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As bstract. Measurement of mevalonic acid
(MVA) concentrations in plasma or 24-h urine samples
is shown to be useful in studies of the regulation of
3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA)
reductase and cholesterol synthesis. Plasma MVAcon-
centrations, measured either at 7-9 a.m. after an over-
night fast, or throughout the 24-h cycle, were compared
with cholesterol synthesis rates that were measured by
the sterol balance method: plasma MVAconcentrations
were directly related to the rate of whole body cholesterol
synthesis (r = 0.972; p < 0.001; n = 18) over a tenfold
range of cholesterol synthesis rates. Moreover, hourly
examination of MVA concentrations throughout the
day demonstrated that interventions such as fasting or
cholesterol feeding cause suppression of the postmidnight
diurnal rise in plasma MVAconcentrations, with little
change in the base-line of the rhythm. Thus, the daily
rise and fall of plasma MVAappears to reflect changes
in tissues and organs, such as the liver and intestine,
that are known to be most sensitive to regulation by
fasting or by dietary cholesterol.

The hypothesis that short-term regulation of HMG-
CoA reductase in tissues is quickly reflected by corre-
sponding variations in plasma MVAwas tested by using
a specific inhibitor of HMG-CoAreductase, mevinolin,
to block MVA synthesis. Mevinolin caused a dose-
dependent lowering of plasma MVAafter a single dose;
and in patients who received the drug twice a day for 4
wk, it decreased 24-h urinary MVAoutput. Significant
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lowering of plasma cholesterol was achieved through
administration of mevinolin at doses that only moder-
ately limit MVAproduction.

Introduction

The biological mechanisms that regulate cholesterol metabolism
and maintain cholesterol homeostasis often oppose dietary,
pharmacological, or surgical interventions that are aimed at
lowering plasma cholesterol levels (1, 2). Because most of the
cholesterol in man arises by de novo synthesis (3), interest has
focused on understanding the mechanisms of regulation of the
rate-limiting enzyme of this metabolic pathway, 3-hydroxy-3-
methylglutaryl coenzyme A (HMG-CoA)' reductase (mevalon-
ate:NADP oxidoreductase [acylating CoA], EC 1.1.1.34), and
on the development of inhibitors as pharmacological agents
for limiting cholesterol production and lowering plasma cho-
lesterol levels in hypercholesterolemic patients.

HMG-CoAreductase activity is usually measured in vitro
by quantitating the rate of formation of mevalonic acid (MVA)
from radioactive HMG-CoA. However, MVAcan be detected
in the blood plasma (4, 5) in concentrations that shift in
parallel with changes in liver HMG-CoAreductase in the rat
(5), and with changes in whole body cholesterol synthesis in
man (6). A diurnal rhythm of plasma MVAconcentrations
has been described in human subjects and shown to be
suppressed by dietary cholesterol or fasting (6, 7). Turnover of
labeled MVAis biphasic and rapid (tl/2 < 1 h) in both the rat
and man (5, 7) and clearance, primarily by the kidney (8, 9),
but also by the liver and intestine (10), does not appear to be
saturated at physiological concentrations. These observations
have led us to the conclusion that plasma MVAconcentrations
are determined by the balance between MVAinput, which is
driven by intracellular MVAsynthesis in response to factors
that regulate HMG-CoAreductase activity, and output, which
is mediated by concentration-dependent mechanisms.

1. Abbreviations used in this paper: HMG-CoA, 3-hydroxy-3-methyl-
glutaryl coenzyme A; MVA, mevalonic acid.
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Wehave proposed that the presence in human plasma of
MVA, an obligate, rate-limiting precursor of cholesterol, in
amounts that are apparently related to the rate of cholesterol
synthesis, offers a noninvasive, nonisotopic method for studying
the regulation of cholesterol synthesis in man (6). In the
studies presented here, this hypothesis is tested by comparing
plasma MVAconcentrations and cholesterol synthesis rates
under a variety of conditions; the data demonstrate that the
two are directly related over a tenfold range of synthesis rates.
Through analysis of isotopic MVAkinetics and consideration
of the effect of cholesterol feeding on the diurnal MVArhythm,
we explore the possible mechanisms that link plasma MVA
and cholesterol synthesis; and by characterizing the effects on
MVA concentrations of mevinolin, a specific inhibitor of
HMG-CoAreductase (1 1, 12), we demonstrate the usefulness
of MVAmeasurements in clinical studies of cholesterol syn-
thesis.

Methods

Experimental design. Informed consent for designs I, II, and III below
were obtained from all in-patients after appropriate review and approval
of study protocols by The Rockefeller University Hospital Institutional
Review Board. Clinical data and lipid phenotypes for these patients
are given in Table I.

