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Abstract The effect of bile acid precursors on the activity of
3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reduc-
tase was investigated. Cholesterol and 34 of its derivatives, in-
cluding 23 potential intermediates in bile acid biosynthesis, were
incubated with cultures of human fibroblasts for 24 h in the ab-
sence or presence of lipoproteins, and the activity of HMG-CoA
reductase was then determined. In the absence of lipoproteins,
many of the bile acid intermediates were inhibitory at a high
concentration (2.5 yuM), while only three, 27-hydroxycholesterol,
7a,27-dihydroxy-4-cholesten-3-one, and 7¢,12¢¢,27-trihydroxy-4-
cholesten-3-one, caused a significant suppression at lower con-
centrations (often >80% suppression at 0.25 pM). Even at .06
uM these sterols caused >50% suppression of the enzyme ac-
tivity. In addition, 27-hydroxy-4-cholesten-3-one, not usually
considered to be an intermediate in bile acid biosynthesis, was
a very potent inhibitor. Comparative studies showed that the
effect of the three bile acid precursors was similar to that of
25-hydroxy-, 24-hydroxy-, and 7-oxo-cholesterol and 38-hydroxy-5a-
cholest-8(14)-en-15-one. The presence of lipoproteins decreased
or eliminated the inhibitory effect of most intermediates. Studies
of the metabolism of the three most potent inhibitors in the
fibroblasts indicated that the suppression was due to the com-
pounds per se and not to products of their metabolism. B} The
results show that a few specific intermediates in the formation of
bile acids are potent suppressors of HMG-CoA reductase. Alter-
native biosynthetic pathways to bile acids may then have differ-
ent regulatory roles in cholesterol biosynthesis, depending on
the biological activities of the intermediates involved. — Axelson,
M., O. Larsson, J. Zhang, J. Shoda, and J. Sjévall. Structural
specificity in the suppression of HMG-CoA reductase in human
fibroblasts by intermediates in bile acid biosynthesis. [ Lipid
Res. 1995. 36: 290-298.
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Bile acids are the major metabolites of cholesterol in
humans (1, 2). Cholic and chenodeoxycholic acids can be
formed via alternative pathways involving a large number
of oxygenated steroid intermediates (1-4). Oxygenated
sterols with structures resembling those of such intermediates
are potent suppressors of 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase (5, 6), the rate-
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limiting enzyme of cholesterol biosynthesis. In contrast to
many of these oxysterols, intermediates in bile acid syn-
thesis are formed in the liver (1-4, 7) and are also present
in the blood (8-10). As a possible regulatory function of
these intermediates has not previously been investigated,
we have made a comprehensive screening of their effects
on the activity of HMG-CoA reductase. Human diploid
fibroblasts were used as test system (11) in order to limit
enzymatic conversions of the intermediates that would be
extensively metabolized in liver cells. It was also consi-
dered important to use human cells due to possible species
differences in cholesterol regulation. The results show that
intermediates containing a 27-hydroxy group and a
3-ox0-4-ene structure are potent suppressors whereas
other compounds, with the exception of 27-hydroxycholes-
terol, have less or no inhibitory effect at physiological levels.

MATERIALS AND METHODS

Steroids

Common C,, bile acids, 38-hydroxy-5-cholenoic acid
and 25-hydroxy-, 24-hydroxy-, and 7-oxo-cholesterol were
from Steraloids Inc. (Wilton, NH). The following com-
pounds were kind gifts from colleagues: 38-hydroxy-5a-
cholest-8(14)-en-15-one from Prof. G. Schroepfer, Houston,
Texas; 7a-hydroxy-4-cholesten-3-one and 3a,7a-dihydroxy-53-
cholestanoic acid (DHCA) from Prof, I. Bjérkhem, Huddinge
Sweden; 58-cholestane-3a,7ce-diol, 7ar,12¢e-dihydroxy-4-choles-
ten-3-one and 58-cholestane-3a,7a¢,12q-triol from Dr. K. Wik-
vall, Uppsala, Sweden; 3a,7a,12a-trihydroxy-58-cholestanoic
acid (THCA) from Prof. T. Hoshita, Hiroshima, Japan, and

