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Abstract

In previous investigations, we have found that the liver appears
to be the major source of cholesterol in the human fetus, and,
in particular, a principal source of circulating low density lipo-
protein-cholesterol (LDL-C). LDL-C plasma levels are low in
the normal fetus, most likely due to the rapid uptake and me-
tabolism by the fetal adrenal as precursor for steroid hormone
biosynthesis. In contrast, in the anencephalic fetus the adrenals
are atrophic, the rate of estrogen and glucocorticoid production
is low, and the levels of LDL-C in fetal plasma are high. The
purpose of the present investigation was to determine the activity
of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reduc-
tase, the primary rate-limiting enzyme of cholesterol biosyn-
thesis, in anencephalic liver and normal fetal liver. We found
that the specific activity of HMG-CoAreductase in normal fetal
liver microsomes was 0.428±0.054 nmol mevalonate formed
times mg-' protein X min-' (mean±SE, n = 9). The rate of
HMG-CoAreductase in anencephalic liver microsome prepa-
rations was 10-fold less (0.040±0.003) (mean±SE, n = 7) P
< 0.001. Furthermore, we detected HMG-CoA reductase
(97,000-mol wt protein) in normal human fetal liver after SDS
PAGEand immunoblotting by using a monoclonal antibody di-
rected against HMG-CoAreductase. Wewere unable to detect
any significant quantity of HMG-CoA reductase protein in
anencephalic fetal liver, which indicates that low reductase ac-
tivity was due to low amounts of enzyme protein rather than
inactive enzyme. In summary, we conclude that the low levels
of cholesterol synthesis observed in anencephalic fetal liver are
probably due to both the high levels of LDL-C in fetal plasma
as well as the presence of low circulating levels of estrogens and
glucocorticoids and that these factors regulate cholesterol syn-
thesis both in vivo and in vitro in fetal liver. This occurs most
probably by the modulation of the amount of HMG-CoAreduc-
tase, a primary rate-limiting and regulatory enzyme of the cho-
lesterol biosynthetic sequence.

Introduction

Wehave previously suggested that the principal source of cho-
lesterol in the fetus is by way of fetal synthesis of cholesterol de
novo (1, 2). Evidence to support this conclusion is derived from
studies that demonstrate that no more than 20% of fetal cho-
lesterol is derived from the maternal compartment (3-5) and
that the fetal dietary source of cholesterol by way of swallowing
amniotic fluid is negligible (6). Wereported in a survey of various
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human fetal tissues that the adrenal, liver, and testicular tissue
exhibited high rates of cholesterol synthesis. On the basis of the
size of the liver and its rapid rate of growth during fetal life as
well as its high rate of cholesterol synthesis, we concluded that
the liver is the major site of cholesterol formation in the fetus
(2). Furthermore, since the adult liver is a major source of li-
poprotein biosynthesis and secretion, it seemed likely that in
the fetus, the liver might be an important source of lipoprotein-
cholesterol for extrahepatic tissues (7). In fact, fetal liver tissue
in vitro secretes lipoproteins (8).

The fetal adrenal gland secretes large quantities of steroid
hormones, and a major source of cholesterol for adrenal steroid
hormone biosynthesis appears to be low density lipoprotein-
cholesterol (LDL-C)' both in vitro and in vivo. The fetal adrenal
gland is a major site of plasma LDL use and the activity of fetal
adrenal is an important determinant of the levels of LDL in
plasma (1, 9, 10). In the normal human fetus, the adrenal glands
secrete large quantities of steroid hormones, and, presumably,
LDL-C uptake by the adrenals is high; as a consequence, LDL-
C levels in fetal plasma are low. It follows that the rate of for-
mation of cholesterol in fetal liver, if rate limiting, then may
regulate in part the rate of steroid secretion by the fetal adrenal
glands and the formation of estrogens by the fetal-placental unit.

Estrogens and glucocorticoids, both found in large quantities
in fetal plasma near term, stimulate cholesterol synthesis by fetal
hepatocytes in vitro ( 1). In contrast, LDL-C inhibits cholesterol
synthesis by hepatocytes maintained in vitro (12). However, since
fetal plasma LDL-C levels fall during gestation, the lack of neg-
ative feedback or cholesterol synthesis would support an overall
increase in the rate of cholesterol biosynthesis by the fetal liver
in vivo (13).

