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Stimulation of HMG-CoA reductase as a
consequence of phenobarbital-induced primary
stimulation of cholesterol 7a-hydroxylase in rat liver
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Abstract Among nine strains of rat, two were found that re-
sponded to phenobarbital treatment with increased activity of
hepatic cholesterol 7a-hydroxylase. This effect was maximal
after 2-3 days of treatment and was then reduced. Interestingly
the increased cholesterol 7a-hydroxylase activity was associated
with increased activity of hepatic HMG-CoA reductase in the
two responding strains but not in the non-responding strains. In
tissues other than the liver, HMG-CoA reductase activity was
unaffected in responding rats. Most of the above stimulation oc-
curred at a pretranslatory level and the mRNA levels cor-
responding to the two enzymes parallelled the activities. The
phenobarbital treatment resulted in decreased content of free
cholesterol in liver microsomes in a strain of rat that responded
with increased cholesterol 7a-hydroxylase activity. It was shown
that depletion of cholesterol in the responding strain of rats by
lymph fistulation also was associated with a parallel increase in
levels of HMG-CoA reductase activity and mRNA. B} The
findings are discussed in relation to the link between HMG-CoA
reductase and cholesterol 7o-hydroxylase. A primary up-
regulation of the cholesterol 7c-hydroxylase by the cytochrome
P450 inducer phenobarbital can be expected to lead to increased
consumption of cholesterol substrate. This consumption may
result in a compensatory increase in the activity of the HMG-
CoA reductase. It is suggested that such a mechanism is respon-
sible for part of the covariation of the two enzyme systems under
different conditions.—Sudjana-Sugiaman, E., G. Eggertsen,
and I. Bjérkhem. Stimulation of HMG-CoA reductase as a
consequence of phenobarbital-induced primary stimulation of
cholesterol 7a-hydroxylase in rat liver. J. Lipid Res. 1994. 35:
319-327.
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Under most conditions the rate-limiting enzyme in
cholesterol synthesis, HMG-CoA reductase, covariates
with the rate-limiting enzyme in bile acid biosynthesis,
cholesterol 7o-hydroxylase (for reviews, see refs. 1-3).
The linkage between the two enzymes is most important
for cholesterol homeostasis and an increased synthesis of
cholesterol is thus almost invariably associated with a
compensatory increase in the degradation of cholesterol.
Dietary cholesterol, however, causes a marked suppres-

sion of HMG-CoA reductase activity and a slight up-
regulation of cholesterol 7a-hydroxylase. These effects
would help keep the cholesterol content of the hepatocyte
as constant as possible.

In order to obtain information about the link between
the two enzymes, the most simple approach would be to
affect the activity of one of them and then study the effect
on the other. Selective inhibitors or selective stimulators
must then be used.

To our knowledge no specific inhibitors are known for
cholesterol 7a-hydroxylase. Bile acids are potent down-
regulators of both cholesterol 7a-hydroxylase and HMG-
CoA reductase (1), and it is not known with certainty
whether there is a primary effect on only one of the two
enzymes.

There are, however, specific HMG-CoA reductase in-
hibitors. When such inhibitors are used in vivo, there is
little or no specific effect on the cholesterol 7a-hydroxylase
under normal conditions in rat and humans (4, 5). Some
inhibitory effect on cholesterol 7a-hydroxylase by these
compounds has, however, been reported when the two en-
zymes are up-regulated (2, 6, 7). When cholesterol syn-
thesis is stimulated by treatment of rats with mevalonate
in vivo, some (8, 9), but not all (10), groups have found
a stimulation of cholesterol 7a-hydroxylase. The stimula-
tion may be due to newly synthesized cholesterol or due
to an intermediate between mevalonate and cholesterol.
The latter stimulation is associated with increased levels
of mRNA for cholesterol 7a-hydroxylase (9). According
to most work, regulation of cholesterol 7a-hydroxylase ac-
tivity is mainly controlled at the transcriptional level (7,
11-15). HMG-CoA reductase has been reported to be con-
trolled both at a transcriptional (16) and posttranscrip-
tional level (15, 17).

