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Abstract

We measured biliary and fecal sterol outputs in 12 human sub-
jects on a metabolic ward in four randomly allocated, 6-7 wk
periods: (a) lovastatin (40 mg b.i.d.) + low cholesterol diet
(mean 246 mg/d), (b) lovastatin + high cholesterol diet (mean
1,071 mg/d), (c) low cholesterol diet alone, (d) high choles-
terol diet alone. In addition to lowering serum LDL cholesterol,
lovastatin significantly lowered biliary secretion of cholesterol,
fecal output of endogenous neutral sterols, cholesterol balance,
and systemic cholesterol input (the sum of cholesterol synthe-
sis and absorbed dietary cholesterol). The high cholesterol diet
significantly lowered cholesterol balance, but significantly in-
creased systemic cholesterol input and fecal output of acidic
sterols. There was no significant interaction between lovastatin
and dietary cholesterol for any parameter measured. Judging
from these data, the primary action of lovastatin is to lower
cholesterol synthesis and systemic cholesterol input, the main
compensatory response being reduced biliary cholesterol secre-
tion. Conversely, increased dietary cholesterol appears to in-
crease systemic cholesterol input, the major compensatory re-
sponse being increased bile acid synthesis. There appears to be
no interaction between these two perturbations of systemic cho-
lesterol input. (J. Clin. Invest. 1993. 92:911-918.) Key words:
cholesterol * bile acids and salts * hydroxymethylglutaryl CoA
reductases * atherosclerosis * cholelithiasis

Introduction

Lovastatin, an inhibitor of hydroxymethylglutaryl coenzyme-
A (HMG-CoA)' reductase, is a relatively new and very effec-
tive medication for lowering serum LDL cholesterol levels ( 1).
It also reduces the cholesterol content of bile relative to bile
acid and lecithin, a change that might theoretically be condu-
cive to prevention or dissolution of cholesterol gallstones (2,
3). Two related drugs, simvastatin and pravastatin, appear to
have similar effects (4-7).

The changes in sterol homeostasis accompanying or respon-
sible for these beneficial effects remain ill-defined. Ironically,
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1. Abbreviations used in this paper: HL, high dietary cholesterol and
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dietary cholesterol and intake of lovastatin, 40 mg b.i.d.; LN, low di-
etary cholesterol without lovastatin.
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although these drugs were originally developed specifically be-
cause of their ability to inhibit cholesterol synthesis, it is not
even clear that they produce sustained reductions in whole-
body cholesterol synthesis in humans. Goldberg et al., using
isotope dilution methods, reported that lovastatin did not alter
cholesterol synthesis in a group of nine hypercholesterolemic
subjects (8). In contrast, Vanhanen et al., using sterol balance
techniques, found a reduction in mean cholesterol synthesis in
subjects with heterozygous familial hypercholesterolemia tak-
ing pravastatin (9). Finally, an earlier study yielded an inter-
mediate result: reduced cholesterol balance in three hypercho-
lesterolemic subjects taking lovastatin, but no change in two
others ( 10).

Other alterations in sterol homeostasis may also accom-
pany lovastatin administration to human subjects. Our labora-
tory has documented a reduction in biliary cholesterol secre-
tion on lovastatin (3), a finding that has been confirmed by
another group for simvastatin (5). We have also reported re-
duced bile acid synthesis on lovastatin ( 11), and a similar ef-
fect has been reported for pravastatin (9). However, we have
not been able to demonstrate a reduction with all methods for
measuring bile acid synthesis, and other workers have reported
little or no change in bile acid synthesis during treatment with
lovastatin and related drugs ( 10, 12). Finally, one study has
suggested that pravastatin might actually reduce cholesterol ab-
sorption in humans ( 13). However, in another study from the
same laboratory, that effect was not demonstrated at a statisti-
cally significant level (9).

Besides biosynthesis, the only other input of cholesterol
into body pools is from the diet. It is well known that dietary
cholesterol exerts feedback control on cholesterol biosynthesis
( 14-18). The extent to which this homeostatic regulation is
preserved during lovastatin treatment is unknown. Also un-
known is the extent to which increased dietary cholesterol can
substitute for any lovastatin-induced reduction in cholesterol
biosynthesis with respect to maintaining either cholesterol se-
cretion into bile or synthesis of bile acid.

