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Summary--Sphingosine and other protein kinase C inhibitors were tested for their ability to 
inhibit aldosterone synthesis by bovine adrenal glomerulosa cells. Sphingosine inhibited angio- 
tensin (AII)-stimulated aldosterone synthesis (IC50 of 5 #M). At doses that totally blocked 
steroidogenesis, sphingosine did not affect protein synthesis or ['25I]AII binding to cells. 
Sphingosine also inhibited dibutyryl cyclic AMP (dbeAMP)-stimulated aldosterone synthesis. 
Sphingosine inhibited pregnenolone synthesis from cholesterol, but not the conversion of 
progesterone or 20~t-hydroxycholesterol to aldosterone. These results suggest that sphingosine 
inhibits steroidogenesis at a locus close to that where stimulation occurs by AII and dbeAMP. 

Other protein kinase C inhibitors were tested. Retinal, 1-(5-isoquinolinesulfonyl)-2-methyl- 
piperazine dihydrochloride (H-7), and staurosporine inhibited aldosterone synthesis stimu- 
lated by AII and dbcAMP. Retinal and H-7 also inhibited progesterone conversion to 
aldosterone, and retinal blocked [,25 I]AII binding. Staurosporine was more specific, inhibiting 
AII-stimulated aldosteronogenesis at concentrations which had little effect on conversion of 
progesterone to aldosterone. Because they inhibited dbeAMP stimulation, none of the 
inhibitors was sufficiently specific to use as a probe of the role of protein kinase C. The IC50 
of sphingosine suggests that this or related products of lipid hydrolysis could act as 
endogenous regulators of adrenal cell function. 

INTRODUCTION 

Sphingolipid breakdown products such as 
sphingosine and lysosphingolipids have been 
shown to exert a wide variety of effects in many 
cell types [1-5]. Cellular activities of sphingosine 
and lysophospholipids include inhibition of 
platelet and neutrophil activation, and inhi- 
bition of responses to steroid hormones, EGF, 
and insulin. It is still unclear whether sphingo- 
lipid breakdown products play a major role 
in normal regulation of cell function similar 
to those played by cyclic nucleotides, calcium, 
and phosphoinositide metabolites. Sphingosine 
inhibits protein kinase C, and it has been 
suggested that protein kinase C may be regu- 
lated by both positive (diacylglycerol) and 
negative (sphingosine) effects of endogenous 
substances [1, 3]. 

Angiotensin II (AII) is thought to stimulate 
aldosterone synthesis by receptor-mediated 
effects on phosphoinositide and calcium metab- 
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olism and subsequent stimulation of protein 
kinases [6-14]. Little is known about how these 
changes translate into an increased rate of 
steroidogenesis. 

We tested the effects of sphingosine and 
various agonists on adrenal glomerulosa cells 
to see if this lipid derivative is a potential 
endogenous intracellular inhibitor of aldoster- 
one synthesis. Since sphingosine inhibits protein 
kinase C, we also performed studies of three 
other compounds known to inhibit protein 
kinase C. 

If AII stimulation of aldosterone synthesis 
involves protein kinase C, we reasoned that 
protein kinase C inhibitors would inhibit AII- 
stimulated aldosterone synthesis at concen- 
trations similar to those required for kinase 
inhibition. Processes that do not require direct 
participation of protein kinase C should not be 
affected by specific protein kinase C inhibitors. 
These processes include AII binding to its recep- 
tor, conversion of 20~t-hydroxyeholesterol or 
progesterone to aldosterone, and aldosterone 
synthesis stimulated by dibutyryl cyclic AMP 
(dbcAMP). This report presents our results on 
the effects of sphingosine and other protein 
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Fig. 1. Effect of sphingosine on aldosterone synthesis. 
Bovine adrenal glomerulosa cells were incubated as de- 
scribed in the text in the presence or absence of AII, and in 
the presence of the concentrations of sphingosine indicated 
in the figure. Aldosterone in the supernatant was measured 
by radioimmunoassay. Values depicl~l in this and other 
figures are the mean + SEM from five incubation tubes, 

unless otherwise indicated. 

kinase C inhibitors on some of the processes 
involved in stimulating aldosterone secretion. 