Abbreviations: HMG, 3-hydroxy-3-methylglutaryl CoA reductase;
LDL, low density lipoprotein; HDL, high density lipoprotein.
I'To whom correspondence should be addressed.
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The above studies deal with consequences of a primary
effect on cholesterol synthesis or HMG-CoA reductase
and there is a need for studies on the consequences of a
primary effect on cholesterol 7¢-hydroxylase.

In the present work the intention was to produce a pri-
mary stimulation of cholesterol 7¢-hydroxylase and study
whether such a stimulation affects HMG-CoA reductase.
It has been reported that at least two specific strains of
rats have cholesterol 7a-hydroxylase that is stimulated by
treatment with the cytochrome P450 inducer phenobarbi-
tal (18-20). Other strains of rats respond to treatment
with this cytochrome P450 inducer with a reduced activ-
ity of the enzyme (18, 20, 21). Among several strains of
rats tested, we found two that respond to phencbarbital
treatment with increased cholesterol 7a-hydroxylase ac-
tivity. There was a simultaneous similar increase in
hepatic HMG-CoA reductase activity in both these
strains of rats. The increased activity of the two enzymes
was assoclated with increased mRNA levels. The nature
of the coupling between the two enzymes is discussed in
relation to previous knowledge and possible mechanisms
for covariation of the two enzymes.

MATERIALS AND METHODS

Materials

[4-'*C]cholesterol and [3-1*C]JHMG-CoA with specific
radioactivities of 56-60 mCi/mmol were obtained from
NEN Research Products, Dreieich, Germany. The labeled
cholesterol was purified by aluminum oxide chromatogra-
phy immediately prior to use (22). 7a-[2H,]hydroxycho-
lesterol was prepared as described previously (22).

c¢DNA probes for rat cholesterol 7a-hydroxylase and
hamster HMG-CoA reductase were kindly supplied by
Dr. K. Okuda (11) and Dr. P. Hylemon (16), respectively.

Animals and animal treatments

Male rats of nine different strains and one strain of
gerbils were used. The Sprague-Dawley rats and rats de-
noted “Wistar” and “Wistar F,” were supplied from ALAB
Laboratorietjanst, Sollentuna, Sweden. The “Mins
Wistar Fu” rats were locally inbred by Dr. G. Jaremko,
Huddinge Hospital, Huddinge, Sweden. All the other
strains of rats (Wistar Kyoto normotensive, Brown Nor-
wegian, Dahl/Mol, Long Evans, Lewis) were obtained
from Mollegaard Ltd, Skensved, Denmark. The gerbils
were also obtained from Mollegaard Ltd.

Animals were kept in an controlled environment at
16~18°C on a regular illumination schedule, lights on at
0600 h and off at 1800 h.

Rats or gerbils were injected intraperitoneally daily at
9 AM with phenobarbital, 100 mg/kg body weight, or
with saline over a period of 1-4 days. In general, the rats
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were killed 2 h after the third injection. In some experi-
ments the rats were killed at other days or at other times
of the day (See Results). The rats were given free access
to a commercial pellet diet and water during the study.
There were no significant losses of body weight during the
phenobarbital treatment. In accordance with previous
work (18-21) the liver weight of the phenobarbital-treated
rats increased (up to 10%) compared to the saline-treated
rats. In all strains of rats, the phenobarbital treatment
resulted in a period of sleeping for 3-6 h after the first in-

Jjection, with a gradual shortening of the sleeping period

after the subsequent injections.

In some experiments Wistar F rats were treated with
2% cholesterol in the diet for 5 days as described previ-
ously (23). The control rats were given the same diet ex-
cept for the cholesterol. In some other experiments Wistar
F rats were lymph-fistulated. The thoracic lymph duct
was cannulated just proximal to the cisterna magnum
through an abdominal approach (23, 24). The proximal
part of the lymph duct was ligated and the lymph was
drained for 72 h prior to killing. The corresponding con-
trol animals were sham-operated but otherwise treated as
the lymph-fistula animals.