In this study we sought to better define changes in sterol
homeostasis induced by lovastatin and to answer some ofthese
questions with regard to human subjects. The study was de-
signed to rigorously control both dietary cholesterol (high or
low) and lovastatin (on and off) as separate variables in a ran-
domized block design. 12 subjects were each studied in four
separate periods representing all possible combinations ofthese
two variables.

Methods

12 male volunteers, ranging in age from 40 to 75 yr, were studied. All
were without significant medical problems, as judged by previously
published criteria ( 19), and all were shown to be free of gallstones by
ultrasonography. After a detailed explanation of study procedures,
each gave his written consent to participate. All study protocols were
approved by committees overseeing use ofhuman subjects in research
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at both the Minneapolis Veterans Affairs Medical Center and the Uni-
versity of Minnesota.

Except for one person (subject 8), who lived near the hospital, all
subjects lived on the metabolic ward during the entire study. All sub-
jects, including subject 8, ate only meals served by the metabolic kit-
chen. Meals consisted of regular food selected and weighed to provide
constant daily amounts of calories, cholesterol, fat (30%), carbohy-
drate (54%), and protein (16%). The menu was repeated on a weekly
basis to provide overall consistency. Low cholesterol dietary intake was
achieved by elimination of foods with high cholesterol content. High
cholesterol intake was achieved by isocaloric substitution of five eggs
per day in the low cholesterol menu.

All subjects were studied in four different 6-7 w periods separated
by 3-7 d. For each subject the chronological order of periods was ran-
dom. The four periods were designated as: (LN) low dietary cholesterol
without lovastatin; (HN) high dietary cholesterol without lovastatin;
(LL) low dietary cholesterol and intake of lovastatin, 40 mg b.i.d.;
(HL) high dietary cholesterol and intake of lovastatin, 40 mg b.i.d.

In periods designated as low dietary cholesterol, mean (±SD) cho-
lesterol intake was 246±74 mg per d. In periods designated as high
dietary cholesterol, mean daily cholesterol intake was 1,071±100 mg
per d. Most of the variation was between, rather than within, subjects.
Thus, the mean (±SD) intrasubject difference between dietary choles-
terol intake for the two low dietary cholesterol periods and for the two
high dietary cholesterol periods was 1.5±10.9%.

Subjects were weighed daily to assure that caloric intake was appro-
priate to maintain a steady state. Serum lipids were monitored weekly,
using methods previously described. (3). For all subjects except 2 and
7, LDL cholesterol levels were calculated from the serum triglyceride
level by standard methods, assuming a ratio of triglyceride/cholesterol
in VLDL of 5.0. Because subjects 2 and 7 had elevated serum triglycer-
ides, their serum VLDL was separated by ultracentrifugation, and the
cholesterol/triglyceride ratio was determined using enzymatic meth-
ods(20, 21).

For the last 20 d of each period, subjects ingested 200 mg chromic
oxide three times daily as a nonabsorbable marker. For the last 10 d of
each period, stool was quantitatively collected. Collections for each of
the five 2-d intervals were homogenized with an equal volume ofwater.
Aliquots of these homogenates were analyzed for neutral and acidic
sterols as previously reported (22), using a modification ofthe method
originally described by Miettinen, Ahrens, and Grundy (23). Total
acidic sterol output (AT ) was calculated by multiplying daily chro-
mium intake times the mean concentration ratio ofacidic sterol/chro-
mium in stool. Total neutral stool output (NT) was calculated analo-
gously from the mean concentration ratio of neutral sterol/chromium
in stool.

On the last day of each period, measurements of biliary lipid secre-
tion were performed by marker perfusion as previously outlined (3)
using the method originally described by Grundy and Metzger (24).

Fractional cholesterol absorption (F), endogenous neutral sterol
output (NE), cholesterol balance (B), and systemic cholesterol input
(I) were calculated from daily dietary cholesterol intake (D), hourly
cholesterol secretion (S), AT, and NT by the following formulas:

F = (24S + D - NT)/(24S + D)

NE = NT - [(1-F)(D)]
B= D-AT-NT
I = (F)(D)-B = NE + AT-

(1)
(2)
(3)
(4)

Statistical testing was performed using SAS software (SAS Institute,
Cary, NC) on a personal computer (Northgate Computer Systems,
Inc., Plymouth, MN) equipped with a 486DX microprocessor. All test-
ing was by ANOVA with randomized block design followed by linear
contrast analysis (25). This procedure permits comprehensive compar-
ison of all periods with a common treatment (e.g., lovastatin) to all
periods without the treatment to determine, for example, lovastatin
effect. It also permits the more limited comparison of one period to

another, which we refer to subsequently as "period pair" comparisons.
Finally, it enables testing the null hypothesis for interaction between
two treatments, in this case lovastatin and dietary cholesterol. Differ-
ences were designated as statistically significant when the two-sided P
value was less than 0.05.

