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Abstract Inhibitors of 3-hydroxy-3-methylglutaryl coenzyme 
A (HMG-CoA) reductase, the key enzyme that regulates choles- 
terol synthesis, lower serum cholesterol by increasing the activity 
of low density lipoprotein (LDL) receptors in the liver. In rat liv- 
er slices, the dose-response curves for inhibition of ['%]acetate 
incorporation into cholesterol were similar for the active acid 
forms of lovastatin, simvastatin, and pravastatin. The calculated 
IC5, values were approximately 20-50 nM for all three drugs. 
Interest in possible extrahepatic effects of reductase inhibitors is 
based on recent findings that some inhibitors of HMG-CoA re- 
ductase, lovastatin and simvastatin, can cause cataracts in dogs 
at high doses. To evaluate the effects of these drugs on cholesterol 
synthesis in the lens, we developed a facile, reproducible ex vivo 
assay using lenses from weanling rats explanted to tissue culture 
medium. ['%]Acetate incorporation into cholesterol was pro- 
portional to time and to the number of lenses in the incubation 
and was completely eliminated by high concentrations of inhibi- 
tors of HMG-CoA reductase. At the same time, incorporation 
into free fatty acids was not inhibited. In marked contrast to the 
liver, the dose-response curve for pravastatin in lens was shifted 
two orders of magnitude to the right of the curves for lovastatin 
acid and simvastatin acid. The calculated ICs0 values were 
4.5 f 0.7 nM, 5.2 f 1.5 nM, and 469 f 42 nM for lovastatin 
acid, simvastatin acid, and pravastatin, respectively. Thus, while 
equally active in the liver, pravastatin was 100-fold less inhibi- 
tory in the lens compared to lovastatin and simvastatin. Similar 
selectivity was observed with rabbit lens. Following oral dosing, 
ex vivo inhibition of [ "Clacetate incorporation into cholesterol 
in rat liver was similar for lovastatin and pravastatin, but choles- 
terol synthesis in lens was inhibited by lovastatin by as much as 
70%. This inhibition was dose-dependent and no inhibition in 
lens was observed with pravastatin even at very high doses. This 
tissue-selective inhibition of sterol synthesis by pravastatin was 
likely due to the inability of pravastatin to enter the intact lens 
since pravastatin and lovastatin acid were equally effective inhi- 
bitors of HMG-CoA reductase enzyme activity in whole lens ho- 
mogenates. We conclude that pravastatin is tissue-selective with 
respect to lens and liver in its ability to inhibit cholesterol syn- 
thesis. - Mosley, S. T., S. S. Kalinowski, B. L. Schafer, and R. 
D. Tanaka. Tissue-selective acute effects of inhibitors of 3-hy- 
droxy-3-methylglutaryl coenzyme A reductase on cholesterol 
biosynthesis in lens. J Lipid Res. 1989. 3 0  1411-1420. 
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Cholesterol and nonsterol products of mevalonate 
metabolism are essential for cell growth and multivalent 
feedback regulation of 3-hydroxy-3-methylglutaryl coen- 
zyme A (HMG-CoA) reductase (EC 1.1.1.34), a key en- 
zyme in the cholesterol biosynthetic pathway (1). Com- 
pactin, an inhibitor of HMG-CoA reductase, was dis- 
covered in 1976 (2) and recently analogues of compactin 
have been approved for use as hypocholesterolemic agents 
(3). The target organ for these inhibitors of HMG-CoA 
reductase is the liver since the liver is both the major site 
of lipoprotein production and low density lipoprotein 
(LDL) catabolism. Inhibition of hepatic reductase causes 
an increase in hepatic LDL receptor activity which in 
turn increases the removal of LDL from plasma (3,4). 
However, high intracellular concentrations of compactin 
are toxic to cultured cells even in the presence of excess 
cholesterol, indicating that nonsterol products of meva- 
lonate metabolism as well as cholesterol are essential for 
normal cell growth and cell division (1,5,6). 

Intense current interest in extrahepatic effects of 
HMG-CoA reductase inhibitors is based on recent find- 
ings that two of these inhibitors, lovastatin and simvasta- 
tin, cause cataracts in a dose-dependent fashion in dogs 
(7,8). Cholesterol synthesis is particularly important in 
the ocular lens of the eye which consists of two cell types, 
epithelial cells and fiber cells (9). Lens epithelia divide 
and differentiate into fiber cells which subsequently cease 
cell division and lose their nuclei. During this develop- 
mental sequence, the lens fiber cells begin a process of 
elongation which increases their plasma membrane sur- 
face area by 1000-fold (10). Moreover, the cholesterol/ 
phospholipid ratio in the lens fiber cell membrane is the 
highest of any tissue in the body (11). All of these special 
demands for cholesterol must be met by endogenous syn- 

Abbreviations: HMG, 3-hydroxy-3-methylglutaryl; LDL, low density 
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thesis of sterol from acetate since the lens is completely 
avascular and, unlike most other tissues, cannot obtain 
cholesterol from the plasma (10,ll). 

