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Abstract We investigated the metabolism of very low density 
lipoprotein (VLDL), intermediate density lipoprotein (IDL), 
and low density lipoprotein (LDL) apolipoprotein B (apoB) in 
seven patients with combined hyperlipidemia (CHL), using lZ5I- 
labeled VLDL and ‘311-labeled LDL and compartmental mo- 
deling, before and during lovastatin treatment. Lovastatin ther- 
apy significantly reduced plasma levels of LDL cholesterol (142 
vs 93 mg/dl, P < 0.0005) and apoB (1328 vs 797 pglml, 
P < 0.001). Before treatment, CHL patients had high produc- 
tion rates (PR) of LDL apoB. Three-fourths of this LDL apoB 
flux was derived from sources other than circulating VLDL and 
was, therefore, defined as “cold” LDL apoB flux. Compared to 
baseline, treatment with lovastatin was associated with a sig- 
nificant reduction in the total rate of entry of apoB-containing 
lipoproteins into plasma in all seven CHL subjects (40.7 vs. 25.7 
mg/kg.day, P < 0.003). This reduction was associated with a 
fall in total LDL apoB PR and in “cold” LDL apoB PR in six 
out of seven CHL subjects. VLDL apoB PR fell in five out of 
seven CHL subjects. Treatment with lovastatin did not sig- 
nificantly alter VLDL apoB conversion to LDL apoB or LDL 
apoB fractional catabolic rate (FCR) in CHL patients. In three 
patients with familial hypercholesterolemia who were studied for 
comparison, lovastatin treatment increased LDL apoB FCR but 
did not consistently alter LDL apoB PR. We conclude that 
lovastatin lowers LDL cholesterol and apoB concentrations in 
CHL patients by reducing the rate of entry of apoB-containing 
lipoproteins into plasma, either as VLDL or as directly secreted 
LDL. -Ad ,  Y., R. Ramakrishnan, and H. N. Ginsberg. Lo- 
vastatin therapy reduces low density lipoprotein apoB levels in 
subjects with combined hyperlipidemia by reducing the produc- 
tion of apoB-containing lipoproteins: implications for the 
pathophysiology of apoB production. ,I. Lipid Rcs. 1990. 31: 
567-582. 
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Elevated plasma and low density lipoprotein (LDL) 
cholesterol concentrations are considered to be major 
pathogenic factors in the development of atherosclerosis 

(1). Patients with either the combination of hypercholes- 
terolemia and hypertriglyceridemia (CHL) or familial hy- 
percholesterolemia (FH) constitute two major groups of 
patients with elevated plasma LD4 cholesterol levels who 
are at increased risk for atherosclerosis (2, 3). Although 
individuals in both groups have elevated LDL cholesterol 
levels, subjects with CHL also have elevated levels of very 
low density lipoprotein (VLDL) cholesterol and triglycer- 
ides (4). In addition, studies of the turnover of apoB in 
VLDL, intermediate density lipoprotein (IDL), and LDL 
have demonstrated quite different pathophysiologic mech- 
anisms for the hyperlipoproteinemia present in CHL pa- 
tients, who have normal fractional catabolic rates (FCR) 
of LDL and high production rates (PR) of VLDL and/or 
LDL apoB (5-7), and in FH patients, who have decreased 
FCR of LDL apoB and either normal or increased PR of 
LDL apoB (6, 8, 9). 

Lovastatin is the first of a family of competitive inhibi- 
tors of 3-hydroxy-3-methylglutaryl coenzyme A (HMG- 
CoA) reductase to be approved for use in the United 
States. Treatment with lovastatin can dramatically reduce 
plasma total and LDL cholesterol as well as LDL apoB 

Abbreviations: LDL, low density lipoprotein; VLDL, very low densi- 
ty lipoprotein; IDL, intermediate density lipoprotein; HDL, high den- 
sity lipoprotein; apoB, apolipoprotein B; CHL, combined hyperlipide- 
mia; FH, familial hypercholesterolemia; SA, specific activity; PR, 
production rate; FCR, fractional catabolic rate; HMG-CoA, 3-hy- 
droxy-3-methylgluta1yl coenzyme A; TG, triglyceride; C, cholesterol. 

‘Partial data were presented in abstract form: Clin. Res. 1987. 35: 
496A. 
*To whom reprint requests should be addressed at: Department of 

vedicine, P&S 9-510, Columbia University College of Physicians and 
Surgeons, 630 West 168th Street, New York, NY 10032. 
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levels in subjects with either FH (10, 11) or nonfamilial hy- 
percholesterolemia (12). It has been postulated that, in 
vivo, lovastatin reduces plasma LDL cholesterol by induc- 
ing increased activity of hepatic LDL receptors secondary 
to a fall in an intracellular pool of free cholesterol (13). Al- 
though studies of LDL apoB turnover in FH subjects 
showed increased LDL FCR, supporting this hypothesis 
(14), similar studies in subjects with moderate hypercho- 
lesterolemia (15) indicated that reduced PR of LDL apoB, 
rather than increased FCR of this apolipoprotein, was the 
basis for the therapeutic effect of lovastatin in that group 
of patients. Because overproduction of apoB-containing 
lipoproteins appears to be a common characteristic of 
subjects with CHL (5-7), we hypothesized that lovastatin 
might reduce LDL and/or VLDL apoB production in 
CHL subjects. Since LDL apoB metabolism is closely 
linked to apoB metabolism in VLDL and IDL, we under- 
took a study of apoB metabolism in all three lipoprotein 
classes in subjects classified phenotypically as having 
CHL, before and during treatment with lovastatin. The 
primary goals of the study were to determine whether 
production of LDL apoB is reduced by lovastatin, and, if 
so, to use multicompartmental analysis to determine the 
contribution of each of the three possible mechanisms to 
such a reduction in LDL apoB production: 1) a reduction 
in VLDL apoB production; 2) a reduction in the propor- 
tion of VLDL apoB flux that is converted to LDL apoB; 
and 3) a reduction in PR of “cold LDL apoB (LDL apoB 
that cannot be traced by the injection of radiolabeled 
VLDL). 

METHODS 

Patients 

The clinical characteristics of seven CHL patients and 
three FH patients are presented in Table 1. All subjects 
were referred to us for evaluation of hypercholesterole- 
mia. The lipid values shown in Table 1 are those that were 
present prior to initiation of any diet or drug therapy 
(means of two to four determinations). Because no single 
genetic or clinical marker identifying CHL p a t i h s  is 
available, our classification was based on a lipid profile 
that included both an LDL cholesterol concentration 
greater than 90th percentile for age and sex and a con- 
comitant plasma triglyceride level greater then 250 mg/dl. 
None of these subjects had xanthomas or xanthelasma. 
Plasma VLDL cholesterol to triglyceride ratios,~ at the 
time of diagnosis, were all less than 0.3, indicating that 
none of these patients had type I11 hyperlipidemia. 

