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The efficacy of lovastatin, an inhibitor of hepatic cholesterol
synthesis in the prevention of cholesterol gallstone formation,
was evaluated in the prairie dog model. Two groups of animals
were maintained on either nonlithogenic or 1.2% cholesterol-
enriched chow for 21 days. Seven of the animals in each group
received lovastatin, and the remaining six received only distilled
water. All of the cholesterol-fed/water-treated animals had
crystals and 83% had gallstones, but none of the cholesterol-
fed/lovastatin-treated animals had gallstones and only three had
microscopic crystals. These data indicate that lovastatin inhibits
cholesterol gallstone formation in a diet-induced model of gall-
stone disease.

I N 1968, ADMIRAND AND Small' demonstrated that
the hepatic secretion of cholesterol-saturated bile is
a prerequisite to the formation of cholesterol gall-

stones. The clinical significance of this observation has
been expanded by the finding that pharmacologic agents
that reduce biliary cholesterol saturation are effective in
the dissolution of existing gallstones in select patients.2"
Furthermore, with the advent of extracorporeal shock
wave lithotripsy treatment for gallstones, these drugs have
become increasingly important."- The efficacy of agents
such as ursodeoxycholic acid in dissolving gallstones and
fragments ultimately depends on their ability to reduce
biliary cholesterol levels, probably via multiple mecha-
nisms.8

Lovastatin, an inhibitor of hepatic cholesterol synthesis,
has been proved to be effective in the treatment of hy-
percholesterolemia.9 The drug is orally absorbed, extracted
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on first pass through the liver, where it exerts its primary
effect, and is eliminated almost exclusively via biliary ex-
cretion. Lovastatin acts by competitively inhibiting HMG-
CoA reductase,8 the rate-limiting enzyme in cholesterol
biosynthesis. In clinical trials using both healthy volun-
teers and patients with hypercholesterolemia, lovastatin
administration (80 mg/day, in divided doses) resulted in
significant reductions in serum total cholesterol, low-den-
sity lipid (LDL) cholesterol, very low-density lipid cho-
lesterol, and triglycerides.'0

Unlike the previously available cholesterol-lowering
agent clofibrate, which increases biliary cholesterol,"
cholesterol saturation index (CSI), and the incidence of
clinical cholelithiasis,'2 HMG-CoA reductase inhibitors
have been shown to reduce significantly both biliary cho-
lesterol levels and CSIs in hypercholesterolemic patients'3
and healthy volunteers.'4 Recently Logan and Duane14"15
demonstrated that combination therapy using lovastatin
plus ursodeoxycholic acid resulted in significantly greater
reductions in biliary CSI than did ursodeoxycholic acid
therapy alone. These preliminary observations suggest that
lovastatin may be a useful agent in the treatment of cho-
lesterol gallstones.
The purpose of the present study, therefore, was to

evaluate the efficacy of lovastatin in preventing the for-
mation of diet-induced cholesterol gallstones. The prairie
dog model was selected for study because its biliary lipid
composition has been shown to be similar to that of hu-
mans.`"619 Furthermore cholesterol crystals and gallstones
are predictably induced in this model in a time-dependent
manner by a diet enriched in cholesterol. 16'7
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Materials and Methods

Experimental Design

Adult male prairie dogs (Cynomys ludovicianus,
trapped in the wild and obtained from Otto Marten Locke
ofNew Braunfels, TX) weighing approximately 1 kg were
individually caged in a thermoregulated (23 C) room. Use
of the animals followed prior approval by the Veterans
Administration Institutional Animal Care and Use Com-
mittee. Two groups of 13 animals each were maintained
for 21 days on either nonlithogenic control chow (NL)
(Purina Laboratory Chow, Ralston-Purina, St. Louis, MO)
or 1.2% cholesterol-enriched chow (XOL) (Teklad,
Sprague-Dawley, Madison, WI). Both diets contain ample
essential fatty acids, minerals, and fiber. Twice a day, fol-
lowing mild sedation (ketamine, 25 mg/kg body weight),
seven animals in each group received a 5-mL bolus
through an orogastric tube of lovastatin (mevinolin, pro-
vided by Merck, Sharp & Dohme, West Point, PA) (1.6
mg/mL dH2O), while the remaining six received only dis-
tilled water.