Results

Serum lipids. Serum lipid levels at the end of each treatment
period for each subject are presented in Tables I and II. A
summary of means and ANOVA testing for all measured pa-
rameters is presented in Table VII. Lovastatin lowered mean
total cholesterol, LDL cholesterol, and triglyceride whether
subjects were on the low or high cholesterol diet. Lovastatin
also slightly increased mean HDL cholesterol. This change was
statistically significant by ANOVA of the data set as a whole
(Table VII), but was significant by comparison of period pairs
only when the diet was low in cholesterol (Table II). With that
exception, the above changes were statistically significant
whether judged by contrast analysis of period pairs (Tables I
and II) orby contrast analysis ofthe entire data set for a lovasta-
tin effect (Table VII).

Dietary cholesterol increased mean serum cholesterol and
LDL cholesterol, but these changes were statistically significant
only for LDL cholesterol and then only by contrast analysis of
the data set as a whole (Table VII). Neither HDL cholesterol
nor triglyceride levels were appreciably altered by increasing
dietary cholesterol. Also, for none ofthe serum lipids was there
a significant interaction between dietary cholesterol and lova-
statin (Table VII).

Biliary lipid secretion. Table III presents all individual mea-
surements ofcholesterol and bile acid secretion into bile. Mean
secretion rates and results of overall ANOVA testing for these
two lipids as well as lecithin are presented in Table VII. Lovasta-
tin lowered mean cholesterol secretion by 30% whether dietary
cholesterol intake was low or high. These changes were statisti-
cally significant as judged, both by contrast analysis of period
pairs or analysis ofthe data set as a whole (Table VII). Diet had
no effect on cholesterol secretion and there was nothing ap-

Table I. Serum Total and LDL Cholesterol Levels

Total cholesterol LDL cholesterol

Subject LN HN LL HL LN HN LL HL

mg/dl mg/dl

1 216 217 151 152 145 146 87 87
2 193 186 123 122 40 81 29 47
3 192 181 119 121 132 123 64 65
4 189 204 117 135 131 150 67 85
5 205 215 138 144 133 131 47 59
6 197 201 145 140 143 145 88 85
7 232 278 201 205 132 163 112 120
8 142 161 97 97 86 105 42 46
9 313 318 196 191 245 251 133 128
10 199 213 120 132 136 152 63 73
11 268 301 150 165 195 227 81 101
12 138 155 100 102 80 102 43 47

Mean 207 219 138** 142*t 133 148 71* 79**

* Significantly different from LN. t Significantly different from HN.
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Table II. Serum HDL Cholesterol and Triglyceride Levels

HDL cholesterol Triglyceride

Subject LN HN LL HL LN HN LL HL

mg/dl mg/dl

1 37 42 36 40 168 146 133 118
2 26 32 33 33 631 360 303 206
3 43 43 43 44 83 74 59 60
4 37 34 37 34 104 96 63 78
5 47 52 65 64 121 152 128 102
6 35 37 42 41 91 91 71 66
7 26 30 30 35 370 425 292 247
8 37 34 38 33 87 107 83 93
9 32 38 43 42 178 142 100 102
10 33 36 35 36 147 123 105 111
11 46 47 44 44 132 133 120 103
12 44 37 43 44 69 74 70 50

Mean 37 38 41* 41* 181 160 127* 1I11t

* Significantly different from LN. Significantly different from HN.

proaching a significant interaction between dietary cholesterol
and lovastatin for cholesterol secretion.

Neither lovastatin nor dietary cholesterol intake had any
appreciable effect on either bile acid or lecithin secretion rates.
Moreover, there was no significant interaction between dietary
cholesterol and lovastatin for either bile acid or lecithin secre-
tion rate.

Fecal sterols and cholesterol absorption. Individual fecal
acidic and total neutral sterol excretion rates are presented in
Table IV. Lovastatin had no significant effect on acidic sterol
output, whether by analysis of period pairs or the overall data
set (Table VII). Increasing dietary cholesterol increased mean
acidic sterol output both on and off lovastatin, although this
change was significant by analysis of period pairs only when

subjects were on lovastatin. There was also a highly significant
overall effect of dietary cholesterol on acidic sterol by contrast
analysis ofthe entire data set (Table VII). No significant inter-
action between dietary cholesterol and lovastatin (Table VII)
was present.