I. Correlation between cholesterol synthesis and plasma MVA
concentrations. Sterol balance studies were carried out on 11 patients
(Table I) who were admitted to the metabolic ward at The Rockefeller
University Hospital. Except where specifically noted, all patients were
maintained solely on liquid formula feeding that was divided into five
equal portions and fed to them at 8 a.m. and thereafter at -3-h
intervals. Caloric intakes were adjusted to maintain body weights that
were constant within ±1.5 kg over study periods of 3-5 wk. The
preparation of liquid formula diets and supplementation with vitamins
and minerals has been described (13). The cholesterol content of the
formulas was adjusted by dissolving cholesterol (Sigma Chemical Co.,
St. Louis, MO) after recrystallization from ethanol in the oil phase,
during formula preparation.

An adaptation period of at least 2 wk allowed patients to achieve
a metabolic steady state, as indicated by constancy of body weight,
plasma cholesterol concentration, and daily output of fecal sterols, and
a stable clinical course. Stools for sterol balance measurements were
collected and analyzed as described elsewhere (14, 15), with chromic
oxide (16) and sitosterol (17) as internal standards. Blood samples for
routine MVAdetermination were obtained by venipuncture between
7 and 9 a.m. after an overnight fast.

II. Diurnal variation ofplasma MVAlevels. Except where specifically
noted, diurnal MVA rhythms were examined after an adaptation
period of three or more weeks on the metabolic ward. A heparin lock
that had been placed in the antecubital vein allowed patients to move
about or sleep while blood samples were drawn throughout the
24 h (6).

III. Plasma MVAkinetics. The rate of plasma MVAturnover was
measured by the constant isotope infusion method using 3R[5-3H]MVA
(2,000 Ci/mol, sp act). A priming dose (0.61 gCi/kg) and a constant
infusion (1.27 MCi/min) of 3R[5-3H]MVA were administered through
an antecubital vein while samples were taken from the contralateral

vein. Samples were analyzed for MVAmass and 3R[5-3H]MVA (see
below) in order to calculate plasma MVAspecific activity.

IV. Effects of mevinolin. MVAand mevinolin concentrations were
measured in samples of plasma that were obtained from eight volunteers
who participated in a preliminary double-blind, placebo-controlled,
single-dose study of mevinolin that was carried out by one of us (Dr.
De Schepper). These patients were healthy males of mean age 22 (21-
25) yr and mean weight 73.3 (63-91) kg.

Daily urinary MVAoutput was measured in samples that were
obtained from 37 patients who were administered mevinolin twice a
day for 4 wk in a multicenter, double-blind, placebo-controlled, dose-
ranging study of mevinolin (12). These patients were healthy male
volunteers of mean age 28.6 (18-35) yr, who had plasma cholesterol
levels that were between 150 and 300 mg/dl.

Certain data obtained in these drug studies have been reported
previously (12); informed consents were obtained according to the
practices of the participating institutions.

Analytical procedures
Preparation of 3R[5-3H1MVA. 3RS[5-3H]MVA lactone (2,000 Ci/mol,
sp act) was purchased from New England Nuclear, Boston, MA,
hydrolyzed, and converted to 5-phospho-3R[5-3H]MVA by incubation
with partially purified pig liver mevalonate kinase (18). The 5-phospho-
3R[5-3H]MVA was purified by liquid column chromatography on
Dowex 1 X 8 (Bio-Rad Laboratories, Inc., Richmond, CA) as previously
described (5), converted to 3R[5-3H]MVA by incubation with alkaline
phosphatase, then made 90% in ethanol to precipitate buffer salts and
protein before dilution into water (1:10) for rechromatography, as
above. The product was lactonized (0.1 N HCO) and further purified
by TLC on Silica gel-G (Eastman 13179, Eastman Kodak Co., Roch-
ester, NY) with acetone-benzene (1:1 v/v) as the solvent. Pure 3R[5-
3H]MVA lactone was eluted from silica gel (recovery 75%) and stored
in ethanol at 40C until use. This procedure routinely gave sterile and
pyrogen-free preparations of 3R[5-3H]MVA. For clinical studies, 3R[5-
3H]MVA was dissolved in sterile saline and administered intravenously.

Determination of MVAmass and specific activity. Plasma MVA
was measured by the radioenzymatic method of Popjik et al. (5),
which was modified as previously described (6). Urine samples were
prepared for MVAdetermination by centrifugation (2,000 X g X 20
min) to remove solids, then sterilized by filtration (Millipore: 0.45 Mum)
and assayed as above.