In contrast to the normal fetus, in the anencephalic fetus the
adrenals are atrophic and the rate of adrenal steroidogenesis
and, consequently, the rate of estrogen production by the fetal
placental unit are low (14, 15). Furthermore, since the rate of
steroidogenesis is low, the adrenals are not using LDL-C and
the levels of LDL-C in fetal blood are up to three times that of
the normal fetus throughout gestation (9, 10, 16, 17). Since the
hormonal milieu of the anencephalic fetus is the opposite of that
of the normal fetus (i.e., low estrogen and adrenal hormones
and elevated LDL-C levels), we have estimated the level of cho-
lesterol synthesis in the livers of anencephalic fetuses by deter-
mining the 3-hydroxy-3-methylglutaryl coenzyme A (HMG-
CoA) reductase activity in liver microsome preparations. We
compared the results obtained in the anencephalic preparations
to those obtained in normal fetal liver. Finally, we compared
the amounts of two other liver microsomal enzymes, namely
NADPHcytochrome c (P450) reductase and glucose-6-phos-
phatase in normal and anencephalic fetal liver.

1. Abbreviations used in this paper: HMG-CoA, 3-hydroxy-3-methyl-
glutaryl coenzyme A; LDL-C, low density lipoprotein-cholesterol.
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Methods

Liver tissue. Liver tissue was obtained from abortuses of 12-18 wk ges-

tation delivered by induced abortion (dilatation and extraction). Tissues
were obtained in accordance with the Donors Anatomical Gift Act of
the State of Texas after obtaining consent in writing from the woman
who was to undergo the abortion. Human adrenals were also obtained
from seven anencephalic fetuses ( 17-46 wk gestation) within 1 h of death.
The anencephalic fetuses were delivered vaginally after spontaneous or

oxytocin-induced labor or by cesarean section. The tissues were placed
immediately in ice-cold Waymouth-Gey's culture medium as previously
described ( 18).

Determination of the specific activity of HMG-CoAreductase in fetal
liver microsomes. Liver tissues were homogenized with a Teflon-glass
homogenizer in 3 ml of a solution that contained sucrose (0.25 M),
potassium phosphate buffer (10 mM, pH 7.4), EDTA(1 mM), and mer-
captoethanol (10 mM). The homogenate was centrifuged at 15,000 g for
10 min at 4VC. The supernatant fraction was centrifuged at 100,000 g

for 60 min. The microsome-enriched pellet was rinsed in cold buffer
(the buffer used for homogenization, omitting mercaptoethanol) and
stored in liquid nitrogen until assayed.

HMG-CoAreductase activity was assayed by a modification of the
method of Brown et al. (19; see also reference 20). Optimal conditions
for the assay of HMG-CoAreductase in liver tissue were determined
previously (20). The data presented are the average of duplicate assays.
A statistical analysis of the data was made using the Student's t test.

SDSPAGEand immunoblotting ofHMG-CoA reductase and NADPH
cytochrome c reductase. One-dimensional electrophoresis was conducted
on a 7.5% polyacrylamide gel containing 0.1% (wt/vol) SDSwith a vari-
ation to the method of Laemmli (22). Samples were applied to the gel
in sample buffer (15% SDS, 8 Murea, 10% [wt/vol] sucrose, 62.5 mM
Tris-HCl, pH 7.4, 100 mMdithiothreitol, 2 mMfl-mercaptoethanol,
0.05% bromophenol blue) after incubation for 5 min at 37°C. Electro-
phoresis was carried out at 12-15 mAat 4°C for 12-15 h. Proteins were

transferred from SDS slab gels on to nitrocellulose paper according to
the method of Burnette (23) in a Trans-Blot cell apparatus (Bio-Rad
Laboratories, Richmond, CA). Electrophoresis was carried out at 200
mA for 16 h at 4°C with an electrode buffer of Tris base (20 mM),
glycine (150 mM), and methanol (20%). Antibody incubation with ni-
trocellulose was carried out using a variation of the method of Johnson
and Elder (24). The nitrocellulose sheet was preincubated for 30 min at
room temperature in BLOTTObuffer (50 mMTris-HCl, pH 7.4, 80
mMNaCl, 5% [wt/vol] Carnation evaporated milk and 0.2% [vol/vol]
Nonidet P-40). BLOTTObuffer containing the primary antibody (10
,ug/ml) was added for a 1-h incubation at room temperature. The sheet
was then washed three times with BLOTTObuffer for a total of 15 min.
Fresh BLOTTOsolution containing '25I-labeled rabbit anti-mouse IgG
(106 cpm/ml) was added for 1 h. The sheet was washed three times for
a total of 15 min, blotted dry, wrapped in plastic wrap, and placed under
Kodak Omat-X film for 3 d at -70°C. Mouse monoclonal anti-HMG-
CoA reductase (primary antibody) and '25I-labeled rabbit anti-mouse
IgG were generously provided by Drs. R. G. W. Anderson and L. Liscum
(University of Texas Health Science Center) (25). Rabbit polyclonal
NADPHcytochrome c reductase antibody was provided by Drs. B. S.
Masters (Medical College of Wisconsin, Milwaukee, WI) and M. R. Wa-
terman (University of Texas Health Sciences Center). Mouse leydig (I-
10) tumor cells when grown in lipoprotein-deficient medium contain a

