @3]methionine 
(40 &i/ml) with or without monensin (1.2 ,uM) for 1,2, and 
4 h. Aliquots of cell homogenate were taken to measure 
protein content and radioactivity. Data are presented as 
means k SD from 8 determinations (“P < 0.0005; 
bP < 0.001; ‘P < 0.001; vs ACTH at 1,2, and 4 h, respec- 
tively). The insertion presents the content of fluorogenic (F) 

steroids synthesized by the cells (M, monensin). 

DISCUSSION 

As indicated previously, treatment of Y-l cells with 
monensin results in disruption of the organized struc- 
ture of the Golgi complex and inhibition of both 
steroidogenesis of cells and cholesterol side-chain 
cleavage activity in isolated mitochondria [lo]. Stud- 
ies of monensin effects on cholesterol transport to 
mitochondria in Y-l cells have technical limitations. 
Previous demonstration of ACTH-stimulated trans- 
port of cholesterol to rat adrenal mitochondria was 
achieved in intact rats [21] or rat adrenal cells [22] 
using aminoglutethimide. Because this inhibitor 
blocks the mitochondrial P450,, reaction without 
affecting cholesterol transport, the increased portion 
of cholesterol in the mitochondria compared to con- 
trol would represent the maximal level of cholesterol 
transferred from outside the organelle during the 
incubation period. However, Hall et a1.[23] and our 
laboratory have found that the cholesterol content of 
Y-l mitochondria did not increase by this approach. 
Hall ef a[.[231 suggested that Y-l mitochondria con- 

tained a large amount of cholesterol which caused the 
background to be too high hampering the measure- 
ment of a relatively small amount of cholesterol 
transfer. Nakamura et a/.[241 reported that choles- 
terol accumulation was found in the Y-1 inner mito- 
chondrial membrane after removal of the outer 
membrane. Nevertheless, failure of the attempt to 
reverse the inhibitory effect on steroidogenesis by 
supplementation of monensin-treated cells with 25 
hydroxycholesterol (Fig. 4) suggests that cholesterol 
availability for steroidogenic reactions may not be the 
sole factor for the inhibition. 

In contrast, our data (Table 2) suggests that the 
diminished incorporation of labeled methionine into 
newly synthesized proteins in mitochondria may be 
associated with the impaired mitochondrial choles- 
terol side-chain cleavage activity [lo]. In this context, 
1 PM monensin does not interfere with de nouo 
protein synthesis in many other cells [25-271. Yet, the 
present data indicates that de novo protein synthesis 
in Y-l cells appears to be sensitive to the ionophore 
at this level. Because monensin reversibly inhibits 
steroidogenesis [ 1 l] and does not interfere with 
rounding up of cells in response to ACTH stimu- 
lation (unpublished observation), it is unlikely that 
the decreased capability is due to a toxic effect. It 
should be noted that frog retina1 protein synthesis is 
inhibited at levels as low as 0.1 PM monensin [28]. 
Whether the decline of newly synthesized proteins in 
the mitochondria is a consequence of, or independent 
from, the impairment of de nooo protein synthesis in 
whole cells (Fig. 5) remains to be elucidated. 

The function of the Golgi complex in sorting 
proteins to plasma membrane and lysosomes has 
been well established (for a review see [29]). To our 
knowledge, there has been no indication that mito- 
chondrial proteins are sorted by the Golgi complex. 
Most mitochondrial proteins are synthesized at free 
ribosomes [30], whereas the proteins sorted by the 
Golgi complex are synthesized at endoplasmic reticu- 
lum membrane-bound ribosomes. However, Nabi et 
al. [3 1, 321 previously reported that, in bovine adrenal 
cortex, the synthesis of nascent adrenodoxin, one of 
the protein components of mitochondrial P450 
enzymes, is closely associated with the fraction of 
tightly membrane-bound endoplasmic reticulum 
ribosomes as well as relatively small fractions of free, 
and loose membrane-bound ribosomes. On the other 
hand, the synthesis of mitochondrial adrenodoxin 
reductase, P450, and P4501 l/3 is predominantly 

Table 2. The effect of monensin on L-[%]methionine incorporation into newly synthesized mitochondrial 
nrntcim 

Treatment of cells in culture 

Fluorogenic steroids 
synthesized by the cells 

(UP/~ h/elate) 