Pravastatin is a newly developed inhibitor of HMG-CoA 
reductase which, like lovastatin, simvastatin, and mevastatin 
(compactin), has a dihydroxy heptanoic acid function which 
resembles the HMG moiety of HMG-CoA (Fig. 1). Each 
of these compounds effectively inhibits cholesterol synthesis 
in hepatocytes but intact human fibroblasts are resistant to 
inhibition by pravastatin while they are sensitive to inhibi- 
tion by lovastatin (12J3). For example, the IC50 (the drug 
concentration at which 50% inhibition is observed) for 
[ ''Clacetate incorporation into cholesterol by pravastatin in 
cultured human fibroblasts is 90- to 180-fold higher than the 
ICso in primary hepatocyte cultures (12). In contrast, the 
ICso of lovastatin (in the active open ring form, lovastatin 

acid) is the same in fibroblasts as in primary hepatocytes. 
Experiments with radiolabeled analogues of lovastatin acid 
and pravastatin suggest that this difference is due to lower 
uptake of pravastatin in nonhepatic tissues and cells (12). 

Because of the potential for adverse effects due to inhi- 
bition of the sterol pathway in the lens, we have developed 
methods to examine directly the ability of HMG-CoA re- 
ductase inhibitors to affect cholesterol synthesis in rat liv- 
er and lens organ culture, both ex vivo and after an oral 
dose and we compare this to the ability to inhibit HMG- 
CoA reductase enzyme activity in broken cell prepara- 
tions made from liver and lens. These studies show that 
pravastatin, while equally effective in liver, is 100-fold less 
potent in inhibition of Cholesterol synthesis in the intact 
lens compared to two other HMG-CoA reductase inhibi- 
tors, lovastatin and simvastatin. 

II 
0 

HMC-COA 

I'ravastatin (Squibb) 

CI i!J 

CH3 

Lovastatin (Merck) 

""TO" COzNa 

Simvastatin (Merck) Fluindostatin (Sandoz) 

Fig. 1. Chemical structures of HMG-CoA, pravastatin, lovastatin, simvastatin, and fluindostatin 
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MATERIALS AND METHODS 

Materials 

Pravastatin was used as the active, open-ring form in all 
experiments. Lovastatin or simvastatin were used as the 
lactone in experiments where drug was administered oral- 
ly to rats or as the active open-ring forms, lovastatin acid 
or simvastatin acid, in experiments where drug was added 
to ex vivo incubations. Both lovastatin acid and simvasta- 
tin acid were derived from their corresponding lactones by 
treatment with 0.1 N NaOH and were used as sodium 
salts. Pravastatin and lovastatin were provided by Sankyo, 
Inc., Japan. Simvastatin was a gift from Merck Sharp and 
Dohme, Inc. Fluindostatin (SRI62320), fluorophenyl in- 
dole dihydroxy acid, was a gift from Sandoz, Inc., and was 
used as the sodium salt. These compounds were used as 
supplied by the manufacturer and were determined to be 
2 98% pure. [l-14C]Acetic acid was from DuPont New 
England Nuclear or from ICN, Inc. DL-3-Glutaryl-[3- 
14C]hydroxy-3-methylglutaryl coenzyme A ([ 14C]HMG- 
CoA), [1,2-3H]cholesterol, and [1-14C ]octanoic acid were 
from DuPont New England Nuclear. 

Cholesterol synthesis in rat lenses ex vivo 

Sprague-Dawley rats (21 days old, 50-60 g) were received 
from either Taconic or C a "  Labs, were housed on a 12-h 
light-dark cycle, were given Purina Rat Chow 5001 and 
water ad libitum, and were used within 5 days of receipt. 
Under light ether anesthesia, animals were killed at the 
third hour of the light cycle by cervical dislocation and the 
lenses were removed, cleaned of connective tissue, and placed 
in 10 ml of Minimal Essential Medium (MEM, GIBCO, 
Inc.) supplemented with 200 U/ml penicillin and 200 ,ug/ ml 
streptomycin, MEM vitamin solution, and 2 mM gluta- 
mine (GIBCO, IC.). Lenses that were damaged during re- 
moval from the eye rapidly became opaque in MEM, were 
easily distinguished from undamaged lenses, and were dis- 
carded. Intact lenses were transferred to 20 x 150 mm in- 
cubation tubes, four lenses per tube, in 1 ml of fresh MEM 
to which various amounts of the test compounds were added. 
The final concentrations of lovastatin acid or simvastatin 
acid were 0,0.3,1,3,10,30,100, and 300 nM; the concentra- 
tions of pravastatin were 0,10,30,100,300,1,000,3,000, and 
10,000 nM. The incubation tubes were maintained at 37OC 
under 5% CO, atmosphere with agitation at 90 oscillations 
per min for 30 min after which ["Clacetic acid (131 dpm/ 
pmol) w a s  added to each tube (final concentration: 9 pCi/ 
ml, 150 ,uM) and the incubation was continued for 4 h. 
,[14C]Acetate incorporation was stopped by the addition of 
60 pl 3N NaOH to each incubation tube which then re- 
mained overnight at room temperature. The lenses were 
disrupted by vortexing the incubation tubes for 30 sec and 