Total neutral sterol output was consistently decreased by
lovastatin and increased by the high cholesterol diet, whether
examined by contrast analysis of period pairs (Table IV) or
overall analysis ofthe entire data set (Table VII). There was no
appreciable interaction between dietary cholesterol and lovasta-
tin for neutral sterol output (Table VII).

Output ofendogenous neutral sterols was consistently low-
ered by lovastatin, whether subjects were on the high or low
cholesterol diet by both analysis of period pairs (Table V) or
analysis of the entire data set (Table VII). Dietary cholesterol,
however, had no appreciable effect on endogenous neutral
sterol output by either mode of analysis. There was also no
significant interaction between dietary cholesterol and lovasta-
tin for endogenous neutral sterol output.

Fractional cholesterol absorption was not significantly af-
fected by either dietary cholesterol or lovastatin, and there was
no interaction of dietary cholesterol and lovastatin on choles-
terol absorption (Tables V and VII).

Cholesterol balance was significantly reduced both by di-
etary cholesterol and by lovastatin, judging from both contrast
analysis of period pairs and analysis of the entire data set (Ta-
bles VI and VII). Moreover there was no suggestion ofan inter-
action of dietary cholesterol and lovastatin on sterol balance
(Table VII). Consistent with this lack ofinteraction, lovastatin
significantly lowered sterol balance for periods ofboth high and
low dietary cholesterol, and increasing dietary cholesterol sig-
nificantly lowered cholesterol balance both on and off lovasta-
tin (Table VI).

Systemic cholesterol input was significantly reduced by lo-
vastatin in periods of both high and low dietary cholesterol
(Table VI). Contrast analysis of the entire data set indicated a
significant lovastatin effect on systemic cholesterol input with
no interaction between dietary cholesterol and lovastatin (Ta-

Table III. Biliary Cholesterol and Bile Acid Secretion

Cholesterol secretion Bile acid secretion

Subject LN HN LL HL LN HN LL HL

mol//ih 'mol/h

1 139 319 112 109 1,604 3,141 1,352 1,144
2 103 106 107 96 833 812 1,141 690
3 120 123 94 83 1,161 1,419 1,174 999
4 104 94 89 55 1,495 1,215 1,911 1,285
5 272 179 141 127 1,910 1,103 1,462 1,643
6 326 193 155 230 1,767 2,063 1,141 1,540
7 145 153 102 137 1,880 1,549 1,761 1,974
8 134 112 106 110 1,854 1,601 2,009 1,181
9 97 146 93 89 952 1,567 1,411 1,488
10 93 108 54 77 1,154 824 761 977
11 115 101 61 114 1,369 1,380 1,020 1,103
12 114 197 104 74 786 1,937 1,685 870

Mean 147 153 102*t 108** 1,397 1,551 1,402 1,241

* Significantly different from LN. t Significantly different from HN.
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Table IV. Fecal Acidic and Total Neutral Sterols

Acidic sterols Neutral sterols

Subject LN HN LL HL LN HN LL HL

pmol/d pmol/d

1 650 788 609 811 2,072 3,725 1,715 3,919
2 1,320 941 1,178 1,436 2,262 3,916 1,568 3,546
3 953 970 799 821 2,622 4,475 2,491 4,541
4 1,114 1,673 950 1,672 2,142 4,427 2,255 3,258
5 1,015 1,263 974 976 1,847 3,608 1,191 2,793
6 1,610 2,014 2,033 2,368 4,227 5,207 2,675 3,503
7 1,243 1,312 1,098 1,559 3,240 5,086 2,785 3,471
8 1,794 1,475 1,382 1,776 1,845 4,634 1,914 4,057
9 890 1,001 843 998 2,539 2,757 2,227 3,308
10 1,062 1,362 1,078 1,238 1,406 2,426 1,310 2,392
11 721 960 825 842 1,605 2,894 1,620 2,962
12 2,282 2,178 1,703 2,221 2,798 3,400 1,843 3,603

Mean 1,221 1,328 1,123 1,393' 2,384 3,880* 1,966** 3,446*

* Significantly different from LN. * Significantly different from HN; I significantly different from LL.

ble VII). Dietary cholesterol, on the other hand, significantly ble challenge, in part because of variability. We attempted to
increased systemic cholesterol input regardless ofwhether sub- manage and minimize variability, first by randomizing treat-
jects were taking lovastatin or not (Tables VI and VII). ment periods and second by standardizing study conditions.

