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Treatment with high-dose simvastatin reduces secretion
of apolipoprotein B-lipoproteins in patients with

diabetic dyslipidemia
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Department of Medicine* and Department of Pediatrics, Columbia University College of Physicians and
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Abstract HMG-CoA reductase inhibitors (statins) are ef-
fective lipid-altering drugs for the treatment of dyslipidemia
in patients with type 2 diabetes mellitus. We conducted a ran-
domized, double-blind, placebo-controlled, crossover design
trial to determine the effects of simvastatin, 80 mg/day, on
plasma lipid and lipoprotein levels and on the metabolism
of apolipoprotein B (apoB) in VLDL, intermediate density
lipoprotein (IDL), and LDL and of triglycerides (TGs) in
VLDL. Simvastatin therapy decreased TG, cholesterol, and
apoB significantly in VLDL, IDL, and LDL. These effects were
associated with reduced production of LDL-apoB, mainly as
a result of reduced secretion of apoB-lipoproteins directly
into the LDL density range. Statin therapy also reduced he-
patic production of VLDL-TG. There were no effects of sim-
vastatin on the fractional catabolic rates of VLDL-apoB or -TG
or LDL-apoB. The basis for decreased VLDL-TG secretion
during simvastatin treatment is not clear, but recent studies
suggest that statins may activate peroxisomal proliferator-
activated receptor o (PPARw).Hl Activation of PPAR« could
lead to increased hepatic oxidation of fatty acids and less
synthesis of TG for VLDL assembly.—Myerson, M., C. Ngai,
J. Jones, S. Holleran, R. Ramakrishnan, L. Berglund, and H. N.
Ginsberg. Treatment with high-dose simvastatin reduces se-
cretion of apolipoprotein B-lipoproteins in patients with di-
abetic dyslipidemia. J. Lipid Res. 2005. 46: 2735-2744.

Supplementary key words very low density lipoproteins ¢ low density
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Patients with type 2 diabetes mellitus (T2DM) are at sig-
nificantly increased risk for the development of coronary
artery disease (CAD) (1-4). Several complex and interre-
lated metabolic abnormalities in these patients are related
directly to CAD risk. Among these is a diabetic dyslipidemia
that includes increased blood levels of plasma VLDL-triglyc-
erides (TGs), low levels of plasma high density lipoprotein-
cholesterol (HDL-C), abnormalities in the composition of
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LDL, and increased levels of apolipoprotein B (apoB) (5-8).
Although multiple abnormalities in lipid and lipoprotein
metabolism likely play important roles in the pathophysi-
ology of diabetic dyslipidemia, overproduction of apoB-lipo-
proteins appears to be a central component (9-12).

The HMG-CoA reductase inhibitors, or statins, are cur-
rently the most efficacious medications for reducing LDL-C
levels. Statins have been shown to reduce morbidity and
mortality from CAD in both primary and secondary pre-
vention trials (13-15). Several studies have demonstrated
that statins also decrease CAD events in patients with dia-
betes (16-19). Studies of the effect of statins on LDL-C have
found that VLDL-TG and VLDL-C levels are also decreased,
particularly when high doses of statins are used (20). In-
deed, most studies have shown that levels of all apoB-lipo-
proteins are reduced by statin therapy. These findings
have raised important questions regarding the mechanisms
by which statins decrease plasma lipids. Inhibition of cho-
lesterol synthesis leads to increased levels of LDL recep-
tors, particularly in the liver (21, 22), and this is consistent
with an increased fractional clearance rate (FCR; a mea-
sure of the efficiency with which a lipoprotein is cleared
from plasma) of LDL-apoB observed during statin treat-
ment of patients with familial hypercholesterolemia (23).
However, the basis for lower VLDL levels is less clear (24).
Although increased fractional clearance of VLDL by statin-
induced hepatic LDL receptors might account for the
lower plasma VLDL concentrations seen, reduced produc-
tion rates (PRs) of VLDL-apoB and -TG (PR will be used
to represent the secretion of apoB and TG from the liver
under the conditions of our studies) have also been dem-
onstrated in several studies of statin therapy in patients with
increased plasma VLDL concentrations. In a study in which
we treated patients with combined hyperlipidemia with lov-
astatin, we observed a decrease in total production of apoB-
lipoproteins by the liver (25) and reductions in VLDL-TG
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TABLE 1. Subject characteristics