After a 16-hour fast (water ad libitum), each animal
was anesthetized with ketamine (100 mg/kg body weight,
intramuscularly) and xylazine (1.5 mg/kg body weight,
intramuscularly). Via a midline laparotomy incision, the
cystic duct was exposed, clamped proximally and distally,
and divided. A meticulous cholecystectomy then was per-
formed. The distal common bile duct was ligated and a

25-cm silastic catheter (inner diameter, 0.02 inches/outer
diameter, 0.037 inches) was placed into the common bile
duct. Hepatic bile was collected under mineral oil over

ice on an hourly basis for a total of 3 hours. At the ter-
mination of the experiment, blood was obtained via direct
cardiac puncture and serum was prepared. Serum total
cholesterol, high-density lipoprotein (HDL), triglycerides,
total protein, and albumin were determined using the
MONARCH system (I.L. Fisher, Boston, MA).

Analytic Methods

Gallbladder and hepatic bile samples were examined
both grossly and microscopically for the presence of gall-
stones and cholesterol crystals. Fresh bile was centrifuged
to remove suspended gallstones and sludge, and the su-

pernatant was aliquoted and subsequently analyzed for
levels of cholesterol,20 phospholipids,2' total bile acids,22
and calcium23'24 using methods that have long been in
use in this laboratory. A CSI was calculated using Carey's
critical tables.25

Statistical Analysis

Statistical comparisons between the dietary groups were
made using analysis ofvariance followed by Tukey's mul-
tiple comparison tests. Fisher's exact test was used to

compare the incidence of crystals and gallstones among
the treatment groups.

Results

Nutritional Parameters

The effects of cholesterol feeding and lovastatin ad-
ministration on nutritional parameters are shown in Table
1. All animals tolerated the diets and interventions well.
Their coats of fur remained healthy and there was no

significant diarrhea or other apparent side effects. Serum
total protein and albumin were similar among all treat-
ment groups. While body weights decreased slightly
(< 1%) during the 21 days of the experiment, the trend
was uniform throughout all groups. It has been previously
noted in this laboratory (unpublished data) that dietary
intake of these gregarious animals is slightly higher when
they are housed in small groups; hence the necessity of
maintaining the prairie dogs in individual cages probably
accounts for the minimal decrease in body weight.

Gallstone Formation

Figure 1 summarizes the effects of lovastatin admin-
istration on the formation of diet-induced cholesterol
gallstones. As expected neither the NL diet group that
received water (NL/W) nor the group that received lo-
vastatin developed either gallstones or cholesterol crystals.
All of the cholesterol-fed/water animals (XOL/W) had
crystals, and 83% (5 of 6 dogs) had gallstones (p < 0.005
versus NL/W). In contrast none of the cholesterol-fed/
lovastatin-treated animals (XOL/LS) had gallstones (p
< 0.005 versus XOL/W), and only three had microscopic
crystals (p < 0.05 versus XOL/W).

Serum Cholesterol and Lipoproteins

The effects of cholesterol feeding and lovastatin ad-
ministration on serum cholesterol and lipoprotein levels
are shown in Table 2. Cholesterol-fed animals receiving
water (XOL/W) had significant elevations in serum total
cholesterol (p < 0.005), LDL (p < 0.005), and HDL (p
< 0.001) as compared to NL diet-fed animals receiving

TABLE 1. Nutritional Parameters

% Weight T. Prot* Albumin*
Group n Change (g/dL) (g/dL)

NL/W 6 1.0 ± 0.2 5.7 ± 0.8 2.4 ± 0.4
NL/LS 7 0.9 ± 0.1 5.7 ± 0.7 2.7 ± 0.4
XOL/W 6 0.9 ± 0.1 6.6 ± 0.7 2.9 ± 0.7
XOL/LS 7 1.0 ± 0.2 6.3 ± 1.0 2.7 ± 0.2

NL, normal diet; W, water-treated (5 mL via orogastric tube, twice a
day); XOL, 1.2% cholesterol-enriched diet; LS, lovastatin-treated (5 mL
of a 1.6 mg/mL solution via orogastric tube, twice a day).