Preparation of subcellular fractions

Homogenates of rat liver were prepared in 50 mM
Tris-HCI buffer, pH 7.4, containing 0.3 M sucrose,
50 mM NaCl, 1 mM EDTA, and 10 mM DTT (10%
homogenate, w/w). A microsomal fraction was prepared
by centrifugation at 20,000 g for 15 min and recentrifuga-
tion of the supernatant at 100,000 g for 1 h. Half of the
microsomal fraction was resuspended in the homogeniz-
ing medium and recentrifuged at 100,000 g for 1 h. This
fraction was used for assay of HMG-CoA reductase. Half
of the original microsomal fraction was recentrifuged at
100,000 g in a homogenizing medium lacking DTT. The
resulting fraction was used for assay of cholesterol 7a-
hydroxylase activity.

Assay of cholesterol 7a-hydroxylase activity

After preparation of a microsomal fraction as above, in-
cubations with 10 pg of [4-1#Clcholesterol dissolved in
1 mg of Tween 80 were performed, as described previous-
ly, in a total volume of 3 ml of 0.1 M potassium phosphate
buffer, pH 7.4, containing 1 mM EDTA (22). 7a-{?H]hy-
droxycholesterol was added prior to the extraction steps.
The conversion of exogenous [4-1*C]cholesterol into 7a-
hydroxycholesterol was determined by radioscanning
after thin-layer chromatography and the corresponding
conversion of endogenous cholesterol was determined by
combined gas-liquid chromatography-mass spectrometry
as described previously (22). In all experiments, the total
conversion of both the endogenous microsomal cholesterol
and the exogenous [4-1*C]cholesterol were calculated.
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Assay of HMG-CoA reductase activity

After preparation of the microsomal fraction as out-
lined above, incubations with [3-1*C]HMG-CoA and sub-
sequent analysis of incubation mixtures were performed
essentially as described by Brown, Goldstein, and Diet-
schy (25). In this assay, [3-"*C]JHMG-CoA is used as sub-
strate and tritium-labeled mevalonic acid as a marker for
the product in connection with a thin-layer chromatogra-
phy assay.

Assay of microsomal protein

The protein concentration was determined according
to the method of Lowry et al. (26).

Assay of cholesterol in liver microsomes

The amount of total and free cholesterol in liver micro-
somes was measured with isotope dilution mass spectrom-
etry using [2Hg]cholesterol as internal standard (24).

RNA isolation and Northern blot analysis

Total cellular RNA was isolated from rat liver slices by
the LiCl-urea method (27). Poly A+RNA was prepared
from total RNA using Dynabeads Oligo (dT) (Dynal AS,
Oslo, Norway) according to the manufacturers’ instruc-
tion. Electrophoresis of total RNA and poly A+RNA in
agarose gels containing formaldehyde and blotting of the
separated RNA onto nylon membranes (Hybond N,
Amersham, U.K.) was carried out by standard procedures
(28). For the hybridization, cDNA probes for rat choles-
terol 7a-hydroxylase, for hamster HMG-CoA reductase
(29), and for human glyceraldehyde 3-phosphate dehy-
drogenase (30) were labeled with 32P using the Pharmacia
Oligolabelling kit (Pharmacia, Uppsala, Sweden). Hy-
bridization of the blots with the labeled probes was done

I mnowv v o ve vivil
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Fig. 1. Northern blot of HMG-CoA reductase mRNA in liver of rats
treated with saline (I, II, VII, VIII) or phenobarbital (III-VI). The sig-
nal at 5.0 kbs corresponds to HMG-CoA mRNA and that at 1.7 kbs to
glyceraldehyde 3-phosphate dehydrogenase mRNA.

according to Gehring et al. (31), and the blots were there-
after exposed to Fuji New RX X-ray films at —70°C.
mRNA for HMG-CoA reductase was only quantitated
from poly A+RNA, as hybridization of total RNA
yielded nonspecific interactions between the probe and
288 ribosomal RNA. Semiquantitive analysis of the rela-
tive amount of mRNA was estimated by densitometry.
Fig. 1 shows a typical Northern blot of HMG-CoA
reductase mRNA with a signal at 5.0 kb. The signal at
1.7 kb corresponds to glyceraldehyde 3-phosphate dehy-
drogenase mRNA. The ratio between the signals was
used as a measure of HMG-CoA reductase mRNA.