Body Mass Diabetes ~ Hemoglobin

Subject Gender Age Index Other Diagnoses Treatment Ay

years %
1 Male 73 36.6 MI, CABG Metformin 7.2
2 Male 59 30.2 CABG Metformin 6.8
3 Female 66 25.8 Atrial fibrillation Diet 5.6
4 Female 59 32.8 MI, percutaneous transluminal coronary angioplasty Diet 6.9
5 Male 58 27.3 Cerebrovascular accident, MI Metformin 8.5

CABG, coronary artery bypass graft; MI, myocardial infarction.

secretion (26). However, a review of the literature, with all
but one study conducted in patients with dyslipidemia
without T2DM, reveals inconsistent effects of statins on
apoB-lipoprotein secretion. In the only study of the effects
of statin treatment on apoB metabolism in patients with
T2DM, Ouguerram et al. (27) observed both decreased
VLDL-apoB secretion into plasma and normalization of a
baseline low FCR of LDL in patients with T2DM. That study
did not measure VLDL-TG metabolism. Because over-
production of apoB-lipoproteins is characteristic of the
dyslipidemia of diabetes, we undertook a randomized,
double-blind, crossover study of the effects of high-dose
simvastatin therapy on the PRs and FCRs of VLDL-, inter-
mediate density lipoprotein (IDL)-, and LDL-apoB and
VLDL-TG in patients with T2DM.

METHODS

Patients

The clinical characteristics of the five patients who were stud-
ied are presented in Table 1. All subjects had diet- or oral agent-
treated T2DM and had been referred to our lipid clinic for evalu-
ation of hyperlipidemia. Lipid inclusion criteria included a TG
of =200 mg/dl but <600 mg/dl and/or a HDL-C of <40 mg/dl
for men and <45 mg/dl for women. All patients were in stable
health at the time of the study. None had an additional, second-
ary cause of dyslipidemia, such as renal, hepatic, or untreated
thyroid disease. Three of five had a history of myocardial infarc-
tion, and all had multiple risk factors for CAD. All five patients
had previously been treated with hypolipidemic drugs, but these
were discontinued 1 month before beginning the study. Other
medications were allowed if required by medical considerations
(Table 1). Exclusion criteria included the use of other drugs that
might interfere with the metabolism of simvastatin. Patients were
also excluded if they had a hypersensitivity to HMG-CoA reduc-
tase inhibitors, drank >10 alcoholic beverages per week, had a
serum creatinine of >1.8 mg/dl, increased liver transaminases
(more than twice the upper limit of normal), unstable CAD, re-
cent (<3 months) myocardial infarction, angioplasty or cardiac
bypass surgery, and uncontrolled hypertension.

Protocol

We conducted a randomized, double-blind, crossover study.
There were two 7 week testing periods, one on active drug and
one on placebo. The testing periods were performed in random
order, with a 1 week washout period between treatments. Studies
of apoB and TG metabolism were performed in the General Clin-
ical Research Center (GCRC) at the Columbia University Medi-
cal Center (CUMC) at the end of each treatment period. Informed
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consent was obtained before each study period. The project re-
ceived approval by the CUMC Institutional Review Board.

At the start of each study period, blood was drawn after a 12 h
fast for the measurement of plasma lipids, routine chemistries,
glucose, and glycosylated hemoglobin. Body weight and blood
pressure were documented. After 4 weeks of each period, blood
was drawn, and both VLDL and LDL were isolated by sequential
ultracentrifugation as described previously (25, 28). VLDL was
radiolabeled with 2T and LDL with 31T by a modification of the
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Fig. 1. Metabolism of apolipoprotein B (apoB) and triglyceride
(TG). A: Compartmental models for the metabolism of apoB in
VLDL, intermediate density lipoprotein (IDL), and LDL based on
apoB specific activity in VLDL, IDL, and LDL after injection of '?I-
VLDL and in LDL after injection of '*1I-LDL. The model includes
the secretion of apoB into plasma in the VLDL and LDL density
ranges, a three-step delipidation cascade with a remnant pool in
VLDL, direct conversion of VLDL to LDL, delays in the conversion
of VLDL to IDL and VLDL to LDL, and direct removal of VLDL
and LDL from plasma. B: Metabolism of TG in VLDL based on the
specific activity of [*H]TG-glycerol after injection of [*H]glycerol.
The model includes a precursor pool in the liver and a two-step lipo-
lytic cascade in plasma with direct removal of TG from each step.
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TABLE 2. Effects of simvastatin treatment on plasma lipid levels