Analyses excluding hyperlipidemic subjects. Because two of All subjects ate only food served by the metabolic kitchen and,
our subjects were hypertriglyceridemic (subjects 2 and 7) and with one exception, all lived on the metabolic ward throughout
two others were hypercholesterolemic (subjects 9 and 11), we the study. In addition, to minimize random measurement vari-
performed complete contrast analysis separately eliminating ability, fecal sterol measurements were made on quantitative
both these pairs of subjects. In both cases there was no change collections over a 10-d period, and measurements of biliary
in statistically significant results for any parameter compared secretion were made on eight 1-h collections. To reduce biologi-
to analysis of the data with all subjects included (Table VII). cal variability, we attempted to recruit healthy subjects without

gallstones and with fairly normal serum lipid levels. Because of
Discussion the difficulty in recruiting subjects for such demanding studies,

the latter efforts were only partially successful. Thus, two ofour
Studydesign. Quantitative characterization ofsterol homeosta- subjects had hypertriglyceridemia and two others had hyper-
sis and its determinants in human subjects remains a formida- cholesterolemia. However, statistical analysis ofthe data omit-

Table V. Cholesterol Absorption and Endogenous Neutral Sterols

Cholesterol absorption Endogenous neutral sterols

Subject LN HN LL HL LN HN LL HL

fraction Amol/d

1 0.45 0.63 0.45 0.23 1,844 2,815 1,487 2,018
2 0.21 0.21 0.47 0.26 1,965 2,027 1,382 1,719
3 0.24 0.21 0.11 0.04 2,212 2,342 2,011 1,912
4 0.29 0.11 0.19 0.20 1,781 2,017 1,743 1,062
5 0.73 0.48 0.70 0.51 1,734 2,245 1,017 1,502
6 0.50 0.28 0.36 0.57 3,922 3,364 2,385 2,406
7 0.22 0.21 0.13 0.43 2,718 2,886 2,154 1,880
8 0.55 0.24 0.42 0.31 1,456 2,058 1,481 1,833
9 0.15 0.55 0.24 0.34 1,982 1,582 1,715 1,415
10 0.52 0.55 0.35 0.49 1,078 1,170 848 959
11 0.55 0.46 0.30 0.48 1,255 1,310 1,027 1,436
12 0.26 0.57 0.48 0.27 2,048 2,048 1,307 1,315

Mean 0.39 0.37 0.35 0.34 2,000 2,155 1,546** 1,622*4

* Significantly different from LN. $ Significantly different from HN.
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Table VI. Fecal Sterol Balance and Systemic Cholesterol Input

Sterol balance Systemic cholesterol input

Subject LN HN LL HL LN HN LL HL

Amol/d ;&mol/d

1 -2309 -2035 -1912 -2252 2,494 3,603 2,097 2,829
2 -3209 -2470 -2398 -2517 3,286 2,968 2,561 3,156
3 -3039 -2747 -2749 -2618 3,165 3,312 2,811 2,734
4 -2746 -3382 -2570 -2178 2,895 3,690 2,693 2,735
5 -2435 -2251 -1584 -1149 2,750 3,509 1,992 2,479
6 -5228 -4678 -4254 -3346 5,532 5,378 4,419 4,775
7 -3812 -3597 -3160 -2229 3,962 4,199 3,252 3,440
8 -2774 -2738 -2548 -2609 3,251 3,533 2,863 3,610
9 -2771 -1150 -2399 -1428 2,873 2,583 2,559 2,414
10 -1784 -1002 -1679 -844 2,140 2,532 1,927 2,197
11 -1552 -906 -1592 -892 1,977 2,271 1,852 2,278
12 -4073 -2445 -2521 -2693 4,330 4,226 3,011 3,536

Mean -2978 -2450* -2447* -2063**§ 3,221 3,484* 2,670*t 3,015"

* Significantly different from LN. t Significantly different from HN; § significantly different from LL.

ting these two pairs ofsubjects yielded results essentially identi- the Keys model is the better fit, we might have seen a dispropor-
cal to those with all subjects included. tionately greater effect of dietary cholesterol by providing even