MATERIALS AND METHODS 

Most reagents were obtained from standard 
commercial sources as described [15]. Sphingo- 
sine, sphingomyelin, dihydrosphingosine, and 
retinal were from Sigma Chemical Co. (St 
Louis, Me.). Trilostane was a gift from Sterling 
Winthrop Research Institute, Rensselaer, 
N.Y., and 1-(5-isoquinolinesulfonyl)-2-methyl- 
piperazine dihydrochloride (H-7) was purchased 
from Seikagaku America, Inc. (St Petersburg, 
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Fig. 2. Effect of sphingosine on aldosterone synthesis stimu- 
lated by AII, 20a-hydroxycholesterol, or progesterone. 
Trilostane (10 -5 M) was included in the incubations con- 
ducted in the presence of progesterone to prevent synthesis 
of aldosteron¢ from endogenous precursors. Methods are as 

described in the text. 

Fla). Aldosterone and pregnenolone antiserum 
were obtained from Radioassay Systems 
Laboratories, Inc. (Carson, Calif.). [125I]AII was 
prepared as described[15]. [3,4,5-3H]leucine 
(146.5 Ci/mmol) was obtained from New Eng- 
land Nuclear Corp., Boston, Mass. 

Bovine adrenal glomerulosa cells were pre- 
pared as described previously[15] and sus- 
pended in an incubation buffer that contained 
NaC1 (125raM), HEPES (20raM), KCI 
(3.6raM), glucose (11 raM), MgSO4 (l raM), 
CaC12 (0.5raM), and bovine serum albumin 
(0.1%), pH 7.4. Cells (250,000-400,000) were 
incubated in a final volume of 0.5 ml for 2 h at 
37°C with other additions as indicated. Aldo- 
sterone was measured by direct radioimmuno- 
assay of the supernatant as described[15]. In 
some experiments, the early steps of steroid 
synthesis were assessed by incubating cells with 
trilostane (10pM) to prevent conversion of 
pregnenolone to progesterone; pregnenolone 
was measured in the supernatant as de- 
scribed [16]. In other experiments, the late steps 
in steroid synthesis were assessed by incubating 
cells with progesterone (3.2 # M) and measuring 
aldosterone production. In these experiments, 
trilostane (10/~M) was included to prevent the 
production of progesterone from endogenous 
precursors. In some experiments, conversion of 
20~-hydroxycholesterol to aldosterone was 
measured by incubating cells with this substrate 
at 2 .5pM and measuring aldosterone in the 
supernatant. Binding of [~25I]AII to adrenal 
cells and protein synthesis (incorporation of 
[3 I-I]leucine into acid-precipitable material) were 
measured as previously described [15, 16]. 

Solutions of H-7 were made in buffer. Retinal 
and sphingosine were dissolved in ethanol, and 
staurosporine was dissolved in dimethylsul- 
foxide. The final concentration of solvent in cell 
incubations was 0.5% or less, and control tubes 
were always incubated with the appropriate 
vehicle. In some incubations, ethanolic solutions 
of sphingosine were diluted into a 2.5-raM 
solution of bovine serum albumin, incubated for 
I h at 37°C as described[17], and diluted in 
incubation buffer for use in a cell incubation. 

RESULTS 

Figure 1 shows the effects of sphingosine on 
aldosterone synthesis. Sphingosine inhibited 
both basal and AII-stimulated aldosterone 
synthesis, with half-maximal inhibition ob- 
served at approximately 5 g M. 
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Fig. 3. Effect of  sphingosine on aldosterone synthesis and 
pregnenolone synthesis. Cells were incubated in the presence 
of  AII (10 -7 M) and with concentrations of  sphingosine as 
indicated. Aldosterone was measured in the supernatant by 
radioimmunoassay, For  assessment of  pregnenolone syn- 
thesis, trilostane 0 0  -5 M) was added to the incubation tube 
to prevent further metabolism of  pregnenolone. Preg- 
nenolone was measured in the supernatant by radio- 
immunoassay. Control (no sphingosine) aldosterone 
generation was 3.66 pmol/106 cells . h, and control preg- 

nenolone generation was 17.7 pmol/106cells.h. 