Abbreviations: HMG-CoA, 3-hydroxy-3-methylglutaryl coenzyme A;
DHCA, 3e,7a-dihydroxy-58-cholestanoic acid; THCA, 3«,7¢,12a-
trihydroxy-58-cholestanoic acid; ODS, octadecylsilane; GC/MS, gas-li-
quid chromatography-mass spectrometry.
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kryptogenin (3(3,27-dihydroxy-5-cholestene-16,22-dione) from
Dr. L. T&kés, Syntex Research, Palo Alto, CA. Kryptogenin
was used as the starting material for the synthesis of cholest-5-
ene-34,27-diol (27-hydroxycholesterol), cholest-5-ene-33,7¢,27-
triol (7a,27-dihydroxycholesterol), 7a,27-dihydroxy-4-cholesten-
3-one, 3B-hydroxy-5-cholestenoic acid, 383,7a-dihydroxy-5-
cholestenoic acid, and 7a-hydroxy-3-oxo-4-cholestenoic acid as
described previously (12). 38,7«-Dihydroxy-5-cholenoic acid
and 7a-hydroxy-3-oxo-4-cholenoic acid were prepared by oxi-
dation of 33-hydroxy-5-cholenoic acid (12). 27-Hydroxy-4-
cholesten-3-one, 3-oxo-4-cholestenoic acid, and 3-oxo-4-
cholenoic acid were prepared by oxidation of the correspond-
ing 3B-hydroxy-A® steroids with cholesterol oxidase (12). 53-
Cholestane-3a,7,27-trio} and 7¢,27-dihydroxy-58-
cholestan-3-one were prepared from DHCA essentially as
described previously (7). 58-Cholestane-3«,70r,12¢¢,27-tetrol,
7a,12c¢,27-trihydroxy-4-cholesten-3-one, and 7¢,12c-
dihydroxy-3-oxo-4-cholestenoic acid were all synthesized from
THCA and 7a,12a-dihydroxy-3-oxo-4-cholenoic acid from
cholic acid (7).

2H;-labeled versions of the side-chain oxygenated bile
acid precursors (without a 12a-hydroxy group) were also
prepared (12) and used as internal standards in the
metabolism studies.

Cell culture conditions

Low-passage (passage 2-6) human diploid fibrobiasts,
line GM08333, obtained from NIGMS, Coriell Institute
for Medical Research, Camden, NJ, were grown in
monolayers in tissue culture flasks maintained in a 95%
air/5% CO, atmosphere at 37°C in a humidified incuba-
tor. Cells were cultured in Modified Eagle’s Medium sup-
plemented with nonessential amino acids and 10% (v/v)
fetal calf serum.

For experimental purposes, cells were cultured in
dishes. Cells were seeded at a density of 5,000 cells per
cm?. The experiments were started 48-72 h later, at which
time a cell density of approximately 20,000 per cm? had
been reached.

Steroids were tested at concentrations 0.06-2.5 uM,
and were added in an ethanol solution to the cell media
containing 10% fetal calf serum, with or without
lipoproteins. The ethanol concentration was 22 mM in all
incubations. In the laiter case, lipoproteins had been re-
moved from the serum by adsorption to Cab-O-Sil (East-
man Kodak Co., Rochester, NY) as described by Wein-
stein (13). The concentrations of total cholesterol in the
serum before and after treatment with Cab-O-Sil were
1.13 and 0.1 mM, respectively. Cell growth was not
affected by the treatment with Cab-O-8il (cf. ref. 13). In-
cubations were carried out in duplicate for 1-24 h. Con-
trol cells were incubated in the same way but without
steroids. Each steroid was tested in at least two separate
experiments at 0.25 uM, and the most potent steroids
were tested more than five times. For metabolism studies,

25-63 nmol of the steroid substrates was incubated with
the fibroblasts (cell number 4-6 x 10%) in 10-25 ml
medium (concentration of steroid was 2.5 pM) without
lipoproteins for 72 h.