high amount of HMG-CoAreductase (Rainey, W. E., and J. I. Mason,
unpublished observations). Thus, these cells were used as an additional
marker for HMG-CoAreductase blotting and localization. Mouse leydig
(I- 10) tumor cells were obtained from the American Type Tissue Culture
Collection (Rockville, MD) and were grown in Ham's F-12 and Dul-
becco's modified Eagles media (1: 1; vol/vol) containing lipoprotein-de-
pleted fetal calf serum (1%) and Hepes (10 mM) buffer, pH 7.2. These
cells were solubilized in the sample buffer and applied to the gel.

Determination of the activity of glucose-6-phosphatase in fetal liver
microsomes. Liver microsome preparations were prepared as discussed
previously for HMG-CoA reductase assay. The activity of glucose-6-

phosphatase was determined in two normal and two anencephalic liver
microsome preparations by the method of Beaufay et al. (26). The assays
were run in triplicate at two dilutions and reported as mean±SE in units
of 4moles of phosphate formed per milligram protein per minute.

Materials. The following compounds were purchased from NewEn-
gland Nuclear (Boston, MA): D,L-3-[glutaryl-3-'4C]hydroxy-3-methyl-
glutaryl coenzyme A, D,L-[mevalonic-5-(N)-3H]mevalonic acid DBED
salt, and Omnifluor. NADP', glucose-6-phosphate, glucose-6-phosphate
dehydrogenase, dithiothreitol, and cholesterol were obtained from Sigma
Chemical Co. (St. Louis, MO). The following materials were obtained
from Grand Island Biological Co. (Grand Island, NY): Waymouth's MB
752/1 medium, Gey's Balanced Salt Solution. Analytical precoated thin-
layer silica gel chromatography plates were obtained from Whatman,
Inc. (Clifton, NJ). Other chemicals used were of analytical grade.

Results

The specific activities of HMG-CoAreductase in seven individual
anencephalic liver microsome preparations of fetuses between
17 and 46 wk gestational were determined. The values obtained
ranged from 0.025 to 0.060 nmol mevalonate formed times mg-'
microsomal protein X min-'. The reductase activities obtained
did not vary significantly with gestational age. The specific ac-
tivities of HMG-CoAreductase in nine individual normal fetal
liver membrane preparations were determined. The range of
gestational ages (12-18 wk) was less than that observed in the
anencephalic fetuses, and the results obtained did not vary sig-
nificantly within this gestational period (0.162-0.704 nmol
mevalonate formed times mg-' microsomal protein X min-').

The average specific activity of HMG-CoA reductase in
anencephalic fetal liver was 0.040±0.003 nmol X mg-' protein
X min-' (mean±SE, n = 7). In contrast, the average specific
activity of HMG-CoAreductase in normal fetal liver microsome
preparations was 10-fold greater (0.428±0.054 nmol X mg-'
protein X min-' [mean±SE, n = 9]) than the results obtained
for anencephalic fetal liver (Fig. 1).

To determine whether the reduction in reductase activity
was due to an inactive enzyme or reduced amounts of enzyme
protein, we used the immunoblotting technique to compare the
amount of HMG-CoAreductase protein in fetal and anence-
phalic liver homogenates. In fetal liver homogenates, a 97,000-
mol-wt protein was readily detected, but no similar protein was
detectable in the anencephalic liver sample (Fig. 2). Furthermore,
there was no evidence of the lower molecular weight forms
(53,000 or 66,000) of the enzyme (25). The immunoblotted hu-
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Figure 1. The specific activity of HMG-CoAreductase in anencephalic
and normal human fetal liver microsome preparations. The results ob-
tained are the mean±SE of duplicate assays obtained from nine nor-
mal (solid bar) and seven anencephalic (open bar) fetal liver prepara-
tions.
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1 2 3 Figure 2. SDSPAGEand immu-
noblotting of HMG-CoAreductase
from normal (lane 1) and anence-
phalic (lane 2) fetal liver homoge-
nates and a homogenate of mouse
leydig (I-10) tumor cells (lane 3).
Samples containing 200 ,ug of pro-

x
. s^s~-x.¢. tein were subjected to electropho-

resis in 7.5% polyacrylamide gels
containing 0.1% SDS. The proteins
were transferred electrophoretically
to nitrocellulose paper and incu-
bated with monoclonal anti-
HMG-CoAreductase antibody (10

Mg/ml) and then incubated with 1251-labeled rabbit anti-mouse IgG
(106 cpm/ml). The dried filters were processed for autoradiography as
indicated in the Methods. The location of the molecular weight stan-
dard phosphorylase b (Bio-rad Laboratories, 97 [97,000]) is indicated.

manenzyme had a similar molecular weight to the reductase of
mouse leydig (I-10) tumor cells. As mentioned previously, mouse
leydig (I-10) tumor cells exhibit a large increase in synthesis of
HMG-CoAreductase when grown in lipoprotein-deficient me-
dium (Rainey, W. E., J. I. Mason, unpublished observations).