Three patients were classified as having FH. FH #1, 
who has been described previously (16), had approximate- 
ly 40% of normal LDL receptors on his cultured fibro- 
blasts, and had previously undergone a portacaval shunt 
for severe hypercholesterolemia. After an initial excellent 
response to surgery, his plasma LDL cholesterol had in- 
creased to approximately 70% of pre-shunt levels. FH #2 
was studied by Helen Hobbs in the laboratory of Gold- 
stein and Brown and was found to be homozygous for a 
mutation in the gene for the LDL receptor that resulted 
in binding of LDL to his cultured fibroblasts that was 

TABLE 1 .  Clinical characteristics 

Cardiac Total 
Subject Sex Age History Cholesterol Triglyceride VLDL ClTG HDL-C Medication 

CHL 
1 
2 
3 
4 
5 
6 
7 

FH 
1“ 

2k 
3 

M 32 
M 44 
F 65 
M 41 
F 51 
M 63 
M 60 

M 60 

M 25 
F 41 

none 
none 

MI, CABG 
none 

angina, HTN 
MI, CABG 
MI, angina 

MI, CABG 

none 
MI, CHF, HTN 

300 
285 
43 1 
320 
304 
386 
312 

479 

500 
370 

293 
294 
548 
300 
366 
423 
320 

169 

80 
92 

mg/dl 

0.25 
0.26 
0.22 
0.26 
0.24 
0.28 
0.22 

49 
37 
36 
27 
30 
51 
32 

24 

34 
44 

none 
none 
digoxin, aspirin 
none 
propranolol, conjugated estrogen 
propranolol, dipyramidole, aspirin 
furosemide, diltiazam, warfarin, 
digoxin, nitroglycerine 

digoxin, diltiazam, aspirin, 
spironolactone, nitroglycerine 
none 
metoprolol, isosorbide dinitrate, aspirin, 
sucralfate, docusate sodium, 
dipyramidole 

Abbreviations: CHL, combined hyperlipidemia; FH, familial hypercholesterolemia; MI, myocardial infarction; CABG, coronary artery bypass 

“Post-portacaval shunt. 
’Homozygous 

graft; HTN, hypertension; CHF, congestive heart failure. 
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2-3% of normal (Hobbs, H., J. L. Goldstein, and M. S. 
Brown, personal communication). He had previously de- 
monstrated a decrease in LDL cholesterol while taking 
bile acid-binding resins, and the decision was made, 
therefore, to attempt therapy with lovastatin. The third 
patient had previously suffered two myocardial infarctions 
and had markedly elevated LDL cholesterol levels, nor- 
mal plasma triglyceride concentrations, and large tendon 
xanthomas. She had not had LDL receptor studies, but 
had a clinical and family history compatible with hetero- 
zygous FH. 

All patients were in stable health at the time of the 
study. None had secondary causes for the hyperlipidemia 
such as renal, hepatic, or thyroid disease. The FH subject 
who had previously had a portacaval shunt had had sig- 
nificantly higher plasma levels of LDL cholesterol before 
the procedure (16). All patients had been previously 
treated with various hypolipidemic drugs, but not with 
lovastatin. All hypolipidemic drugs were discontinued for 
at least 1 month before the study. However, due to medi- 
cal considerations, other medications, some of which may 
have contributed to the subjects' dyslipidemias, were con- 
tinued throughout the study without change in dosage. 
The mediations taken by the patients during the study are 
listed in Table 1. All subjects had been consuming an 
American Heart Association (AHA) phase 1 diet prior to 
their baseline study and continued eating this diet 
throughout the study. 

Turnover studies of apoB were performed in the Gene- 
ral Clinical Research Center at the Columbia Presbyte- 
rian Medical Center. Each patient had the initial turnover 
study prior to lovastatin and underwent a repeat study 
during treatment with lovastatin. CHL subjects #1 and #2 
received 20 mg lovastatin once daily with dinner while the 
remaining subjects (both CHL and FH) received 20 mg 
lovastatin twice daily. Duration of the treatment before 
the second study varied from 6 weeks to 3 months. In- 
formed consent was obtained before each study. The 
study was approved by the Institutional Review Board. 

Protocol 

One week prior to study, 100-250 ml of blood was ob- 
tained from each subject after a 14-h fast. VLDL and 
LDL were isolated by ultracentrifugation as previously 
described (17, 18), and labeled with 1251 (VLDL) or 1 3 1 1  

(LDL) by a modification of the iodine monochloride 
method (19, 20). All procedures were carried out using 
sterile equipment, and the radiolabeled lipoproteins were 
passed through 0.45 pm (VLDL) and 0.22 pm (LDL) 
filters prior to injection into patients. After admission, pa- 
tients were fed a solid diet of 30% fat, 55% carbohydrates, 
and 15% protein with a ratio of polyunsaturated to satu- 
rated fat of 1.0, and less then 300 mg cholesterol per day. 

Eight hours before the start of the VLDL turnover study 
(which began at 8 AM), a liquid formula diet consisting of 
75% carbohydrates and 25% protein and providing 60% 
of the subject's caloric requirements was started. This li- 
quid diet, consumed every 3 h throughout the 48 h of the 
VLDL turnover study, results in stable plasma cholesterol 
and triglyceride levels (21). Fifty pCi of autolo- 
gous VLDL radiolabeled with 1251 was injected intrave- 
nously and 17 blood samples were obtained for the next 
48 h (22). After completion of the VLDL study, 25 pCi 
of autologous LDL radiolabeled with I 3 l I  was injected 
and 16 blood samples were collected during the next 14 
days. Patients were switched back to their solid food diet 
2 h after starting the LDL study and were usually dis- 
charged from the hospital after the first 2 or 3 days of the 
LDL protocol. The remainder of the sampling was com- 
pleted with the subjects as outpatients. Potassium iodide 
supplements (3 drops of a saturated solution taken twice 
daily) were started the evening before the VLDL injection 
and continued until 1 week after last LDL sample was ob- 
tained. All subjects continued taking lovastatin during the 
second turnover study. 

Laboratory procedures 

VLDL, IDL, and LDL were isolated from each of the 
17 samples obtained during the VLDL turnover study by 
sequential ultracentrifugation in a 50.3 Ti fixed angle ro- 
tor (22). ApoB in each lipoprotein fraction from each time 
point was then isolated using 1,1',3,3' tetramethylurea as 
previously described (23). ApoB specific activity (SA) in 
each sample was calculated by obtaining radioactivity and 
protein mass. LDL was isolated from the 16 samples ob- 
tained during the two-week period after injection of 1 3 1 1 -  

labeled LDL, and apoB SA was determined directly by 
gamma counting and protein determination (22). 

Plasma cholesterol and triglyceride levels were deter- 
mined as the means of plasma concentrations in 9 (choles- 
terol) or 18 (triglycerides) time-point specimens. VLDL, 
IDL, and LDL lipid and apoB.concentrations were deter- 
mined as the means of five plasma samples obtained at 0, 
12, 24, 36, 48 h and subjected separately to ultracentrifug- 
ation. ApoB mass was determined by specific radioim- 
munoassay (24). Cholesterol and triglyceride concentra- 
tions were determined using enzymatic methods (25, 26). 

Compartmental analysis 

A multicompartmental model was used to fit the data 
generated by the injection of 1251-labeled VLDL and 1 3 1 1 -  

labeled LDL (Fig. 1). This model is substantially the 
same as the one we described earlier ( 2 9  with a three- 
pool delipidation cascade and a remnant pool for VLDL 
apoB, a single delipidation step plus a remnant pool for 
IDL apoB, and a single pool exchanging with a noncir- 
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MOOEL FOR ApoB KEETlcs 

Fig. 1. Multicompartmental kinetic model for apoB metabolism in 
VLDL, IDL, and LDL. This mode1 stipulates three VLDL pools, one 
VLDL remnant pool, one IDL pool, one IDL remnant pool, and one 
intravascular LDL pool exchanging with an extravascular LDL pool. 
Cold input is allowed into the first VLDL pool and the intravascular 
LDL pool (see Methods). For a detailed description of the model, see the 
Appendix. 

culating pool for LDL. The model invokes a single site of 
secretion of VLDL into plasma and a single site of 
removal of VLDL from plasma, in addition to removal 
from the VLDL remnant pool. It also allows for de novo 
entry of apoB-containing particles into LDL (“cold” LDL 

Several assumptions were made during the develop- 
ment of this model. The injection of labeled VLDL was 
assumed to introduce tracer into all the VLDL vascular 
pools. Since we have evidence for considerable nonunifor- 
mity in labeling of different VLDL subfractions (Rama- 
krishnan, R., Y. Arad, and H. N. Ginsberg, unpublished 
results), the initial SAs in each VLDL pool were allowed 
to be different. Initial SA in the IDL and LDL pools were 
due to contamination of labeled VLDL, but were quite 
small. At 3 min, they were about 10-15% (IDL) and 1-2% 
(LDL) of whole VLDL specific activity. Pool sizes of 
whole VLDL, IDL, and LDL apoB were determined by 
measurement of plasma apoB concentrations in the differ- 
ent lipoprotein fractions (see above). The mass fractions 
of the four VLDL and two IDL pools were estimated by 
the curve-fitting program. 