aliquots were taken from each tube for protein determina- 
tion. Each aliquot was centrifuged for 1 min in an Allied 
microcentrifuge at 10,OOO g, and the amount of protein in 
the supernate was measured using the Bradford assay (14). 
[ SH]Cholesterol was added to the remainder of each incuba- 
tion tube (50,000 dpdtube) as an internal recovery stan- 
dard along with 150 kg unlabeled cholesterol and 20 fig 
squalene as markers for visualization by thin-layer chroma- 
tography (TLC). Each incubation tube received 3.5 ml of 
ethanolic KOH (ethanol with 5.7% (w/v) KOH) and was 
saponified for 1 h at 90°C. The tubes were cooled to room 
temperature and the contents of each tube were extracted 
twice with 7 ml petroleum ether. The pooled extracts were 
evaporated to dryness under nitrogen, brought up in 60 pl 
chloroform-hexane l:l, spotted on Whatman plastic-backed 
PE Sil G TLC plates, and developed in CHC13. The region 
corresponding to cholesterol (RJ = 0.12) was cut out, placed 
in 7 ml Optifluor (Packard, Inc.) and counted in a Beckman 
LS 5801 liquid scintillation counter. The data are expressed 
as pmol ["Clacetate incorporated into cholesterol per mg 
protein, corrected for recovery. All values are expressed as 
mean * standard error of the mean (SEM) unless other- 
wise indicated. Several types of control incubations were 
performed including pre-killed blanks (addition of NaOH 
prior to the addition of [14C]acetate), no-cell blanks, or in- 
cubations containing whole lenses in the presence of a high 
concentration of lovastatin acid to inhibit cholesterol biosyn- 
thesis (see below). Each of these negative controls had values 
that were usually 1-5% of the no-drug positive control 
samples. Other experiments (not shown) evaluated the ef- 
fects of different media, [14C]acetate concentrations, and 
other incubation conditions. For example, 140 pM [ 14C]ace- 
tate w a s  sufficient to saturate the cholesterol biosynthetic 
pathway in these experiments since higher concentrations of 
[l4C]acetate (up to 1.4 mM) had no effect on the rate of in- 
corporation. Measurements of the incorporation of octa- 
noate into cholesterol were performed in the same manner 
as described for the incorporation of [14C]acetate into cho- 
lesterol, but ['*C]octanoate (53 mci/mmol, 138 ,uM) was 
used as the radiolabeled precursor. 

Fatty acid synthesis 

The aqueous phases from the [14C]acetate petroleum 
ether extractions were acidified with HCl and extracted 
twice with petroleum ether. The organic phases were then 
evaporated to dryness, dissolved in 60 jd of chloroform-hex- 
ane 1:l and subjected to TLC on silica gel G in hep- 
tane-diethyl ether-acetic acid 90:30:1. The spot correspond- 
ing to fatty acid (RJ = 0.3) was visualized by iodine vapor, 
cut out, and counted as described above. The data are ex- 
pressed as pmol [14C]acetate incorporated into fatty acids 
per mg of lens protein. 
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Rat liver 

Livers from the rats used in the lens studies were excised, 
rinsed in phosphate-buffered saline, and sliced with an auto- 
mated tissue slicer (Mickle Laboratory Engineering Co. 
Ltd.) to produce 1-mm cubes. These cubes were rinsed in 
MEM and incubated with various concentrations (0-1,000 
nM) of the test drugs as indicated. Each tube contained 
four 1-mm liver cubes ( - 1 mg protein). The samples were 
processed for [ 14C]acetate incorporation into cholesterol by 
TLC as described above except that the liver samples were 
homogenized by eight strokes in a Dounce homogenizer 
prior to saponification. 

Rabbit lenses 

Female weanling rabbits were euthanized with COz, 
after which the eyes were removed and the lenses were ob- 
tained by careful dissection of each eye. Rabbit lenses 
were pooled and treated as described above for rat lenses 
except that each lens was incubated in 6 ml of MEM in 
a 35-min well of a 6-well culture plate, one lens per well, 
with various concentrations of the test drugs. Lenses were 
incubated for 15-30 min with pravastatin or lovastatin 
acid prior to the addition of [I4C]acetate. After 4 h at 
37'C, the reactions were stopped with 3N NaOH and 
processed as described above. 

HMG-CoA reductase assay 

HMG-CoA reductase enzyme activity was measured 
by a radiometric assay. Rat lenses were homogenized in 
buffer containing 200 mM KCl, 50 mM KP04 ,  5 mM 
EDTA, 5 mM M'T, 0.1 mM leupeptin, and 0.25% (vh) 
Kyro EOB, pH 7.4, at room temperature (15). Lenses 
were either used immediately after removal from the eye, 
or were quick-frozen in liquid nitrogen and stored at 
- 76OC until use. For homogenization, the ratio of lens to 