Total Cholesterol

TG HDL-C

Subject Placebo Simvastatin Placebo Simvastatin Placebo Simvastatin
mg/dl

1 245 107 232 147 20.3 23.5

2 239 162 458 318 20.3 21.5

3 304 172 718 401 17.5 30.7

4 277 163 281 172 28.3 33.3

5 235 154 307 217 21.0 20.8
Mean *= SD 260 * 30 152 = 26 399 + 197 251 + 106 21.5 + 4 25.9 + 6
Change (%) —42¢ —37¢ +21

Triglyceride (TG) values were log-transformed for analysis.

«P<0.01.

iodine monochloride method (29, 30). All procedures were car-
ried out using sterile equipment, and the radiolabeled lipopro-
teins were passed through a 0.45 pm filter for VLDL and a 0.22
wpm filter for LDL before injection into patients.

At 5 weeks, subjects were admitted to the GCRC for 72 h. Fast-
ing blood was obtained for the measurement of lipids and glu-
cose. Nine hours before the start of the study (at midnight of the
first day of hospitalization), patients began consuming a liquid
diet (75% carbohydrate and 25% protein, at 60% of their total
calorie requirements). They continued on this diet every 3 h for
the 48 h of the VLDL turnover study. This dietary regimen, used
in numerous studies, has been shown to provide stable plasma
levels of cholesterol and TG (31, 32). At 9 AM of the second day,
subjects received an intravenous injection of 75 wCi of autolo-
gous 'PLI-VLDL and 300 pCi of tritiated glycerol. The latter
tracer was used to endogenously label VLDL-TG. Eighteen blood
samples were collected over the next 48 h. After completion of
the VLDL turnover study, 25 pCi of 3'I-LDL was injected intrave-
nously, patients were switched back to their solid food diet, and
several blood samples were obtained over the next 24 h. The pa-
tients were then discharged from the hospital, and blood sam-
ples were taken over the next 14 days while the subjects were out-
patients. Potassium iodide supplements were started the evening
before the VLDL injection and continued until 1 week after the
last LDL sample was obtained.

Laboratory procedures

VLDL, IDL, and LDL were isolated from each of the 18 sam-
ples obtained after injection of '%I-labeled VLDL by sequential
ultracentrifugation in a 50.3 Ti fixed-angle rotor (25, 33). ApoB
in each lipoprotein fraction from each time point was then iso-
lated using 1,1'3,3'-tetramethylurea as described previously (34).

ApoB specific activity in each sample was determined by measur-
ing radioactivity and protein mass. LDL was isolated from the 16
samples obtained during the 2 week period after injection of 1¥11-
labeled LDL, and apoB specific activity was determined directly
by v counting and protein determination (25, 33). TG-glycerol,
for analysis of VLDL-TG metabolism, was isolated using isopropyl
alcohol and zeolite as described previously (26). Samples were
stored at 4°C for 120 days to minimize contamination with '2°1.
The tritium content of the samples was determined in a scintilla-
tion counter, correcting for any remaining '?°1.

Plasma cholesterol and TG levels were determined as the means
of plasma concentration in nine time point specimens obtained
during the turnover studies. Plasma HDL-C was determined after
precipitation of apoB-containing lipoproteins with dextran sul-
fate magnesium chloride. VLDL-, IDL-, and LDIlipid and -apoB
concentrations were determined from samples obtained by ultra-
centrifugation during the turnover studies. ApoB mass was deter-
mined by specific radioimmunoassay (25, 33). Cholesterol and
TG concentrations were determined using enzymatic methods
on a Hitachi 704 automated spectrophotometer.

