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Modulation of Cholesterol Metabolism Affects
Tumor Growth in Hamsters

Masanori KisHINAKA, Syoji Kurok1, Hideo SHIMURA,
Kazuo CHiynmwa and Masao TANAKA

Department of Surgery I, Kyushu University Faculty of Medicine, 3-1-1,
Maidashi, Higashi-ku, Fukuoka 812-82, Japan

Abstract To investigate the effects of cholesterol and cholesterol-lowering agents on choles-
terol metabolism and tumor growth, 0.59 cholesterol, 29 cholestyramine, or 0.019 simvastatin
was fed to hamsters with transplanted Simian virusio transformed tumor cells. Tumor weight,
tissue cholesterol and DNA concentrations, and HMG-CoA reductase activities were deter-
mined. Cholesterol or cholestyramine feeding did not affect the tumor growth, however, the tu-
mor weight and DNA concentration were decreased and tumor HMG-CoA reductase activity
was increased in the simvastatin group. In conclusion, simvastatin may inhibit the DNA syn-
thesis and growth of the Simian virus 4 transformed tumor cells possibly through the inhibition
of cholesterol and isoprenoids synthesis in the hamster.

Introduction

3-Hydroxy-3-methylglutaryl coenzyme A (H-
MG-CoA) reductase [EC 1.1.1.34] is the rate li-
miting enzyme of cholésterol biosynthesis and
catalyzes HMG-CoA to mevalonic acid'®. A
major part of mevalonic acid is metabolized to
cholesterol which is required for maintaining
the mammalian cell membranes and for syn-
thesis of bile acids and steroid hormones'.
Mevalonic acid is also an important precursor
of other isoprenoid molecules including farne-
sylated proteins such as 7as proteins and lamin
B, isopentenyl adenine, dolichol, haemA, and
ubiquinone, which are all essential for cell pro-
liferation, growth, and maintenance'®.

The activity of HMG-CoA reductase is regu-
lated by negative feedback mechanism'®. Cho-
lesterol feeding results in an increased serum
and liver cholesterol levels and a decreased en-

19 Cholestyramine, an anion ex-

zyme activity
change resin, binds bile acids in the intestine,
decreases serum cholesterol concentration, and
increases hepatic HMG-CoA reductase activ-
itys)lz)

become clinically used®®. These agents bind to

. Recently, blockers of the enzyme have

the enzyme and competitively inhibit the en-
zyme activity and decrease serum cholesterol
level'”. Increased low-density lipoprotein re-
ceptors on the hepatocytes and decreased tri-
glyceride level are also reported’”. The en-
zyme activity m vitro is significantly increa-
sed, indicating a compensatory increase of the
enzyme mass®. Of these agents, simvastatin is
known to inhibit the enzyme activity both in
the liver and in other tissues, whereas pravas-
tatin preferentially inhibits the hepatic HMG-
CoA reductase activity®®.

Tumor cells usually have more rapid cell
turnover rate and may require more choles-
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12 M. Kishinaka et al.

terol and isoprenoids than normal cells®. It is
thus considered that manipulation of choles-
terol and isoprenoids metabolism may influ-
ence the tumor growth'”?”. Administration of
cholesterol and cholestyramine may have a tu-
mor trophic effect’® and HMG-CoA reductase
blockers may have an inhibitory effect on the
tumor growth both # viwo®® and i vitro®”,
although there are limited data yet. The mec-
hanism is not fully understood, however, tumor

cells related to 7as oncogene were reported to

be suppressed by HMG-CoA reductase inhibi-_

tors due to inactivation of 7as proteins®’. We
hypothesized that modulation of cholesterol
metabolism by HMG-CoA reductase inhibitors
may also affect the growth of tumor cells,
which are not related to »as oncogenes, such as
Simian Viruss transformed tumor cells®®.

The aim of the present study was to investi-
gate if simvastatin affects the tumor growth,
HMG-CoA reductase activity, and the DNA
content of the transplanted Simian viruss, trans-
formed tumor cells in the hamster and the ef-
fects were compared with those of cholesterol
and cholestyramine.