homogenization buffer was one lens per 0.1 ml of buffer. 
Frozen lenses were thawed in homogenization buffer 
maintained at 37OC and homogenized by 10-15 strokes in 
a 2 ml Dounce homogenizer. The homogenate was spun 
at 10,000 g for 5 min, after which aliquots were taken for 
protein measurement and measurement of enzyme activi- 
ty. Aliquots of the supernatant cell homogenate were pre- 
incubated for 10 min at 37OC in reaction buffer which 
contained 100 mM KP04,  6 mM DTT, 20 mM D-gh- 
cose-6-phosphate and 2 mM NADPH, pH 7.4. The reac- 
tion was initiated by the addition of [ 14C]HMG-CoA (fi- 
nal concentration, 30 pM; specific activity, 120 dpml 
pmol) and proceeded at 37OC for the indicated time inter- 
vals. The reaction was stopped with 50 pl 5 N HCl and 
[14C]mevalonolactone was isolated from the 10,000 g su- 
pernatant of the reaction mixture as described using [3H]- 
mevalonolactone as a recovery standard (15). Values are 
expressed as pmol of ["CIHMG-CaA reduced to ["CI- 
mevalonolactone per mg of cell protein, corrected for re- 
covery and counting efficiency. 

Oral dose experiments 

Female weanling rats were given pravastatin, lovastatin 
(lactone), or vehicle alone (1% carboxymethyl' cellulose) 
via gavage tubes. At the specified times after dosing the 
animals were killed and tissue samples were immediately 
removed and pulse-labeled with [ 14C]acetate as described 
above except that test compounds (pravastatin or lovasta- 
tin) were not added to the medium. 

RESULTS 

Inhibition of cholesterol synthesis in liver 

We measured the ability of lovastatin acid, simvastatin 
acid, and pravastatin to inhibit cholesterol synthesis in 
fresh liver samples taken from weanling rats. In all of 
these ex vivo experiments, the active acid form of each of 
the drugs was used. As shown in Fig. 2,  the amount of 
inhibition of [ I4C]acetate incorporation into cholesterol in 
the liver samples increased with increasing concentration 
of drug. This dose-response was similar for all three 
drugs at concentrations ranging from 1 to 1,000 nM, with 
simvastatin acid being slightly more potent than lovasta- 
tin acid and pravastatin. 

Cholesterol synthesis in the whole lens 

To study cholesterol synthesis in lens a similar ex vivo 
assay was developed using lenses freshly explanted to tis- 
sue culture medium. When lenses from weanling rats 
were quickly removed and placed in MEM medium in the 

+ 
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Fig. 1. Dose-response curves for inhibition of ["C]acetate incorpora- 
tion into cholesterol in rat liver ex vivo. Liver samples from female wean- 
ling rats were incubated with increasing amounts of simvastatin acid 
(A), lovastatin acid, (El), or pravastatin (0) and were pulsed with ["CI- 
acetate as described in Materials and Methods. Each data point repre- 
sents the mean * SEM of 12-18 individual incubations from six 
separate experiments. 
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presence of [ 14C]acetate, the synthesis of [ 14C]cholesterol 
increased as the number of lenses increased (data not 
shown). [ I4C]Acetate incorporation was linear for at least 
6 h, and incorporation was completely inhibited by a high 
concentration of lovastatin acid (data not shown). 

To evaluate the effects of reductase inhibitors on choles- 
terol synthesis in lens, rat lenses were incubated with in- 
creasing amounts of lovastatin acid, simvastatin acid, or 
pravastatin and the incorporation of [14Cjacetate into 
cholesterol was measured as described above for liver 
samples. As with liver, inhibition of cholesterol synthesis 
increased in the presence of increasing concentrations of 
drug compared to control incubations (Fig. 3). In marked 
contrast to the liver, however, the dose-response curve for 
lens for pravastatin was shifted by two orders of magni- 
tude to the right of lovastatin acid and simvastatin acid 
(Fig. 3). From these dose-response experiments, the aver- 
age IC50 values for liver and lens were calculated by'linear 
regression analysis and are shown in Table 1. In liver, the 
IC5o values for all three drugs were very similar: for pra- 
vastatin and lovastatin acid, the IC50 values were 48 * 11 
nM and 33 f 13 nM, respectively, and were not signifi- 
cantly different. For simvastatin acid in liver, the IC50 
value was 19 nM, slightly more potent than pravastatin 
but not significantly more potent than lovastatin acid. 
However, the IC50 value for pravastatin in the rat lens w a s  
469 f 42 nM compared to 4.5 f 0.7 and 5.2 f 1.5 nM 
for lovastatin acid and simvastatin acid, respectively 
(Table 1). By comparison, 5 nM pravastatin had no detec- 
table effect on cholesterol synthesis in lens. These dose- 
response experiments demonstrated that, although only a 
small difference was observed among these inhibitors in 
liver, in lens pravastatin was 100-fold less potent in the in- 
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Fig. 3. Dose-response c u m s  for inhibition of [I4C]acetate incorpora- 
tion into cholesterol in rat lenses ex vivo. Lenses were incubated with in- 
creasing amounts of simvastatin acid (A), lovastatin acid (a), or 
pravastatin (e), and were pulsed with [ I4C]acetate as described in Mate- 
r ia ls  and Methods. Each data point represedts the mean f SEM of 
6-38 samples from 6-12 separate experiments. 

