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ABSTRACT Pravastatin sodium (pravastatin), a tissue-selective inhibitor of 3-hydroxy-3-methylglu
taryl coenzyme A reductase, was administered alone (50 mg/kg) or in combination with cholestyramine, 
a bile acid sequestrant resin, at the level of 2% in the diet to homozygous Watanabe heritable hyper
lipidemic (WHHL) rabbits for 4 weeks. The low density lipoprotein (LDL)-cholesterol levels were re
duced by 29% and 56% with pravastatin alone and the combination treatment, respectively. Hepatic 
LDL receptor activity was increased by 11.2 and 13.9-fold with pravastatin alone and the combination 
treatment, respectively. The LDL receptor activity in the untreated homozygous WHHL rabbits was 
only 2.5% of that in the normal rabbits. mRNA for the LDL receptor in the liver was also increased by 
2.1 and 3.4-fold with pravastatin alone and the combination treatment, respectively. On the other 
hand, mRNA for the LDL receptor in the adrenal gland was not affected by pravastatin and the com
bination treatment, whereas the mRNA in the intestine was increased in both groups. These results 
suggest the following: 1) the induction of hepatic LDL receptor activity by the treatment of pravastatin 
alone or in combination with cholestyramine is the main cause of the reduction of serum cholesterol 
levels by these treatments even in LDL receptor-deficient animals. 2) The induction of the mRNA for 
the LDL receptor in the liver and intestine, but not that in the adrenal gland, might be a reflection of 
the tissue-selective inhibition of cholesterol synthesis by pravastatin.
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 In homozygous Watanabe heritable hyperlipidemic 

(WHHL) rabbits, the amount of low-density lipoprotein 
(LDL) bound to LDL receptor is less than 5% of that 
in normal rabbits (1-4). Because of their LDL recep
tor deficiency, WHHL rabbits have serum cholesterol 
levels up to 1000 mg/dl (mainly LDL cholesterol) from 
birth, and consequently suffer from severe atherosclero
sis as they become mature (5). Although heterozygous 
WHHL rabbits possess both normal and mutant genes 
for the LDL receptor, they are not severely hyper
lipidemic, unlike the case in human familial hyper
cholesterolemia (FH) (2, 6). Therefore, homozygous 
WHHL rabbits are an excellent animal model for hu

man FH. 
 Inhibitors of 3-hydroxy-3-methylglutaryl coenzyme A 

(HMG-CoA) reductase, the rate-limiting enzyme of 
cholesterol synthesis, were reported to lower the plas
ma lipoprotein cholesterol levels in various kinds of 
animals (7-9). Cholestyramine, a bile acid sequestrant 
resin, has long been used as a hypocholesterolemic drug 

(10). The combination drug treatment of an HMG-CoA 
reductase inhibitor and cholestyramine was reported to 
be more effective for lowering plasma cholesterol (6, 
11, 12). 

 It was reported that the main mechanism for both 
types of drugs to lower plasma LDL is the induction of



hepatic LDL receptor caused by hepatic cholesterol de

pletion (11, 13). Kume et al. recently reported (6) that 
pravastatin sodium (pravastatin), an HMG-CoA reduc
tase inhibitor, and cholestyramine additively induced 
hepatic LDL receptor protein as well as mRNA for the 
receptor and consequently lowered plasma LDL 
cholesterol levels in heterozygous WHHL rabbits. 

 In addition, the induction of LDL receptor mRNA 
and the reduction of LDL cholesterol in homozygous 
WHHL rabbits were also reported using mevinolin as 
an HMG-CoA reductase inhibitor (14). However, the 
function of the mutant LDL receptor protein has not 
been clarified well. The question is whether mutant 
LDL receptors in homozygous WHHL rabbits, in which 
all the LDL receptors are mutant, really function to 
bind and internalize LDL when the receptor is highly 
induced. 

 In this study, we examined whether the LDL recep
tor activity was induced and consequently the plasma 
cholesterol levels were reduced in homozygous WHHL 
rabbits by pravastatin alone and in combination with 
cholestyramine.

MATERIALS AND METHODS 

 Iodine-125 (IMS.30) was purchased from Amersham 

(England). [3-14C]DL-3-hydroxy-3-methylglutaryl CoA 
and [ y-32P]ATP were obtained from DuPont-NEN. 