Materials and Methods

Materials. RS- [5-*H (N)] Mevalonolactone
(35.0 Ci/mmol) and DL 3-[glutaryl-3-**C] hydro-
xy-3-methylglutaryl coenzyme A (59.9 mCi/
mmol) were purchased from NEN Research
Products, Wilmington, DE. DL-Mevalonic acid
lactone, DL-3-hydroxy-3-methylglutaryl coenz-
yme A, and 5 a-cholestane were from Sigma
Chemical Co., St. Louis, MO. Trimethylchloro-

silane was from GL Science Inc., Tokyo, Japan.

Simvastatin (Lipovas) was from Banyu Co.,
Ltd.,, Tokyo. Cholestyramine (Questran) was
kindly provided by Bristol-Myers Squibb Co.,
Ltd., Tokyo. All chemicals used in the study
were of either reagent or analytical grade.

Cell and cell culture. Simian virus transfor-
med hamster (HSV) cells®® were cultivated
with Dulbecco modified Eagle’s medium sup-
plemented with 109 fetal bovine serum. When
the cells reached confluency, the cells were
suspended with EDTA-trypsin and pelleted by
centrifugation at 1000 g for 10 min. The cell
pellet was then used for the subcutaneous
transplantation.

Animal experviments. Male golden Syrian ha-
msters (4 weeks old, 63+3 g) were purchased
from Seiwa Experimental Animals Co., Ltd,
Fukuoka, Japan. After one week of acclima-
tion period on a standard laboratory chow
containing 0.075% cholesterol (Oriental Yeast
Co., Ltd., Tokyo), animals were divided into 4
groups (6 animals each). They were fed either
chow (control group), chow supplemented with
2% cholestyramine (cholestyramine group), 0.01
9% simvastatin (simvastatin group), or 0.59%
cholesterol (cholesterol group).
given ad libitum and they were kept under an

Water was

ordinary light-dark cycle. After 2 weeks on
the experimental diet, 8 X10° HSV cells were
transplanted subcutaneously in the back of the
hamster. All hamsters were fed the experi-
mental diet for an additional 3 weeks and then
were sacrificed by cardiac puncture under
ether anesthesia between 0 AM and 2 AM. The
liver and the tumor were excised and analyzed
as described below. All animal experiments
followed the Institution’s Guidelines for Labo-
ratory Animal in Research.

Preparation of tissue microsomes'®. The liver
and tumor tissue were rinsed with ice cold sa-
line and weighed. The tissue was homogeni-
zed in five volumes of cold homogenizing me-
dium containing 0.32 M sucrose, 5 mM dithio-
threitol, 30 mM EDTA, and 40 mM potassium
phosphate buffer, pH 7.5, using a Potter-Elve-
hjem tissue grinder with a motor-driven pestle.
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Cholesterol metabolism and tumor growth 13

The homogenate was centrifuged at 13500 g
for 20 min. The supernatant was then centri-
fuged twice at 105000 g for 1 h and the micro-
somal pellet obtained was then resuspended in
the same buffer. An aliquot was used for pro-
tein determination according to the method of
Lowry et al'®.

Determination of HMG-CoA reductase activity.
The microsomal suspension was preincubated
at 37°C for 1h to ensure the maximal activa-
tion of HMG-CoA reductase.
mixture consisted of 40 mM potassium phos-
phate buffer, pH 7.5, 30 mM EDTA, 5mM
dithiothreitol, 2.5 mM NADPH, 75uxM [**C]
HMG-CoA (10* dpm), and 100 to 200 ug micro-
somal protein in a total volume of 1 ml. The

The reaction

reaction was initiated by the addition of
NADPH, conducted for 1h at 37°C, and was
terminated by the addition of 100ul of 5 N
HCI. [*H] Mevalonic acid (4X10°dpm) was
added to each sample as an internal standard
and lactonization was carried out at 37°C for
1h'®. Mevalonolactone was extracted three
times with 3 ml of diethyl ether® and the col-
lected phase was evaporated. The residue was
dissolved in 200 ul of acidic acetone, and sub-
jected to TLC using benzene/acetone (2 : 3, v/
v) as a developing solvent. The TLC plate
was sprayed with anisaldehyed/H.SO./acetic
acid (0.3 : 0.5 : 50, v/v/v) and heated at 120°C
for 1 min. After the visualization of spots, the
TLC plate corresponding thespot of me-
valonolactone was cut and radioactivity was
counted in a liquid scintillation counter'®. The
HMG-CoA reductase activity was expressed as
pmols of mevalonate formed per min per mg
microsomal protein.