Analytical procedures

Determination of HMG-CoA reductase activity. Cells in
50-mm dishes were, after the indicated treatments, rinsed
twice in phosphate-buffered saline and harvested for assay
of cellular HMG-CoA reductase activity as described
elsewhere (14). In brief, cell lysates were incubated in 200
mM potassium phosphate, 20 mM dithiothreitol, 40 mM
glucose 6-phosphate, 5 mM NADPH, and 5 units/ml of
glucose-6-phosphate dehydrogenase. After a 15-min
preincubation at 37°C, 0.9 nmol [*C]JHMG-CoA (57
mCi/mmol) and unlabeled HMG-CoA (the final concen-
tration of HMG-CoA was 100 pM) were added for a
60-min incubation at 37°C. The final reaction volume for
each sample was 60 pl. The reaction was stopped by addi-
tion of 5 ul 5 M HCI which also allowed lactonization of
the produced [*C)mevalonate. After addition of known
amounts of [3H]mevalonolactone (internal standard) one
aliquot was used to separate [!*C]mevalonolactone from
["*C]JHMG-CoA by ion-exchange chromatography ac-
cording to the description of Edwards, Lemongello, and
Fogelman (15), and one aliquot was used for spec-
trophotometric determination of protein content. The *H
and C radioactivity was analyzed by a scintillation
counter that was equipped with a program for automatic
correction for quenching and spill-over (Beckman LS
5000 TA). The lower limit of determination was usually
about 1 pmol/min per mg protein.

Analysis of steroid metabolites. To the incubation medium
(10 ml) was added a mixture of 2H,-labeled internal stan-
dards (about 0.3-1.0 nmol of each) dissolved in 0.5 ml of
methanol, and the medium was then diluted with 10 ml
of 0.5 M aqueous triethylamine sulphate. Steroids were
then extracted on a column (1.5 x 0.8 cm) of octadecylsi-
lane (ODS)-bonded silica (Preparative Cyg; particle size
55-105 uM, Waters Associates Inc., Milford, MA) in
water at 64°C (16). The column was then washed with 10
ml of water and 5 ml of 10% aqueous methanol prior to
elution of steroids with two 10-ml portions (A and B) of
85% aqueous methanol (7). Group separation of neutral
steroids and bile acids was achieved by chromatography
on a column (6 x 0.4 cm) of the lipophilic anion ex-
changer, triethyl-aminohydroxypropyl-Sephadex LH-20
in HCOj3-form packed in 85% aqueous methanol (7).
The two fractions collected from the ODS-bonded silica
column were passed through the anion exchanger in the
order of B and A, followed by a rinse with 5 ml of
methanol. The combined eluate contained the neutral
steroids. Unconjugated bile acids were then eluted with 4
ml of 0.15 M acetic acid in 95% aqueous methanol and
this fraction was taken to dryness prior to derivatization.
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The neutral steroid fraction was taken to dryness and
redissolved in 2 ml of hexane-dichloromethane 1:4 (v/v)
and was further purified by chromatography on a column
(3 x 0.4 cm) of Unisil (Clarkson Chemical Company,
Williamsport, PA) (17) packed in hexane and washed with
5 ml of hexane~dichloromethane 1:4 (v/v) prior to use. Af-
ter application of the sample, the column was washed with
10 ml of the same solvent and the steroids were then
eluted with 10 ml of ethyl acetate. This fraction was taken
to dryness and derivatized.

The flasks with the cell layers were treated with 3 x 12
ml of 40% aqueous ethanol and finally 5 ml of ethanol in
order to release the cells and extract steroids from the cul-
ture flask. The cells and the ethanolic solutions were then
transferred to tubes and held in an ultrasonic bath for 15
min. After centrifugation, the supernatants were com-
bined. The cells were then treated a second time with
ethanol (5 ml) in the ultrasonic bath and after centrifuga-
tion all supernatants were combined. To this solution was
added 2Hj-labeled steroid internal standards (usually be-
tween 0.5-1.0 nmol of each) in methanol and the mixture
was taken to dryness in vacuo. The residue was redis-
solved in 3 ml of methanol and 2 ml of water was added.
The sample was passed through a column (1.5 x 0.8 ¢cm)
of ODS-bonded silica in water. After a rinse with 5 ml of
water, the alcohol in the combined eluates was removed in
vacuo and the remaining aqueous solution was reex-
tracted on the same column. The column was then
washed with 10 ml of water and 5 ml of 10% aqueous
methanol. Neutral steroids and bile acids were then
eluted with two 10-ml portions of 85% aqueous methanol
(fractions A and B). These two fractions were then treated
as described for those obtained from the incubation medium.