Serum lipids. With respect to separate effects of lovastatin less cholesterol in the low cholesterol diet.
and dietary cholesterol on serum lipids, the results confirm the There has been very little previous study of the potential
findings ofmany previous studies ( 1, 8, 15-18). Keys has sug- interaction between lovastatin and dietary cholesterol with re-
gested that serum total cholesterol rises as a function of the spect to serum lipid levels, although one report did show no
square root ofdietary cholesterol, so that a sharper incremental interaction between dietary fat and lovastatin (28). The pres-
rise occurs below dietary cholesterol levels of 300 mg/d ent study shows that there is no interaction between dietary
than above that level (26). Hegsted disputes this, suggesting cholesterol and lovastatin. In our subjects the effects oflovasta-
instead that the relationship is linear (27). To the extent that tin on all measured serum lipids were independent of dietary

Table VIL Summary ofMeans andANOVA Testingfor Overall Effects

Means Overall effects

Variable LN HN LL HL Diet* Lovt Intl

P value

Serum
Cholesterol 207 219 381 142 0.099 0.0001 0.404
LDL cholesterol 133 148 71 79 0.047 0.0001 0.484
HDL cholesterol 37 38 41 41 0.406 0.0038 0.454
Triglycerides 181 160 127 111 0.231 0.0019 0.857

Biliary secretion
Cholesterol 147 153 102 108 0.588 0.0005 0.960
Lecithin 415 493 392 416 0.316 0.323 0.589
Bile salt 1,397 1,551 1,402 1,241 0.974 0.189 0.174

Fecal sterols
Acidic 1,221 1,328 1,123 1,393 0.0007 0.743 0.115
Total neutral 2,384 3,880 1,966 3,446 0.0001 0.0037 0.954
Endogenous neutral 2,000 2,155 1,546 1,622 0.194 0.0001 0.647

Cholesterol absorption 0.39 0.37 0.35 0.34 0.795 0.365 0.914
(-Cholesterol balance) 2,978 2,450 2,447 2,063 0.0005 0.0004 0.546
Systemic cholesterol input 3,221 3,484 2,670 3,015 0.008 0.0001 0.617

and cholesterol absorption
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cholesterol intake, and any effect of dietary cholesterol was
independent of lovastatin administration. This implies that the
compensatory mechanisms, which tend to minimize elevation
of serum cholesterol on a high cholesterol diet, remain fully
intact despite the inhibitory effect of lovastatin on HMG-CoA
reductase.

Biliary cholesterol secretion. We have previously reported
an 30% reduction in biliary cholesterol secretion on lovasta-
tin (3), a finding confirmed by others (5). The present study
also strongly confirms that observation, showing a highly signif-
icant lovastatin effect with respect to biliary cholesterol secre-
tion (Table VII). This finding was independently supported by
a similar reduction in fecal output of endogenous neutral ster-
ols, which, in the absence of altered cholesterol absorption,
should be equivalent to output of cholesterol into bile plus
cholesterol sloughed in intestinal epithelial cells. Moreover,
both direct biliary measurements and the less direct fecal mea-
surements showed similar reductions of biliary cholesterol se-
cretion induced by lovastatin in periods of low vs. high dietary
cholesterol intake (Table VII).

Dietary cholesterol itself had no significant effect on biliary
cholesterol secretion (Tables III and VII). We can find only
three studies in which the effects of dietary cholesterol on bili-
ary cholesterol secretion were assessed by direct measurements
on bile. The first two of these studies reported stimulation of
cholesterol secretion by dietary cholesterol ( 14, 29), but both
were much smaller than the current study (one and three sub-
jects, respectively), and the larger of the two studies evaluated
subjects in a somewhat unphysiological situation after chole-
cystectomy and placement of a T-tube (29). The third, which
was a study by Everson et al. of 13 outpatient subjects on and
offpremarin (30), reported an increase in cholesterol secretion
by patients on high cholesterol diets, but the overall change was
of borderline statistical significance (P < 0.07), and the pre-
dominant change occurred on premarin. In the present study,
not only did direct measurements of biliary cholesterol output
demonstrate no effect of dietary cholesterol (Table VII), but
this observation was confirmed independently by measure-
ments of fecal endogenous neutral sterols (Tables V and VII).
Moreover, this finding is in essential agreement with those of
Everson et al. in subjects offpremarin (30). We conclude that,
with the exception of concurrent premarin treatment, dietary
cholesterol has little or no appreciable influence on biliary cho-
lesterol secretion.