 Male WHHL rabbits (10 13-month-old) were di
vided into three groups (3 rabbits each). The rabbits 
were housed individually and fed a commercial rabbit 
chow, 120 g/day (Type GC-4, Oriental Yeast Co., 
Tokyo, Japan). Pravastatin solution was orally adminis
tered at the dose of 50 mg/kg per day and cholestyr
amine was given at the level of 2% in the diet for 4 
weeks. Blood samples were withdrawn from the ear 
vein in the morning after overnight fasting before the 
drug treatment and at the day of dissection. The rabbits 
were sacrificed by exsanguination from the carotid 
blood vessel under pentobarbital sodium anesthesia (20 
mg/kg, i.v.). Immediately after bleeding, liver, intes
tinal and adrenal tissues were removed. 

 Serum lipoproteins were fractionated according to the 

previously described method (9). Cholesterol was meas
ured enzymatically. 

 The liver tissues were homogenized with a Polytron 
homogenizer, and membranes sedimenting between 
8,000 and 100,000 X g were prepared (3). The mem
branes were frozen in liquid nitrogen and stored at 
-80°C for 4 days. LDL from WHHL rabbits was iodin
ated by the iodine monochloride method as described 

(15, 16). Membrane pellets were suspended in buffer 
and subjected to the LDL binding experiment (3, 6)

and the HMG-CoA reductase assay (17). For the bind
ing assay, 10 ,ug/ml 125I-labeled LDL (specific activity 
278 cpm/ng) was incubated with 100 ,u g of the mem
brane protein. EDTA-sensitive binding was calculated 
by subtracting the amount of 125I-labeled LDL bound in 
the presence of 5 mM EDTA from that bound in the 
absence of EDTA and was considered to be specific for 
the LDL receptor (3). 

 Other portions of the liver, the small intestine 

(ileum) and the adrenal gland were immediately flash
frozen in liquid nitrogen. The tissue total RNAs were 
isolated by the acid guanidinium thiocyanate-phenol
chloroform extraction method (18). Fifteen micrograms 
of RNA was electrophoresed through a 1% agarose gel 
containing 7% formaldehyde (19) and transferred to a 
nylon membrane. Prehybridization was performed at 
42°C in 50% formamide, 5 X SSC, 5 X Denhart's solu
tion, 10% dextran sulfate, 1% SDS and 100,ug/ml of 
heat-denatured salmon sperm DNA. Hybridization was 

performed for 16 hr at 42°C in the same buffer contain
ing 106 cpm/ml of 32P-labeled cDNA probe (1 X 109 
cpm/,ug). The LDL receptor probe, pLDLR-2HH1, 
was a kind gift from Dr. D.W. Russell and consists of a 
1.9-kb fragment (base pairs 1573-3486) of the human 
LDL receptor cDNA clone (20), which showed more 
than 75% homology to the rabbit cDNA (21). Filters 
were washed twice at room temperature with 2 X 
SSC/0.1 % SDS, then washed twice at 50°C with 0.1 X 
SSC/0.1 % SDS, and then exposed to X-ray film (Fuji 
New RX) at -80°C with a intensifying screen for 24 hr. 

 Protein was measured by a Bio-Rad protein assay kit 
using histone as the standard. All other reagents and 
materials used were of analytical grade.

RESULTS 

 Table 1 shows the hypocholesterolemic effect of pra
vastatin alone and in combination with cholestyramine 
in male homozygous WHHL rabbits. Initial plasma 
cholesterol levels were 438 ± 65 mg/dl (n = 9), and 
about 80% of the cholesterol was in the LDL fraction. 
In group 1 (control), cholesterol levels in whole plasma 
and any lipoprotein fraction were not changed during 
the experimental period. In group 2 (pravastatin), 
cholesterol levels were reduced by 31% and 29% in 
whole plasma and LDL, respectively, after 4 weeks of 
treatment. In group 3 (pravastatin + cholestyramine), 
cholesterol levels were further reduced by 57% and 
56% in whole plasma and LDL, respectively. HDL 
cholesterol levels were not changed with these drug 
treatments. 
 Hepatic HMG-CoA reductase activity was increased 