Prior to derivatization, triacontane (about 0.7 nmol)
was added to the fraction. Bile acids were methylated with
freshly prepared diazomethane at 0°C in 2 ml of
methanol-diethyl ether 1:9 (v/v). Trimethylsilyl ethers
were prepared by addition of about 0.1 ml of pyri-
dine-hexamethyldisilazane-trimethylchlorosilane  3:2:1
(by vol.), and heating at 60°C for 30 min. The reagents
were removed under a stream of nitrogen and the deriva-
tives were redissolved in hexane (9).

Gas-liquid chromatography-mass spectrometry (GC/MS)
was carried out using a Finnigan 1020 instrument housing
a fused-silica column (30 m x 0.32 mm) coated with a
0.25 pm layer of SE-30 (DB-1) (J & W Sdientific Inc,
Rancho, Cordova, CA) ending in the ion source. An on-
column injection device was used. The oven temperature
was about 50°C during the injection and, after 6 min, was
rapidly increased to 190°C and then programmed from
190 to 285°C and the electron energy was 40 €V. Repeti-
tive scanning (20 scans x min™!) over the m/z range
50-800 was started after a suitable delay (7).

The identification of a steroid was based on the reten-
tion time and the complete mass spectrum which were
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compared with those of the authentic steroid. The
amounts of identified steroids were calculated from frag-
ment jon current chromatograms by comparing the peak
areas given by the steroid metabolites with those given by
the corresponding 2H;-labeled internal standards (18).

RESULTS

Twenty-three potential intermediates in bile acid bio-
synthesis were tested for their effects on the activity of
HMG-CoA reductase in human fibroblast cultures. For
comparison, cholesterol, cholic, chenodeoxycholic, deoxy-
cholic, and lithocholic acids as well as known inhibitory
oxysterols, i.e., 24-hydroxy-, 25-hydroxy-, and 7-oxo-cho-
lesterol (5) and 33-hydroxy-5a-cholest-8(14)-en-15-one (6),
were also tested. In the first part of the study, different in-
cubation conditions were examined. For this purpose,
precursors of chenodeoxycholic acid were used, as they in-
clude 27-hydroxycholesterol, which has previously been
shown to be a potent inhibitor of HMG-CoA reductase
(19). The effects of these compounds at a concentration of
2.5 uM in the absence and presence of lipoproteins in the
incubation media are summarized in Table 1. As ex-
pected, the activity of HMG-CoA reductase in the control
cells was much higher (about fivefold) in the absence than
in the presence of lipoproteins (20).

In the absence of lipoproteins, essentially all of the in-
termediates suppressed the enzyme activity significantly
(activity =29% of the control cells). The most potent
compounds seemed to be 27-hydroxycholesterol, 7o:,27-
dihydroxycholesterol, and 7a,27-dihydroxy-4-cholesten-
3-one (enzyme activity <7% of control cells). The
presence of lipoproteins decreased or eliminated the in-
hibitory effect of most intermediates. As 2.5 uM was con-
sidered to be high and not physiological and as
lipoproteins reduced the response to the steroids, further
tests were carried out at lower concentrations and in the
absence of lipoproteins.

At 0.25 M, larger differences in the inhibitory proper-
ties were revealed. 27-Hydroxycholesterol and 7«,27-
dihydroxy-4-cholesten-3-one were most inhibitory, caus-
ing about 90% suppression of the enzyme activity (Table
1). Even at 0.06 uM the suppression was greater than
50% (Table 2). The two bile acid precursors were at least
as potent as the established oxysterol inhibitors 25-hydroxy-,
24-hydroxy-, and 7-oxocholesterol and 38-hydroxy-5c-
cholest-8(14)-en-15-one (Tables 1 and 2). Side-chain oxy-
genated 3-oxo-A* steroids without a 7a-hydroxy group
were also tested. As shown in Table 2, 27-hydroxy-4-cho-
lesten-3-one suppressed HMG-CoA reductase to the
same extent as its 7a-hydroxylated analog.

