
Oleic Acid Inhibits Cholesteryl Esterase and Cholesterol Utilization for 
Testosterone Synthesis in Mouse Leydig Cells 
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We have observed that nonesterified fatty acids (NEFA) inhibit testosterone synthesis in response to luteinizing hormone (LH) 
in mouse Leydig cells, possibly by affecting cholesterol utilization or endogenous concentrations. We have now studied the 
influence of oleic acid (OA) on the cellular content of cholesterol, hydrolysis of cholesterol esters, and steroidogenesis in 
isolated mouse Leydig cells. OA (700 i~mol/L added with fatty acid-free [FAF] albumin, 3 g/dL} significantly (P < .025) reduced 
testosterone production in response to LH (10 ng/mL), total cholesterol concentrations of Leydig cells and the culture medium, 
and cholesteryl esterase activity in the cytosol and mitochondria. We also studied the effects of 0,6, on steroidogenesis and 
cellular cholesterol concentrations after treatments to increase cellular cholesterol. OA at lower concentrations (5 tcmol/L with 
albumin, 0.1 g/dL) or low-density lipoprotein ([LDL] 4 ILg protein/mL) increased cellular cholesterol (P < .01) without affecting 
basal steroidogenesis. These treatments failed to reverse the inhibitory (P < .05) effect of OA on testosterone synthesis 
following LH stimulation, but did significantly (P < .01) increase cellular cholesterol. In summary, OA appears to inhibit 
testosterone synthesis by inhibiting cholesteryl esterase activity. 
Copyright © 1996 by W.B. Saunders Company 

L EYDIG CELLS in the testes of mammals synthesize 
testosterone from cholesterol derived from endog- 

enous synthesis and plasma lipoproteins. The contribution 
of cholesterol used for testosterone synthesis from these 
sources varies among species, but human and mouse Leydig 
cells use similar sources. 1,2 A cellular cholesterol pool 
generated by these sources is transported to the inner 
mitochondrial membrane, where the cholesterol side-chain 
cleavage enzyme converts it to pregnenolone. 1-5 

Studies on the influence of plasma nonesterified fatty 
acids (NEFA) on the steroidogenesis of testosterone have 
been reported. Meikle et al 6 demonstrated that triglycer- 
ides and either a mixture of NEFA or individual fatty acids, 
particularly oleic acid (OA), inhibited testosterone produc- 
tion in isolated murine Leydig cells in response to luteiniz- 
ing hormone (LH). The site of inhibition of testosterone 
synthesis appeared to affect cholesterol utilization because 
inhibition could be reversed by 22-hydroxycholesterol, a 
substrate used for pregnenolone formation. This choles- 
terol substrate does not require the effects of cyclic adeno- 
sine monophosphate. 6,7 These inhibitory effects of NEFA 
on testosterone synthesis in Leydig cells were reversible, 
were not characteristic of detergent influences, and could 
not be attributed to influences on LH/human chorionic 
gonadotropin binding to receptors. 6 Goodfriend et al 8 
subsequently reported that fatty acids modulated the synthe- 
sis of aldosterone in the adrenal cortex of the rat. Since 
studies reported by Meikle et al 6 and Goodfriend et al s 
indicated that OA was a potent inhibitor of steroidogenesis, 
it was selected for the current investigation. 

In addition, several clinical disorders and situations, 
including diabetes mellitus, obesity, fasting, and ingestion 
of meals high in fat, elevate serum NEFA and are also 
associated with suppression of plasma testosterone. 6,9"2° It 
remains to be determined whether the observed reduction 
in serum testosterone is caused by the elevation of NEFA. 
The previous studies suggested that NEFA at concentra- 
tions within the physiologic range (<  1,500 ~mol/L) 21,22 
influenced steroidogenesis in human and mouse Leydig 
cells. To investigate this possibility, we conducted studies in 
mouse isolated Leydig cells to determine if OA, which is 
abundant in the diet and serum, 21,22 alters cholesterol 

concentrations and cholesteryl esterase activity that could 
affect cholesterol utilization for steroidogenesis. Our re- 
suits suggest that OA blocks cholesterol utilization indepen- 
dently of effects on Leydig cell cholesterol concentrations. 