Cholesterol absorption. Surprisingly, studies in rabbits have
suggested that pravastatin and simvastatin might lower choles-
terol absorption (31, 32). Moreover, in a study available only
in abbreviated form, Miettinen and co-workers reported signifi-
cant lowering of cholesterol absorption efficiency in hypercho-
lesterolemic subjects taking pravastatin for more than 6 mo
( 13 ). Our results show no significant change in cholesterol ab-
sorption efficiency after 6 wk oflovastatin. Ofcourse, it is possi-
ble that the effects of lovastatin on cholesterol absorption
might have become more pronounced had lovastatin been con-

tinued for 6 mo, as in the preliminary study of Miettinen et al.
( 13 ). On the other hand, effects ofHMG-CoA reductase inhibi-
tors on serum lipids are at or near a plateau by 6 wk of treat-
ment and show little tendency to change in the ensuing 10 mo
( 1, 11, 33). It should also be noted that Miettinen measured
cholesterol absorption by the fecal isotope ratio method after
simultaneous administration of [ '4C] cholesterol and [3H]-
sitosterol, whereas we determined absorption from direct mass

measurements on bile and feces. To the extent that there is
isotope exchange unaccompanied by mass transfer, there may
be differences in absorption values returned by these two meth-
ods (34).

We also found no effect ofdietary cholesterol on absorption
efficiency of cholesterol. Some previous studies are in agree-
ment with this finding ( 15, 16, 18), while others have reported
a slight decrease in absorption efficiency with increasing di-
etary cholesterol ( 17, 30, 35). It has been suggested that part of
the reason for this discrepancy is that absorption efficiency is
affected predominantly when dietary cholesterol greatly ex-
ceeds 1 g/d ( 14), which was not the case in the present study. It
has further been suggested that use of the dual isotope tech-
nique, which has been used to measure absorption in most
studies, may be misleading when dietary cholesterol is in-
creased because of isotope exchange (34, 35). This problem
was avoided in this study by determining absorption through
direct mass measurements. Thus, our data lend support to
those who argue that dietary cholesterol of up to 1 g/d does
not appreciably affect absorption efficiency.

Fecal acidic sterols. We found that lovastatin had no appre-
ciable effect on fecal acidic sterol output, which in the steady-
state is a measure ofbile acid synthesis (Tables IV and VII). In
a previous study, using isotope dilution methodology, we also
found no significant change in bile acid synthesis during lova-
statin treatment (3). Moreover, activity ofhepatic 7a-hydroxy-
lase in human liver is apparently not significantly altered by
pravastatin treatment ( 12). On the other hand, Miettinen et al.
reported a significant reduction in fecal sterol output in hyper-
cholesterolemic subjects treated with pravastatin (9). In addi-
tion, our own laboratory, measuring release of '4C02 from
[ '4C-26 ] cholesterol, found a significantly lower rate ofbile acid
synthesis in subjects taking lovastatin for 1 mo ( 11 ). This latter
study may be particularly instructive in that bile acid synthesis
by '4CO2 output was reduced to a greater extent and much
more consistently after a single dose of lovastatin than after 1
mo ofregular lovastatin. Thus, reduced bile acid synthesis may
be an early adaptation to reduced cholesterol synthesis, but one
that is later partially or completely supplanted by reduced cho-
lesterol secretion into bile. It remains possible that long-term
usage of lovastatin reduces bile acid synthesis, but if so, the
reduction is apparently small enough to be detected only in-
consistently.

Our data also reveal a highly significant effect of dietary
cholesterol on output ofacidic sterols (Table VII). Several stud-
ies have reported increased synthesis of bile acids after in-
creased cholesterol intake ( 16, 35) while others have reported
no effect ( 14, 15, 30). The present study contains more com-
parisons ofhigh and low cholesterol diets in subjects studied on
a metabolic ward than any single previous report. It also seems
fair to say that our study was carried out and analyzed as rigor-
ously as any previous study. As a result our observations lend
strong support to those who contend that increasing dietary
cholesterol to the level of about a gram per day increases bile
acid synthesis.