Determination of DNA and tissue cholesterol.
DNA was assayed by the method of Burton?
using the calf thymus DNA as the standard.
Tissue cholesterol was determined as follows ;

The liver and tumor tissue were hydrolyzed in
1096 ethanolic KOH at 70°C for 2h. Choles-
terol was extracted with n-hexane and ana-
lyzed by. gasliquid chromatography as a trime-
thylsilyl ether derivative using 5 a-cholestane
as an internal standard. The equipment and
operating conditions have been described pre-
viously®®. '

Serum analysis. Serum cholesterol, glutamic.
oxaloacetic transaminase (GOT), and glutamic
pyruvic transaminase (GPT) were measured by
an autoanalyzer (Hitachi Autoanalyzer-736,
Hitachi Koki Co., Ltd., Ibaraki, Japan). The
serum high density lipoprotein and low density
lipoprotein cholesterol were analyzed by elec-
trophoresis®®.

Statistical analysis. All data were expressed
asthe mean + S.D. Statistical significance was
evaluated by Wilcoxon’s rank-sum test. A
probability value less than 0.05 was considered
statistically significant.

Results

To decide appropriate doses of the agents
and the experimental period, preliminary stud-
ies were carried out. When 0.19, 0.5%, or 1%
cholesterol was fed, the liver of hamsters fed
19% cholesterol became marked fatty liver
macroscopically. When 1%, 2%, or 5% choles-
tyramine, or 0.019, 0.19, or 0.2% simvastatin
was fed, the animal weight did not increase in
59 cholestyramine, 0.195 and 0.294 simvastatin
groups, and some animals of these groups died.
Thus, 0.5% cholesterol, 29§ cholestyramine,
and 0.019% simvastatin were employed in this
study.

The HSV tumors larger than 3 cm in diame-
ter had central necrosis, probably due to insuf-
ficient blood supply to the center of the tumor.

Thus, the animals were sacrificed at 3 weeks
after transplantation of HSV cells, when tu-
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Table 1

Effects of Cholesterol-lowering Agents and Cholesterol on Body Weight,

Liver Weight, Tumor Weight, and Serum Transaminases in Hamsters

Body weight

Tissue weight

Serum transaminase

(2) Liver (g) Tumor (g) GOT (IU/1)  GPT (IU/1)
Cont 135412 6.9+0.9 1.94+0.1 128+29 114£32
CS 131+9 4.6+0.3% 2.0+0.1 143 +37 13637
SIMV 136+11 4.94+0.5% 1.5+0.2% 147+35 136+22
CH 128+5 5.6+0.5" 2.0£0.2 118+32 116+49

Note. The hamsters were fed chow (Cont), 2% cholestyramine (CS), 0.019 simvastatin
(SIMV), and 0.5% cholesterol (CH) diet for 5 weeks. The data are expressed as the means

+SD of 6 animals in each group.
#: P <0.05 versus controls.

mor size was equal to or less than 2 cm in di-
ameter and there was no necrotic part in the
tumors.

All animals were active and survived throu-
ghout the experimental period. The tumor ge-
nerally became palpable within 6 days after
the transplantation of HSV cells in all ham-
sters. The body, liver, and tumor weight and
serum transaminases at the end of the experi-
ment are shown in Table 1. The body weight
and serum GOT and GPT were not signifi-
cantly different among the groups, indicating
no harmful side effects of these treatments on
liver function and nutrition. The liver weight
was significantly decreased by each treatment.
The tumor weight was significantly lower only
in the simvastatin-treated group.