In order to determine whether sphingosine 
inhibition was specific for certain steps in 
steroidogenesis, we measured sphingosine's 
effect on aldosterone generation from 20,t- 
hydroxycholesterol and from progesterone. As 
shown in Fig. 2, sphingosine did not suppress 
the increment in aldosterone synthesis afforded 
by either substrate, even at a concentration 
(15 #M) that completely inhibited AII-stimu- 
lated aldosterone synthesis in this experiment. 
Since sphingosine inhibited aldosterone syn- 
thesis from endogenous cholesterol, but not the 
late steps in aldosteronogenesis, it seemed likely 
that sphingosine would inhibit pregnenolone 
synthesis from endogenous cholesterol, which 
measures the early step in steroidogenesis. As 
Fig. 3 shows, sphingosine inhibited AII-stimu- 
lated pregnenolone synthesis, although this 
inhibition was slightly less than that of AII- 
stimulated aldosterone synthesis. Sphingosine 
also failed to affect binding of [125I]AII to 

glomerulosa cells, even at 30 #M (data not 
shown). 

Compounds structurally related to sphingo- 
sine were tested for their effects on adrenal cells. 
Saturated derivatives of sphingosine inhibited 
aldosterone synthesis. DL-erythro-dihydrosphin- 
gosine and DL-threo-dihydrosphingosine inhib- 
ited AII-stimulated aldosterone with a potency 
and efficacy indistinguishable from that of 
sphingosine (see Table 1). By contrast, neither 
bovine brain nor chicken egg yolk sphingo- 
myelin inhibited AII-stimulated aldosterone 
synthesis, even at a concentration of 100#M 
(see Table 1). 

Sphingosine has been reported to inhibit 
Na+/K+-ATPase [18]. Previous work from our 
laboratory showed that ouabain inhibits aldo- 
sterone synthesis and adrenal protein synthesis, 
and that this inhibition can be partially over- 
come by increasing the potassium concentration 
of the incubation solution[19]. As shown in 
Fig. 4, basal and AII-stimulated aldosterone 
production were inhibited by ouabain (0.1 or 
1 #M), and this inhibition was partially relieved 
by increased potassium concentrations. How- 
ever, the inhibition caused by sphingosine was 
not relieved by high potassium. Sphingosine did 
not inhibit protein synthesis, measured as incor- 
poration of [3H]leucine into acid-precipitable 
material, at concentrations up to 30 #M; it did 
inhibit however at 100 and 300#M (data not 
shown). 

Sphingosine and derivatives such as dihydro- 
sphingosine exert nonspecific toxic effects on 
some cells, including neutrophils[17], when 
added in a protein-free vehicle. When prepared 
in a solution with concentrated albumin, how- 
ever, dihydrosphingosine produces very specific 
inhibition of agonist-stimulated superoxide gen- 
eration, with little or no effect on neutrophil 
viability or other cell functions. Therefore, we 
prepared spingosine in two ways: (1) in a vehicle 
yielding a final concentration of 0.5% ethanol; 

Table 1. Effects of sphingosine, dihydrosphingosines, and sphingomyelin on aldosterone synthesis 

Compound Trivial or other name 

Potency against 
AII-stimulated 

aldosterone synthesis 
(ICs0 in ,aM) 

t rans  -D-erythro-2-amino-4- v-sphingosine 5 
octadecene- 1,3-diol 

DL-erythro- 1,3-dihydroxy-2- DL-erythro-dihydrosphingosine; 
aminooctadecane DL-sphinganine 7 