Radioactivity in isolated 
mitochondrial proteins 

(IO-’ x cam/ma) 

ACTH (100 mu/ml) 2.05&-0.17 3363 f 815 
ACTH + monensin (I .2 c M) 0.68 f 0.03’ 1886 f 185*** 
ACTH + cycloheximide (50 fig/ml) 0.56 + 0.07” 648 f 57**** 

Cells were stimulated with ACTH in the medium containing L-methionine (0.05 pg/ml) and L-[‘5S]methionine 
(40 pCi/ml) with or without monensin, or cycloheximide, for 4 h. Data are presented as means k SD of 
4-8 determinations (*P < 0.0005; l *P < 0.0005; l **P i 0.05; ****P < 0.0005; vs ACTH). 
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associated with fractions of free and loosely mem- 
brane-bound ribosomes. The authors suggested that 
the synthesis of adrenodoxin peptide starts on free 
ribosomes, and the ribosomes attach to the mem- 
brane of endoplasmic reticulum before completion of 
adrenodoxin synthesis. We have previously demon- 
strated that the mitochondrial adrenodoxin level of 
Y-l cells is stimulated by ACTH [13]. Whether the 
requirement of the membrane of the endoplasmic 
reticulum for completion of adrenodoxin synthesis is 
linked to the aformentioned activation of the GERL 
region by ACTH stimulation [7], and whether this 
synthesis is inhibited by monensin, are not known at 
present. 

The GERL region and mito~hondria in the adrenal 
cortex can be considered as highly specialized 
compartments. In this aspect, Jorgensen et al.1331 
reported that, in the cultured rat skeletal muscle cells, 
calsequestrin, a sarcoplasmic reticulum calcium bind- 
ing protein, is first transferred to the Golgi complex 
after being synthesized in endoplasmic reticulum, and 
then transferred to the sarcoplasmic reticulum. 
Thomas ef a/.[341 further demonstrated that the 
newly synthesized calsequestrin, destined for the 
sarcoplasmic reticulum, is contained in Golgi-derived 
clathrin-coated vesicles. Thus, the possibility that the 
Golgi complex regulates a highly specialized com- 
partment other than plasma membrane and lyso- 
somes exists. Indeed, we have previously shown an 
increased activity of vesicles either associated with or 
close to the hypertrophied Golgi complex of Y-i cell 
stimulated with ACTH [4, lo]; this activity is dimin- 
ished by monensin [IO]. 

Import of proteins into the inner mitochondrial 
membrane in general is an energy-dependent and 
uncoupler-sensitive process (for a review see [35]). 
One would suggest that monensin might simply 
act as an uncoupler of mitochondria, which results 
in impairment of the import of the enzyme 
protein components and a resultant decline of 
enzymic function. Such an inhibitory mechanism 
could be independent from the Golgi disruption we 
observed [IO, f 11. However, our studies indicated 
that 12-20 PM 2,4-dinitrophenol, a well-known 
mitochondrial uncoupler, inhibits steroidogenesis of 
Y-l cells less than 10% ([I l] and our unpublished 
observation). Indeed our earlier data have shown 
that to achieve a comparable extent of inhibition 
on steroidogenesis found with 1.2 /IM monen- 
sin, 0.1-I mM 2,4-dinitrophenol is required [13]. 
Byczkowski and Hac[36] previously reported that the 
I, of 2,4-dinitropheno1 for suppression of rat liver 
mit~hondrial bioenergetic function is approximately 
9 pM. Thus, only a small fraction of the inhibitory 
effect of monensin on steroidogenesis of cells could be 
attributed to an uncoupling reaction at the mitochon- 
dria. 

Based upon the above considerations, we speculate 
that, in ACTH-stimulated Y-l adrenal cells, there is 
a monensin-sensitive mechanism in the regulation of 

mitochondrial de ~OL’O protein synthesis. and the 
Golgi complex or its related compartment(s) may be 
involved in this regulation. To further define the types 
of mitochondrial proteins impaired by monensin 
action requires studies at submitochondrial as well as 
extramitochondrial levels using specific mitochon- 
drial proteins and enzymes as markers. In parallel, 
characterization of the isolated Golgi complex from 
the cells might also provide clues for the elucidation 
of its role. 
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