The model has 18 unknown parameters to be esti- 
mated: six initial SA (four VLDL pools, the IDL pools 
with the same specific activity in both, and the one intra- 
vascular LDL pool), four mass fractions (three of four 
VLDL pools, one of two IDL pools), three rate constants 
in the LDL subsystem, the rate constants of the two IDL 
pools, the rate constant of the VLDL remnant pool, direct 
removal from plasma of IDL apoB, and direct removal 
from plasma of VLDL apoB via the middle VLDL pool. 
The fractional turnover rates of the individual VLDL 
pools can be calculated from some of the 18 parameters 
and the apoB levels of VLDL, IDL, and LDL. Details are 
given in the Appendix. 

The three parameters of the LDL subsystem (the frac- 
tional removal from the vascular pool, the fractional 
conversion of the vascular pool to the noncirculating pool, 
and the fractional turnover of the latter pool) were deter- 
mined by fitting a two-pool model to the LDL SA data 

flux). 

collected after the injection of ‘311-labeled LDL. These 
parameters were then used in fitting the LDL SA data ge- 
nerated by the injection of labeled VLDL. 

The turnover of the remnant pools in VLDL and IDL, 
especially that of the IDL remnant pool, was too slow to 
be determined with any confidence from the 48-h study. 
The fractional turnovers of both remnant pools were 
therefore fixed for all studies at 0.03 pool per h, which is 
close to the mean of the remnant VLDL FCR estimated 
for the individual studies. 

The remaining 13 parameters were estimated by fitting 
the three responses (VLDL, IDL, and LDL) simultane- 
ously with the use of an estimation program developed 
specially for general pool models (27). For a given set of 
parameter values, the program solves the pool ,model to 
obtain a sum of exponentials for the SA in eac pool, for 
the SA in each observed response, and for th dl” sensitivities 
of the responses to the parameters being estimated. The 
program uses these, in turn, to calculate the weighted 
sum-of-squares criterion, assuming that the errors all 
have the same coefficient of variation. Estimation of the 
parameters was performed by minimizing the sum of 
squares using a modified method of Marquardt (28). A 
complete mathematical description of the model is given 
in the Appendix. 

Statistical analysis 

When many variables are being measured in a study, 
the proper statistical approach includes the identification 
of the “primary responses” most relevant to the goal of the 
investigators at the outset of the study. These were the 
plasma LDL cholesterol and apoB concentrations, total 
apoB production, LDL apoB production, VLDL apoB 
production, percent conversion of VLDL apoB flux to 
LDL apoB, and production of “cold” LDL apoB. The Stu- 
dent’s paired t-test was used to compare the variables 
chosen as the primary respomes, before and during lo- 
vastatin therapy, in the seven CHL subjects. Carrying out 
many more statistical tests would have increased the pos- 
sibility of a type I error (declaring significance when there 
is none). Although the use of smaller probability levels 
would counter the risk of a type I error, this approach 
would likely have reduced the power of the procedure to 
a point where significant differences would be missed 
(type I1 error). We, therefore, limited the number of pri- 
mary tests of significance to the seven noted above. 

Even with only seven primary responses, a conservative 
approach would be to use a significance level smaller than 
0.05. We therefore used a modified Bonferroni procedure 
(29) for evaluating significance. In this procedure, which 
corrects for the increased likelihood of a type I error when 
performing multiple statistical tests, the seven t-tests are 
first ranked according to their P-values. The most 
significant P-value is compared to P < 0.517, the next 
most significant P-value is compared to P < 0.516, and SO 

on. 
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TABLE 2. Lipid values before and during treatment with lovastatin 

Total TG VLDL TG Total C VLDL C IDL C LDL C HDL C 

Subiect A B A B A B A  B A  B A  B A  B 

CHL 
1 
2 
3 
4 
5 
6 
7 

Mean 
i SD 

FH 

262 
286 
505 
28 1 
505 
153” 
220 
316 

i 137 
A =  
(P 

305 
186 
280 
306 
337 
114 
204 
248 

f 81 
-67 * 93 
< 0.08)b 

173 222 
207 109 
313 210 
179 192 
359 232 
86 63 

167 136 
212 166 

f 93 f 65 
A = -44 i 61 
(P < 0.08) 

247 229 
321 25 1 
340 256 
296 223 
260 189 
271 164 
256 160 
284 210 
i 35 i 40 

A = -81 f 33 
(P < 0.0005) 

mg/dl 

63 73 
75 36 
75 44 
72 76 
99 70 
33 25 
45 41 
66 52 

f 20 f f 22 
A = -13 i 18 
(P < 0.07) 

19 
34 
19 
36 
12 
19 
13 
22 
10 
A = =  
(P 

18 
13 
11 
15 
11 
10 
18 
14 

* 3  
-8  i 9 

< 0.05) 

121 98 
165 131 
159 123 
130 74 
98 65 

168 88 
150 71 
142 93 

f 26 f 26 
A = -53 i 24 
(P < 0.0005) 

38 39 
35 37 
24 43 
25 24 
24 29 
29 38 
29 32 
29 35 

* 6  f 7  
A = 5 + 7  
(P < 0.09) 

1 160 112 69 49 455 337 28 19 20 5 345 247 29 35 
2 82 64 25 23 427 320 10 12 19 15 328 255 30 30 

34 3 127 114 59 53 320 221 23 16 15 
Mean 123 97 51 42 401 293 20 16 18 7 304 218 30 33 
f SD f 39 i 28 f 23 f 16 f 71 * 6 3  i 9 f 4  i 3 f 7  i 5 6  i 5 8  * 1  f 3  

VLDL, IDL, LDL, and HDL cholesterol and triglyceride concentrations are the means of the concentrations in five ultracentrifuged specimens, 
with recovery (compared to plasma cholesterol) of 80-95 % . Means of nine (cholesterol) or eighteen (triglyceride) time point plasma concentrations 
were used for “total” values; A, before treatment; B, during treatment. 

“This patient had a remarkable response to diet therapy resulting in a marked fall in triglyceride levels. His baseline values of plasma total and 
VLDL triglyceride levels, however, justify his classification as CHL. 

’Paired t-tests, values before versus during lovastatin therapy. 

2 240 151 30 

A number of other responses in the CHL subjects were 
also monitored (“Other observations”). These were not 
studied as primary objectives but rather for purposes of 
comparison with previously described data and for the ge- 
neration of further hypotheses. The results for these other 
responses should not be accepted as proven until tested in- 
dependently in subsequent studies. These included plas- 
ma concentrations of total and VLDL triglycerides; total, 
VLDL, IDL, and high density lipoprotein (HDL) choles- 
terol; apoB concentrations in VLDL and IDL; IDL apoB 
flux; and VLDL, IDL, and LDL apoB FCR before and 
during therapy in the CHL group (using Student’s paired 
t-test), as well as comparisons between the FH group and 
the CHL group (using the Wilcoxon rank-sum test, due 
to the small number of FH subjects). No statistical analy- 
sis of the effect of lovastatin therapy on any of the mea- 
sured variables was performed on the FH group, which 
had only three subjects. 