DL-threo- 1,3-dihydroxy-2- VL-threo-dihydrosphingosine 5 
amino-octadecane 

Sphingomyelin > I O0 

Cells were incubated as described in the text in the presence of AII (10 -7 M) and varying concentrations 
of the compounds listed above. Aldosterone synthesis was determined by radioimmunoassay of the 
supernatant, and IC50 s were determined graphically. 
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Fig. 4. Effects of ouabain and sphingosine on aldostorone 
synthesis. Cells were incubated in the presence of ouabain 
or sphingosin¢ at the concentrations indicated and in sol- 
utions containing potassium chloride at the concentrations 

indicated. 
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Fig. 6. Effect of  sphingosiue on aldosterone synthesis stimu- 
lated by A I I  as compared to dbcAMP. Calls wore incubated 
in the presence of sphingosine at the concentrations indi- 
cated in the presence or absence of AII or dbcAMP. 
Aldostorone was measured in the superuatant, and basal 
aldosterone synthesis was subtracted from values for stimu- 
lated ceils. Results were expressed as the percentage of 
increase in aldosteroue generation observed in the absence 
of sphingosine. The control (no sphingosine) AII-stimulated 
increase in aldosterone synthesis was 10.4 pmol/10 6 cells, h. 
The control dbcAMP-stimulated increase was 

15.2 pmol/10 6 cells" h. 

and (2) in a solution of concentrated albumin as 
described in the Methods section and in Ref. 17. 
Figure 5 shows that the two preparations of 
sphingosine inhibited aldosterone synthesis to a 
similar extent. 

Sphingosine was tested for its ability 
to inhibit aldosterone synthesis stimulated 
by dbcAMP. As shown in Fig. 6, sphingo- 
sine was equally potent as an inhibitor of 
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Fig. 5. Effect of two different preparations of sphingosine on 
aldosterone synthesis. "Std vehicle" refers to sphingosine 
made in the routine way (dissolved in ethanol and then 
diluted in incubation solution which contains 0.1% bovine 
serum albumin). "High albumin" refers to sphingosine 
which is dissolved in ethanol and then preincubated in a 
2.5-mM solution of bovine serum albumin before addition 
to cells (see text for details). For either preparation of 
sphingosine, ceils were incubated and aldosterone gener- 
ation was measured as described in the legend to Fig. 1. 
Maximum aldosterone synthesis was 32.5 pmol/106cells'h. 

AII- and dbcAMP-stimulated aldostcrone 
synthesis. 

Other putative protein kinas¢ C inhibitors 
were tested for their ability to inhibit aldoster- 
one synthesis[20-22]. Figure 7 shows that 
staurosporine inhibited AII- and dbcAMP- 
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Fig. 7. Effect of staurosporine on aldosteron¢ synthesis. 
Incubations were carried out with stimuli and staurosporine 
as indicated. Except for 20~-hydroxycholesterol, all data 
points represent the mean + SEM of 15 incubation tubes 
from three separate experiments. For 20=-hydroxycholes- 
terol, data are means of I0 incubation tubes from two 
experiments. For each experiment, aldostorone was 
measured, basal (no stimulus) values were subtracted, and 
results were calculated as a percentage of the increase in 
aldosterone generation observed for each stimulus in the 
absence of staurosporine. The mean control (no stau- 
rosporiue) values for these experiments were 
9.16pmol/106cells.h for the AII-stimulated increase, 
19.7 pmol/106 cells, h for dbcAMP, 35.0 pmol/106 cells, h for 
progesterone, and 20.8pmol/106cells.h for 20=-hydroxy- 