Precursors of cholic acid, ie., 12a-hydroxylated
steroids, were tested at 0.25 M concentration (Table 3).
Only 7a,12c¢,27-trihydroxy-4-cholesten-3-one was a highly
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TABLE 1. Activity of HMG-CoA reductase in human fibroblasts

Activity of HMG-CoA Reductase’

Steroid Structure” 2.5 um + Lipoproteins® 2.5 pm 0.25 um

%o of control
38-Hydroxy-A steroids

C3-38-0! NT? 69 94
C5-38,27-0 31 7 12
CAS3-38-0l 65 9 36
B3-38-ol 72 8 34
C3-383,25-0l 25 - -
C5-38,24 (RS)-ol 32 9 24
5a-C¥'"-38-0l-15-0ne 21 NT 17
38,7a-Dihydroxy-AS steroids
C3-38,7a-0l 80 17 46
C5-38,7,27-0l 95 6 25
CAS3-38,7a-0 55 22 117
B3-383,7a-0] 92 29 119
7a-Hydroxy-3-oxo steroids
C#-7a-0l-3-one 76 12 20
Ct-70,27-0l-3-0ne 83 5 10
CA*7a-0l-3-one 78 17 . 30
Bt-7a-0l-3-one 52 13 43
58-C-7«,27-0l-3-one NT NT 81
3a,7a-Dihydroxy-58 steroids
58-C-3a,7a-0l NT NT 110
58-C-3a,7a,27-01 NT NT 116
58-CA-3a, 70l NT NT 119
583-B-3a,7a-0l 8% 29 116

Fibroblasts were incubated for 24 h with chenodeoxycholic acid precursors and some oxysteroids at concentra-
tions of 2.5 uM in the presence of lipoproteins and at 2.5 pM or 0.25 uM in the absence of lipoproteins in the incu-
bation medium. Similar results were obtained in repeated experiments (see Materials and Methods).

“C, cholestane; CA, cholestanoic acid; B, cholanoic acid. Superscript indicates position of double bond; Greek
letters denote configuration of 5-hydrogen or hydroxyl groups.

*The activity of HMG-CoA reductase in control cells with and without lipoproteins was 11 and 58 pmol/min
per mg protein, respectively. )

‘Incubation medium contained lipoproteins (see Materials and Methods).

‘NT, not tested.

‘See Table 2.

TABLE 2. Activity of HMG-CoA reductase in human fibroblasts

Activity of HMG-CoA Reductase’

Steroid Structure” 0.06 um 0.25 um 2.5 pM

%o of control cells
38-Hydroxy-A® steroids

C5-38,27-0l 36 32 -

C5-383,25-0l 69 49 15
7a-Hydroxy-3-oxo-At steroid

C*+-7¢,27-0l-3-one 43 30 -~
3-Oxo-A* steroids

C+-27-0l-3-one 49 20 13

CA*-3-one 68 33 33

B¢-3-one 121 71 37

Fibroblasts were incubated for 24 h with some bile acid precursors and oxysteroids at concentrations of 0.06,

0.25, and 2.5 pM in lipoprotein-free medium. Similar results were obtained in repeated experiments (see Materials
and Methods).

“For abbreviations, see Table 1.

*The activity of HMG-CoA reductase in control cells was 32 pmol/min per mg protein.
‘See Table 1.
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TABLE 3. Activity of HMG-CoA reductase in human fibroblasts

Activity of

Steroid Structure” HMG-CoA Reductase’

% of control cells

27-Hydroxycholesterol 36
7a,12a-Dihydroxy-3-oxo steroids
C*-7a,12c-01-3-one 121
C*-7a,12,27-0l-3-0ne 39
CA*7a,12e-0l-3-0one 90
Bt-7a,12a-01-3-0one 69
58-C-7a,12¢,27-0l-3-0ne 92
3a,7a,12a-Trihydroxy-58 steroids
58-C-3a,7a,12a-0l 125
58-C-3a,7a,12c,27-01 122
58-CA-3a,7a,12c-0l 87
58-B-3a,7a,12c-01 106

Fibroblasts were incubated for 24 h with cholic acid precursors at a
concentration of 0.25 pM in lipoprotein-free medium. Similar results were
obtained in repeated experiments (see Materials and Methods).