RESU LTS3 

Plasma lipid and apoB concentrations 

Baseline levels. Plasma levels of total and VLDL triglyc- 
erides and total, VLDL, IDL, LDL, and HDL cholester- 
ol after dietary therapy but prior to lovastatin treatment 
and the same parameters during lovastatin therapy are 
shown in Table 2. Differences between the values in Ta- 
bles l and 2 (prior to therapy) are due to the effects of the 
AHA diet, which the subjects had been consuming for 
several months prior to the measurements presented in 

Table 2. Although the CHL patients had rather consistent 
reductions in total plasma cholesterol while eating the 
AHA diet, there were variable responses of LDL choles- 
terol and triglycerides. Hence, there were varying degrees 
of hypertriglyceridemia, with or without elevated plasma 
concentrations of LDL cholesterol, prior to lovastatin 
therapy. Compared to FH subjects, patients with CHL 
had higher baseline plasma concentrations of total triglyc- 
erides (316 vs 123 mg/dl, P < 0.05) and VLDL triglycer- 
ides (212 vs 51 mg/dl, P < 0.05), and significantly lower 
baseline plasma total cholesterol (284 vs 401 mg/dl, 
P < 0.05) and LDL cholesterol (142 vs 304 mg/dl, 
P < 0.05). 

Plasma concentrations of VLDL, IDL, and LDL apoB 
are depicted in Table 3. At baseline, all CHL patients had 
significantly higher levels of VLDL apoB (194 vs 50 
Ig/ml, P < 0.005) and IDL apoB (104 vs 61 &ml, 
P < 0.05) than FH patients. 

Primary responses. Lovastatin treatment resulted in de- 
creased plasma LDL cholesterol and LDL apoB in all 
CHL patients. The decline in LDL cholesterol averaged 

’As described in Methods, a modified Bonferroni procedure was used 
to assess the significance of the seven primary responses. The rank order 
of the responses was: LDL cholesterol concentration (P < 0.0005), LDL 
apoB concentration (P < 0.001), total apoB PR (P < 0.003) total LDL 
apoB PR (P < 0.02), “cold” LDL apoB PR (P < 0.03), VLDL apoB 
PR (2‘ > 0.05), and percent convenion of VLDL apoB to LDL apoB 
(P > 0.05). Using the modified Bonferroni procedure, the critical P 
values for the five primary responses (out of seven) that were P < 0.05 
were 0.007, 0.008, 0.01, 0.0125, and 0.017. Hence, the first three primary 
responses were clearly statistically significant, even with this very conser- 
vative approach. 
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TABLE 3. ApoB concentration in lipoprotein fractions 

VLDL ApoB IDL ApoB LDL ApoB 

Subject A B A B  A B  

1 
2 
3 
4 
5 
6 
7 

Mean * SD 

FH 
1 
2 

203 112 
204 201 
239 141 
185 117 
340 228 

65 44 
124 101 

194 f 87 134 + 62 
A = - 5 9  + 43 

[ P  < 0.021“ 

169 58 1531 988 
98 91 1098 972 

100 57 1716 1243 
151 52 1183 477 
68 60 1470 980 
62 28 1377 536 
78 40 923 383 

104 f 41 55 f 20 1328 f 275 797 f 327 
A = - 4 9  f 41 A = -531  -t 222 

[ P  < 0.031 [ P  < 0.0011 

63 46 63 35 2048 1700 
27 21 58 27 2288 1739 

3 60 45 61 47 1413 735 
Mean f SD 50 f 20 37 f 14 61 f 3 36 f 10 1916 f 452 1391 f 569 

ApoB concentrations are calculated as the means of five ultracentrifuged specimens; A, before treatment; B, dur- 

“Paired t-tests. 
ing treatment. 

about 35% (142 vs 93 mg/dl, P < 0.0005), and the de- 
cline in LDL apoB averaged about 40% (1328 vs 797 
pg/ml, P < 0.001). 

Other observations. Plasma total and IDL cholesterol de- 
creased in the CHL patients during therapy with lovasta- 
tin. There were no consistent changes of VLDL and HDL 
cholesterol or of total and VLDL triglycerides in the CHL 
group. 

All three FH patients showed a decrease in total and 
VLDL triglycerides and in total, IDL, and LDL choles- 
terol during treatment. VLDL cholesterol was reduced in 
two of three FH subjects. HDL cholesterol increased in 
two of three FH patients. While the absolute decrease in 
total cholesterol and LDL cholestrol levels of FH patients 
was larger than that of CHL patients, the groups were 
similar when changes were compared as percentages of 
initial levels. 

Treatment with lovastatin decreased apoB mass in 
VLDL and IDL in all ten patients, and apoB mass in 
LDL in all three FH patients. There were no differences 
in the magnitude of these reductions, expressed as percen- 
tage of initial values, between the FH subjects and the 
CHL subjects. 

Compartmental analysis 
Key kinetic parameters were obtained by fitting the 

model shown in Fig 1 to the SA data for apoB in VLDL, 
IDL, and LDL. The apoB SA data and the computer-ge- 
nerated curves for five of seven CHL subjects and two of 
three FH subjects studied before and during lovastatin 
therapy are presented in Fig. 2. Individual fractional ca- 
tabolic rates and fluxes are given in Tables 4-6 and group 
means for key parameters are depicted in Figs. 3-5. Indi- 

vidual pool mass fractions and rate constants are pre- 
sented in the Appendix, along with the residual errors for 
the computer-generated fits of the SA data. 

Baseline values. At baseline, VLDL, IDL, and LDL 
apoB production rates of CHL patients tended to be high- 
er than those of subjects with FH. LDL apoB PR of CHL 
patients were also high compared to those reported in the 
literature for normal patients (6, 7). FCR for VLDL and 
IDL apoB were similar in both groups while the FCR for 
LDL apoB was significantly lower in the FH patients than 
in the CHL patients (0.18 vs 0.39 pools per day, 
P < 0.005) (Table 4). The LDL apoB FCR in CHL pa- 
tients was similar to literature normals (6, 7). The percent 
of VLDL apoB flux converted to IDL and/or LDL apoB 
was similar between the two groups (Table 5). CHL pa- 
tients had higher PR for total apoB-containing lipopro- 
teins (VLDL apoB plus “cold” LDL apoB) than FH sub- 
jects (40.7 vs 18.3 mg/kg. day, P < 0.03) (Table 6). 
“Cold” LDL comprised approximately three-fourths of 
LDL apoB flux at baseline. 

Primary responses. The most dramatic effect of lovastatin 
in CHL patients was on total apoB flux, which is the sum 
of VLDL flux and “cold” LDL flux. Total apoB flux 
declined in all seven CHL subjects (40.7 vs 25.7 
mg/kg. day, P < 0.003) (Table 6). Both LDL apoB flux 
(23.9 vs 15.1 mg/kg. day, P < 0.02) (Table 4, Fig. 3) and 
“cold” LDL flux (18.0 vs 10.4 mg/kg . day, P < 0.03) (Ta- 
ble 6, Fig. 4), fell in six of seven of the CHL patients fol- 
lowing treatment with lovastatin. Lovastatin treatment 
caused a decrease in VLDL apoB production in five of 
seven CHL patients but there was no statistically 
significant effect on the group as a whole (Table 4, Fig. 
5). Finally, during treatment with lovastatin, the CHL 
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Fig. 2. ApoB specific activity curves in VLDL, IDL, and LDL generated by the injection of radiolabeled VLDL. The actual data (symbols: (0) 
VLDL; (0) IDL; (0) LDL) and the computer-generated fits (solid lines) of the data are depicted for five of the seven subjects with CHL and for 
two of the three FH patients before (A) and during (B) lovastatin treatment. The data are plotted as log apoB specific activity versus log time. The 
residual errors for each curve and for the overall fit of three curves are presented in the Appendix. 

patients did not show a significant change in either the 
percentage or the absolute value of VLDL apoB flux 
which was converted to LDL apoB (Table 5, Fig. 4). 