3R[5-3H]MVA was quantitated by incubation of protein-free plasma
ultrafiltrates (Amicon CF25 membranes; Amicon Corp., Bedford, MA)
with pig liver mevalonate kinase and ATP, followed by chromatography
of the products on Dowex I X 8 as described above except that 3RS[5-
'4C]MVA (Research Products International Co., Mount Prospect, IL;
39.5 Ci/mol, sp act) was included in the incubation as an internal
standard to correct for efficiency of conversion to phosphomevalonate
and recovery (assuming 50% 3R[5-'4C]MVA). Column fractions that
contained 3H- and 14C-phosphomevalonate were dispersed in scintillant
(Hydrofluor, New England Nuclear, Boston, MA) and counted in a
Packard (3990) tricarb liquid scintillation spectrometer (Packard In-
strument Co., Downers Grove, IL) that was calibrated to correct for
efficiency and crossover using an external standard. By this method,
70-80% of the total tritium in protein-free plasma ultrafiltrates was
present as 3R[5-3H]MVA and most of the remainder was 3H20 (as
isolated by 1yophilization): 3H-labeled lipids that were bound to proteins
or carried on plasma lipoproteins were excluded from the plasma
ultrafiltrates and did not interfere with determination of 3R[5-3HJMVA.
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Mevinolin assay. Mevinolin was quantitated by comparing the
degree of inhibition that was produced by mevinolin-containing samples
in a standard HMG-CoAreductase assay (19). Plasma or urine (0.1
ml) were prepared for assay by adding 0.1 ml of methanol followed
by centrifugation to remove precipitates. A standard curve was generated
by adding known quantities of the hydroxy acid form of mevinolin to
aliquots of normal human plasma. Results are expressed as equivalents
of biologically active mevinolinic acid (nanomole per liter).

Statistical analysis. Program P7R of the Biomedical Computer
Program Series (BMDP), which was developed at the UCLA Health
Sciences Computing Facility (1976 revision), Los Angeles, CA, was
used for regression analysis. In applying the linear regression method
to analyze plasma MVAconcentration and cholesterol synthesis rate
data, we tested the hypothesis that these variables would be correlated
over a broad range of synthesis rates and under a wide variety of
conditions. Thus, data collected from individuals who represented
groups that had various cholesterol synthesis' rates (i.e., normal weight
vs. obese) were pooled with data that was collected from individuals
who were studied before and during interventions that were known to
alter synthesis rates (i.e. cholestyramine, portacaval anastomosis (PCA),
diet), and all data pairs were assumed to have the same degree of
statistical independence and were given equal weight.

Regression analysis was also used to test for a relationship between
mevinolin dose and 24-h urinary MVAoutput. In this analysis, a log
transformation was used to obtain values of 1, 2, 3, and 4 on the
independent variable (dose of mevinolin 0, 6.25, 12.5, 25, and 50 mg
b.i.d.). In cases where the results of linear regression analysis were
strongly influenced by a small number of data pairs that were clustered
far from the sample mean (Tables I and II), a nonparametric test of
correlation, Spearman's rank correlation coefficient (rj), was reported
together with the results of regression analysis. Statistical analysis of
differences between paired or unpaired means was carried out using t
test. Unless otherwise indicated, all data are presented as the mean±SD
with the number of determinations given in parentheses.

Results
Correlation between cholesterol synthesis rates and plasma
MVA concentrations. We have previously compared plasma
MVAconcentrations with the rate of whole body cholesterol
synthesis, which was measured by sterol balance, in three
patients before and during treatment with cholestyramine (6).
Table I summarizes these previous results together with new
data that was obtained in studies of two patients before and
after portacaval anastomosis (20), in four patients who received
various amounts of dietary cholesterol, and in three patients
who had high rates of cholesterol synthesis due to obesity.
Taken together, these interventions provided a tenfold range
of whole body cholesterol synthesis rates for comparison with
plasma MVAconcentrations. As shown in Fig. 1, the plasma
MVAconcentration was linearly related to the rate of choles-
terol synthesis over the entire range from 4.7 to 53.2 mg/
kg . d. By linear regression analysis, we found this relationship
to be significant (slope = 3.63, intercept = 5.69, r = 0.972, P
< 0.001, n = 18; r, = 0.933).

Diurnal variation of plasma MVA levels. On the basis of
the above observations, we conclude that changes measured

in plasma MVA at 7-9 a.m. are related meaningfully to
variations in the rate of whole body cholesterol synthesis.
However, plasma MVA concentrations are not constant
throughout the day, but vary over a two- to fourfold range
through each 24-h period, with peak levels occurring between
midnight and 4 a.m. (6, 7). In Fig. 2 we show the patterns of
plasma MVAconcentrations that were measured in patient
HF when he was eating ad lib three times a day as an
outpatient, or 5 feedings/d when he was on the metabolic
ward. These data demonstrate that plasma MVAconcentrations
can vary diurnally in free-living adults, much as they do in
patients who were studied on the metabolic ward (6).