* Serum levels; results are means ± SD.
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FIG. 1. Effect of lovastatin administration on the formation of cholesterol
gallstones in prairie dogs. XOL/W = animals fed 1.2% cholesterol-en-
riched chow and treated with 5 mL water via orogastric tube twice a day
(positive controls, n = 6); NL/LS = animals fed normal laboratory chow
and treated with 8 mg lovastatin in 5 mL water via orogastric tube twice
a day (negative controls, n = 7); XOL/LS = animals fed 1.2% cholesterol-
enriched chow and treated with 8 mg lovastatin in 5 mL water via or-

ogastric tube twice a day (experimental group, n = 7). Results represent
percent of animals in each group found to have gallstones or cholesterol
crystals in their gallbladder bile after 21 days of treatment.

water (NL/W). Cholesterol-fed/lovastatin-treated animals
(XOL/LS) demonstrated a 20% to 30% reduction in total
cholesterol, LDL, and HDL as compared to cholesterol-
fed/water-treated animals (XOL/W). Similarly lovastatin-
treated animals on the NL diet (NL/LS) had levels of
serum total cholesterol and LDL that were approximately
25% lower than those seen in NL/W animals. While these
differences were not significant at the 5% probability level,
they were similar in magnitude to reductions in serum

lipids seen in human studies with lovastatin.6
For further analysis cholesterol-fed/lovastatin-treated

animals (XOL/LS) were divided into two groups based
on the presence or absence of crystals in their gallbladder
bile. When these two groups were compared with each
other, significant reductions were seen in total XOL (p
< 0.05), and LDL (p < 0.005) in XOL/LS animals with
clear bile, as compared to XOL/LS animals with crystal-
containing bile.

Biliary Lipid Composition

Due to the severe extent of gallstone disease in the
XOL/W group, available gallbladder bile following cen-

trifugation and gallstone removal was inadequate or un-

usable for subsequent biochemical analysis. The high
prevalence ofgallstones and crystals among these animals,
however, suggests that gallbladder bile in this group was

almost certainly supersaturated with cholesterol. Gall-
bladder biochemistry for the remaining treatment groups
is presented in Table 3. Because the necessary positive

control group data were unavailable, no statistical com-
parisons could be made among treatment groups. Sub-
division ofthe lovastatin-treated animals based on crystal
formation, however, revealed that crystal-containing an-
imals had significant elevations in gallbladder bile XOL,
phospholipids (PPL), Ca2+, and CSI, as compared to an-
imals with clear bile. Interestingly values for XOL/LS an-
imals with clear bile were remarkably similar to both
groups of animals maintained on the NL diets (NL/LS
and NL/W).
The effects of lovastatin and cholesterol feeding on he-

patic bile composition are shown in Figure 2. Hepatic bile
XOL (p < 0.001) and PPL (p < 0.01) were significantly
elevated in XOL/W animals as compared to the NL/W
control group. Although hepatic bile CSIs also tended to
be higher in the XOL/W animals (1.00 ± 0.34) as com-

pared to the NL/W controls (0.70 ± 0.13), these differ-
ences did not achieve statistical significance at the 5%
probability level. Lovastatin-treated cholesterol-fed ani-
mals (XOL/LS) had significantly reduced hepatic bile
XOL levels (p < 0.05) than did cholesterol-fed animals
that received water (XOL/W). Once again, while hepatic
bile CSIs from the XOL/LS group also tended to be lower
(0.78 ± 29) than among XOL/W animals (1.00 ± 0.34),
these differences were not significant. There were no sig-
nificant differences between XOL/W and XOL/LS ani-
mals with respect to hepatic PPL, total bile acids (TBA),
or calcium levels (latter not shown). Administration of
lovastatin to animals maintained on control NL chow
induced no significant alteration in hepatic bile compo-
sition.

Lovastatin-treated cholesterol-fed animals with clear
bile had significantly reduced hepatic XOL (p < 0.001)
and PPL (p < 0.025) as compared to those animals that
formed crystals (Fig. 3). In fact XOL and PPL levels in
the clear bile group closely approximated those found in
the NL diet control group. Similarly hepatic bile CSIs
from XOL/LS animals with clear bile (0.66 ± 0.14) were

very similar to those from the NL control group (0.70

TABLE 2. Serum Lipid Profile

XOL HDL LDL
Group (mg/dL) (mg/dL) (mg/dL)

NL/W 144 ± 57 77 ± 13 36 + 16
NL/LS 110 ± 30 79 ± 24 27 ± 19
XOL/W 325 ± 71* 139 ± 9t 168 ± 70*
XOL/LS 260 ± 87t 114 ± 34 130 ± 65t
Crys 336 ±1l§ 128 ± 29 194± 3011
Clear 202 ± 70 103 ± 38 81 ± 23

NL, normal diet; W, water-treated (5 mL via orogastric tube, twice a
day); XOL, 1.2% cholesterol-enriched diet; LS, lovastatin-treated (5 mL
ofa 1.6 mg/mL solution via orogastric tube, twice a day); crys, subgroup
with crystal-containing bile; clear, subgroup with clear bile; results are
means ± SD.