The serum cholesterol was significantly hig-
her in the cholesterol group and lower in the
cholestyramine and simvastatin groups than in
the controls (Fig. 1). The proportion of hight
density lipoprotein cholesterol was not signifi-
cantly different among the groups (control
group: 67.84+6.9%, cholesterol group: 63.5+
5.09%, cholestyramine group: 68.3+£3.99%, sim-
vastatin group: 62.3+2.6%). Treatments with
cholestyramine and simvastatin significantly
decreased the liver cholesterol, however, tumor
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Fig 1. Effects of cholesterol-lowering agents and
cholesterol on serum, liver, and tumor
cholesterol levels in hamsters. The ham-
sters were fed chow (Cont), 2% choles-
tyramine (CS), 0.01% simvastatin (SIMV),
and 0.5% cholesterol (CH) diet for5
weeks. The shaded, open, and closed col-
umns represent the mean of the serum,
liver, and tumor cholesterol, respectively,
and the bar represents the SD of 6 ham-
sters in each group. a: P<0.05 versus co-
ntrols.

cholesterol content was not significantly chan-
ged. Cholesterol feeding significantly increa-
sed tumor cholesterol content, though it had no
apparent effect on liver cholesterol.

Both cholestyramine and simvastatin feeding
increased the hepatic microsomal HMG-CoA
reductase activity. In contrast, cholesterol fee-
ding decreased the enzyme activity (Fig. 2).
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Cholesterol metabolism and tumor growth 15

The hepatic HMG-CoA reductase activity was
not statistically different between the cho-
lestyramine and simvastatin groups. In the tu-
mor tissue, treatment with simvastatin signifi-
cantly increased the microsomal HMG-CoA re-
ductase activity whereas cholestyramine and
cholesterol feeding had no significant effect on
the enzyme activity as compared with the con-
trol group (Fig. 2).

The tumor or DNA content was signifi-
cantly increased in the cholestyramine group
and decreased in the cholesterol and simvas-
tatin groups compared to the control group
(Fig. 3).

200

150

100

50 a

HMG-CoA reductase activity
(pmol / min / mg - microsomal protein)

o

Cont Cs SIMV CH

Effects of cholesterol-lowering agents and
cholesterol on 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase activ-
ity of the liver and the transplanted tu-
mor cells in hamsters. The hamsters
were fed chow (Cont), 2% cholestyramine
(CS), 0.019% simvastatin (SIMV), and 0.5%
cholesterol (CH) diet for 5 weeks and 8%
10° Simian virusso transformed cells were
transplanted in their back in the second
week. The HMG-CoA reductase activity
was expressed as pmols mevalonic acid
formed per min per mg microsomal pro-
tein. The open and closed columns repre-
sent the mean of the HMG-CoA reductase
activity of the liver and the tumor tissue,
respectively, and the bar represents the
SD of 6 hamsters in each group. a: P<
0.05 versus controls.
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Discussion

The present study has shown that choles-
terol and two cholesterol-lowering agents in-
fluenced differently the cholesterol metabolism
in the liver and in the tumor tissue. Choles-
terol is mainly synthesized in the liver® and its
synthetic rate is regulated by serum and liver

919 In the present

cholesterol concentrations
study, cholesterol feeding resulted in a marked
increase of serum cholesterol level and an in-
significant change of liver cholesterol content.
Hepatic HMG-CoA reductase activity was de-
creased as expected'®”. These effects are ascri-
bed to the well-known negative feedback regu-
lation of cholesterol synthesis to maintain ho-
meostasis in cholesterol metabolism'®. Ham-

sters are known to be moderately susceptible

40

20 -

DNA (mg)
o
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° Cont cs sIMV CH