Other ubservattuns. In contrast to the changes in LDL 
apoB production rates, lovastatin treatment did not result 
in a consistent change in the LDL apoB FCR of CHL pa- 
tients (Table 4, Fig. 3). Two patients showed an increase, 

three had a decrease, and two patients showed no change 
in LDL apoB FCR during treatment with lovastatin. FH 
patients had no change in LDL apoB flux during therapy, 
but LDL apoB FCR increased in all three FH patients. 
The change in LDL apoB flux was significantly different 
in the FH group as compared to the CHL group 
(P < 0.005). 
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VLDL apoB FCR increased in four and decreased in 
three CHL patients during treatment (Table 4, Fig. 5). 
There was no consistent effect of lovastatin treatment on 
VLDL apoB production in FH patients, while VLDL 

Although IDL apoB flux fell in five of seven CHL pa- 
tients during treatment, the change was not significant 
(Table 4). IDL apoB FCR and CHL patients was not 
affected by lovastatin therapy. IDL apoB flux decreased in 
all three FH patients, but there was no change in their 
FCR. 

pc 0 +I-$ 0 In contrast to the results in CHL patients, there was no 
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decrease in "cold" LDL apoB production in FH patients 
during lovastatin therapy (Table 6). 
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Lovastatin, the first competitive inhibitor of HMG- 
CoA reductase to be licensed in the United States, has 
been shown previously to reduce total and LDL cholester- 
01 in patients with FH (10, ll), primary moderate hyper- 
cholesterolemia (15), cholesteryl ester storage disease (30), 
diabetes (31), and dyslipoproteinemia (32). Reduced cho- 
lesterol concentrations in these studies were usually ac- 
companied by reductions in LDL apoB levels. Since lo- 
vastatin is an inhibitor of HMG-CoA reductase, the rate- 

c r * c r - - c r m y O ~  - limiting enzyme for endogenous cholesterol synthesis, re- 
ductions in LDL cholesterol and apoB have been thought 
to be secondary to increased hepatic LDL receptor activi- 
ty, which would be, in turn, a response to depletion of a 
pool of cholesterol in the liver (13). Indeed, lovastatin can 
increase the activity of LDL receptors in human macro- 
phages (33), and in rabbit (34) and dog (35) livers, and 
can increase receptor-mediated clearance of LDL apoB in 
humans with FH (14) and in dogs (35). In contrast, the 

a $  4 +IT % effects of lovastatin in patients with moderate hypercho- 
lesterolemia and normal triglyceride concentration have 

? ' "  :$ been shown to result from a reduction in LDL apoB pro- 
duction, and not from an increase in LDL apoB FCR 
(15). In that study, Grundy and Vega (15) measured only 
LDL apoB turnover, and could not, therefore, determine 
whether the observed reduction in LDL production was 
due to decreased VLDL apoB production, decreased con- 
version of VLDL apoB to LDL apoB, or reduced produc- 
tion of LDL apoB from nonVLDL sources. 

In the present study we have demonstrated that lovasta- 
tin reduces LDL cholesterol and LDL apoB concentra- 
tion in CHL patients. These results are in agreement with 
East, Bilheimer, and Grundy (36) who showed that lova- 
statin plus colestipol was effective in CHL patients. We 
further found that the decrease in LDL apoB concentra- 
tions in CHL patients treated with lovastatin was associ- 
ated with reduced rates of LDL apoB production, and not 
increased rates of fractional catabolism of LDL apoB. 
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TABLE 5 .  VLDL apoB conversion to LDL apoB Ux Apo B TURNOVER 

VLDL Conversion VLDL Conversion 
to IDL to LDL 

Subject A B A B 

5% 
CHL 

1 54 46 
2 29 32 

40 
29 

3 49 37 49 
4 82 61 82 
5 12 17 11 
6 85 35 70 
7 14 43 6 

Mean * SD 46 f 30 39 f 14 41 f 28 
A = - 8  f 25 A =  

44 
32 
36 
54 
16 
31 
27 

34 f 12 
- 7  * 21 

N S  -ani 

[P = ns]” [P = ns] 

FH 
1 83 32 69 28 
2 100 100 86 92 
3 58 49 46 24 

Mean * SD 80 f 21 60 f 35 67 f 20 48 f 38 

All data are based on total VLDL flux. Differences between VLDL 
apoB to LDL apoB conversion and VLDL apoB to IDL apoB conver- 
sion are due to removal of IDL apoB from plasma; A, before treatment; 
B, during treatment. 

“Paired t-tests. 

These results are similar to the results reported by 
Grundy and Vega (15) for patients with primary moderate 
hypercholesterolemia. Our protocol, however, which 
simultaneously measured VLDL, IDL, and LDL turn- 
over, allowed us to determine that the decreases in LDL 
apoB production observed in our CHL patients were as- 
sociated with decreases in total appearance of apoB-con- 
taining lipoproteins in plasma, which occurred in every 
CHL patient. VLDL apoB production also was reduced 
in five of seven subjects. In contrast, the effects of lovasta- 

Fig. 3. LDL a p B  turnover in CHL patients before (A) and during 
(B) lovastatin therapy; A, change. Data presented as mean f SD. 
Lovastatin treatment of CHL patients resulted in a marked fall in LDL 
apoB PR but no significant change in LDL apoB FCR. 

tin on the conversion of VLDL apoB to LDL apoB in 
CHL patients, whether measured as the percent of 
VLDL apoB flux which was converted to LDL apoB or 
as the absolute amount of LDL apoB flux which was de- 
rived from VLDL apoB, were variable and there were no 
significant changes in these parameters during therapy for 
the CHL group as a whole. Based on these results, we 
conclude that the main effect of lovastatin in CHL pa- 
tients is via reduced total entry of apoB-containing lipo- 
proteins particles into plasma, rather than through de- 
creased conversion of VLDL apoB to LDL apoB, as 
Grundy and Vega had proposed (15). 

TABLE 6. Total apoB flux and ‘Cold” LDL synthesis 

LDL Flux Derived 
from “Cold” LDL 

“Cold” LDL Flux Production Total ApoB Flux 

Subject A B A B A B 

CHL 
mg/kg. dny % mg/kg. hy 

1 21.1 11.6 75 62 38.7 27.5 
2 18.5 9.9 76 58 38.8 32.2 
3 30.7 15.5 78 76 48.7 29.1 
4 13.4 8.6 61 77 23.7 13.3 
5 15.5 22.2 71 83 74.4 50.9 
6 15.7 3.9 85 59 19.5 12.2 
7 10.8 1.4 85 28 41.0 15.0 

Mean f SD 18.0 f 6.5 10.4 i 7.0 76 f 8 63 * 18 40.7 f 18.0 25.7 * 13.8 
A = -7.5 * 7.0 A = -12  f 25 A = - 14.9 f 8.0 

[ P  < 0.O3lb [P = ns] [P < 0.0031 

FH 
1 18.2 19.5 79 90 25.12 27.5 
2 12.2 17.3 82 87 15.2 20.0 
3 6.2 6.8 62 79 14.5 14.4 

Mean f SD 12.2 f 6.0 14.5 f 6.8 74 f 11 85 f 6 18.3 f 5.9 20.6 i 6.6 

A, before treatment; B, during treatment; ns, not significant. 
Total apoB flux is the sum of VLDL apoB flux and direct LDL production. 
bPaired t-tests. 
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Fig. 4. Sources of LDL apoB in CHL patients before (A) and during 
(B) lovastatin treatment; A, change. Lovastatin treatment caused a 
significant decrease of direct (nonVLDL apoB-derived) LDL apoB 
production. On the other hand, the fraction of VLDL apoB flux that was 
converted to LDL apoB did not change significantly with lovastatin 
therapy. 