* p <0.005. t p <0.001 vs. NL/W; 4 p <0.02 vs. NL/LS; § p < 0.05;
II p < 0.005 vs. XOL/LS clear.
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TABLE 3. Gallbladder Bile Composition

XOL PPL TBA Calcium
Group (Amol/mL) (Amol/mL) (,umol/mL) (mg/dL) CSI

NL/W 6.0 ± 0.9 19.3 ± 5.7 136 ± 15 20.3 ± 4.6 0.72 ± 0.14
NL/LS 5.6 ± 2.2 21.7 ± 5.8 123 ± 34 20.6 ± 5.6 0.69 ± 0.15
XOL/LS 9.8 ± 5.4 32.8 ± 9.9 149 ± 51 27.4 ± 6.6 0.81 ± 0.17
Crys 13.9 ± 6.2* 41.2 ± 8.3* 185 ± 58 33.8 ± 2.Ot 0.89 ± 0.23*
Clear 6.6 ± 1.3 26.4 ± 4.9 121 ± 25 22.5 ± 3.5 0.75 ± 0.08

NL, normal diet; W, water-treated (5 mL via orogastric tube, twice a
day); XOL = 1.2% cholesterol-enriched diet; LS, lovastatin-treated (5
mL of a 1.6 mg/mL solution via orogastric tube, twice a day); crys,

+ 0.13), whereas CSIs among XOL/LS crystal-containing
animals tended to be higher (0.95 ± 0.40) (p = 0.06).

Discussion

These data represent the first report of which we are
aware documenting the effects of lovastatin on gallstone
formation. Using a diet-induced model of cholesterol
gallstone disease, we demonstrated that oral administra-
tion of lovastatin, an inhibitor of cholesterol biosynthesis,
altered biliary lipid composition and inhibited cholesterol
gallstone formation. Prairie dogs maintained on a XOL
diet for 3 weeks had increased biliary concentrations of
cholesterol, phospholipids, and calcium, and furthermore
83% developed cholesterol gallstones. The addition of lo-
vastatin to this potent lithogenic regimen markedly re-
duced the incidence of cholesterol gallstones in this model.
Furthermore no apparent side effects were associated with

subgroup with crystal-containing bile; clear, subgroup with clear bile;
results are mean ± standard deviation.

* p < 0.05, t p < 0.01 vs. XOL/LS clear.

use of this drug. These findings suggest that lovastatin
might also be useful in the dissolution of existing choles-
terol gallstones, although this hypothesis remains to be
tested.
Many studies have demonstrated that the prairie dog

is an animal model uniquely suited to the study of cho-
lesterol gallstone disease.16-'9 Both the biliary lipid com-
position and the bile acid profile in the prairie dog are
remarkably similar to those found in humans. Further-
more, to the extent that the pathogenesis of cholesterol
gallstones is understood, the process appears to share sim-
ilar features in humans and prairie dogs.

In the present study, 21 days of cholesterol feeding re-
sulted in crystal formation in all placebo (XOL/W) ani-
mals and gallstones in five of six dogs (83%). In contrast
only three of seven (42%) lovastatin-treated, cholesterol-
fed animals (XOL/LS) had evidence of crystals, and none
had gallstones. Interestingly, among the three XOL/LS
animals that did have crystals, serum total cholesterol and
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FIG. 2. Effect of lovastatin administration on hepatic biliary lipid com-
position in cholesterol-fed prairie dogs. XOL = cholesterol; PPL = phos-
pholipids; TBA = total bile acids; XOL/W = animals fed 1.2% cholesterol-
enriched chow and treated with 5 mL water via orogastric tube twice a
day (positive controls, n = 6); NL/W = animals fed normal laboratory
chow and treated with 5 mL water via orogastric tube twice a day (negative
controls, n = 6); XOL/LS = animals fed 1.2% cholesterol-enriched chow
and treated with 8 mg lovastatin in 5 mL water via orogastric tube twice
a day (experimental group, n = 7). Animals were treated for a total of
21 days. Results represent mean ± SEM.
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FIG. 3. Comparison of hepatic biliary lipids in cholesterol-fed/lovastatin-
treated prairie dogs with clear versus crystal-containing gallbladder bile.
XOL = cholesterol; PPL = phospholipids; All animals were fed 1.2%
cholesterol-enriched chow and treated with 8 mg lovastatin in 5 mL
water via orogastric tube twice a day for a total of 21 days. Animals were