Fig 3. Effects of cholesterol-lowering agents and
cholesterol on the tumor DNA content in
hamsters. The hamsters were fed chow
(Cont), 2% cholestyramine (CS), 0.019%
simvastatin (SIMV), and 0.5% cholesterol
(CH) diet for 5 weeks and 8x10° Simian
virusso transformed cells were transpla-
nted in their back in the second week.
The closed columns represent the mean
of the total DNA content of the tumor
and the bar represents the SD of 6 ham-
sters in each group. a: P<0.05 versus
controls.
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to cholesterol feeding and higher concentration
of cholesterol in diet was reported to increase
liver-cholesterol content significantly®?.
Cholestyramine, an insoluble quaternary am-
monium anion exchange resin, inhibits the ab-
sorption of bile acids from the gastrointestinal
tract'®. The loss of ionized bile acids in the
intestine results in a decreased solubility of
cholesterol and triglycerides as mixed micelle
and in a decreased intestinal absorption'®. The
increased loss of bile acids from the enterohe-
patic circulation stimulates conversion of cho-
lesterol to bile acids in the liver®. The decre-
ased intestinal absorption and increased degra-
dation of cholesterol result in a marked de-
crease in serum and tissue cholesterol levels,
which increases HMG-CoA reductase activity
and cholesterol synthesis in the liver®?"?2, The
results of the present study were consistent
with the previous reports as long as serum and
liver cholesterol metabolism was concerned.
Simvastatin inhibits the cholesterol synthesis
in the liver and the other organs, whereas pra-
vastatin mainly inhibits liver cholesterol syn-
thesis, by a competitive inhibition of HMG-
CoA reductase®®. In the present study, the se-
rum and liver cholesterol levels were de-
creased and the activity of hepatic HMG-CoA
reductase was increased in the simvastatin
group. The results were consistent with those
of previous reports, showing that HMG-CoA
reductase inhibitors induced HMG-CoA reduc-
tase protein mass as an adaptation against the
suppressed synthesis of cholesterol®®. As a re-
sult, the enzyme activity, when being measured
m vitro, was increased, because the inhibitors
had been lost during the preparation of the mi-

2)23)

crosomal fraction Because of the limited

1928 it is difficult to assess how

methodologies
far in vivo enzyme activity is suppressed. Ho-

wever, it is very probable that an increased en-

zyme activity i wvitro indicates that HMG-
CoA reductase is blocked by the agents
vivo®.

It is reported that tumor growth is self-
limiting and that tumor HMG-CoA reductase
activity is not regulated by the serum choles-
terol concentration”?®. In this study, the HMG
-CoA reductase activity of the tumor was not
inhibited despite of the significantly high con-
centrations of serum and tumor cholesterol
levels in the cholesterol-fed animals and the
enzyme activity and cholesterol content of the
HSVtumors were not changed by administra-
tion of cholestyramine which did not have di-
rect effect on tumor cells, even when serum
cholesterol was significantly decreased. The
results suggested the lack of the feedback
regulation of cholesterol synthesis in the tumor
tissue”. In contrast, simvastatin increased the
enzyme activity of the tumor tissue. This sup-
ports the hypothesis that simvastatin could in-
hibit HMG-CoA reductase of the HSV tumor
cells as well as the hepatocyte®.

Cholesterol feeding decreased the total tissue
DNA and increased the cholesterol content of
the tumor. The tumor weight itself, however,
was similar to that of the controls. Since the
total tissue DNA is considered to correlate
with the number of cells, if DNA ploidity pat-
tern is unchanged, the results may indicate
that the cell multiplication was decreased and
that each cell was enlarged by the accumula-
tion of intracellular cholesterol. The effect of
cholesterol feeding on carcinogenesis still re-
mains controversial. Some case control stud-
ies and experimental models have shown in-
creased incidences of cancers of various or-
gans and others have failed'™®?, suggesting
multifactorial effects of cholesterol on tumor
carcinogenesis. Cholestyramine was reported
to induce tumor growth and to increase the tis-
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sue DNA content®?V??,

crease in the tissue total DNA of the cho-

The significant in-

lestyramine-treated animals in the present
study has confirmed the reported effect. Un-
changed tumor weight and tissue cholesterol
content suggest that each cell might have a de-
creased intracellular cholesterol and smaller
cytoplasm. In contrast, simvastatin decreased
both the tumor weight and tissue total DNA.
The mechanism of inhibition of the tumor
growth could not be clarified in the present
study, however, we consider that it might be
due to the reduction in the metabolites of me-
valonic acid, which are essential for cell prolif-
eration”??”. The present study suggests a pos-
sibility that HMG-CoA reductase inhibitors, es-
pecially simvastatin, might be effective as an
adjuvant therapy in patients with malignant
tumors.

In conclusion, simvastatin had an inhibitory
effect on the HMG-CoA reductase activity, tis-
sue total DNA, and growth of the transplanted
HSV tumors in the hamsters, however, choles-
terol and cholestyramine had no apparent in-
hibitory effects. Further studies to clarify the
inhibitory mechanism and to evaluate the clini-
cal efficacy are highly warranted.
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