6.6-fold in group 2 (61 vs. 9.2 pmol/min/mg protein)



and 27-fold in group 3 as compared with that in group 1 

(Fig. 1). 
 EDTA-sensitive binding of 1251-labeled LDL to the 

membranes from WHHL rabbits showed saturation 
kinetics and was saturated at 10 ,u g protein/ml (data 
not shown). The 1251-labeled LDL binding to hepatic 
membranes is shown in Fig. 1. Control membranes 
showed very low activities (0.92 and 0.59, average of 
0.76 ng LDL/mg protein). Under the same ex

perimental conditions, liver membranes from normal

rabbits (Japanese white) showed 125I-labeled LDL bind
ing of 29.8 ± 2.8 ng/mg (n = 3). This means that liver 
membranes of WHHL rabbits possess only 2.5% of 
LDL binding activity compared with those of normal 
ones. Pravastatin alone and the combination drug treat
ment caused 11.2-fold and 13.9-fold stimulation in the 
LDL binding activity, respectively.

Table 1. Plasma and lipoprotein cholesterol levels in WHHL rabbits treated with pravastatin 

alone and in combination with cholestyramine

Fig. 1. Hepatic HMG-CoA reductase activity and LDL receptor activity in WHHL rabbits treated with pravastatin alone 
and in combination with cholestyramine. Hepatic microsomal membranes were prepared and assayed as described in Materi
als and Methods. Each point represents an individual value and the bars represent the average. Statistical analysis was not 
done because only two samples were tested in the control group (one sample lost).

 The amount of mRNA for the LDL receptor was de

termined by densitometry using a-actin as an internal 

standard for intensity. As shown in Fig. 2, hepatic



Fig. 2. Hepatic, adrenal and intestinal mRNA for LDL receptor in WHHL rabbits treated with pravastatin and in com
bination with cholestyramine. Each tissue was subjected to the isolation of total RNA and analyzed for the mRNA for the 
LDL receptor as described in Materials and Methods. Densitometric intensity was compared with a-actin as a standard . A 
statistically significant difference was seen only in the intestine by Student's t-test.

mRNA levels were increased to 2.1-fold and 3.4-fold by 

pravastatin alone and in combination with cholestyr
amine, respectively. The intestinal mRNA levels were 
increased to 8.8-fold and 7.7-fold by the single treat
ment and the combination treatment, respectively. The 
adrenal mRNA levels, however, were not altered by 
these treatments. In all experiments (Fig. 2), the in
tensity of a-actin was almost the same. 

 Body weights did not change during the experiment 
among the three groups.

DISCUSSION 

 The LDL binding activity of membranes from 
homozygous WHHL rabbits was only one-fortieth that 
of membranes from normal rabbits. This value is com

parable to the previous data (2, 4). Ma et al. (14) first 
reported that an HMG-CoA reductase inhibitor in
duced LDL receptor mRNA and reduced plasma LDL 
cholesterol in homozygous WHHL rabbits, but they did 
not show the LDL receptor activity after the drug treat
ment. The present study demonstrated that the increase 
in hepatic mRNA for the LDL receptor in WHHL rab
bits induced by pravastatin, an HMG-CoA reductase 
inhibitor, alone or in combination with cholestyramine 
led to the increment of LDL receptor binding activity,

and subsequently reduced plasma LDL cholesterol. 
  Kume et al. (6) reported results similar to the present 

ones using heterozygous WHHL rabbits, where the nor
mal and mutant mRNAs for the LDL receptor were in
duced comparably, and the ratios of increment in 
mRNA and the receptor binding activities were almost 
the same. Their finding was not proof that the mutant 
receptor can function, because induction of the normal 
receptor alone could explain such hypocholesterolemic 
effects (13). The homozygous WHHL rabbits used in 
this experiment, however, possess only mutant genes 
for the LDL receptor and can produce only mutant 

proteins (22). The present data showed that the in
duced mutant receptor functioned at least in part and 
contributed to lowering plasma LDL levels (Table 1). 