divided into two groups based on the presence (n = 3) or absence (n
= 4) of cholesterol crystals in their gallbladder bile. Results represent
mean ± SEM.
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virtually all gallbladder and hepatic bile parameters mea-
sured were typical of untreated cholesterol-fed animals.
Furthermore serum and biliary profiles among the four
XOL/LS animals with clear bile were similar to those
from control animals fed NL chow. These biochemical
data, taken together with the gross observations, are con-
sistent with a 'partial response' to lovastatin for the three
animals with crystals, and a 'complete response' for the
remaining four animals with clear bile. The present study
cannot exclude the possibility, however, that lovastatin
was effective simply in delaying gallstone formation in
this model. Nonetheless this seems improbable given the
virtual normalization of biliary biochemistry by lovastatin
among animals with clear bile. Rather it seems more likely
that the incomplete inhibition of crystal formation seen
among lovastatin-treated animals may be due to animal-
to-animal variations in gastrointestinal absorption or me-
tabolism of administered drug. Serum lovastatin (mevi-
nolin) levels, which would be most helpful in sorting out
these variations, are not available at this time.
The effects of lovastatin administration on serum lipid

profile seen in the present study approximate the reduc-
tions in serum lipids reported in human studies (using 40
mg, twice a day).'0 Lovastatin administration (8 mg/kg,
twice a day) to cholesterol-fed prairie dogs resulted in a
20% to 30% reduction in serum total cholesterol, LDL,
HDL, and triglycerides as compared to animals that re-
ceived no drug. Similarly lovastatin-treated animals fed
the control NL diet also showed a 25% decrease in serum
total cholesterol and LDL compared to nonlovastatin-
treated controls. Because fur coat appearance, body
weight, and serum total protein and albumin were all
similar among the lovastatin- and nonlovastatin-treated
groups, observed differences in serum lipid profile pre-
sumably reflect a specific effect of the drug rather than a
nonspecific perturbation in dietary intake.

It is impossible to define precisely the mechanism by
which lovastatin exerts its inhibitory effect on gallstone
formation based on the findings in the present experiment.
We would speculate, however, that the observed inhibition
of cholesterol crystal and gallstone formation resulted
from a reduction in hepatic synthesis of cholesterol. Lo-
vastatin directly inhibits the activity of HMG-CoA re-
ductase,8 the rate-limiting enzyme in cholesterol biosyn-
thesis (Fig. 4). Furthermore studies by Stone and
colleagues26 using an in vivo rat model demonstrated in-
hibition ofboth hepatic cholesterol synthesis and secretion
after lovastatin infusion, with no effect on bile flow, bile
salt output, or phospholipid output. In the present study,
lovastatin significantly reduced hepatic biliary cholesterol
concentration without altering phospholipid, total bile
acid, or calcium levels. These findings are consistent with,
but do not prove, the hypothesis that inhibition of gall-
stone formation by lovastatin may be due to reduction

ACETYL CoA

HMG CoA
HMG CoA Reductase 0-

MEVALONATE

SQUALENE

CHOLESTEROL

FIG. 4. Simplified version of the cholesterol biosynthetic pathway. HMG-
CoA reductase, which converts HMG-CoA to mevalonate, is the rate-
limiting enzyme in this sequence.

in cholesterol secretion by the liver. Additional studies,
specifically designed to examine the effects of lovastatin
on cholesterol synthesis and secretion, are necessary to
clarify this mechanism further.

Data from our animal studies indicate that lovastatin,
which suppresses cholesterol biosynthesis, inhibits cho-
lesterol gallstone formation in a diet-induced model of
gallstone disease. Studies are currently underway to define
further the mechanism by which gallstone inhibition is
achieved and to explore the possible role of lovastatin in
gallstone dissolution.
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