Although the small number of FH subjects studied 
precluded statistical analysis, several observations con- 
cerning the effect of lovastatin on apoB metabolism in FH 
subjects should be noted. For example, in contrast to our 
findings in CHL patients, the reduction of VLDL and 
LDL apoB levels during lovastatin therapy in FH patients 
appeared to be due to increases in VLDL and LDL apoB 
FCR. VLDL and LDL apoB production showed no con- 
sistent changes in response to lovastatin treatment in our 
FH patients. These results are in agreement with pub- 
lished results in subjects with FH (14, 37), although in the 
recent report by Vega, East, and Grundy (37), the com- 
bined use of lovastatin and colestipol make any conclu- 
sions concerning the isolated effects of lovastatin uncer- 
tain. Why subjects with FH should respond so differently 
to inhibition of HMG-CoA reductase, even though they, 
like the CHL patients, have a large proportion of LDL 
flux that appears to be independent of VLDL flux, is un- 
clear. One possibility is that the pathophysiologic basis for 
increased apoB flux through LDL is unique for each of 
these hyperlipidemic states. 

Of particular interest is our finding that “cold” LDL 
apoB PR dropped in six of seven subjects on lovastatin 
and accounted for a large fraction of the drop in total 
LDL apoB PR observed during the lovastatin treatment 
period. “Cold” LDL apoB (Le., LDL apoB derived from 
sources other than circulating VLDL apoB) contributed 
a major fraction of total LDL apoB flux at baseline, and 
the decrease in “cold” LDL PR during lovastatin therapy 
played a significant role in the fall in total rate of appear- 
ance of apoB-containing lipoproteins that was observed in 
every patient with CHL during treatment with lovastatin. 

It has been suggested that ultracentrifugation and ra- 
diolabeling of VLDL may produce tracers that are not re- 
presentative of circulating VLDL, and that use of such 

tracers may lead to misinterpretation of the precur- 
sor-product relationship between VLDL and LDL. How- 
ever, studies of apoB metabolism using either pulse injec- 
tion or constant infusions of radiolabeled amino acids to 
endogenously label apolipoproteins have found rates of 
VLDL apoB production similar to those reported for exo- 
genously labeled tracers in both normal (38, 39) and hy- 
pertriglyceridemic (40) subjects. Of particular note is the 
recent report by Cohn et al. (39) in which nonVLDL-de- 
rived LDL flux was demonstrated with a constant infusion 
of heavy isotope-labeled amino acid to endogenously label 
apoB. 

While “cold” LDL apoB production was significant as 
estimated with our multicompartmental model in each of 
the 20 studies, support for “cold” LDL entry into plasma 
was also found when the primary apoB SA data were 
viewed in qualitative terms. With IDL as the precursor of 
LDL, the normal precursor-product relationship requires 
that the LDL apoB SA curve should reach its peak at the 
point of its intersection with the IDL apoB SA curve. If 
the LDL apoB SA peak value is smaller than the IDL 
apoB SA at that time, it is evidence for entry of unlabeled 
LDL apoB directly into plasma. This, in fact, is what we 
found. In none of the 20 studies did the LDL apoB SA 
curve intersect the IDL apoB SA data at or before the 
LDL apoB SA peak. In 18 out of 20 studies the LDL apoB 
SA curve peaked during the 48-h study, the peak time 
ranging from 18 to 36 h. In every case, the peak LDL 
apoB SA value was smaller than the IDL apoB SA at that 
time. This lack of a simple precursor-product relation- 
ship between IDL and LDL apoB SA can be seen clearly 
in Fig. 2, where SA data and fitted curves for seven of ten 
subjects are presented. The ratio of LDL apoB SA to IDL 
apoB SA at the time of peak LDL apoB SA in these 18 

VLDL Apo B T W E R  

Q 
N.S. 

-10 

?,. 1-20 

Fig. 5. VLDL apoB turnover in CHL patients before (A) and during 
(B) lovastatin therapy; A, change. Treatment with lovastatin resulted in 
no statistically significant change in either VLDL PR or VLDL FCR for 
the CHL group as a whole. 
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studies ranged from 0.13 to 0.53 with a mean of 0.3. The 
presence of the extravascular LDL apoB pool and the 
remnant IDL apoB pool complicates the interpretation of 
these ratios, but the degree to which the ratios were 
smaller than 1.0 suggests strongly that there was 
significant entry of unlabeled LDL apoB into plasma in 
these subjects. The values estimated by our compartmen- 
tal model provide quantification of this “cold” LDL apoB 
production. 

Whether such “cold” LDL flux could represent direct 
LDL production by the liver has been a controversial is- 
sue. Windmueller and Spaeth (41), in a study of perfused 
rat livers, indicated that less then 5% of LDL could be 
derived from nonVLDL sources. Perfusion studies in 
WHHL rabbits suggested that all apoB enters plasma in 
VLDL (42). In contrast to these findings, other groups 
have demonstrated secretion of LDL-like particles by cul- 
tured hepatocytes (43, 44) and HepG2 cells (45-47) or 
from perfused pig, monkey, and guinea pig livers (48-52). 
LDL-like particles have also been isolated from the 
hepatic Golgi of hypercholesterolemic rats (53). Direct 
secretion of LDL apoB into plasma has been observed in 
previous kinetic studies in humans with FH (6, 54), CHL 
(6, 7), hypertriglyceridemia (22), non-insulin-dependent 
diabetes (55), hyperapobetalipoproteinemia (5), and type 
I11 hyperlipidemia (56). VLDL-independent production 
of LDL apoB has also been demonstrated in turnover 
studies of various animal species (57-61.). 

Our findings that lovastatin reduced “cold” production 
of LDL apoB is supported by previous kinetic studies in 
rabbits (58), miniature pigs (61), and humans with type 
I11 hyperlipidemia (56). La Ville et al. (58) found that 
lovastatin decreased LDL apoB production in rabbits by 
66%, without changing VLDL apoB production. The fall 
in LDL apoB PR that they observed was also too large to 
be accounted for by changes in VLDL apoB to LDL apoB 
conversion. Huff et al. (61) showed similar inhibition of 
direct LDL apoB production by lovastatin in the minia- 
ture pig. In a succeeding study, these same investigators 
demonstrated that the reduction in direct LDL produc- 
tion was within the more dense, LDLz subclass (62). Vega 
et al. (56) studied three patients with familial dys- 
betalipoproteinemia before and during treatment with 
lovastatin and found marked inhibition of direct LDL 
apoB input into plasma during therapy compared to base- 
line. Finally, we observed a marked reduction in both 
VLDL apoB production and direct LDL apoB produc- 
tion during lovastatin therapy in a young girl with 
cholesteryl ester storage disease (30). 

Why should an agent whose only known biochemical 
effect is the inhibition of HMG-CoA reductase cause an 
apparent reduction in the rates of entry of apoB into plas- 
ma? One possibility relates to the nature of ”cold” LDL 
apoB production. It has been suggested that what is deter- 
mined kinetically to be ”cold” (or direct) LDL apoB pro- 

duction actually derives from a fraction of secreted VLDL 
apoB that binds to the endothelium during the first pass 
through the heart, lungs, and peripheral arterial circula- 
tion. These VLDL particles may then be converted to 
LDL by interaction with lipoprotein lipase before they ap- 
pear in the peripheral venous circulation. Since we sam- 
ple the venous circulation, we may “see” these particles as 
directly secreted LDL during our tracer studies. The re- 
duced “cold” LDL apoB production we found with lovas- 
tatin treatment might then be the result of increased ac- 
tivity of LDL receptors in the heart, lungs, and peripheral 
tissue (which would cause greater removal of apoB-con- 
taining particles during the first pass). Even our demon- 
stration that lovastatin reduced VLDL apoB PR in seve- 
ral CHL patients could be interpreted as increased 
removal of nascent VLDL, or VLDL rapidly converted to 
LDL within the hepatic sinusoids, by upregulated hepatic 
LDL receptors. 