In Table II we compare daily whole body cholesterol
synthesis rates and the mean concentration of MVAmeasured
throughout a 24-h period in patient HFand two other patients:
the two sets of measurements appear to be closely related
(slope = 3.5, intercept = 16.6, r = 0.992, P < 0.001, n = 5;
rS = 1.0). Thus, changes in whole body cholesterol synthesis
are reflected by corresponding changes in plasma MVAwhich
was measured two ways: either at a fixed time of day (7-9
a.m.: mean of four or more days) (Fig. 1), or as the mean of
24 samples taken hourly through a single day (Table II).

Isotopic MVAkinetics. On the supposition that the rate of
MVAturnover might indicate the rate of whole body cholesterol
synthesis, we measured the rate of MVAinput to the plasma
compartment by the method of constant isotope infusion.
Patient GDRwas adapted to the metabolic ward (five liquid
formula feedings per day for 24 d) and received tracer 3R[5-
3HJMVA in an experiment that was carried out in the late
morning to avoid the period of most rapid diurnal variation
in plasma MVAconcentrations. During the 7-h test period,
his plasma MVAconcentrations fluctuated between 19 and
22 nM, and an isotopic steady state was achieved between the
fourth and sixth hours of constant intravenous infusion (Fig.
3). Under these conditions, the rate of net MVAinput was
5.78 gmol/d. The rate of whole body cholesterol synthesis,
which was determined by simultaneous sterol balance mea-
surements, was 5.7 mg/kg d or 1.26 mmol/d. The rate of
MVAsynthesis that was needed to account for daily cholesterol
production, assuming a stoichiometry of 6 mol of MVAper
mole of cholesterol, was 7.56 mmol/d. Therefore, the daily
flux of MVAthrough the plasma compartment was exceedingly
small relative to its flux into cholesterol synthesis: 5.78 gmol
vs. 7.56 mmol or 1 part/1,300.

Effect of mevinolin on MVA. As a further test of the
proposal that plasma MVAlevels reflect cholesterol synthesis
rates in the whole body, we carried out a series of studies with
a specific inhibitor of HMG-CoAreductase, the drug mevinolin
(11). The immediate effect of a single dose of placebo or 100
mgof mevinolin on successive occasions 1 wk apart to a group
of five healthy volunteers is shown in Fig. 4. Although plasma
MVAlevels fell in the 6-h period after administration of either
placebo or mevinolin, the changes observed after placebo (31%
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Table I. Patient Data

Physical Clinical Laboratory

Treatment Sterol Plasma
Patient* Age Weight Diagnosis group balancet MVA§

y kg mg/kg per d nM

Cholestyramine treatment

PW 35 91 HTG-CHO Control 20.7± 1.2 72±7
Obese 8 g b.i.d. 47.0±12.0 192±21

CH 53 73 HC Control 16.2±2.0 63±6
8 g b.i.d. 27.6±7.0 92±41

RM 57 67 HTG-CHO Control 17.6±0.9 67±13
8 g b.i.d. 53.2±8.0 203±28

Portacaval shunt

AM 4.5 19 HmFH Control 14.6±3.4 68±9
7.0 25 Post(2 y) 4.7+0.6 26±2

PC 51 72 HtFH Control 8.9±1.3 63±7
53 68 Post(l.5 y) 5.2±1.5 27±1

Various dietary cholesterol intakes"

EF 45 82 HC 80 10.6±1.2 48±10

GDR 52 66 HTG-CHO 490 7.4+0.9 28±2

HF 68 84 HTG 207 9.0±0.3 40±15
972 6.7±1.0 28±6

RM' 57 67 HTG-CHO 981 18.9±3.8 60±7

Obesity**

EK 66 120 N 164 28.5±6.4 88±12

MP 43 122 N 224 19.0±5.4 91±23

SN 36 80 N 155 12.9±7.5 39±5

HTG-CHO, hypertriglyceridemia induced by dietary carbohydrates; HC, hypercholesterolemia; N, normolipidemia without known atheroscle-
rotic vascular disease; HmFH, homozygous familial hypercholesterolemia; HtFH, heterozygous familial hypercholesterolemia, as distinguished
by LDL-receptor studies (20). Data taken from published studies: sterol balance and MVAdata of patients PW, CH, and RM(6); and sterol
balance but not MVAdata of patients AMand PC (20). * All patients were males except for patients MPand SN. * Sterol balance data are
expressed as the mean±SD of measurements carried out on four or more 4.d fecal collections. § Plasma MVAdata represent the mean±SDof
determinations made on four or more samples between 7 and 9 a.m. after overnight fasts. "l Intake of dietary cholesterol (mg/d). ¶ The high
levels of sterol balance in this patient, despite a high dietary cholesterol intake, may be due to his abnormally low absorption of dietary choles-
terol (8.96% absorption x 981 mg intake per day = 88 mgabsorbed per day). ** Percentage of ideal body weight was calculated from the
Metropolitan Life Table, Statistical Bulletin 40, November-December, 1959, Metropolitan Life Insurance Co., New York City.