RESULTS

Table 1 shows results from experiments in which nine
different strains of rats and one strain of gerbils were
treated with phenobarbital under the conditions described

TABLE 1. Effect of phenobarbital treatment for 48 h on hepatic cholesterol 7a-hydroxylase and HMG-CoA reductase activity
in male rats of different strains

Cholesterol
7a-Hydroxylase HMG-CoA Reductase
Activity Activity

Strain of Rats

Sprague-Dawley (n=5+5)
Wistar rats (n=4+4)
Wistar-F (n=10+10)

Wistar Kyoto normotensive (n=4+4)

Brown Norwegian (n=5+5)
Dahl/Mol (n=4+4)
Long-Evans (n=4+4)
Lewis (n=4+4)
Gerbils (n=5+5)
Mins Wistar Fu (n=5+5)

+113% (P < 0.05)

~15% (P > 0.05)
-45% (P < 0.01)

-30% (P < 0.01)
-58% (P < 0.01)
+145% (P < 0.05)
-12% (P > 0.05)
+24% (P < 0.01)
- 41% (P < 0.01)
+25% (P < 0.01)
+140% (P < 0.01)

-5% (P > 0.05)
-13% (P > 0.05)

-3% (P > 0.05)
+29% (P < 0.01)
-24% (P < 0.01)
- 11% (P > 0.05)
+70% (P < 0.01)
- 14% (P > 0.05)
-21% (P < 0.01)

Male rats of nine different strains and one strain of gerbils were injected daily intraperitoneally with 100 mg/kg body weight phenobarbital or saline
and were killed 2 h after the third injection (see Materials and Methods). The difference in specific catalytic activity (pmol conversion/min per mg
protein) between phenobarbital-treated and saline-treated rats was calculated. The results shown for each strain are the means from at least 4 + 4
rats. The P-value obtained in a statistical evaluation (Student’s t-test) is given within parentheses. The specific catalytic activity of cholesterol 7a-
hydroxylase of the control rats was 23, 17, 29, 30, 17, 15, 18, 32, 12, and 31 pmol/min per mg in the S-D, W, W-F, W-K| B-N, D-M, L.R, L,
G, and M W-F rats, respectively. The corresponding figures for HMG-CoA reductase activity were 0.73, 0.55, 0.74, 1.1, 3.8, 0.40, 0.77, 0.94,
0.78, and 0.35 nmol/min per mg, respectively.
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Activity (% of controls)

in Materials and Methods. Two of the strains, the Wistar
F strain and the Lewis strain, responded to phenobarbital
with a clear increase of specific activity (about 2-fold) of
both cholesterol 7a-hydroxylase and HMG-CoA reduc-
tase. The Brown Norwegian strain of rat responded with
a slight increase of activity of the two enzymes (about
25%). In the other strains and in the gerbils, these two en-
zyme activities were decreased or not affected at all by
phenobarbital.

The lack of effect of phenobarbital on the cholesterol
7ai-hydroxylase in most strains of rats was not coupled to
differences in sleeping time. Thus the phenobarbital-
induced sleeping time was similar in all the rats as well as
in the gerbils. In a separate experiment with rats of the
Sprague Dawley and Wistar strain, it was shown that the
phenobarbital treatment led to about 2-fold stimulation of
microsomal 11-hydroxylation of laurate under the condi-
tions used (results not shown).