Both of the possibilities described above are consistent 
with the proposals by Beltz et al. (63) and Vega et al. (56). 
The latter suggested that an intravascular VLDL pool 
(V,) exists which has an extremely rapid turnover and 
which serves as a precursor to the “direct” LDL pool. 
They proposed that increased LDL receptor activity 
secondary to lovastatin treatment had resulted in in- 
creased removal of Vo, thus creating an apparent decrease 
in “direct” LDL production. Some indirect support for 
this mechanism comes from studies by Goldberg et al. 
(60, 64). They demonstrated direct production of LDL 
apoB in cynomolgus monkeys injected with radiolabeled 
VLDL and LDL (60). However, when lipoprotein lipase 
activity was inhibited by infusion of antibodies to that en- 
zyme, it appeared that direct LDL apoB production, as 
assessed by endogenous labeling of lipoproteins with 
[3H]leucine, was blocked (64). This result suggested that 
”cold” LDL apoB production in the chow-fed cynomolgus 
monkey might actually derive from a Vo pool of VLDL. 
However, such a Vo pool has never been isolated, thus re- 
maining purely theoretical. In addition, LPL inhibition 
may generate altered VLDL remnants which, after up- 
take by the liver, could affect the direct production of 
LDL. Finally, use of the chow-fed monkey as a model for 
LDL production in hyperlipidemic humans has obvious 
limitations. 

A closer inspection of our data does not support the 
hypothesis that increased removal of Vo can explain our 
findings. If a lovastatin-induced upregulation of LDL 
receptors caused a greater fraction of the precursors of 
“directly secreted” LDL particles to be removed rapidly 
from plasma, we should have observed a direct relation- 
ship between the magnitude of the increase in LDL apoB 
FCR and the magnitude of the decrease in “cold” LDL 
apoB production in our subjects. In fact, we observed an 
inverse relationship between these two values (Fig. 6). 
This correlation held up for the CHL group alone, as well 
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Fig. 6. Relationship between the effect of lovastatin therapy on direct 
LDL apoB PR (A in mg/kg . day) and its effect on LDL apoB FCR (A 
in pools/day) in CHL (open circles) and FH (closed circles) patients. 
Larger increases of LDL apoB FCR are associated with smaller 
decreases in direct LDL apoB PR. This relationship holds for the CHL 
group alone ( r  = 0.94, dashed line) as well as for all ten patients 
(r = 0.86, solid line) and strongly argues against increased activity of 
LDL receptors as the cause for decreased direct LDL apoB PR (see Dis- 
cussion). 

as for all ten patients combined. Some of the largest 
reductions in “cold” LDL apoB production occurred in 
subjects in whom the LDL apoB FCR fell. This observa- 
tion is supported by the changes in the percent of total 
LDL apoB production that is derived from “cold” LDL 
apoB production (Table 6). In the two CHL patients (#4 
and # 5 )  who had an increase in LDL apoB FCR, and in 
the three FH patients (each of whom increased hidher 
LDL apoB FCR during therapy), the percent of LDL 
apoB flux derived from “ cold” LDL apoB production also 
increased, whereas those CHL patients whose LDL apoB 
FCR decreased had a decrease in the percentage of LDL 
apoB flux derived from “cold” LDL apoB production. 
These findings contradict the above hypothesis postulat- 
ing increased LDL receptor activity as the cause for 
reduced “cold” LDL apoB PR. We would note, however, 
that our interpretation of these correlations rests upon the 
assumption that the autologous VLDL and LDL tracers 
isolated before lovastatin therapy interact with LDL 
receptors similarly to the respective tracers isolated dur- 
ing lovastatin therapy. Berglund, Elam, and Witztum (65) 
have reported that lovastatin may alter the in vivo 
catabolism of LDL in guinea pigs. If similar alterations 
occur in humans, interpretation of the data in Fig. 6 
would be very complex. 

An alternative explanation for the effects of lovastatin 
on apoB metabolism that we observed, and the one that 
we favor is that lovastatin treatment directly influenced 
the total secretion of apoB-containing lipoproteins. 
Although we have not, at present, determined the 
mechanism for such an action, several possibilities exist. 
The inhibition of HMG-CoA reductase and the resultant 
decrease in intrahepatic free cholesterol might serve as a 
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signal for decreased transcription of apoB DNA and/or 
reduced apoB synthesis. Alternatively, when cholesterol 
production is curtailed and less cholesterol, relative to 
apoB, is available for lipoprotein synthesis, apoB degrada- 
tion might increase in the hepatocyes. Finally, the type of 
lipoprotein assembled in the liver may be altered during 
lovastatin therapy. The crucial role of lipid availability in 
the regulation of the type of lipoprotein particle that may 
be assembled and secreted by the liver is supported by 
demonstrations of both increased direct LDL apoB 
production, concomitant with reduced VLDL triglyceride 
production, after weight loss (22), and decreased 
nonVLDL-derived LDL apoB flux, concomitant with in- 
creased VLDL apoB flux, after feeding (39). Although 
measurements of total body cholesterol synthesis during 
lovastatin treatment have not demonstrated consistent 
reductions (66), probably due to increased HMG-CoA 
reductase mass (67), treatment with lovastatin may 
reduce the quantity of cholesterol available for lipoprotein 
assembly, thereby restricting lipoprotein secretion by the 
liver. Indeed, Khan, Wilcox, and Heimberg (68) recently 
demonstrated that lovastatin treatment inhibited VLDL 
secretion by perfused rat livers. The decreased VLDL 
apoB production in five of seven CHL patients treated 
with lovastatin in this study and our previous demonstra- 
tion of reduced VLDL and LDL apoB production in a 
patient with cholesteryl ester storage disease during 
lovastatin therapy (30) support the idea that reduced 
“cold” LDL production in lovastatin-treated CHL pa- 
tients results from actual reductions in the numbers of 
apoB-containing lipoproteins secreted by the liver. The 
clinical and biological implications of this finding need 
further investigation. I 

APPEND I X 
The model shown in Fig. 1 for apoB kinetics after injection of 

labeled VLDL is described mathematically by the following 
differential equations: 

_ -  - --llIYl YI(0) = ut 
dY1 
dt 

YZP) = UP 
dY2 
dt 
dY3 

Y3(0) = u3 
dt 
dy4 4 4  

dt 
dY5 
dt 

dt 
dY7 
dt 
dY8 
dt 

_ _  - 122 (Y1 - Y2) 

- 133 (Y2 - Y3) _ -  

Y4(0) s U4 _ _  - 3 (YI + Y 2  f Y3) - 1wY4 

Y5(0) = UI 155 (Y3 - Y5) - =  

Y6to) s u~ dy6 
- =  i44 (y5 - YS) 

175y5 - 107Y7 + 178 (Ye - Y7) 

188 (y7 - Ye) 

Y7P) = UL 

YEP) = 0 

- =  

- =  
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The observed specific activities are described by the following: 
zI  = SAVLDL = mlyl + mzyz + m3y3 + m4y4 
z2 = SA,DL = m y 5  + (1 - mdy6 
z3 = SALDL = y7 

Here, y, is the apoB SA in pool i as a function of time; dy,/dt 
is the rate of change in y, with time; and y,(O) is the initial SA 
in pool i. Pools 1-3 are the three VLDL cascade pools; pool 4 
is the VLDL remnant pool; pool 5 is the main IDL pool; pool 
6 is the remnant IDL pool; pool 7 is the circulating LDL pool; 
pool 8 is the noncirculating (extravascular) LDL pool. Rate 
constants are denoted Z,,, which is the apoB mass flux (tracee) 
into pool i from pool j divided by the apoB mass in pool i; Z,, is 
the apoB mass flux through pool i divided by the apoB mass in 
pool i (equal to the FCR for VLDL and IDL pools); Z,, is the 
apoB mass flux from pool i to the outside divided by the apoB 
mass in pool i; Lo is the apoB mass flux into pool i from outside 
(de novo synthesis) divided by the apoB mass in pool i. The term 
m, is the apoB mass in pool 1 as a fraction of total VLDL apoB 
mass; similarly for m2, m3, and m4. The term m5 is the apoB 
mass in pool 5 as a fraction of total IDL apoB mass. The ob- 
sewed SAs are denoted by zl, 22, and 23: z1 is the apoB SA in 
whale VLDL obtained as the mass-weighted average of the in- 
dividual SAs in the four VLDL pools, Le., each SA is multiplied 
by the corresponding mass fraction and added up. Values are de- 
termined similarly for 22,  which is the apoB SA in whole IDL. 
Since there is only one circulating LDL pool, z3 equals y,. 