TABLE 1. Average ICso values for inhibition of cholesterol 
synthesis by pravastatin, lovastatin acid, or simvastatin 

acid in freshly explanted rat tissues 

ICso Values for ["CIAcetate 
Incorporation into Cholesterol 

D w  Liver n Lens n 

nM nM 

Pravastatin 48.1 + 10.9 6 468.7 f 42.1 12 

Simvastatin Acid 18.6 f 6.0 6 5.2 * 1.5 6 
Lovastatin Acid 33.4 f 12.6 6 4.5 * 0.7 7 

Each sample contained four lenses or four 1-mm liver samples and there 
were two to four incubations at each drug concentration. Each experi- 
ment used six to eight different drug concentrations chosen to P;ve 20-80% 
inhibition. ["CJAcetate incorporation into cholesterol in control (no drug) 
lenses was 6.05 f 0.22 pmol/4 h per mg in these experiments. Control 
liver samples incorporated 50 f 5.2 pmol/4 h per mg. Values are given 
as mean f SEM; n, number of experiments. 

hibition of cholesterol biosynthesis compared to either 
lovastatin acid or simvastatin acid. 

Another way to measure cholesterol synthesis is to use 
[l-14C]octanoic acid, a medium chain length fatty acid 
which is converted to cytosolic acetyl-coA by mitochon- 
drial oxidation (16). The ICso values for inhibition of 
[14C]octanoate incorporation into cholesterol in rat lens 
by pravastatin and lovastatin acid were 389 nM and 4.2 
nM, respectively, the same 100-fold difference observed 
using [ 14C]acetate as the cholesterol precursor. 

Sex, age, and species specificity 

To see whether a sex difference existed in the effects of 
these drugs on the lens, a dose-response experiment was 
done in male rats and the results were essentially the 
same. The ICso values for pravastatin and lovastatin were 
472 nM and 3.14 nM, respectively, a difference of 150-fold 
(Table 2). Weanling rats were used in these experiments 
because younger rats have a higher rate of cholesterol bio- 
synthesis compared to mature rats (7,B). However, the 
IC50 value for pravastatin in lenses from older rats (8-10 
weeks old) was 966 nM, still 200-fold higher than for lo- 
vastatin acid, which was 4.13 nM (Table 2). 

Is this tissue-selective property of pravastatin a species- 
specific phenomenon restricted to the rat? To answer this 
question, we determined the IC5o values for pravastatin or 
lovastatin acid in the ex vivo rabbit lens. Lenses from 
young female New Zealand white rabbits were isolated 
and incubated with various concentrations of pravastatin 
or lovastatin acid and pulse labeled with [14C]acetate for 
4 h as described in Methods. Control lenses incorporated 
2-4 pmol of [14C]acetate into cholesterol per mg of lens 
protein, a value similar to that in the young rat lens. As 
in the rat, the IC50 values in the rabbit lens were markedly 
different, 226 nM and 5.91 nM for pravastatin and for lo- 
vastatin acid, respectively (Table 2), a 40-fold difference. 

Moslcy ct al. Inhibition of HMG-CoA reductase in lens 1415 
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TABLE 2. IC50 values for ['4C]acetate incorporation into cholesterol hours after an oral dose of pravastatin, lovastatin (as the 
lactone), or vehicle alone, rats were killed and lenses were 
removed immediately and pulsed with [ 14C]acetate ex 
vivo as described above. Fig. 4 shows that at a dose of 25 
mg/kg, there was no inhibition of cholesterol biosynthesis 
in lenses from the pravastatin-treated rats but there was 

in lenses from male rats, adult female rats, and from rabbits 

IC50 
[ "CIAcetate Incorporation into Cholesterol 

Drug Young Male Rats Adult Female Rats Female Rabbits 

n,u 

Pravastatin 472 966 226 It 65.5 
Lovastatin Acid 3.14 4.13 5.91 + 0.21 

Rat lenses were incubated in various concentrations of pravastatin or 
lovastatin acid from 0 to 3 p~ for 30 min prior to the addition of 
[I4C]acetate (150 pM, 130 dpm/pmol) as described in Materials and 
Methods. The incorporation was carried out for 4 h. Experiments with 
rabbit lenses were similar to those with rat lenses except that each sample 
contained one lens and there were two to six samples at each drug con- 
centration. In the absence of drug, [ "Clacetate incorporation into 
cholesterol (pmol/4 h per mg protein) was 4.61 * 0.53, 1.00 It 0.10, 
and 2.33 i 0.53 for weanling male rat lens, adult female rat lens, and 
female rabbit lens, respectively. 

Preliminary experiments using lenses isolated from mon- 
grel dogs gave a selectivity similar to that observed with 
rabbit lenses (data not shown). 

Effects of inhibitors on FFA synthesis in lens 
Inhibition by pravastatin or lovastatin is specific for 

HMG-CoA reductase since acetate incorporation into fat- 
ty acids in cultured cells such as human fibroblasts is un- 
affected at concentrations where incorporation into choles- 
terol is maximally inhibited (17). Similarly, pravastatin 
and lovastatin acid had no inhibitory effect on incorpora- 
tion of ["Clacetate into free fatty acids in lens at concen- 
trations which inhibited [ 14C]acetate incorporation into 
cholesterol by 80-9076 (Table 3). 