The stimulatory effect of phenobarbital on cholesterol
7a-hydroxylase in the Wistar F strain was reproduced in
several sets of experiments and was always significant
from a statistical point of view. In one typical set of ex-
periments the specific activity of cholesterol 7a-hydroxyl-
ase was 62 + 13 pmol/min per mg protein in Wistar F
rats treated with phenobarbital for 48 h and 29 + 5
pmol/min per mg in the corresponding control rats
(mean + SEM, n = 10, P < 0.05, Student’s t-test). In
one typical set of experiments with Lewis rats, cholesterol
7a-hydroxylase activity was 54 + 3 pmol/min per mg and
32 + 2 pmol/min per mg after phenobarbital treatment
and saline treatment, respectively (n = 4, P < 0.01). The
HMG-CoA reductase activity was also significantly in-
creased by phenobarbital in both these experiments.

200

100+

(o] 24
Time (hours)

Fig. 2. Effect of phenobarbital on cholesterol 7a-hydroxylase activity
(open bars) and HMG-CoA reductase activity (hatched bars). The
specific catalytic activity of the two enzymes was compared with one con-
trol rat (at time 0) for each phenobarbital-treated rat. The activity of the
control rat was set to 100%. The means + SEM for three different in-
dependent experiments are shown.
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Fig. 3. Effect of phenobarbital on cholestero]l 7a-hydroxylase mRNA
(open bars) and HMG-CoA reductase mRNA (hatched bars). The
mRNA level of the two enzymes was compared with one control rat at
time 0 for each phenobarbital-treated rat (Northern blot, see Materials
and Methods). The level of the control was set to 100%. The means +
SEM for three different independent experiments are shown or the
means of two experiments (HMG-CoA reductase mRNA at 24, 72, and
96 h).

The phenobarbital-induced stimulation was highest in
the Wistar F rats and this strain of rats was therefore used
in all the subsequent experiments. In this strain the
degree of stimulation of cholesterol 7a-hydroxylase ob-
tained after 48 h of treatment varied in different experi-
ments between 80% and 200% whereas the degree of
stimulation of HMG-CoA reductase varied between 40%
and 200%.

Fig. 2 shows the effect of phenobarbital on the two en-
zyme activities in relation to the duration of the treat-
ment. The maximal effect on both cholesterol 7¢-hydrox-
ylase and HMG-CoA reductase was obtained after 48 h.
The stimulation of cholesterol 7a-hydroxylase decreased
slowly with time whereas a significant stimulatory effect
on HMG-CoA reductase was only seen after 24 and 48 h
(in the experiments shown in Fig. 2, only after 48 h).

Most of the stimulatory effect of the phenobarbital
treatment appeared to be at a pretranslation level, at least
in case of cholesterol 7a-hydroxylase. As shown in Fig. 3,
cholesterol 7a-hydroxylase mRNA levels thus parallelled
the activity of the enzyme. The increase of HMG-CoA
reductase mRNA was somewhat higher than that of the
corresponding activity.
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Fig. 4. Diurnal variation of cholesterol 7a-hydroxylase activity (open bars) and HMG-CoA reductase activity
(hatched bars) in rats treated with phenobarbital for 48 h. The specific catalytic activity for the two enzymatic activi-
ties are shown as means + SEM of four independent experiments.

The possibility was investigated that the effect seen on
cholesterol 7a-hydroxylase and HMG-CoA reductase was
due to phenobarbital-induced change in diurnal rhythm
of the two enzymes. As shown in Fig. 4, the two enzyme
activities showed the normal diurnal rhythm with a maxi-
mum at 11 PM also in phenobarbital-treated rats. There
was a tendency to a delay in the HMG-CoA reductase ac-
tivity as the relative increase of HMG-CoA reductase was
slightly lower than that of cholesterol 7a-hydroxylase at
5 PM and shightly higher at 5 AM (Fig. 4). On the other
hand, there was not such an effect on HMG-CoA reduc-
tase mRNA in relation to cholesterol 7a-hydroxylase
mRNA at 5 PM (Fig. 5). With the exception of the situa-
tion at 5 PM the mRNA levels corresponding to the two
enzymes parallelled the enzyme activities (Fig. 3).

In contrast to the situation in the liver, phenobarbital
treatment did not stimulate HMG-CoA reductase in kid-
neys (Table 2). In the experiments shown in Table 2,
HMG-CoA reductase activity was even lower in the
phenobarbital-treated rats than in the controls. Also
adrenal HMG-CoA reductase activity seemed to be un-
affected or decreased by phenobarbital treatment.