MATERIALS AND METHODS 

Materials for ln Vitro Studies in Leydig Cells 

Minimal essential medium (MEM) containing a 1.36-mmol/L 
Ca 2+ concentration was purchased from Irvine Scientific (Santa 
Ana, CA), and highly purified human LH (9,991 IU/mg; lot #AFP 
4360B) was obtained from the National Hormone and Pituitary 
Program. Fatty acid-free (FAF) bovine serum albumin, human 
low-density lipoprotein (LDL), and cholesterol standards were 
purchased from Sigma Chemical (St Louis, MO). Percoll was 
obtained from Pharmacia (Piscataway, NJ). All unlabeled steroids 
were obtained from Steraloids (Wilton, NH). Tritiated steroids of 
high specific activity (50 to 140 Ci/mmol) were purchased from 
Dupont-New England Nuclear (Boston, MA). 

Isolation and Incubation of  Mouse Leydig Cells 

Mature Swiss-Webster adult male mice from Simonsen (Gilroy, 
CA) were fed chow as described previously by Meikle et a16; the 
mice were killed by cervical dislocation. Testes were removed using 
sterile technique, decapsulated, and shaken at the rate of 60 times 
per minute at room temperature in MEM (10 mL per testes) 
containing 0.1% bovine serum albumin (FAF), penicillin 100 
U/mL, streptomycin 50 Ixg/mL, and 25 mmol/L HEPES, pH 7.4, 
for 10 minutes. Then the mixture was filtered through one layer of 
sterile gauze and centrifuged at 80 g for 10 minutes at 20°C, 
resuspended in MEM (1 to 2 testes per mL), layered over a 
continuous gradient of Percoll and Earle salts (0% to 90%), and 
centrifuged for 20 minutes at 800 × g at 20°C. The purified Leydig 
cells were found in a band corresponding to a Percoll concentra- 
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tion of 38% tO 52% (vol/vol), and it resulted in greater than 75% 
purity determined by staining for 313-hydroxysteroid dehydroge- 
nase 23 and electron microscopy, which showed fragments of semi- 
niferous tubular cells besides Leydig cells. Before use, the cells 
were washed twice; trypan blue exclusion tests indicated greater 
than 90% viability. 

The cells were incubated using Falcon Multiwell culture plates 
(Becton Dickinson, Lincoln Park, N J). The final incubation volume 
was 500 FL MEM with either 3 g/dL (used to solubilize 700 
ixmol/L OA) or 0.1 g/dL (used with 5 to 20 Ixmol/L OA) bovine 
serum albumin (FAF), which included the various substrates. LH 
was added at a concentration of 10 ng/mL unless otherwise stated. 
All treatments were added at the beginning of each timed 
experiment. Culture plates were incubated with 95% air/5% CO2 
at 37°C for 4 or 12 hours. No pH changes occurred during 
incubations. Typical cell numbers ranged from 1 to 4 105 cells per 
well. Incubations were concluded by addition of 0.5 mL ice-cold 
radioimmunoassay buffers for 10 minutes. 

Triplicate 10-p.L aliquots of incubation media from each well 
were assayed for testosterone by radioimmunoassay as described 
elsewhere. 6 Testosterone production in each well ranged from 5 to 
500 ng/106 cells, depending on the stimulator added. All testoster- 
one assays from each aliquot were measured in triplicate, and the 
coefficient of variation was typically between 5% and 10%. Repre- 
sentative results from these experiments are reported. Blank 
control values were less than 5 pg per tube, and interassay and 
intraassay coefficients of variation for the assay were 10% or less. 
Cross-reactions with other steroids were insignificant. Each re- 
ported experiment was repeated on at least three occasions. 