Sterol balance. In the present study, lovastatin induced a

highly significant reduction in sterol balance, the steady-state
equivalent of cholesterol synthesis (Table VII). This finding is
in agreement with the results of Vanhanen et al. (9). Grundy
and Bilheimer also found reduced sterol balance in three sub-
jects taking lovastatin, although not in two others (10). How-
ever, Goldberg et al., using isotope dilution techniques, re-

916 W C. Duane



ported no significant reduction in cholesterol production in
nine hypercholesterolemic subjects (8). It is possible that hy-
percholesterolemic subjects respond differently to lovastatin
than do normals. Indeed our two subjects with elevated serum
cholesterols (subjects 9 and I1 ) seemed to have less consistent
changes in sterol balance on lovastatin than the group as a
whole. On the other hand, the positive study ofVanhanen et al.
noted above, was performed entirely on hypercholesterolemic
patients (9). In addition, because Goldberg et al. treated their
subjects with lovastatin for 15 mo, it is possible that cholesterol
synthesis is reduced after 6-7 wk of treatment, but not after
more prolonged treatment. As noted above, however, that pos-
sibility seems unlikely, based on the rapid plateau of serum
lipids on lovastatin with little tendency for those changes to
reverse after nearly 1 yr of treatment ( I ). Finally, it should be
noted that in the study of Goldberg et al. measurements on
lovastatin were compared to measurements in the same sub-
jects off lovastatin. However, the interval between studies was
3-8 yr, necessitating correction for the known effect of aging
and weight change on cholesterol synthesis (36). Because
many things can change in 8 yr, it is likely that this study design
was not as sensitive in detecting differences as one in which
subjects were studied only a few weeks apart. In any case, our
data strongly indicate that lovastatin reduces cholesterol synthe-
sis in normocholesterolemic subjects and that this reduction is
maintained for at least 6 wk. It remains possible that hypercho-
lesterolemic subjects do not respond in this way to lovastatin,
although that would leave unexplained their persistent reduc-
tion in serum cholesterol levels.

Increasing dietary cholesterol also resulted in a highly signif-
icant reduction in sterol balance (Table VII). This finding is in
general agreement with most previous studies (15-18), al-
though there are apparently individuals who are relatively re-
sistant to this feedback mechanism as judged from our own
data (Table VI) and those of others ( 14, 37).

There was no interaction between dietary cholesterol and
lovastatin with respect to sterol balance. Thus, feedback inhibi-
tion of cholesterol synthesis by dietary cholesterol remained
fully intact despite demonstrable inhibition of cholesterol syn-
thesis by lovastatin. Conversely, lovastatin remained able to
further inhibit cholesterol synthesis even in the face of active
feedback inhibition by dietary cholesterol.

Systemic cholesterol input. Finally, we calculated systemic
cholesterol input, which represents the total amount of new
cholesterol presented each day to the liver for disposal. There
was a highly significant decrease in systemic cholesterol input
induced by lovastatin, which was eliminated largely by a de-
crease in biliary cholesterol secretion (Table VII). Conversely,
there was a highly significant increase in systemic cholesterol
input induced by high levels of dietary cholesterol, which was
eliminated largely by increased conversion to bile acid (Table
VII). These changes in systemic cholesterol input presumably
are seen by the liver as a need to either conserve cholesterol, in
the case of lovastatin, or to eliminate cholesterol, in the case of
high dietary cholesterol. Part of the liver's response is then to
alter cholesterol flux into and out of the serum pool. Thus,
decreased systemic input of cholesterol by lovastatin can be
viewed as the initial stimulus leading to stimulation of LDL
receptor activity (12) and decreased hepatic production of
LDL (38), with subsequent reduction in serum cholesterol lev-
els. Conversely, increased systemic input of cholesterol with
cholesterol feeding leads to reduction in hepatic uptake (39,

40) and increased hepatic production of LDL (41 ) with even-
tual increase in serum LDL cholesterol.

Fortuitously, mean cholesterol synthesis rates were identi-
cal in periods LL and HN, although systemic cholesterol input
was much higher in HN because of dietary intake (Table VII).
A similar increase in mean cholesterol input compared to pe-
nod LL was present in period LN, but in that case the increase
was all from cholesterol biosynthesis (Table VII). Compared
to period LL, either increasing only dietary cholesterol (period
HN) or increasing only biosynthetic cholesterol (period LN)
both markedly and similarly increased serum total cholesterol,
LDL cholesterol, and biliary cholesterol secretion (Table VII).
Thus, providing the other input was controlled, there was no
apparent functional difference in dietary vs. biosynthetic input
ofcholesterol. In the absence ofany such control, consumption
of cholesterol has a much less pronounced effect on serum and
biliary cholesterol because of a compensatory decrease in cho-
lesterol synthesis, and, to a lesser extent, an increase in bile acid
synthesis.
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