decrease) were relatively small and were well within the range
of diurnal variations that were described above. In contrast,
plasma MVAconcentrations were reduced 78% by the admin-
istration of mevinolin and were significantly different from

those observed after placebo at all times between 2 and 6 h.
There was evidence of recovery of plasma MVAto pretreatment
levels at 24 h, but additional studies are needed to characterize
the kinetics of this process.
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Figure 1. Rate of whole body cholesterol synthesis measured by
sterol balance in 18 studies of I I patients, compared with the con-
centration of MVAmeasured in plasma that was obtained from
patients between 7 and 9 a.m. after an overnight fast. The solid line
represents the best linear fit that was obtained by regression analysis:
slope = 3.63±0.2 (nmol/l)/(mg/kg- d); intercept = 5.69±4.8 nM;
correlation coefficient (r = 0.972; P < 0.001; r, = 0.933). A sterol
synthesis rate of 1 mg/kg . d is equivalent to synthesis of 2.59 jtmol/
kg. d of cholesterol.

Fig. 5 demonstrates the time courses of changes in concen-
trations of mevinolin in plasma after oral doses of 100 or 200
mg in relation to plasma MVAlevels; all changes were dose
related. The respective maximum and minimum levels occurred
between 4 and 6 h after administration of drug; in addition,
the 200-mg dose produced higher mevinolin concentrations
and lower MVAlevels through the entire 24-h period of study.

The rapid lowering of plasma MVAconcentrations that
was observed in these experiments, which was caused by a
drug that was known to inhibit HMG-reductase, is strong
evidence that short-term changes in the rate of MVAsynthesis
in tissues are quickly reflected by corresponding variations in
the rate of MVA efflux and plasma concentration. These
experiments also suggested to us that single doses of mevinolin
had a short-lived effect on MVAproduction.

As a further study of the effect of mevinolin administration
on MVAmetabolism, we measured 24-h urinary MVAoutput
as a function of drug dosage, since Kopito and Brunengraber
(21) had shown that MVAoutput into urine is directly related
to its concentration in plasma. As seen in Fig. 6, at the higher
dose levels of 25 and 50 mg twice a day, urinary MVAoutput
was decreased relative to that seen in patients who received
placebo. These differences were statistically significant, even
when the data obtained in three patients who had MVA
outputs >2 SD from their respective group means were not
excluded (Table III). Regression analysis demonstrated a sig-
nificant negative correlation between mevinolin dose and 24-
h urinary MVAoutput in all cases: n = 38, slope = -0.821,
intercept = 3.64, r = 0.409, and P < 0.02; and in the cases

.3
E
c

0
E
0a:

60

40

20

Time of Day

Figure 2. Hourly variations in plasma MVAconcentration over three
24-h periods in patient HF. Left, when eating three daily meals at
times shown by arrows as an outpatient; middle, after 4 wk on the
metabolic ward with five equal-portion feedings that provided a total
daily cholesterol intake of 207 mg/d, which were consumed at 8 and
10, 1, 5, and 7 p.m., and right, after a second 4-wk period on the
metabolic ward during which the five equal-portion feedings provided
972 mg/d of dietary cholesterol.

remaining after the outliers' were excluded: n = 35, slope
=-0.345, intercept = 2.00, r = 0.430, and P < 0.02.

Mevinolin, MVA, and cholesterol lowering. To examine the
relationship between the effect of mevinolin on MVAand its
ability to lower plasma low density lipoprotein (LDL) levels,
we plotted the change in MVAand LDL for groups that
received placebo, or 6.25, 12.5, 25, and 50 mg of mevinolin
twice daily (Fig. 7). Increasing doses of mevinolin produced
steadily decreasing 24-h urinary outputs of MVA, but changes
in plasma LDL cholesterol levels reached a plateau at doses
of 6.25 mg twice daily. Therefore, in healthy subjects without
FH a near-maximal LDL lowering by mevinolin was achieved
with doses that only moderately reduced MVAsynthesis.