Furthermore, we wished to determine whether the low level
of enzyme (HMG-CoA reductase) was unique for anencephalic
liver and the possible mechanisms whereby its activity was low-
ered by determining the activity or amount of other liver mi-
crosomal enzymes. As presented in Fig. 3, the amounts of mi-
crosomal NADPHcytochrome c reductase were similar in nor-
mal and anencephalic liver microsomes. Similar results were
also observed when the activities of glucose-6-phosphatase were
compared in anencephalic and normal fetal liver microsomes
(Table I).

Discussion
In the present investigation, we observed a high rate of cholesterol
synthesis on the basis of estimates of the specific activity of HMG-

1 2 3

_97 Figure 3. An immunoblot after
SDSPAGEof microsomal
NADPHcytochrome c (P450) re-

41111 _ 69 ductase from normal (lane 1) and
anencephalic (lane 2) fetal liver
microsomes. Samples (50 ,g pro-
tein) were subjected to electropho-
resis in 7.5% polyacrylamide gels
containing 0.1% SDS. The proteins

43 were transferred electrophoretically
to nitrocellulose paper and incu-
bated with polyclonal NADPHcy-
tochrome c reductase antibody (10
Mg/ml) and then incubated with
'25I-labeled goat anti-rabbit IgG
(106 cpm/ml). The dried filters
were then processed for autora-
diography. Radioactive protein
standards (molecular weight X 103)
were chromatographed in lane 3.

Table I. Activities of Glucose-6-Phosphatase
(Mmol X mgf' protein X min') of Anencephalic and
Normal Fetal Liver Microsome Preparations

Glucose-6-phosphatase activity
(mean±SE)

Normal 1 0.157±0.001
Normal 2 0.092±0.001

Anencephalic 1 0.176±0.001
Anencephalic 2 0.109±0.002

CoA reductase in microsomal preparations of normal fetal liver
(0.428±0.054 nmol X mg-' protein X min-'). These results were
similar to those reported in a preliminary study (0.58±0.18 nmol
X mg-' protein X min-) (20). In our investigation, advancing
gestational age did not influence levels of reductase activity.

The results of our investigation demonstrate that the specific
activity of HMG-CoAreductase was 10-fold less in anencephalic
fetal liver microsomal preparations than observed in normal
fetal liver. These differences were not due to inactive enzyme
(27), but due rather to decreased amounts of enzyme protein.
A plausible mechanism to explain the low level in HMG-CoA
reductase of anencephalic liver is the presence of a high con-
centration of LDL-C circulating in fetal plasma. LDL-C serves
to down-regulate cholesterol synthesis in fetal liver hepatocytes
in vitro (12). In the normal fetus, LDL-C concentrations are
one-third that observed in anencephalic fetal plasma (9). Another
explanation is that in the normal fetus, as gestation advances,
the estrogen and glucocorticoids formed by the fetal-placental
unit stimulate cholesterol synthesis in the fetal liver, as it has
been previously demonstrated to occur in human fetal hepato-
cytes maintained in culture (1 1). Thus, in the absence of signif-
icant estrogen milieu and in the presence of a high level of LDL-
C, cholesterol synthesis in the anencephalic liver is low.

Weobserved similar activities of other liver microsomal en-
zymes, namely NADPHcytochrome c reductase and glucose-
6-phosphatase in anencephalic and normal fetuses. These results
suggest that the low activity of HMG-CoAreductase is not re-
flective of a general decrease of liver function. Moreover, we
previously have measured similar rates of activity of estrone
sulfate 16a-hydroxylase in microsomal preparations of anen-
cephalic and normal fetal livers (28). Furthermore, the masses
of livers of anencephalic fetuses are not significantly different to
those of the normal fetus, except for a slight decrease near
term (29).

In conclusion, we were unable to determine if the low level
of HMG-CoAreductase of anencephalic fetal liver was due sin-
gularly to the elevated LDL-C of fetal plasma or the deficiency
of estrogens and glucocorticoids. These factors may both serve
to regulate cholesterol synthesis both in vivo and in vitro in
human fetal liver. The low activity of HMG-CoAreductase was
not due to inactive (e.g., phosphorylated) enzyme, but to de-
creased enzyme protein.
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