The possibility must be considered that the increased
HMG-CoA reductase activity in the liver may be due to
reduced levels of cholesterol as a consequence of increased
cholesterol 7ce-hydroxylase activity. In accordance with
this, liver microsomes from phenobarbital-treated Wistar
F rats had a significantly lower cholesterol content than
saline-treated controls (Table 3). In contrast, liver micro-
somes from phenobarbital-treated Sprague-Dawley rats
(non-responders) had cholesterol levels similar to those of
saline-treated controls.

If cholesterol depletion in the liver leads to increased
HMG-CoA reductase, this may occur at a transcriptional
or posttranscriptional level. According to recent studies

(15, 17), regulation of HMG-CoA reductase occurs main-
ly at a posttranscriptional level in rats. In view of this, it
was considered important to establish that HMG-CoA re-
ductase activity can also be regulated by pretranslation
mechanisms other than by phenobarbital treatment.
Lymphatic drainage is known to result in increased
HMG-CoA reductase activity in the liver (23), presumably
due to loss of cholesterol-rich chylomicrons. As shown in
Table 4, lymphatic drainage resulted in a marked stimu-
lation of HMG-CoA reductase in the liver of the Wistar F
rats with a parallel increase in HMG-CoA reductase
mRNA. The cholesterol content of the liver microsomes
of the rats subjected to lymphatic drainage was lower than

500
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Fig. 5. Diurnal variation of cholesterol 7a-hydroxylase mRNA (open
bars) and HMG-CoA reductase mRNA (hatched bars) in rats treated
with phenobarbital for 48 h. The mRNA level at each time point was
compared with that of a corresponding control at 11 AM, which was set
to 100%. The means + SEM of four independent experiments are
shown.
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TABLE 2. Activity of cholesterol 7a-hydroxylase in liver and HMG-CoA reductase in liver and kidney of
Wistar F rats after treatment with phenobarbital for 48 h

Control Phenolbarbital-Treated
Enzyme Activity Rats Rats Difference
pmol/min/mg %
Hepatic cholesterol 7a-hydroxylase 35 + 64 + 5 +83°
Hepatic HMG-CoA reductase 744 + 1083 + 35 +39°
Renal HMG-CoA reductase 59 & 37 + 2 -37°
Adrenal HMG-CoA reductase 38 29 -24

Male rats of the Wistar F strain were injected daily intraperitoneally with 100 mg/kg body weight phenobarbital
(n = 5) or saline (n = 5) and were killed 2 h after the third injection (see Materials and Methods). The results shown
are the means + SEM with the exception of the experiments with adrenals, in which the mean of two independent

experiments is shown.
‘P < 0,01, Student’s i-test.

that of the control animals (Table 4). For reasons of com-
parison, Wistar F rats were also treated with 2% choles-
terol for 5 days. This treatment resulted in a markedly
reduced level of both HMG-CoA reductase activity and
HMG-CoA reductase mRNA (results not shown).

DISCUSSION

In spite of considerable efforts, the nature of the link

Dbetween the two important rate-limiting enzymes in cho-

lesterol homeostasis, HMG-CoA reductase and cholesterol
7a-hydroxylase, is still unknown. [t is evident, however,
that there may be interactions between these two enzymes
at several different levels. A basis for all possible regula-
tory models must be the well-established down-regulation
of cholesterol 7a-hydroxylase by bile acids and the down-
regulation of HMG-CoA reductase by cholesterol.

We have previously discussed the possibility that the
regulation of HMG-CoA reductase by bile acids may be

secondary to the effect of bile acids on cholesterol 7a-
hydroxylase (32). If bile acids are the primary regulators
of cholesterol 7a-hydroxylase, the activity of the latter en-
zyme may be of importance for the cholesterol content in
the hepatocyte. If HMG-CoA reductase is primarily regu-
lated by the size of a critical cholesterol pool in the cell,
and this pool is also a substrate for cholesterol 7a-
hydroxylase, this would explain at least part of the covari-
ation of the two enzymes under most conditions.