Measurement of Cholesterol Concentrations 

Leydig cells from each well were scraped free and centrifuged. 
The resulting pellet from each well representing 1 to 4 x 105 cells 
was suspended in 0.2 mL 100-mmol/L Tris buffer, pH 7.24, and 
sonicated for 10 seconds. Protein determination was made on a 
50-1~L aliquot using the Bio-Rad protein assay (Bio-Rad, Rich- 
mond, CA), and the remaining sample (150 p,L) was extracted 
three times with 3 mL hexane. These extracts were collected and 
then evaporated to dryness and redissolved in 0.4 mL hexane. Total 
cholesterol level was measured by hydrolyzing samples with alco- 
holic KOH (15.2% wt/vol, 0.5 mL 1-mmol/L KOH in 95% ethanol) 
at 60°C for 2 hours. Hydrolyzed cholesteryl oleate (>  95%) was 
used as a quantitative standard, and 5ct-cholestane was used as an 
internal recovery standard. 24-26 Samples containing cholesterol 
were measured by gas chromatography (Hewlett-Packard model 
5830A 6C, Boise, ID) using a modification of the method described 
by Murray and Nelson. 21 Neutral cholesteryl esterase activity was 
measured in cytosol and mitochondria by methods reported previ- 
ously.27, 28 

Statistical Analysis 

Data are reported as the mean ± SE unless stated otherwise. 
ANOVA with repeated measures was performed to analyze the 
effect of treatment on cellular cholesterol or testosterone levels, 
and Student's t test was used to determine statistical significance 
(P < .05). 

RESULTS 

Effects of OA on Testosterone Synthesis and Leydig Cell 
Cholesterol Concentrations 

Trea tment  of  Leydig cells with O A  (700 Ixmol/L with 
F A F  albumin, 3 g /dL)  for ei ther  4 or  12 hours reduced 
testosterone (P < .05) production (Figs 1A and 2A) in 
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4 Hour Treatment 

Fig 1. Effect of a 4-hour incubation with OA (700 l~mol/L with FAF 
albumin 3 g/dL)  on Leydig cell testosterone synthesis (A) and total 
cholesterol concentration (B). Values are the mean _. SE; n = 6. +P < 
.05 v controls; *P < .05, OA v LH 10 ng /mL + OA. 

response to LH. In contrast, incubation of Leydig cells with 
O A  for 12 hours but  not  for 4 hours significantly (P < .05) 
reduced cholesterol concentrat ions (Figs 1B and 2B). O A  
but not  L H  t rea tment  for 12 hours decreased (P < .05) the 
concentrat ion of cholesterol in the culture medium (Fig 
2C), suggesting that O A  influences the movement  of  
cholesterol f rom Leydig cells into the incubation medium. 
The reduct ion in Leydig cell cholesterol concentrat ions in 
response to LH indicated its use for steroidogenesis (Fig 
2B). These  results show that O A  appeared to inhibit 
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Fig 2. Effect of a 12-hour treatment with OA (700 ttmol/L with FAF 
albumin 3 g/dL)  on Leydig cell testosterone synthesis (A) and total 
cell (B) and medium (C) cholesterol concentrations. Values are the 
mean -+ SE; n = 6. +P < .05 v control levels. 
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cholesteryl hydrolase and cholesterol synthesis when incu- 
bated for 12 hours. Incubations of Leydig cells with OA for 
12 but not for 4 hours blocked the reduction in cholesterol 
in Leydig cells in response to LH. 

We then determined if elevating Leydig cellular choles- 
terol concentrations would reverse the effects of OA on 
testosterone synthesis. We elevated cellular cholesterol by 
two treatments: one with low-dose OA and another with 
LDL. OA concentrations at 5 i~mol/L (bovine serum 
albumin FAF 0.1 g/dL) significantly (P < .05) decreased 
Leydig cell testosterone synthesis (Fig 3A) in response to 
LH despite significantly (P < .05) increasing the choles- 
terol concentrations (Fig 3B). Comparable results were 
observed with 10 or 20 ixmol/L OA (data not shown). 