Compartmental analysis

The apoB tracer data were fitted as reported by Arad, Ra-
makrishnan, and Ginsberg (25). In each subject, the LDL-apoB
specific activity data after the LDL-apoB tracer injection were fit-
ted to a two-pool model. The VLDL-, IDL-, and LDIL-apoB spe-
cific activity data from the VLDL-apoB tracer injection were then
fitted, fixing the LDL kinetic parameters at the best estimates
from the separate fit of the LDL-apoB tracer injection data. The
model used is shown in Fig. 1A. The model was the simplest that
could fit the data adequately; the deletion of any pool (e.g., a
VLDL pool) or pathway (e.g., direct LDL synthesis) led to a sig-

TABLE 3. Effects of simvastatin on lipoprotein lipid levels

VLDL-C VLDL-TG IDL-C IDL-TG LDL-C LDL-TG
Subject Placebo  Simvastatin ~ Placebo  Simvastatin ~ Placebo  Simvastatin =~ Placebo  Simvastatin  Placebo  Simvastatin Placebo Simvastatin
mg/dl
1 49 22 151 94 22.3 7.5 125 5.1 124 46 36 15
2 69 41 368 230 12.1 5.8 6.8 3.2 105 66 21 12
3 163 67 557 306 23.3 11.6 17.3 16.6 54 47 27 22
4 57 28 186 113 29.5 11.8 10.3 5.9 122 71 30 18
5 70 33 205 154 25.5 9.9 12.7 7.2 85 70 26 18
Mean =SD 82*46 38+17 293+170 179 =88 225*65 93*26 119+38 76=*52 98+29 60*x12 28*6 17*4
Change (%) —53¢ -394 —59% —36 —394 —39¢4
IDL, intermediate density lipoprotein; VLDL-C, very low density lipoprotein-cholesterol; VLDL-TG values were log-transformed for analysis.
“P<0.05.
' P<0.01.

Mpyerson et al. ApoB metabolism in diabetic dyslipidemia 2737

6002 ‘S AInc uo Aq BioJj-mmm wol) papeojumoq


http://www.jlr.org

ASBMB

JOURNAL OF LIPID RESEARCH

I

TABLE 4. Plasma and lipoprotein apoB levels

Plasma VLDL IDL LDL
Subject Placebo Simvastatin Placebo Simvastatin Placebo Simvastatin Placebo Simvastatin
mg/dl

1 160 57 24 17 13.5 7.0 94 37
2 115 77 22 20 7.5 4.0 87 53
3 135 84 48 24 19.0 6.5 59 42
4 151 82 23 15 13.0 6.0 92 40
5 160 100 28 20 10.3 4.9 97 58
Mean = SD 144 £ 19 80 £ 15 29 £ 11 19 = 4 127+ 4 5.7+ 1 86 = 16 46 £ 9
Change (%) —444a —34% —bha —47a

apoB, apolipoprotein B.

“P<0.01.

bpP=0.05.

nificant worsening of the fits, whereas the addition of a pool (e.g.,
a fourth VLDL pool in the cascade) or pathway (direct IDL syn-
thesis, conversion of the first two VLDL pools or the remnant
VLDL to IDL or directly to LDL) resulted in no improvement to
the fits. The TG tracer data were fitted by a single precursor pool
and a two-pool VLDL configuration, shown in Fig. 1B (26). The
fitting was with POOLFIT, a pool-modeling program developed
and used in our previous work.

Statistical analysis
Results are reported as means and standard deviations. Signif-
icance was tested at P = 0.05 by paired ttests.

RESULTS

As noted in Methods, baseline subject characteristics
are shown in Table 1. Table 2 shows the effects of simva-
statin on plasma lipid levels. Individual subject values and
group means are listed for placebo and treatment with
simvastatin, 80 mg/day. On placebo, the patients had plasma
TG levels ranging from the upper limits of normal to sig-
nificant hypertriglyceridemia. All had low levels of HDL-
C. There were significant reductions in both plasma total
cholesterol (—42%) and TG (—37%) on 80 mg/day sim-
vastatin therapy versus placebo. HDL-C levels increased by
21%.