Discussion

MVAand cholesterol synthesis. There is now a large body of
evidence which demonstrates that MVAis formed in a reaction
between HMG-CoAreductase and NADPHthat is catalyzed
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Table II. Comparison of the Daily Rate of
Whole Body Cholesterol Synthesis with the
Mean of 24 Hourly Plasma Levels of MVA

Mean daily plasmat
Patient Sterol balance* MVA

mg/kg. d nmol/l

EK 28.5±6.4 115±33
(4)

EF 10.6±1.0 56±13
(6)

HF§ 9.0±0.3 50±16
(4)

HF§ 6.7±10 36±6
(5)

* All values are expressed as mean±SD; the number of 4-d fecal col-
lections that were analyzed is given in parentheses.
1 Daily plasma MVAconcentrations are the mean±SD of 24 hourly
measurements; those for patients EK and EF were calculated from
diurnal rhythms that were previously described by Parker et al. (6).
§ Patient HF was studied during periods of low and high dietary cho-
lesterol intake (see Table I).

by HMG-CoAreductase, and that this reaction, under most
physiological conditions, determines the rate of cholesterol
synthesis. On the basis of previous work (6), we have proposed
that variations in the plasma concentration of MVA reflect
changes in the rate of whole body cholesterol synthesis; that
this occurs because a small fraction of the MVA that is
produced inside cells for cholesterol synthesis escapes from
tissues to the plasma compartment; and, therefore, that mea-

E 300E
c

._

5 200

5 200._.

._

en_

GDR,52y d

I 3R[5-3H]MVA m

I I . I

0 2 4
Time (h)

Figure 4. Variations in
plasma MVA(mean±SD)

60 in a group of five healthy
E 1 male outpatients who re-

.5 il Iceived a single dose of pla-
> cebo (a) or 100 mg of mev-
0 inolin (-). Either placebo

ff20-or drug were administered
0-t (double blind) to fasting pa-

tients at 8 a.m., followed 2
LW 0 o6 12 1 8 24 and 4 h later by breakfast

Time After Drug (h) and a light lunch, respec-
tively. Patients were dis-

charged overnight and returned to the clinic the next morning for the
24-h blood sample. 1 wk later, the contrasting medication was ad-
ministered. Differences between placebo and drug periods are signifi-
cantly different (P < 0.05) at 2, 4, and 6 h.

surement of plasma MVA concentrations or 24-h urinary
MVAoutput might prove useful as a means of estimating the
rate of cholesterol synthesis in man. These hypotheses are
supported by the data reported here: (a) plasma MVAconcen-
trations measured at a fixed time of day (7-9 a.m.) are directly
related to cholesterol synthesis rates over a tenfold range; (b)
only a small fraction (- 1 part/ 1,000) of the MVAmade each
day for cholesterol production escapes from the cells to plasma;
and (c) administration of mevinolin, a specific inhibitor of
HMG-CoAreductase, causes a rapid and profound lowering

Dose: 100 mg

150

a 100E

C 80

<," 60

E 40
tn

Dose 200 mg

201-

a)
lo 7100 ao

80 q
a-2~

60 -3
40
20 m2

Time After Drug (h)

6

Figure 3. Plasma MVAspecific activity (nCi/nM) during administra-
tion of 3R-[5-3H]MVA (2,000 nCi/nmol, sp act) by constant intrave-
nous infusion (1.27 gCi/min) after a priming dose of 40 MCi in
patient GDR. Samples were taken from the contralateral antecubital
vein at the times shown and assayed for MVAmass and
radioactivity.

Figure 5. Effect of oral mevinolin on plasma concentration of mevi-
nolin (.) and MVA(n) in five subjects who received a 100-mg dose
(left) and in another three subjects who received a 200-mg dose
(right). Drug and blood samples were administered and collected as
described in Fig. 4 and the patients who received 100-mg dose of
mevinolin are the same. Data are plotted as means with the standard
deviation shown by error bars. Plasma MVAconcentrations are
shown as percentage of the pretreatment values in order to combine
data obtained from patients with different initial plasma MVAcon-
centrations: the means and ranges were 40 (33-61) nMand 63 (37-
106) nM for the groups that received 100 or 200 mg, respectively.
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Figure 6. Effect of mevinolin
dose on MVAoutput mea-
sured in 24-h urine collec-
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placebo or the indicated dose
of mevinolin twice a day for
4 wk before the urine collec-
tion as part of a double-
blind, placebo-controlled
study of mevinolin that was
previously described by To-
bert et al. (12).

of plasma MVAconcentrations and 24-h urinary MVAexcre-
tions.