Without added LH, basal testosterone synthesis was unaf- 
fected. These findings indicate that low concentrations of 
OA inhibit testosterone synthesis in Leydig cells while 
elevating cholesterol concentrations. This suggests that low 
concentrations of OA may inhibit cholesterol mobilization 
for steroidogenesis stimulated by LH. 

Effect of LDL Cholesterol on Leydig Cell Cholesterol 
Concentration and on Reversing the Inhibitory Effects of OA 

In experiments with LDL, dose-response effects of the 
lipoprotein on testosterone synthesis and cholesterol con- 
centrations of the ceils were studied. LDL at a concentra- 
tion of 4 p~g protein/mL was selected as the second method 
to elevate cellular cholesterol because it did not affect basal 
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Fig 3. Effect of  a 4-hour incubat ion w i th  CA (5 i~mol /L  w i th  FAF 
albumin 0.1 g /dL )  on Leydig cell testosterone synthesis (A) and 
cholesterol concentration (B). Values are the mean _+ SE; n = 6. (A) 
+P < .05, tes tosterone synthesis w i th  LH alone v LH plus CA. (B) +P < 
.05 v control levels; ~P < .05, OA without  LH v OA with LH. 

or LH-stimulated production of testosterone without OA. 
LDL treatment of Leydig cells did not alter (P < .05) basal 
and post-LH-stimulated testosterone synthesis (Fig 4A), 
but increased cholesterol concentrations (Fig 4B). How- 
ever, LH treatment of Leydig cells loaded with cholesterol 
by treatment with LDL decreased (P < .05) cholesterol 
concentrations (Fig 4B). 

We then examined whether elevating Leydig cell choles- 
terol concentrations by LDL treatment affected testoster- 

one production in response to LH and OA. Incubation with 
OA (5 ~mol/L) reduced (P < .05) Leydig cell synthesis of 
testosterone in response to LH and LDL (Fig 4A). OA 
increased (P < .05) cholesterol concentrations in Leydig 
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CA and LH + LDL + CA. 
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cells above the levels seen with LH and LDL (Fig 4B). 
Although LDL treatment failed to reverse the inhibitory 
effect of OA on testosterone synthesis (Fig 4A), LH 
significantly reduced Leydig cell cholesterol concentrations 
in cells also treated with LDL and OA versus LH and OA 
(Fig 4B). These results suggest that OA (5 i~mol/L) reduces 
LH-stimulated cholesterol mobilization and thereby de- 
creases testosterone synthesis. 

Effect of OA on Neutral Cholesteryl Ester Hydrolysis 

To study the effect of OA on cholesterol esterase, 
hydrolysis of cholesterol oleate in both cytosol (Fig 5A) and 
mitochondria (Fig 5B) was studied. Hydrolysis increased 
significantly (P < .05) in response to LH in isolated Leydig 
cells treated for 12 hours before isolation of cytosol and 
mitochondria. OA (700 ixmol/L with F A F  albumin 3 g/dL) 
significantly (P < .025) decreased hydrolysis in response to 
LH, but not less than the basal rate of the control. These 
results may suggest that OA inhibits cholesteryl esterase 
activity, which would affect cholesterol utilization. 

DISCUSSION 

We have used three strategies to assess the influence of 
NEFA on utilization of cholesterol for testosterone synthe- 
sis in isolated mouse Leydig cells. The first strategy was to 
measure the Concentration of cholesterol in Leydig cells 
treated with NEFA with and without LH. Depletion of 
cholesterol from steroid-producing cells is known to reduce 
their capacity to produce steroid hormones in response to 
trophic hormones, z9-32 The second was to elevate the levels 
of cholesterol, the substrate for steroidogenesis, in Leydig 
cells in an attempt to overcome th e inhibitory effect of OA 
on testosterone production in response to LH. Repleting 
cholesterol in cholesterol-depleted Leydig cells has been 
shown to reverse the inhibition of steroidogenesis caused by 
depletion of cholesterol. 5,~°33 The third was to measure the 
effects of OA on hydrolysis of cholesteryl esters. Most of the 
cholesterol in Leydig cells is esterified. Treatment with LH 
results in hydrolysis of cholesterol esters, and free choles- 
terol is used for steroidogenesis. These approaches allowed 
us to demonstrate significant influences of OA on processes 
that may reduce the availability of cholesterol for testoster- 
one synthesis in Leydig cells. 