Table 3 presents the individual and group means for
cholesterol and TG in each lipoprotein fraction isolated by
sequential ultracentrifugation. There were dramatic and

uniform reductions in all lipoprotein lipids in every sub-
ject during treatment with simvastatin compared with pla-
cebo. VLDL-C decreased by 53%, VLDL-TG by 39%, IDL-C
by 59%, IDL-TG by 36%, LDL-C by 39%, and LDL-TG by
39%. Simvastatin treatment had similar effects on total
plasma and lipoprotein-apoB levels (Table 4), with reduc-
tions in every subject. Plasma levels of total apoB declined
by 44%, VLDL-apoB by 34%, IDL-apoB by 55%, and LDL-
apoB by 47%.

FCRs for VLDL-, IDL-, and LDL-apoB (Table 5) were es-
timated by fitting the model shown in Fig. 1 to the specific
activity data for each lipoprotein fraction. For VLDL-apoB,
four subjects had increased FCRs and one had decreased
FCRs, and there was a trend toward an increase in the mean
FCR during simvastatin treatment for the group (2.0 *
0.80 to 2.7 = 1.3 h™1; NS). The FCR for IDL-apoB in-
creased in four of five subjects during simvastatin therapy,
with a significant overall increase (0.82 * 0.30 to 1.40 *
0.16 h; P < 0.05). However, LDL-apoB FCR decreased in two
subjects and increased in three subjects on simvastatin,
with no significant change overall (0.75 * 0.41 vs. 0.81 =
0.40 h—1; NS).

Rates of secretion into plasma for VLDL-apoB, IDL-apoB,
and LDL-apoB are shown in Table 6. Secretion rates were
calculated by multiplying fractional catabolic rates by the
plasma pool size of apoB in each lipoprotein. For VLDL-
apoB, treatment was associated with lower secretion rates
in three subjects and increased rates in two subjects. Over-
all, there was no effect of simvastatin therapy on VLDL-

TABLE 5. Fractional catabolic rates of VLDL-, IDL-, and LDL-apoB

VLDL IDL LDL
Subject Placebo Simvastatin Placebo Simvastatin Placebo Simvastatin
day™!
1 2.2 2.4 0.9 1.3 0.47 0.46
2 29 1.6 1.3 1.2 1.24 1.15
3 0.9 1.5 0.7 1.4 1.16 1.31
4 2.6 4.7 0.7 1.6 0.44 0.48
5 1.4 3.1 0.5 1.5 0.44 0.63
Mean = SD 2.0=*0.8 27+ 1.3 0.82 0.3 1.40 £ 0.16¢ 0.75 = 0.41 0.81 = 0.40

@ P < 0.05 versus placebo.

2738  Journal of Lipid Research Volume 46, 2005

6002 ‘S AInc uo Aq BioJj-mmm wol) papeojumoq


http://www.jlr.org

ASBMB

JOURNAL OF LIPID RESEARCH

I

TABLE 6. Production rates of VLDL-, IDL-, and LDL-apoB

VLDL IDL LDL
Subject Placebo Simvastatin Placebo Simvastatin Placebo Simvastatin
mg/kg/day
1 23.6 18.3 5.3 4.0 19.7 7.6
2 28.4 14.3 4.5 2.2 48.4 27.3
3 19.0 16.3 6.1 4.2 30.8 24.8
4 27.1 31.5 4.2 4.3 18.4 8.6
5 17.9 28.3 2.3 3.3 19.4 16.4
Mean = SD 232 *5 21.7+8 45+ 1.4 3.6 £0.9 27.3 £ 13 16.9 £ 9«

@ P < 0.05 versus placebo.

apoB secretion rates (23.2 = 5 vs. 21.7 * 8 mg/kg/h; NS).
IDL-apoB production was also unaffected by simvastatin
therapy (4.5 = 1.4 vs. 3.6 £ 0.9 mg/kg/h; NS). However,
the effect of simvastatin therapy on LDL-apoB production
was consistent: all subjects had a decline in production,
with the mean rate on placebo of 27.3 * 13 mg/kg/day
decreasing to 16.9 £ 9 mg/kg/day on simvastatin (P <
0.05). The effects of simvastatin, 80 mg/day, on FCR and
PR of VLDL-, IDL-, and LDL-apoB are summarized graph-
ically in Fig. 2.