An indole-based HMG-CoA reductase inhibitor 
We tested another potent HMG-CoA reductase inhibi- 

tor, fluindostatin, which is similar to pravastatin in that it 
is administered in the active acid form but which has an 
indole ring system in place of the decalin ring (Fig. 1). 
The IC50 for fluindostatin in rat lens was 6.20 2.11 nM 
(mean SEM, n = 2), a value similar to lovastatin acid 
and simvastatin acid, but 76-fold more potent than pra- 
vastatin in the lens. In liver, the IC50 values of fluindosta- 
tin and pravastatin were similar based on studies in pri- 
mary cultures of rat hepatocytes (data not shown). Thus, 
of the four reductase inhibitors examined, all showed simi- 
lar inhibition in liver and three were similar in lens with 
the exception of pravastatin, which was markedly less po- 
tent in lens. 

Inhibition after oral dose 

If this same tissue selectivity occurs in vivo, it should be 
possible to detect changes in cholesterol synthesis in the 
lens after administering these drugs to rats per os. TWO 

an 18% inhibition in the lenses from the rats that had re- 
ceived lovastatin. At higher doses, the amount of inhibi- 
tion increased to 65% in the lovastatin group, but there 
was still no inhibition in the lenses of rats receiving pra- 
vastatin even at doses as high as 1,000 mg/kg (Fig. 4). At 
the same time, inhibition of [ "Clacetate incorporation in- 
to cholesterol was measured in liver samples from these 
same rats. Both pravastatin and lovastatin inhibited liver 
to the same extent, from 36-9776 for both drugs (not 
shown). When the time interval between the oral dose and 
killing was extended to 3 or 4 h, pravastatin and lovastatin 
inhibited equally in the liver, but only lovastatin inhibited 
in the lens (data not shown). 

In these in vivo experiments, we were concerned with 
the possibility that pravastatin or lovastatin acid might 
wash out of the tissues during the ['%]acetate pulse since 
both pravastatin and lovastatin acid are easily washed out 
of cells in culture (17,18). However, these drugs were not 
washed out of liver samples after an oral dose and accu- 
mulation in the liver in vivo. Triplicate samples of liver 
were taken from rats that had received pravastatin, lova- 
statin, or vehicle alone. Each sample consisted of four 1- 
mm cubes of liver in 1 ml of MEM. The samples were 
washed 0, 1, or 2 times with 1 ml of MEM after which 
[ "Clacetate incorporation into cholesterol was measured. 
Control liver samples incorporated 249 pmol of ['%]ace- 
tate/mg cell protein, while samples from pravastatin- and 
lovastatin-treated animals incorporated 57 and 43 pico- 
mol, respectively (Table 4). After two washes, the values 
were essentially unchanged (Table 4). Similar results were 
obtained when lenses were washed except that no inhibi- 
tion by pravastatin was observed. Thus, after oral dosing 
these drugs were not washed out of tissues to any signifi- 
cant extent and, therefore, differential loss of drug to the 

TABLE 3. ["CIAcetate incorporation into cholesterol and fatty 
acids (FA) in the presence of pravastatin or lovastatin acid 

[%]Acetate Incorporation % Inhibition 

Treatment Cholesterol FA Cholesterol FA 

pmoVmg pn 4 h % I 
No addition 5.67 + 0.35 8.41 * 0.66 0 0 
Pravastatin (3 PM) 1.55 0.05 8.72 * 0.19 73 0 
Lovastatin acid (0.1 PM) 0.32 5 0.00 14.11 * 1.70 94 0 

Lenses were incubated in pravastatin, lovastatin acid, or no drug for 
30 min prior to the addition of [''Clacetate (140 PM, 130 dpdpmol) as 
described in Methods. Values expressed are pmol ['Clacetate incorpo- 
rated per mg protein for a 4-h incubation (mean * SEM; n = 3). 
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Fig. 4. Inhibition of cholesterol biosynthesis in isolated rat lens after 
an oral dose of pravastatin (0) or lovastatin (0). Rats were given the in- 
dicated drug or vehicle alone via gavage tubes. Two hours after dosing, 
lenses were obtained and pulse-labeled with ["Clacetate for 4 h as de- 
scribed in Methods. The ["Clacetate incorporated into cholesterol was 
determined for each pair of lenses. Each data point represents the 
mean * SEM from two to four experiments and within each experi- 
ment individual treatment groups had seven rats. 

values for the inhibition of HMG-CoA reductase in these 
experiments were 37.4 f 7.21 nM and 30.0 f 3.29 nM 
for pravastatin and lovastatin acid, respectively, and were 
not significantly different. 