“For abbreviations, see Table 1.

*The activity of HMG-CoA reductase in control cells was 44
pmol/min per mg protein.

potent suppressor of HMG-CoA reductase, whereas the
other 12a-hydroxylated compounds had much less or no
effect on the enzyme activity.

The four most potent inhibitors were tested with regard
to the time course of the cellular response. Incubation of
0.25 pM inhibitor with fibroblasts for different lengths of
time showed that the enzyme activity decreased relatively
rapidly (Fig. 1). The maximum effect was reached within
7-24 h with 27-hydroxycholesterol and 7a:,12¢¢,27-trihydroxy-
4-cholesten-3-one and after 24 h with 7«,27-dihydroxy-4-
cholesten-3-one and 27-hydroxy-4-cholesten-3-one. These
results show that a 24-h incubation period was suitable for
determination of the potency of the steroids.

Because metabolism may modify the effects, the extent
of metabolism of selected 27-hydroxylated intermediates
was studied in separate experiments using a 72 h incuba-
tion time. The steroids were isolated by a method permit-
ting collection of metabolites with a wide range of polari-
ties. Screening for metabolites was done by GC/MS, and
searches were made for potential metabolites formed by
hydroxylations, oxidations and reductions, and combina-
tions of these reactions. The results are summarized in
Table 4. The three most potent inhibitors of HMG-CoA
reductase, 27-hydroxycholesterol, 7a,27-dihydroxy-4-cho-
lesten-3-one and 27-hydroxy-4-cholesten-3-one, were oxi-
dized to a limited extent to the corresponding C,; acids.
There was no detectable conversion of 27-hydroxycholesterol
into the potent 27-hydroxy-4-cholesten-3-one. In contrast,
substantial amounts of 5-cholestene-38,7a,27-triol were
converted into 7a,27-dihydroxy-4-cholesten-3-one, and
both compounds were also oxidized to the corresponding
acids (Table 4).
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A search was made for 7a-hydroxylation of 27-hydroxy-
cholesterol in the fibroblasts. This reaction has recently
been shown to be catalyzed by enzyme(s) different from
cholesterol 7a-hydroxylase (18, 21-23). Although this
reaction was seen in one experiment and artifacts or con-
tamination could be excluded (results not shown), this
result could not be reproduced in a number of subsequent
experiments using the same and different conditions. The
results therefore suggest that this reaction may not gener-
ally occur in fibroblasts.

DISCUSSION

Effects of bile acid precursors on HMG-CoA reductase

In the course of studies on the biological significance of
different biosynthetic pathways to bile acids in humans,
we have screened the effect of essentially all bile acid inter-
mediates on HMG-CoA reductase. An overview of the
apparent relative potencies of the intermediates is shown

100 CH,OH 100 &\L{cn{)n
~~
o uo(:é o oM
> C%-38,27-0l C*70,27-01-3-0ne
Q
=)
S s
=
Q
(5]
et
(=}
(*)
<
20
>
=
(9}
[s+]
3" Q(?:Sl( N &(35:‘)3{ N
]
A
[&]
= o OM
o] C*7a,12a,27-0l-3-0ne C*-27-0l-3-0ne
L
(=} 50 50
Q
an)
0 o
o 10 20 ) 10 20

Incubation time (h)

Fig. 1. Time-response curves for four of the most potent HMG-CoA
reductase inhibitors found. The steroids were incubated at a concentra-
tion of 0.25 pM in lipoprotein-free medium with human fibroblasts, and
the cells were harvested at the indicated times.
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TABLE 4. Formation of metabolites of inhibitory bile acid precursors in human fibroblasts during a
72-h incubation in lipoprotein-free medium

Amount of Steroid Found”

Metabolites
Substrate” Amount Identified’ In Medium In Cells
nmol nmol
©5-33,27-0l 637 25.7 37.5
CAS-33-0l 3.1 0.1
C3-33,7a,27-0l 25 0.1 1.2
C¢-7a,27-0l-3-one 1.6 3.2
CA3-38,7a-ol 0.1 <0.1
CA*-7a-0l-3-one 0.8 0.2
C*-7a,27-0l-3-0one 25 2.9 99
CA*7¢-0l-3-one 1.1 0.3
C*-27-0l-3-one 25 2.2 99
CA*-3-one 0.5 0.2

“For abbreviations, see Table 1.