The regression line that is shown in Fig. 1 predicts that
plasma MVA concentrations decrease at very low rates of
cholesterol synthesis, but not to zero. Extrapolation to the
intercept at zero cholesterol synthesis by linear regression
analysis predicts plasma MVAconcentrations of 5.7±4.8 nM
(P < 0.2), when all data in Table I are included, and 16.2±5.6
nM (P < 0.2) when the highest cholesterol synthesis rates are
excluded (cholestyramine periods of patients PWand RM).
Although we cannot accept or reject the hypothesis of a
nonzero intercept on the basis of available data, continuing
MVAproduction in the absence of net sterol synthesis could
have been anticipated from studies in cultured cells that have

Table III. Long-Term Effect of Mevinolin
on 24-H Urinary MVAOutput

Urinary MVAoutput
Mevinolin dose
(mg twice daily) All subjects Outliers excluded'

pmol/d #mol/d

Placebo 4.48±5.3 (n = 6) 2.19±1.6 (n = 5)
6.25 3.12±3.9 (n = 7) 1.56±1.6 (n = 6)

12.5 1.42±1.16 (n = 8) 1.42±1.16 (n = 8)
25.0 0.83±0.46* (n = 8) 0.83±0.46* (n = 8)
50.0 0.84±0.48t (n = 8) 0.69±0.12§ (n = 7)

* Individual values that differed from the group mean by two or
more standard deviations were excluded (see n, which equals number
of patients for each group).
* Significantly different from the placebo group (P < 0.05; t test).
§ Significantly different from the placebo group (P < 0.025; t test).
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Figure 7. Comparison of the reductions in MVAand LDL-choles-
terol caused by mevinolin at various dose levels. Changes in urinary
MVAoutput are calculated as percentage (±SD) of output in the
placebo group from the right-hand column of Table III, and changes
in plasma LDL-cholesterol are presented as percentage (±SD) of the
pretreatment level according to Fig. 2 of Tobert et al. (12). The data
shown correspond to placebo (o), and to mevinolin doses of 6.25 (.),
12.5 (-), 25 (A), and 50 (v) mg b.i.d., respectively.

shown that MVA synthesis cannot be fully suppressed by
cholesterol alone: MVA synthesis is regulated to assure a

continuing supply of ubiquinone, isopentenyl adenine, doli-
chols, and other nonsterol products that are derived from
MVA(22). Other explanations of the nonzero intercept must
also be considered. Net daily secretion by skin of squalene
and sterols that are derived from MVA, which is estimated to

be <5% of total body cholesterol production (23), is not
routinely included in measurements of whole body cholesterol
production that are carried out by the sterol balance method.
However, if MVAthat was made in the metabolically active
cells of the skin had access to the plasma compartment, even

though the sterol made by the skin does not fully exchange
with plasma cholesterol (24), this might explain the nonzero

intercept.
Plasma MVA rhythm. The current studies of diurnal

changes in plasma MVAconcentrations extend the previous
observations of Kopito and Brunengraber (7) and ourselves
(6) by demonstrating that such rhythms can occur in free-
living adults. Moreover, the study of patient HF, in which we

observed a nearly complete suppression of the midnight rise
in plasma MVAconcentrations (Fig. 2), a lowering of the 24-
h mean MVAlevel, and a corresponding reduction in choles-
terol production (Table II), provides additional support for the
hypothesis that these short-term changes in plasma MVAare

related to diurnal changes in cholesterol synthesis.
Comparison of the patterns of plasma MVArhythms that

were observed in detailed studies of the rat provides further
insight on the origin of the rhythm in man. In the rat,
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cholesterol synthesis rates are high compared with man (60-
100 mg/kg . d vs. 10-1 1 mg/kg . d), and most of it (60-80%)
occurs in extrahepatic extraintestinal sites that are not subject
to diurnal regulation (25, 26); diurnal changes in plasma MVA
concentrations are found in the rat, but do not rise to statistical
significance above high base-line levels (7). Finally, in the rat,
dietary cholesterol suppresses hepatic sterol synthesis, but has
little effect on synthesis elsewhere, whereas fasting suppresses
synthesis in all tissues (25-27, and citations therein). In
contrast, we have found low base-line plasma MVAconcen-
trations in man (30-60 vs. 150-300 nM in the rat); a pro-
nounced diurnal rhythm that rises two- to fourfold above base-
line plasma MVAconcentrations; and suppression by dietary
cholesterol of the postmidnight rise in plasma MVAto base
line, but not to zero, levels. These findings in man, as
contrasted to those in the rat, are consistent with: the lower
rate of whole body cholesterol synthesis in man, constant but
low rates of synthesis in peripheral tissues (especially in adults),
and diurnal variations in sterol synthesis in liver and other
tissues that are sensitive to feedback regulation by dietary
cholesterol.

Plasma MVAflux. Others have shown that turnover of
labeled MVAthat is injected into the plasma compartment is
characterized by a half-life time of <40 min (5, 7, 28): rapid
enough to reflect short-term changes in MVAinput, such as
those seen in the 24-h rhythm studies. In the studies reported
here, MVAspecific activity was measured in order to calculate
daily MVAflux through the plasma compartment. This study
demonstrated that only -1 part/1,000 of the total MVA
production enters plasma. Thus, labeled MVAthat was injected
into the plasma compartment does not trace the turnover of
tissue MVA. Further, kinetic modeling and isotope kinetic
studies are needed to learn why this is so.