cholesterol. 
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Fig. 8. (A) Effect of  retinal on stimulation of  aldosterone 
synthesis caused by AI I ,  dbeAMP, progesterone plus 
trilostane or 20~-hydroxycholesterol. Cells were incubated, 
aldostcrone was measured, basal (no stimulus) values were 
subtracted, and the rcsulfs were expressed as percentage of  
increase in aldosterone generation observed for each stimu- 
lus in the absence of retinal. The control (no retinal) 
increases in aldosterone synthesis were 21.2 pmol/106 cells' h 
for AII, 37.4pmol/10~cells.h for dbeAMP, 44.5pmol/ 
106 cells' h for progesterone, and 30.6 pmol/106 cells, h for 
20~-hydroxycholesterol. (B) Effect of retinal on binding of 
['2sqAII to adrenal glomerulosa cells. Cells were incubated 
with the indicated concentrations of retinal and with 
['25I]AII (approx 25 nCi per tube) for 45 rain at 37°C. Cells 
were centrifuged, cell pellets were washed with buffer, and 
counted in a gamma counter. Nonsaturable binding (in the 
presence of 10 -6 M unlabeled AID was systematically sub- 
tracted; it amounted to approx 10% of total radioactivity 
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stimulated aldosterone synthesis, but it was 
more potent against the former (ICs0 approxi- 
mately 50nM for AII vs >300nM for 
dbcAMP). Aldosterone synthesis from exogen- 
ous progesterone and from 20=-hydroxycholes- 
terol was relatively resistant to staurosporine. 

As shown in Fig. 8A, retinal inhibited 
aldosterone synthesis stimulated by AII, 
dbcAMP, 20=-hydroxycholesterol, or pro- 
gesterone. Figure 8B shows that retinal inhib- 
ited binding of ['eSI]AII to adrenal glomerulosa 
cells at concentrations similar to those that 
block steroidogenesis. 

Compound H-7 was also tested for its ability 
to inhibit aldosterone synthesis. Figure 9 
shows that H-7 inhibited AII- and dbcAMP- 
stimulated aldosterone synthesis similarly, and 
was slightly less effective when 20=-hydroxy- 
cholesterol or progesterone was added. H-7 did 
not inhibit binding of p~SI]AII to adrenal cells 
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Fig. 9. Effect of H-7 on aldosterone synthesis. Incubations 
were carried out with stimuli and H-7 as indicated. Results 
were calculated as described in Fig. 8A. The control (no 
H-7) increases in aldosterone synthesis were 4.72pmol/ 
106cells'h for AII, 13.6pmol/10%ells.h for dbcAMP, 
20.0pmol/106cells'h for progesterone, and 16.0pmol/ 

106 cells, h for 20=-hydroxycholesterol. 

or protein synthesis at concentrations up to 
200 #M (data not shown). 

DISCUSSION 

This study showed that sphingosinc inhibits 
AII-stimulated steroidogenesis in bovine zona 
glomcrulosa (Fig. I). Sphingosine also inhibited 
AII-stimulated pregnenolone generation from 
endogeneous cholesterol. It did not block con- 
version of progesterone to aldostcrone. Thesc 
results suggest that sphingosine acts specifically 
on the early steps of aldosteronogenesis. 
Steroidogenic stimuli such as ACTH and All 
increase pregnenolone synthesis by increasing 
access of endogenous cholesterol to the cyto- 
chrome P450= on the inner mitochondrial 
membrane [23-26]. 20~-hydroxycholcsterol by- 
passes regulation because it freely penetrates 
the mitochondrial membrane [23, 27]. Since 
sphingosine did not affect the utilization of 
20=-hydroxycholesterol, wc concluded that it 
does not block the side-chain cleavage enzyme 
per se. Thus, sphingosine appears to inhibit 
aldosterone synthesis at or near the very site 
where AII and dbcAMP exert their stimulatory 
effects, promoting access of endogenous choles- 
terol to the side-chain cleavage enzyme. Sphin- 
gosine did not interfere with AII's interaction 
with its receptor. 

We wondered whether sphingosine's effects 
might be similar to those of ouabain, since 
sphingosine inhibits Na+/K+-ATPase [18]. We 
previously reported that ouabain inhibition of 
aldosterone synthesis was partially overcome by 

SB ~/4.--F 
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increasing the potassium concentration in the 
cell incubation solution [19]. Sphingosine inhi- 
bition was not relieved at all by increasing the 
concentration of potassium, despite potassium's 
ability to partially reverse ouabain's effects 
in the same experiment. We have not directly 
measured sphingosine's effects on adrenal 
Na+/K+-ATPase, but the results shown here 
do not suggest an ouabain-like mechanism for 
sphingosine. 