 The mechanism of reduction of plasma cholesterol 
levels by HMG-CoA reductase inhibitors is thought to 
be the induction of the hepatic LDL receptor (11). 
However, we can not rule out the possibility that 
mechanisms other than LDL receptor induction may 
contribute to lowering the plasma LDL levels. Vega et 
al. (23) reported that HMG-CoA reductase inhibitor re
duced VLDL secretion as the result of inhibition of 
hepatic cholesterol synthesis in patients with hyper
lipidemia. On the other hand, the plasma LDL 
cholesterol level in a homozygous FH was reduced from



988 mg/dl to 184 mg/dl by the transplantation of nor
mal liver which possessed normal LDL receptor activ
ity, suggesting that LDL receptor activity in the liver 

primarily determines the plasma LDL cholesterol levels 
(24). In addition, Shiomi et al. (4) reported that hepatic 
LDL receptor activity was increased 12-fold in homozy

gous WHHL rabbits during pregnancy, resulting in 78% 
decrease in LDL cholesterol and that the cause of LDL 
receptor induction might be due to the action of 
estrogens. Estrogens are reported to induce the LDL 
receptor and lower LDL cholesterol in animal species 

(25  27). These findings support the current data; the 
mutant LDL receptors in homozygous WHHL rabbits 
have the ability to reduce plasma LDL cholesterol, 
when induced by any treatment. 

 The LDL receptor mutation in WHHL rabbits is clas
sified as Class 2 in human FH (28), in which the precur
sor protein is synthesized normally, but is not suscepti
ble to processing, failing to be transferred to the cell 
surface (22). However, in homozygous WHHL rabbits, 
only a small portion of the LDL receptor precursor 

protein is processed to the mature form (22). Yama
moto et al. estimated (21) that the mutant protein 
could function. Drug treatments such as those in this 
experiment might stimulate the precursor processing to 
the mature form, since the increases in LDL binding 
activity were much more than those in mRNA for the 
LDL receptor (Figs. 1 and 2). Another explanation for 
the phenomenon might be possible: the half life (ti/2) 
of LDL receptor mRNA is considered to be several 
hours (29), whereas that of LDL receptor protein is 
more than 24 hours (30). Since the homozygous WHHL 
rabbits used in this experiment were sacrificed at 24 
hours after the final administration of pravastatin, the 
induction ratio of hepatic LDL receptor mRNA could 
be lower than that of hepatic LDL receptor activity at 
that point. 

 As reported previously (31, 32), the induction of 
hepatic HMG-CoA reductase activity by inhibition of 
the enzyme or bile acid sequestrant is considered to be 
a compensatory phenomenon caused by depletion of 
cholesterol. In the present study, hepatic HMG-CoA 
reductase activity was induced by 6.6 and 27.1-fold in 

groups 2 and 3 (Fig. 1), respectively, suggesting that the 
hepatic cholesterol was depleted by the inhibitor of 
HMG-CoA reductase and the bile acid sequestrant 
resin. On the other hand, the induction ratio of hepatic 
LDL receptor activity in group 3 was not much higher 
than that in group 2 (13.9 vs. 11.2, Fig. 1). This might 
be explained by a compensatory mechanism: the hepa
tic cholesterol deficiency was compensated by the high
ly induced HMG-CoA reductase activity in group 3. 
Another explanation may be possible that these induc

tion ratios show the maximum ability for homozygous 
WHHL rabbits to induce its hepatic LDL receptor, be
cause Shiomi et al. (4) also reported the same order of 
LDL receptor induction (12-fold) in homozygous 
WHHL rabbits during pregnancy. 

 Synthesis of the mRNA for LDL receptor was not in
duced in the adrenal gland, whereas it was induced in 
the intestine as well as the liver (Fig. 2). Kume et al. 
also reported (6) that mRNA for LDL receptor in 
adrenal gland was not affected by the treatment of pra
vastatin in heterozygous WHHL rabbits. Pravastatin 
selectively inhibited the sterol synthesis in the liver and 
intestine, but only weakly inhibited it in other organs 
including the adrenal gland (9). The present results 
seem to be consistent with the finding mentioned 
above: the induction of the synthesis of mRNA for the 
LDL receptor occurred only in tissues where choles
terol synthesis was inhibited. We can not, however, 
rule out the following possibilities: (i) mRNA for the 
LDL receptor in the adrenal gland might be affected to 
a lesser extent than those in the liver and intestine by 
the treatment of HMG-CoA reductase inhibitors, (ii) 
any compensatory mechanisms would not be observed 
in the adrenal gland after the treatment of cholesterol 
lowering drugs, because of sufficiently high levels of 
mRNA for the LDL receptor in this organ. The clari
fication of these possibilities are now under investiga
tion.
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