The important new findings of this study are that OA 
inhibits testosterone synthesis in Leydig ceils independently 
of effects on cholesterol concentrations in the cells and 
inhibits hydrolysis of cholesteryl esters. OA does not cause 
depletion of cholesterol from Leydig cells, but appears to 
reduce the movement of Cholesterol from Leydig cells into 
the incubation medium. 

Loading Leydig cells with cholesterol by treating them 
with low concentrations of OA and LDL cholesterol had no 
influence on reversing the inhibitory effects of OA on 
testosterone synthesis. As shown in this study, OA also 
reduces production of testosterone and hydrolysis of cho- 
lesteryl esters 3~,35 in response to LH independently of its 
effects on Leydig cell concentrations of cholesterol. Cho- 
lesteryl esters are hydrolyzed and used for steroid forma- 
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Fig 5. Effect of a 1 2 - h o u r  treatment with OA ( 7 0 0  ~ m o l / L )  o n  

hydrolysis of cholesterol o l e a t e  i n  r e s p o n s e  t o  L H  ( 1 0  n g / m L }  i n  

c y t o s o l  ( A )  and mitochondria (B) of isolated mouse Leydig c e l l s .  

Values are the mean -+ SE; n = 6 .  R e s u l t s  are expressed as a percent of 
the c o n t r o l ,  * P  < ,025, LH v other treatments. 

tion in the gonads and adrenal cortices. Our current 
observations are consistent with an effect of OA on decreas- 
ing cholesteryl esterase activity in cytosol and mitochon- 
dria, which could blunt substrate availability in the mitochon- 
dria. We cannot exclud e the possibility that OA may inhibit 
the transport of cholesterol to the inner mitochondrial 
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membrane,  where it can be converted to pregnenolone  by 
the cholesterol side-chain cleavage enzyme. 1-5,36 Fur ther  
studies are needed to assess these possibilities. 

These results suggest that the primary effect of O A  on 
Leydig cells is a suppression of LH-st imulated hydrolysis of 
cholesterol• esters used for steroid0genesis. These findings 
agree with previous findings that cholesterol-transport 
inhibitors decrease steroidogenesis in cultured MA-10 
Leydig tumor cells. 22,37 They also agree with observations 
reported by Daumerie  et al, 38 in which dietary O A  in- 
creased the cholesterol pool of liver cells , presumably by 
modulat ing the activity of acyl-coenzyme A cholesterol 
acyltransferase. 

Our  aim was not  to investigate fully the influence of 
l ipoprotein t rea tment  on Leydig cell function indepen-  

dently of the effects of OA. High concentrations of LDL 
may have increased testosterone synthesis, as reported in a 
Leydig cell tumor 3° and in pig Leydig cells. 31 Although LDL 
t rea tment  elevates Leydig cell cholesterol, these stores 
require the cholesterol-mobilizing effects of LH to make it 
available to mitochondria for initiating the testosterone 
synthesis pathway. 

Fur ther  studies are required to determine precise bio- 
logic mechanisms by which N E F A  and lipoproteins regu- 
late Leydig ce l l  steroidogenesis and affect cholesterol 
hydrolysis. These regulatorY mechanisms could account for 
observations on the important  effects of diet on plasma sex 
steroid levels in men. Diet is known to affect plasma 
lipoprotein and N E F A  concentrat ions and could indirectly 
influence steroidogenesis in Leydig cells. 
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