DISCUSSION 

Tsujita et al. (12) originally reported that while prava- 
statin and lovastatin were equally potent in liver, lovastatin 
was significantly more potent in inhibition of [14C]acetate 
incorporation into cholesterol in several nonhepatic rat 
tissues including kidney, lung, spleen, adrenal, and mus- 
cle. In our experiments, all of the reductase inhibitors 
tested, lovastatin, simvastatin, pravastatin, and fluindo- 
statin, were potent inhibitors of cholesterol synthesis in 
rat liver preparations and had IC5,, values around 20-50 
nM. Indeed, the liver is the target organ for these drugs 
and clinical studies show that their cholesterol-lowering 
effects are similar (3,19,20). 

To evaluate the effects of HMG-CoA reductase inhibitors 
on cholesterol synthesis in the lens, we developed a repro- 
ducible, facile, and sensitive assay using freshly explanted 
lenses from weanling rats. In this system, all of the lenses 

medium cannot explain the difference in tissue selectivity 
between pravastatin and lovastatin. 

HMG-CoA reductase inhibition 

needed for a single experiment could be excised, cleaned 
of connective tissue, and placed in the incubator within 
about 45 min. The rate of cholesterol biosynthesis was lin- 
ear with both time and protein and no cholesterol synthe- 

It was possible that the 100-fold difference between pra- 
vastatin and lovastatin acid in rat lens was not due to 
some tissue-selective property of pravastatin, but rather 
was due to a different sensitivity towards the HMG-CoA 
reductase enzyme found in the lens. Therefore, we meas- 
ured the inhibition of HMG-CoA reductase by pravasta- 
tin or lovastatin acid in broken lens cell preparations. 
Whole lens homogenates were prepared and incubated 
with [14C]HMG-CoA and the conversion to [l4C]meva- 
lonate was linear for 30-120 min (Fig. 5 ,  panel A). When 
pravastatin and lovastatin acid were added to the homoge- 
nates, the amount of inhibition of the reductase was the 
same for both drugs (Fig. 5, panel B). The calculated IC50 

sis or reductase activity was detectable in the presence of 
an inhibitor of HMG-CoA reductase. In developing this 
lens culture system, over 50 IC50 experiments were per- 
formed to verify these results and pravastatin was always 
less inhibitory in the lens compared to lovastatin acid and 
simvastatin acid. In lens, as in other cells (18), the effects 
of reductase inhibitors were limited to inhibition of cho- 
lesterol biosynthesis inasmuch as fatty acid biosynthesis, 
DNA synthesis (not shown), or protein glycosylation (not 
shown) were unaffected. 

The current experiments demonstrate that the ICso val- 
ue for inhibition of sterol synthesis by pravastatin in the 
rat lens ex vivo was 100-fold higher than for the other re- 

TABLE 4. Effect of multiple washes on inhibition of ["Clacetate incorporation into cholesterol in liver slices 
removed from rats 2 h after an oral dose of pravastatin (500 mg/kg), lovastatin (500 mg/kg), or vehicle alone 

['%]Acetate Incorporation into Cholesterol 

Drug No Wash (76) One Wash (%) Two Washes (%) 

pmoh'mg protein 

None 249.0 f 25.7 (100) 324.0 f 64.3 (100) 322.0 f 50.5 (100) 
Pravastatin 57.1 f 6.06 (23) 80.2 f 2.91 (24) 76.1 i 7.85 (23) 
Lovastatin 43.7 f 20.5 (17) 44.7 f 18.4 (14) 47.0 i 17.2 (15) 

Samples of rat liver were washed with 1 ml of MEM as indicated in the table and incubated with ["Clacetate 
for 4 h at 37OC as described in Materials and Methods. Each value represents the mean f SEM (n = 4). 

Mod9 et al. Inhibition of HMG-CoA reductase in lens 1417 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


A z 
U 
.d 

70- 
. 

50- 

30- 

U 
u a .No Additions 

0 Lovastatin 
A Ravaata t in  

i 

a 
0 
V 

c1 
I 
I 

z- 10- 

0 30 60 90 120 
Time (minutes) 

6 
4 2 1001 1 

f I .r( 1 .Lovastatin 
zz u 75 o p r a v a s t a t i n  x u  

Log Drug Concentration (nM1 

Fig. 5. Panel A: HMG-CoA reductase enzyme activity in homo- 
genates made from rat lens was linear from 30-120 min. Each incuba- 
tion contained 300 pg of cell homogenate protein with either no 
additions (e), 1 p~ lovastatin acid (O), or 1 PM pravastatin (A). Each 
data point represents the mean * SEM of three duplicate incubations 
in three separate experiments. Panel B: Dose-response curves for inhibi- 
tion of HMG-CoA reductase enzyme activity by lovastatin acid or pra- 
vastatin in homogenates made from isolated rat lens. Aliquots of cell 
homogenate were incubated with 0-90 nM pravastatin or lovastatin acid 
as indicated. Data are the mean * SEM of duplicate incubations. Lines 
were determined by linear regression analysis. 

ductase inhibitors tested. This was true for both young 
and old lenses, lenses from rats of either sex, and for rab- 
bit lenses as well. Moreover, when rats were given single 
oral doses of lovastatin or pravastatin, both drugs inhib- 
ited cholesterol biosynthesis in liver to the same extent 
whereas lovastatin, but not pravastatin, inhibited in lens 
as well in a dose-dependent manner, indicating that this 
tissue selectivity also occurs in vivo. We examined choles- 
terol biosynthesis in lens at different times between 1 and 
4 h after an oral dose and at every time interval examined, 
lovastatin was inhibitory while pravastatin showed no in- 
hibition in lens compared to control lenses. This inhibi- 
tion of [ I4C]acetate incorporation by lovastatin or lova- 
statin acid in the lens was not due to nonspecific toxicity 
since fatty acid biosynthesis in the lens was unaffected. 