* Losses probably due to degradation or incomplete extraction of substrate or its metabolites from cells and dish

wall.

‘May include steroids attached to the wall of the incubation dish.
“In 25 ml incubation medium; the other incubations in 10 ml medium.

in Fig. 2. While 27-hydroxylation of the side-chain en-
hanced the inhibitory effect, further oxidation to a Cy;
acid and side-chain shortening seemed to decrease the
potency of the steroid. The steroid nucleus was also of im-
portance and the most potent inhibitors contained either
a 3B-hydroxy-A5 or a 3-oxo-A* structure. The double

S Side chain
id - coo
v e A -

7 100 73 75

Cholesterol

HO

61* 85* 0 0

HO'

.

91* 99 80 65

OH

0
Chenodeoxy-
cholic acid

3.
=
o
o

HO

95 16 48

o

%‘*

z b+]
o

X 0 0 20 0

Cholic acid

.

HO 'OH

bond was essential (see also Tables 1 and 3), whereas
hydroxyl groups in the 7a- and 12a:-positions of the 3-oxo-
At steroids seemed to have neither positive nor negative effects.

Several factors may affect the apparent potency of the
inhibitors in the test system used. The cellular uptake and
the intracellular distribution of the added steroid are ob-

Fig. 2. Apparent inhibitory potencies of intermediates in bile acid bio-
synthesis on HMG-CoA reductase activity in human fibroblasts deter-
mined after incubations for 24 h and at a steroid concentration of 0.25
uM in lipoprotein-free medium. Potencies (in %) are expressed relative
to that of 27-hydroxycholesterol (= 100%), as the suppression of HMG-
CoA reductase activity varied in different experiments. Median suppres-
sion induced by 27-hydroxycholesterol was 71% of control cells (range
52-88%). An asterisk indicates that the apparent inhibitory potency may
be due to metabolism, as the compound can be converted to
70¢,27-dihydroxy-4-cholesten-3-one in human fibroblasts. Corresponding
values for related oxysteroids and bile acids were: 27-hydroxy-4-cholesten-3-
one = 118; 3-oxo-4-cholestenoic acid = 99; 3-oxo-4-cholenoic acid =
43; 7a,27-dihydroxy-58-cholestan-3-one = 22; 7a,12a,27-trihydroxy-583-
cholestane-3-one = 12; lithocholic acid = 16; deoxycholic acid = 7;
24-hydroxycholesterol = 86; 25-hydroxychalesterol = 73; 7-oxocholesterol
= 100; and 38-hydroxy-5a-cholest-8(14)-en-15-one = 94.
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viously of importance. The amounts of steroids in the cell
fraction were not determined because of the difficulty in
distinguishing between intracellular steroid and steroid
adsorbed to the cell surface. Regardless of possible differ-
ences in cellular uptake, the finding that 27-hydroxycho-
lesterol and intermediates with a 27-hydroxy-3-oxo-A*
structure are potent suppressors of HMG-CoA reductase
is valid.

Metabolism of a steroid can also affect its activity.
Although metabolic conversions of sterols are more
limited in fibroblasts than in liver cells, two reactions
found in bile acid biosynthesis have previously been
demonstrated in fibroblasts: 27-hydroxylation of sterols,
including 7a-hydroxycholesterol and 7a-hydroxy-4-cho-
lesten-3-one (24), and the conversion of 7a-hydroxycho-
lesterol into 7c-hydroxy-4-cholesten-3-one (25). Such
reactions may explain the (unexpectedly) high inhibitory
activities of the two intermediates lacking a 27-hydroxy

group by converting them into 7a,27-dihydroxy-4-choles-
ten-3-one (Fig. 2). The relatively strong suppression of
HMG-CoA reductase by 5-cholesten-38,7¢,27-triol may
also be due, at least partly, to the conversion into the
3-ox0-A* derivative as shown in Table 4. In a previous
study by Esterman et al. (19), 5-cholestene-383,7a,27-triol
had very little effect on the activity of HMG-CoA reduc-
tase. This difference could be due to a lower activity of 383-
hydroxy-A3-C,;-steroid dehydrogenase/isomerase in their
cell lines or to a species difference.