In the present work the latter hypothesis was tested,
taking advantage of the fact that it is possible to obtain a
stimulation of cholesterol 7a-hydroxylase activity by the
cytochrome P450 inducer phenobarbital in some strains
of rats. We show here that at least two specific strains of
rats have a cholesterol 7a-hydroxylase system that is in-
duced by phenobarbital. The phenobarbital treatment
also caused an increased HMG-CoA reductase activity in
these rats. Such stimulation was not seen in the strains of
rats that have cholesterol 7a-hydroxylase that does not
respond to phenobarbital. The stimulatory effect of

TABLE 3. Effect of phenobarbital treatment for 48 h on liver and kidney content of cholesterol in
Wistar F rats and Sprague-Dawley rats

Source

Cholesterol Content

Unesterified Total

Wistar F rats

Liver microsomes from control rats

Liver microsomes from phenobarbital-treated rats

Kidney microsomes from control rats

Kidney microsomes from phenobarbital-treated rats
Sprague-Dawley rats

Liver microsomes from control rats

Liver microsomes from phenobarbital-treated rats

ug/mg protein

17.2 + 1.1 22.2 + 1.7
133 + 0.7 18.0 + 0.5°
52.3 + 1.2 60.1 + 1.4
48.7 1 2.1 57.0 + 3.9
17.7 + 1.0 23.8 + 1.4
16.5 + 0.7 20.6 + 1.3°

Male rats of two different strains were injected daily intraperitioneally with 100 mg/kg body weight phenobarbital
(n = 5)orsaline (n = 5) and were killed 2 h after the third injection (see Materials and Methods). The total and
free cholesterol in the liver microsomes were measured with a mass spectrometric method with use of a deuterium-
labeled internal standard (24). The results shown are the means + SEM.

P < 0.05.
tP > 0.05.
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TABLE 4. Effect of lymphatic drainage on HMG-CoA reductase activity, HMG-CoA reductase mRNA, and
content of cholesterol in liver microsomes of Wistar F rats

Lymph-Fistula Sham-Operated

Rats Rats
HMG-CoA reductase activity (pmol/min/mg) 1037 + 109° 378 + 51
HMG-CoA reductase mRNA (% of control) 229 + 24° 100 + 40
Total cholesterol content in liver microsomes (ug/mg/protein) 22.2 + 2.8 300 + 0.8
Free cholesterol content in liver (ug/mg/protein) 20.7 &+ 2.5 279 £+ 1.5

Wistar F rats were treated with a lymph fistula for 72 h (n

= 5), using the conditions described in reference 23.

The control animals were sham-operated at the same time as the lymph ﬁstulatlon and were otherwise treated as

the fistulated animals. The results shown are the means

P < 0.01.
tpP < 0.05.

phenobarbital on HMG-CoA reductase could only be
demonstrated in the liver, and the corresponding activity
in the kidneys was slightly reduced. These results are in
accord with the contention that the increased HMG-CoA
reductase activity is secondary to the increased cholesterol
7a-hydroxylase activity. If so, the size of the pool of
cholesterol that regulates hepatic HMG-CoA reductase
activity could be the link between the two enzymes. Alter-
natively, the regulation of HMG-CoA reductase may be
mediated by an oxysterol derived from the above pool of
cholesterol. In accordance with the hypothesis, the con-
tent of free cholesterol in the liver microsomes of the
phenobarbital-treated rats was lower than that of the con-
trols. Phenobarbital-treated rats that had a cholesterol
7a-hydroxylase system that was not stimulated by the
treatment were shown to have normal levels of free cho-
lesterol in the liver microsomes. It should be emphasized
that the critical pool of cholesterol controlling HMG-CoA
reductase may be small in relation to the bulk of choles-
terol. Thus, no marked changes in the cholesterol content
would be expected under different conditions.