The decrease in LDL-apoB production without a change
in VLDL-apoB secretion into plasma suggested that less
VLDL was converted to IDL and LDL during simvastatin
treatment compared with placebo. This was not the case,
however, as conversion rates of VLDL-apoB to LDL-apoB
(Table 7) actually increased in three of the five subjects,
with no overall change in conversion for the group: con-
version of VLDIL-apoB to LDL-apoB was 31% with placebo
and 43% during simvastatin therapy.

The PRs of LDL-apoB during both placebo and simva-
statin administration, together with the calculated conver-
sion rates, indicated that flux from VLDL to LDL was in-
adequate to account for LDL production in each study
period. Indeed, our results demonstrated that a signifi-
cant proportion of LDL-apoB flux was independent of
VLDL secretion into plasma. Approximately 20 mg/kg/
day, ~75% of the calculated apoB flux through LDL dur-
ing the placebo period, appeared to enter the plasma di-
rectly as apoB secreted into the LDL density range. Dur-

ing simvastatin treatment, the rate of secretion of apoB
appearing directly as LDL decreased in every subject, with
the mean during therapy of ~9 mg/kg/day (P < 0.01
compared with placebo). However, this still constituted
>50% of the flux of apoB through LDL (~65%). A sum-
mary of the effects of simvastatin on VLDL conversion to
LDL, and the direct production of LDL, is presented
graphically in Fig. 3.

Because of the significant secretion into plasma of
apoB-lipoproteins that appear directly in the LDL density
range, it is necessary to examine the effect of simvastatin
on total apoB secretion (the sum of VLDL secretion and
direct LDL secretion). Simvastatin treatment resulted in a
decrease in total apoB secretion rates in four subjects and
an increase in one. The mean total apoB secretion rate
during placebo treatment was 43.5 = 14 mg/kg/day, and
this decreased to 30.7 = 8 mg/kg/day during simvastatin
therapy, but this change was not statistically significant
(=128 = 14; P=0.1).

We also determined the effect of simvastatin on the
rates of secretion of VLDL-TG; these results are shown in
Table 8 and Figure 4. VLDL-TG FCR decreased in four of
five subjects, with a trend toward a lower FCR on simva-
statin (0.44 £ 0.34 vs. 0.26 = 0.10; NS). VLDL-TG PR de-
creased in all five subjects, with a mean reduction of ~67%
on simvastatin (59.9 * 62.8 vs. 19.6 = 10.9 mg/kg/h; P <
0.01). The decrease in VLDL-TG PR was associated with a
39% reduction in VLDL-TG levels during simvastatin com-
pared with placebo.

FCR PR
-1 mg/kg/d
day 4.0- _ 40 9/Kg
3.0 * 30
k
2.0- * Lo |"P%€
O Rx
1.0 10
0.0, i i [ . o
VLDL IDL LDL VLDL iDL LDL

Fig. 2. ApoB fractional catabolic rates (FCRs) and production rates (PRs) in VLDL, IDL, and LDL during
placebo (plac) and simvastatin (Rx) therapy. FCRs, in pools/day, were estimated by fitting the model shown
in Fig. 1A to the apoB specific radioactivity data. PRs, in mg/kg/day, were calculated by multiplying the FCRs
in VLDL, IDL, and LDL by the respective pool sizes of apoB. Values shown are means = SD. * P < 0.05.
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TABLE 7. Percentage conversion of VLDL- to LDL-apoB and direct
production of LDL-apoB

TABLE 8. Fractional catabolic rates and production rates

of VLDL-TG

Conversion Direct Production

Fractional Clearance Rate Production Rate

Subject Placebo Simvastatin Placebo Simvastatin Subject Placebo Simvastatin Placebo Simvastatin
% mg/kg/d h1 mg/kg/h