Other researchers have reported on the effects 
of sphingosine and dihydrosphingosine on 
neutrophil function [17]. These two compounds 
inhibited the agonist-stimulated respiratory 
burst and secretion of specific granules from 
neutrophils[17]. In these experiments, the re- 
agent in BSA solutions was much more specific 
than when BSA was absent. When we compared 
sphingosine's effects in the presence and absence 
of BSA, it showed similar inhibitory potency in 
both solutions. This result and the ability of 
sphingosine to block aldosterone synthesis from 
endogenous cholesterol but not from 20~- 
hydroxycholesterol argue against a general 
cytotoxic effect of sphingosine on adrenal cells. 

Sphingosine is an inhibitor of protein kinase 
C, so the inhibition of AII-stimulated aldo- 
sterone synthesis could provide further evidence 
of a role for protein kinase C in AII's action. 
However, sphingosine demonstrated equal 
potency against dbcAMP-stimulated steroido- 
genesis. This result suggests that sphingosine 
may inhibit a crucial step in agonist-stimulated 
steroidogenesis different from the action of pro- 
tein kinase C. 

We also examined some other putative 
protein kinase C inhibitors. Of the inhibitors 
reported here, only staurosporine showed 
a greater potency toward AII than toward 
dbcAMP. Staurosporine's inhibition was also 
focused in that there was little effect on utiliz- 
ation of progesterone or 20~-hydroxycholes- 
terol. However, the concentration required to 
inhibit AII's effect by 50% was approximately 
50nM, thus greater than the reported IC50 
of 3nM for staurosporine's effect on 
protein kinase C [20]. Of all the inhibitors 
tested,  retinal exhibited the broadest range of 
effects. It inhibited both dbcAMP- and AII- 
stimulated steroidogenesis and the late steps in 
the pathway. Retinal also inhibited AII binding 
to adrenal cells. H-7 was somewhat more selec- 
tive than retinal. Although AII and dbcAMP 
was similarly affected, H-7 was somewhat 
less effective at inhibiting conversion of 200t- 

hydroxycholesterol or progesterone into aldos- 
terone; it did not inhibit AII binding. 

We have formulated two general conclusions 
from the results presented in this report. First, 
none of the putative protein kinase C inhibitors 
used was able to provide clear and specific 
evidence of a role for protein kinase C in the 
system studied. We had hoped to find an inhibi- 
tor that would affect only a key step in steroido- 
genesis, be effective at a concentration reported 
to inhibit protein kinase C in other systems, and 
inhibit AII-stimulated, but not dibutyryl cyclic 
AMP-stimulated steroidogenesis. None of the 
inhibitors that we tested fulfilled all of these 
criteria, but staurosporine came the closest. 
Solid proof of a role for protein kinase C in 
steroidogenesis may require use of other inhibi- 
tors, or more likely, evidence of an AII-stimu- 
lated protein kinase C-phosphorylated protein 
which can be directly linked to a critical step in 
steroidogenesis. It should be noted that recent 
work [28] has cast doubt on the role of protein 
kinase C in AII-stimulated aldosterone syn- 
thesis. That study showed that rat adrenal 
glomerulosa cells treated with phorbol to de- 
plete protein kinase C retained full AII-stimu- 
lated steroidogenesis. 

Our second conclusion is that sphingosine 
inhibits agonist-stimulated aldosterone syn- 
thesis at concentrations that inhibit specific 
cellular functions in many other cell types. This 
may point at a role for sphingosine or related 
molecules as endogenous inhibitors of adrenal 
cell function. Further studies will be needed to 
determine whether adrenal cells exhibit alter- 
ations in levels of sphingosine consistent with a 
regulatory role for this molecule in aldosterone 
synthesis. 
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