In interpreting this finding we have considered two hy-
potheses: all of the MVAmade by a small mass of tissue
enters plasma, but none from other tissues, or else a small
amount of MVAescapes from all tissues. We favor the latter
because MVAand MVAlactone dissolve easily in polar and
nonpolar solvents, and readily cross cell membranes (29).
Moreover, passive transport across the cell membrane would
provide a general mechanism for the escape of MVAin similar
proportions from all cells.

Mevinolin, MVA, and LDL lowering. As judged by its
effect on plasma MVAconcentrations, mevinolin is an effective
inhibitor of MVAproduction in healthy men. Single doses of
mevinolin caused a rapid lowering of the MVAthat was
maintained for at least 6 h. Plasma MVAreturned to pretreat-
ment levels 24 h after dosing, with evidence of individual
variation that was reflected in the relative large standard
deviations of the 24-h MVAdata in Figs. 4 and 5. Taken
together with the finding that diurnal rhythms of plasma MVA
occur in free-living adults, these observations suggest that the
time of day may be an important determinant of the extent
to which net daily MVAsynthesis and plasma LDL concen-
trations are lowered by mevinolin administration.

The effect of compactin, another inhibitor of HMG-CoA
reductase, on the diurnal rhythm of cholesterol synthesis, has
been characterized in the rat. Single oral doses of compactin
inhibited cholesterol synthesis in all tissues for the first few
hours after administration. This was followed by a period of
super-normal synthesis, such that net daily cholesterol synthesis
and plasma lipid levels were unchanged (30, 31) or only
slightly lowered (32).

In man, the time-averaged effect of one or more doses of
mevinolin can be estimated from changes in 24-h urinary
MVAoutputs. Low doses of mevinolin (6.25-12.5 mg b.i.d.)
appeared to cause relatively minor reductions in MVAsynthesis,
yet achieved near maximal LDL lowering. High doses (50 mg
b.i.d.) markedly reduced MVAsynthesis, but added little to
the LDL-lowering effect. These observations lead us to conclude
that relatively small reductions in MVA(or cholesterol) pro-
duction can trigger significant changes in lipoprotein metabo-
lism in normal subjects. Even at the highest dose, mevinolin
did not suppress MVA synthesis to levels that would be
expected to limit polyisoprenoid biosynthesis (22).

Sterol synthesis: measurement by sterol balance vs. esti-
mation from MVAmeasurements. Webelieve that the results
that are reported here demonstrate that measurements of
plasma or urinary MVAcan provide additional information
regarding cholesterol synthesis rates that are not available
through any other technique: this was made most evident in
the studies of diurnal MVA rhythms and the short-term
changes in plasma MVAafter administration of mevinolin.

The extent to which MVAmeasurements can substitute
for sterol balance measurements remains unclear. The sterol
balance method provides a direct quantitative measurement
of average daily cholesterol production, as well as information
regarding sterol and bile acid metabolism. Quantitation of
cholesterol synthesis from MVAmeasurements is indirect:
plasma MVAconcentrations that are measured between 7 and
9 a.m. after an overnight fast, 24-h mean plasma MVA
concentration, or 24-h urinary MVAoutputs are translated
into estimates of cholesterol synthesis by use of a calibration
curve such as that shown in Fig. 1. Application of this
procedure is based on several assumptions, two of the most
important being that within narrow limits, from one subject
to the next, the same fraction of total cellular MVAproduction
must escape into plasma, and that renal function and hence
MVAclearance and excretion is normal. These assumptions
must be shown to be true for each new clinical state before
MVAdata can be used to infer absolute rates of cholesterol
synthesis.

Certainly, MVAmeasurements can be used to document
two- to threefold changes in cholesterol synthesis, such as seen
after PCAor administration of cholestyramine: smaller changes
in cholesterol synthesis are detectable under controlled circum-
stances, such as those attained on the metabolic ward. In
outpatient studies, where random variations in the timing of
the diurnal rhythm are likely to increase the coefficient of
variation in measurements of plasma MVA, useful information
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can be obtained from measurements of 24-h MVAoutputs
(see Table III and Fig. 5). Where the collection of 24-h urine
pools is difficult or impossible, plasma MVAconcentrations
that are measured in control and experimental periods may
be compared and expressed as relative change. This experi-
mental design allows the patient to serve as his own control,
and thereby reduces error from sources such as differences in
MVAtransport or catabolism between individuals. Weantic-
ipate that MVAtransport or catabolism will differ substantially
from normal in some disease states, and may obscure the
relationship between MVAand cholesterol synthesis that was
demonstrated here. We therefore recommend that plasma or
urinary MVAdata be compared with sterol balance in each
new patient group or disease state before conclusions regarding
synthesis are drawn from MVAdata alone.
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