1 29 32 12.8 1.8 1 0.37 0.19 25.1 7.8

2 29 40 40.1 21.5 2 1.02 0.35 169.6 36.1

3 49 99 21.6 8.7 3 0.21 0.16 51.5 21.5

4 20 15 13.0 3.9 4 0.19 0.24 15.9 12.2

5 29 27 14.2 8.8 5 0.41 0.38 37.4 20.5
Mean = SD 312+ 11 42.6 = 33 20.3 = 11.6 8.9 £ 7.74 Mean = SD  0.44 =0.34 0.26 =0.10 599 £62.8 19.6 = 10.9¢

%P < 0.01 versus placebo.

DISCUSSION

In this randomized, placebo-controlled, crossover study,
treatment with 80 mg/day simvastatin produced signifi-
cant and clinically relevant reductions of plasma total cho-
lesterol, TG, and TG and cholesterol in VLDL, IDL, and
LDL in patients with T2DM and dyslipidemia. Plasma and
lipoprotein-apoB levels decreased significantly as well. HDL-C
levels increased significantly during simvastatin treatment.
These effects of statins on plasma levels of lipids, lipopro-
teins, and apoB are consistent with several other studies in
patients with dyslipidemia and T2DM (35-37).

Increased rates of secretion of VLDL-apoB and VLDL-
TG have been demonstrated to be central features of the
dyslipidemia present in individuals with insulin resistance
and/or T2DM (10-12, 38, 39). Our subjects had a mean
VLDL-apoB secretion rate of ~23 mg/kg/day, a mean LDL
PR of ~27 mg/kg/day, and a total apoB secretion rate of
~44 mg/kg/day. Although we did not study normal sub-
jects in this investigation, we have previously reported se-
cretion rates of 15 and 13 mg/kg/day for VLDL- and LDL-
apoB, respectively, in normal individuals (40), consistent
with reports from other laboratories (41). Thus, the present
subjects with T2DM had, as expected, significantly increased
rates of production of VLDL- and LDL-apoB. We also de-
termined that these patients had significant secretion of
LDL density particles directly into plasma. This is consis-
tent with findings from our laboratory in previous studies
of obese hypertriglyceridemic subjects (33), in a patient
with cholesteryl ester storage disease (42), and in patients
with combined hyperlipidemia (25). The rates of VLDL-TG
secretion in our subjects were also clearly increased com-

% Conversion Direct Production

“P < 0.01, percentage change versus placebo.

pared with those in previous studies in normal subjects
conducted by us (40) and others (43). Increased VLDL-TG
secretion has been a consistent finding in patients with
T2DM (9, 44).

The basis for the increased rates of apoB and TG secre-
tion into plasma in subjects with T2DM appears to be a com-
bination of factors related to insulin resistance and FA me-
tabolism. First, several studies have shown that patients with
T2DM have insensitivity to the insulin-mediated suppres-
sion of lipolysis (45, 46) and have, therefore, increased rates
of FA flux in plasma and increased uptake of FA by the
liver. Numerous studies with cultured liver cells indicate
that FA availability in hepatocytes targets newly synthesized
apoB for assembly with lipids and secretion, rather than
degradation (47, 48). Lewis and coworkers (49) have dem-
onstrated in humans that an acute increase in plasma FA
(resulting from intravenous infusions of intralipid and
heparin) stimulates VLDL-apoB secretion. Second, FA
synthesis in the liver, by de novo lipogenesis, can also be
an important source of substrate for VLDL-TG in patients
with insulin resistance and T2DM (50-52). Recent studies
from several laboratories using rodent models have sug-
gested that hyperinsulinemia, a consequence of insulin re-
sistance, can stimulate hepatic lipogenesis via increased
expression of the gene for sterol response element bind-
ing protein 1c and subsequent upregulation of the expres-
sion of several lipogenic genes (53, 54), even in an insulin-
resistant liver. Finally, insulin can acutely inhibit apoB
secretion from cultured liver cells (55, 56), and this action
is lost in hepatocytes from insulin-resistant animals (57, 58).
In vivo studies of the effects of acute hyperinsulinemia in
normal subjects suggest the inhibition of VLDL-apoB se-

mg/kg/d

70 1 30 Fig. 3. Percentage conversion VLDL to LDL-apoB
60 - and direct production of LDL-apoB. The proportion

ok of VLDL-apoB (indicating the number of particles)
504 20 that was converted to LDL-apoB and the rate of secre-
40 m plac tion of apoB-lipoproteins into plasma as LDL were es-
304 0 Rx timated from the specific activity in apoB and the