Also, by 24 h after an oral dose with lovastatin, cholesterol 
biosynthesis in lens was no longer inhibited (not shown). 
These results imply that, given a dose sdc ien t  to inhibit 
cholesterol synthesis in the liver, pravastatin would be mu& 
less likely to interfere with cholesterol biosynthesis in the 
lens compared to lovastatin. 

Very large oral doses of lovastatin or pravastatin were used 
in these comparative studies in order to demonstrate that 
even with large doses of pravastatin, no inhibition occurred in 
the lens. Under normal circumstances, plasma levels of l m -  
statin in man are usually quite low (21). Hawever under cer- 
tain circumstances, such as in transplant patients on 
cydosporine therapy, lovastatin levels in plasma can become 
markedly elevated (22). Thus, under certain circumstances, 
plasma levels of a reductase inhibitor can rise to levels much 
higher than in normal patients. Whether this results in ac- 
cumulation in the human lens or whether reductase inhibi- 
tors have any long-term effects in the human lens is not 
known. 

These experiments represent the first direct measure- 
ment of HMG-CoA reductase enzyme activity in freshly 
isolated whole lens. Because the lens must synthesize vir- 
tually all of its cholesterol from acetate, the activity of re- 
ductase might be expected to be relatively high compared 
to other cells or tissues. Our value of approximately 1 
pmol/min per mg for HMG-CoA reductase enzyme activ- 
ity in whole lens homogenate appears low compared to 
cultured cells or liver microsomes but is consistent with 
the relatively low metabolic activity of the lens as a whole. 
Only a small portion of lens cells are epithelial cells and 
only a small portion of these lens epithelial cells are active 
at any one time (9). Hitchener and Cenedella (23) meas- 
ured reductase activity in log phase primary cultures of 
bovine lens epithelial cells and found that these cells, 
grown in the presence of cholesterol, had reductase activi- 
ties of 165-240 pmol/min per lo6 cells which is relatively 
high compared to other cultured cells (24,25). 

It was interesting to note that sterol synthesis in liver 
was inhibited in our ex vivo assay by over 80% following 
oral dosing in rats. We expected that, as observed in cul- 
tured cells, at least some of the inhibitor would wash out 
of the liver samples. Repeated washings did not change 
the amount of inhibition in either lens or liver when the 
drugs had been administered orally. In vivo, a large frac- 
tion of the plasma burden of pravastatin or lovastatin is 
bound to circulating protein, and some sort of intracellu- 
lar protein binding may account for the inability of these 
inhibitors to be washed out of tissue samples ex vivo fol- 
lowing an oral dose. These washing experiments also sug- 
gest that the decreased [ "Clacetate incorporation into 
cholesterol in the liver samples was not due to the pres- 
ence of inhibitor in the residual blood or extracellular 
space. Contaminating blood was not a factor in the lens, 
which is avascular. 
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The mechanism responsible for pravastatin’s tissue selec- 
tivity is unclear, but it seems unlikely that a specific hepatic 
transport mechanism for pravastatin is involved since a 
specific transport system for reductase inhibitors has not 
been demonstrated. Rather, it may be more reasonable to 
speculate that some property of pravastatin, such as its in- 
creased polarity, might contribute to its ability to be selec- 
tively excluded from different tissues. The intact lens might 
be especially resistant to pravastatin because of protection by 
the lens capsule and/or the blood-ocular barrier (9,lO). Great- 
er inhibition by lovastatin acid and simvastath acid in the lens 
could have been due to some unique propzrty of the lens 
HMG-CoA reductase enzyme, but the fact that pravastatin 
and laastatin acid were equally potent inhibitors of HMG- 
CaA reductase activity in lens cell homogenates demonstrates 
that the difference lies in the abilities of the drugs to gain ac- 
cess to the reductase enzyme. This tissue-selective property of 
pravastatin is supported by other experiments in which 
pravastatin and lovastatin acid display similar effectiveness 
against primary liver cell cultures and a large difference in 
other cultured cell lines such as fibroblasts (12). 

We conclude from these experiments that pravastatin is 
tissue-selective with respect to lens and liver in its ability 
to inhibit cholesterol biosynthesis. The experimental 
systems described here will be useful for studying the reg- 
u1at;on of sterol synthesis and HMG-CoA reductase in 
the lens both in vivo and in vitro and may be useful for 
evaluating the potential for adverse effects on lens by 
other agents that interfere with normal cellular metabo- 
lism in the lens. 

We would like to thank Ms. Ellen Tornquist for excellent help 
in typing this manuscript, and Richard Gregg, Michael Rogers, 
and Lynn Lee for helpful discussions. 
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