The model equations express the assumptions in Fig. 1 as well 
as those stated in the text. In the differential equation for y2, the 
coefficients of yl and y2 adding to zero (being equal in magni- 
tude and of opposite sign) means there is no de novo synthesis 
of apoB into pool 2; similarly for pools 3 to 6 and 8. In the 
differential equation for y4, the coefficients of yl, y2, and y3 being 
equal means the mass flux through pool 4 is derived equally 
from the three cascade pools. The equations for Ye express the 
assumptions that the rate constant for pool 6 is the same as for 
pool 4, and that the initial SA in pool 6 is the same as in pool 
5. The differential equation for y7 expresses the assumptions that 
label may enter pool 7 from pool 5 or from pool 8 but not from 
other pools, and that there may be direct LDL apoB production 
(z07-175). 

The model for apoB kinetics after injection of labeled LDL is 
given by just the equations for y7 and ye except that there is no 
term with y5. The parameters for this model are estimated from 
the LDL SA data following labeled LDL injection and, except 
for uL, used in the study with labeled VLDL (i.e., parameters 
107, 178, and &e). This is done for each study separately. 

Mass fluxes are calculated as follows: 

LDL apoB production = Zo7M, 
VLDL apoB production = ZllmlMv 
VLDL-LDL apoB flux = Z75M, 
Direct LDL apoB production = (107 - 1 7 5 )  M, 

(fitted SA - observed SA) z 4 k [ fitted SA I 
Mean residual error = 100 

n - 13 

where the summation is over the n observed SAs (VLDL, IDL, 
LDL together) and 13 is the number of parameters being esti- 
mated. The mean residual error varied from 8.5% to 31.6% in 
the 22 studies, with 11 under 12%, and 10 in the 12-20% range. 
Of the more than 300 data points, only one residual exceeded 
twice the mean residual error. 

The adequacy of the model was tested by augmenting the 
model in a variety of ways: addition of a fourth pool to the 
VLDL cascade, removal from pool 1 or from pool 3, conversion 
from pool 1, 2, or 3 to IDL or LDL, de novo synthesis into pool 
2, into pool 3, or into IDL, pathway from remnant VLDL to 
IDL, allowing G4 to vary, allowing to differ from Z44, allowing 
ys(0) to be different from y5(0). 

No augmentation led to a better fit of the data for any of the 
studies. We conclude that the model we used is adequate. It is 
possible that one or more of the augmentations are physiologi- 
cally correct; it is just that our kinetic data do not require them. 
It is possible that when more extensive data on VLDL subfrac- 
tions are available, the model would have to be augmented, but 
for now, the model we have is adequate. No augmentation of the 
LDL protein portion was tried, since the LDL apoB SA data 
from labeled LDL were well fitted by a two-pool model. It is pos- 
sible that a different structure for LDL can lead to a better fit 
to the LDL apoB SA data from labeled VLDL injection. 

APPENDIX TABLE 1. Mass fractions and fractional rate constants for VLDL 

M1 M2 M3 L11 L22 L33 

Subject A B A B A B A B A B A B 

CHL-1 31 34 6 36 37 16 6 9 33 9 3 9 
CHL-2 33 25 28 25 13 19 7 10 8 10 5 4 
CHL-3 27 27 33 27 24 19 6 8 5 8 3 4 
CHL-4 38 35 18 18 14 17 3 3 7 5 7 3 
CHL-5 1 26 84 36 13 10 372 11 5 8 3 5 
CHL-6 34 44 13 19 23 34 4 10 10 22 5 4 
CHL-7 6 23 52 38 37 31 88 13 10 8 2 4 

FH-1 48 64 19 16 15 0 5 6 13 24 144 11 
4 11 22 80 23 FH-2 69 71 24 13 3 13 4 

FH-3 24 17 25 19 36 39 13 22 12 19 5 5 

M1, M2, M3: Percent of total VLDL apoB mass in each of the three pools in the VLDL cascade (Fig. 1). The 
mass fraction of pool 4 is the remainder. L11, L22, L33: Fractional rate constants, in pools/day, for the three pools 
in the cascade. A, before treatment; B, during treatment. 
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APPENDIX TABLE 2. Mass fractions and fractional rate 
constants for IDL and LDL 

M5 L55 L78 LE7 

A B A B  A B A B 
-- 

CHL-1 
CHL-2 
CHL-3 
CHL-4 
CHL-5 
CHL-6 
CHL-7 

FH-I 
FH-2 
FH-3 

100 
100 
100 
100 
47 
22 
39 

65 
41 
50 

78 1 4 0.12 0.16 0.17 0.33 
83 1 2 0.03 0.10 0.23 0.13 
74 2 3 0.36 0.38 0.31 0.61 
48 1 2 0.12 0.12 0.33 0.08 
59 5 3 0.22 0.13 0.08 0.24 
43 5 5 0.11 0.24 0.14 0.33 
53 3 6 0.25 0.15 0.54 0.38 

41 3 4 0.09 0.33 0.38 0.83 
36 3 6 0.72 0.62 0.96 0.99 
44 4 4 0.03 0.17 0.38 0.52 

M5: Percent of total IDL apoB mass in pool 5 (Fig. 1). The mass frac- 
tion of pool 6 is the remainder. L78, L87: Fractional rate constants for 
the exchange between the intravascular and extravascular LDL apoB pools 
7 and 8. A, before treatment; B, during treatment. 

APPENDIX TABLE 3. Initial apoB SA in VLDL cascade pools 

u l luv  u2luv u3luv 

A B A B A B 

CHL-I 
CHL-2 
CHL-3 
CHL-4 
CHL-5 
CHL-6 
CHL-7 

FH-1 
FH-2 
FH-3 

130 84 866 192 13 11 
183 38 115 350 18 4 
30 33 271 333 3 3 
44 78 442 321 4 8 
46 40 107 234 5 4 
66 183 399 18 52 18 
87 43 55 217 146 4 

39 84 393 8 4 848 
42 60 284 290 4 79 

167 52 178 434 28 5 

Individual specific activities are expressed as percent of whole VLDL 
specific activity, u l ,  u2, and u3 are the intital specific activities in the 
three cascade pools, respectively; uv is the specific activity of whole VLDL 
apoB. A,  before treatment; B,  during treatment. 

APPENDIX TABLE 4. Residual errors: overall and individual 
error for computer fits of apoB SA data 

Overall VLDL IDL LDL 

A B A B A B A B  

CHL-1 
CHL-2 
CHL-3 
CHL-4 
CHL-5 
CHL-6 
CHL-7 

FH-1 
FH-2 
FH-3 

11.7 12.0 15.4 11.9 8.9 8.8 11.5 14.1 
15.7 32.4 11.4 26.6 23.5 34.3 10.0 34.0 
19.9 17.0 19.2 14.0 20.6 22.0 19.8 13.9 
13.9 10.8 15.6 13.3 17.0 7.3 6.8 10.9 
14.5 13.2 14.7 6.7 14.3 14.6 14.6 15.5 
11.0 8.6 11.1 8.7 9.8 9.9 11.8 7 . 2  
10.0 10.4 13.3 11.1 8.5 14.0 9.3 5.7 

13.6 9.0 15.8 10.5 11.2 6.2 13.8 9.4 
16.3 10.7 14.9 10.6 12.1 7.3 19.8 12.7 
10.4 8.8 12.0 12.4 7.8 7.4 11.1 6.6 

A, before treatment; B, during treatment. 
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