However, it is reasonable to assume that the observed
effects of 27-hydroxycholesterol and the 27-hydroxylated
3-ox0-A* steroids were due to the steroids per se and not
to a metabolite. Their oxidation to acids yielded less po-
tent inhibitors and oxidation of 27-hydroxycholesterol to
the 3-oxo-A? derivative was not observed. The finding
that 7a,27-dihydroxy-4-cholesten-3-one, 7a,12,27-trihy-
droxy-4-cholesten-3-one, and 27-hydroxy-4-cholesten-3-one

l CH,OH
ﬁ @ [
HO H HO

CO0~

%

Cholesterol c5-3p,27-01 cA5-3p-01
E l CHQOH l CO0~
- O:?El<
H OH HO OH HO OH
c5-3p,70-01 c5-3p,70,27-01 CAS-3p,70-01
E CH,OH COO~

p&gu——-‘

—

OH (o] OH

8%3?_

c4-70-01-3-one
OH
o OH

c4-74,12a-01-3-one

E Cco0~

H

HO OH
Cholic acid

c4-76,27-01-3-one

CA4-7g-01-3-one
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HO OH
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Fig. 3. Model for the biosynthesis of bile acids in the human liver. Potent HMG-CoA reductase inhibitors are indicated in frame.
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are potent inhibitors of HMG-CoA reductase is new. The
3-ox0-A* structure is also present in many steroid hor-
mones. This could indicate that the C,; steroids act via a
protein of the steroid receptor family (26). Such a recep-
tor would be different from the cytosolic oxysterol binding
protein previously described, which seems to have a low
affinity for 3-oxo-A* steroids (27-29). However, further
studies are required to determine the mechanisms of ac-
tion of this new group of inhibitors.

Possible biological role of inhibitory intermediates

The results indicate that a few specific bile acid precur-
sors could be regulators of cholesterol biosynthesis
provided that their activity is not limited to fibroblasts
and that their intracellular levels are sufficiently high. The
concentrations of 27-hydroxycholesterol, 7c,27-dibydroxy-
4-cholesten-3-one, and 7a,12¢,27-trihydroxy-4-cholesten-
3-one in liver cells are not known but in plasma they are
normally about 0.1-0.3, 0.01-0.02, and 0.002 uM, respec-
tively (8, 10, 30). In patients with stimulated bile acid syn-
thesis, plasma levels of the two 3-oxo-A* steroids can be
raised more than 10-fold (10, 30, 31). If levels in plasma
in any way reflect those in liver cells, one would expect
27-hydroxycholesterol and 7a,27-dihydroxy-4-cholesten-3-
one to be the most, and 7a,12a,27-trihydroxy-4-cholesten-3-
one the least important of the inhibitors, especially under
normal conditions. An intracellular formation of
27-hydroxy-4-cholesten-3-one has not been demonstrated.

Interestingly, the two inhibitors, 27-hydroxycholesterol
and 7a,27-dihydroxy-4-cholesten-3-one, represent the
first committed intermediates in what is considered to be
the two major biosynthetic pathways to chenodeoxycholic
acid in humans (7, 10, 32, 33) (Fig. 3). Thus, it may be
hypothesized that the synthesis of chenodeoxycholic acid
may have an inhibitory role in cholesterol biosynthesis
through the formation of 27-hydroxycholesterol and/or
7a¢,27-dihydroxy-4-cholesten-3-one (Fig. 3). The forma-
tion of cholic acid seems less likely to result in levels of
7a,12a¢,27-trihydroxy-4-cholesten-3-one in the liver that
can significantly affect HMG-CoA reductase.

In extrahepatic tissues, only 27-hydroxycholesterol is
expected to be formed and have a potential regulatory
role. However, if the release of 3-oxo-A* intermediates
from the liver is increased, e.g., when bile acid biosynthe-
sis is stimulated (30, 31) a suppressive effect of these com-
pounds on extrahepatic HMG-CoA reductase cannot be
excluded. B8
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