The possibility that HMG-CoA reductase is primarily
stimulated by phencbarbital seems highly unlikely in view
of the fact that a stimulatory effect on this enzyme was
seen only in the liver and in the presence of a stimulated
cholesterol 7a-hydroxylase system. It is known that in ad-
dition to hydroxylases phenobarbital also stimulates cyto-
chrome P450 reductase, epoxide hydroxylase, and gluta-
thione S-transferase. The latter enzymes have properties
very different from those of HMG-CoA reductase, however.

It has been reported in at least one previous study that
phenobarbital treatment of rats is associated with reduced
cholesterol content in the liver (33). It has also been
reported that treatment of humans with phenobarbital is
associated with reduced circulating levels of LDL and a
reduced LDL/HDL ratio (34, 35). Such changes are likely
to occur in a state with increased degradation of choles-
terol to bile acids, and are thus in accordance with the
results of the present study. In another study, however,
phenobarbital was found to increase plasma cholesterol

+ SEM.

and triglycerides in three of four healthy humans (36). Ac-
cording to a report by Coyne et al. (37) both HMG-CoA
reductase and cholesterol 7o-hydroxylase activities are at
least slightly in‘crﬁase'd in human liver in response to
phenobarbital treatment, and the situation seems to be
similar in’h‘amsters (38). The possibility that increased
HMG-CoA reductase activity could be secondary to in-
creased cholesterol 7a-hydroxylase activity was not,
however, discussed by these authors.

The exact mechanism by which Cytochrome P450 en-
zymes are induced by phenobarbital is unknown. The
species difference in the response of cholesterol 7o-
hydroxylase towards phenobarbital may be due to differ-
ences in expression of transcription factors or structural
differences in the promotor region of the gene coding for
cholesterol 7a-hydroxylase. Attempts to correlate the gene
structure of cholesterol 7a-hydroxylase in different species
with the specific ability to respond to phenobarbital treat-
ment have been initiated in our laboratory.

It 1s of interest to note that the phenobarbital-induced
increase in HMG-CoA reductase activity was associated
with increased levels of the corresponding mRNA. Such
an increase in mRNA levels would not be expected if the
activity is only posttranscriptionally controlled, as re-
cently suggested by some authors (15, 17). Since we could
show that cholesterol depletion by lymphatic drainage
caused increased mRNA levels and that cholesterol feed-
ing caused a decrease in such levels, it is evident that
HMG-CoA reductase is, at least to some extent, con-
trolled by transcription or stability of mRNA in the spe-
cific strain of rats studied here. The different mechanisms
for regulation of HMG-CoA reductase that have been re-
ported in rats may be due to species differences. In a
recent study it was well documented that there are differ-
ent mechanisms for down-regulation of HMG-CoA
reductase by dietary cholesterol in two different strains of
mice (39). It seems likely that much of the controversy
with respect to different mechanisms for regulation of
cholesterol homeostasis in rats and mice may be due to
strain differences.
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It should be noted that the effect of phenobarbital on
the two enzymes could be observed only during the first
few days of treatment. Whether this is due to increased
metabolism of phenobarbital or due to compensatory
effects on the key enzymes in chalesterol homeostasis was
not investigated.

To summarize, our results suggest that a primary up-
regulation of cholesterol 7o-hydroxylase may lead to a
secondary increase in HMG-CoA reductase. In accor-
dance with this we recently demonstrated that transfec-
tion of COS-cells with a cDNA corresponding to human
cholesterol 7c-hydroxylase leads to increased activity of
HMG-CoA reductase activity in the cells (E. Sudjana-
Sugiaman, G. Eggertsen, and I. Bjérkhem, unpublished
observation). As we found a reduced content of free cho-
lesterol in the liver microsomes of the phenobarbital-
treated rats and as cholesterol depletion is likely to result
in a compensatory increase in HMG-CoA reductase ac-
tivity, it appears likely that utilization of cholesterol by
cholesterol 7a-hydroxylase is an important link between
the two enzymes. It is tempting to suggest that the above
mechanism is responsible for part of the covariation be-
tween cholesterol 7a-hydroxylase and HMG-CoA reduc-
tase not only in connection with phenobarbital treatment
but also under other conditions. il
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