L 10 model shown in Fig. 1A. plac, placebo; Rx, simvastatin
204 therapy. Values shown are means * SD. ** P < (0.01.
10
0- 0
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cretion (b9, 60), but this effect seems to be defective in
obese individuals (59) and in subjects with T2DM (61).

The uniform reductions in VLDL-, IDL-, and LDIL-lipid
and -apoB concentrations we observed during simvastatin
treatment were associated with complex changes in the me-
tabolism of those lipoproteins and VLDL-TG. Reductions
in VLDL-TG and VLDL-apoB levels on simvastatin were
accompanied by reductions in VLDL-TG secretion and no
change in VLDL-apoB secretion, respectively. There were
trends toward a decreased FCR for VLDL-TG and an in-
creased FCR for VLDL-apoB on simvastatin therapy. To-
gether, these data indicate that similar numbers of smaller
VLDL particles, with less TG per particle, were secreted
during simvastatin treatment compared with placebo treat-
ment. Furthermore, although the fraction of TG removed
per hour tended to be smaller during simvastatin treat-
ment, smaller nascent VLDL particles tended to be more
efficiently catabolized either to IDL and LDL or removed
directly from plasma. Indeed, the nonsignificant overall
increase in VLDL-apoB FCR was quantitatively similar to
the decrease in VLDL-apoB concentration.

The reductions in LDL-C and LDL-apoB were associated
with a decrease in the production of LDL-apoB but, unex-
pectedly, no change in LDL-apoB FCR, respectively. The
decrease in LDL production was not the result of a decrease
in the production of its typical precursor, VLDL, nor could
lower LDL production be explained by changes in the
proportion of VLDL that was converted to LDL. We did
find, however, that the majority of LDL was produced in-
dependently of VLDL secretion: LDL was being secreted
directly into plasma. Importantly, simvastatin treatment re-
duced direct LDL production by >50%.

How do our data compare with other studies of statin ef-
fects on apoB and TG metabolism in individuals with dys-
lipidemia (or combined hyperlipidemia)? At approximately
the same time that the earliest studies reported that stat-
ins increased the FCRs of LDL-apoB in patients with famil-
ial hypercholesterolemia (23, 62, 63), we demonstrated
that lovastatin reduced the secretion of apoB-lipoproteins
in a patient with cholesteryl ester storage disease and com-
bined hyperlipidemia (42); LDL fractional clearance in-
creased as well in that patient. We followed that report with
a study of the effects of lovastatin in seven patients with
dyslipidemia. In that study, secretion of apoB-lipoproteins
into plasma was reduced significantly; VLDL-apoB secretion
was not affected by lovastatin, but there was a significant

mg/kg/hr

Fig. 4. VLDL-TG FCRs and PRs. The FCRs for VLDL-
TG, in pools/h, were estimated from TG-glycerol spe-
cific activities using the model shown in Fig. 1B. The PRs

W plac of VLDL-TG, in mg/kg/h, were calculated by multiply-
O Rx ing the FCRs by the VLDL-TG pool size. plac, placebo;

Rx, simvastatin therapy. Values shown are means = SD.
w4 P < 0.01.

reduction (44%) in the entry of LDL into plasma indepen-
dent of VLDL secretion (25). LDL fractional clearance
was not affected by lovastatin treatment in those patients
with dyslipidemia. By contrast, Vega and Grundy (64) re-
ported that reductions in LDL-C levels with lovastatin in
patients with mixed hyperlipidemia were associated with
increases in LDL fractional clearance and no change in
LDL production; VLDL metabolism was not studied. Cort-
ner et al. (65), however, observed reduced VLDL produc-
tion during lovastatin therapy in patients with carefully de-
fined familial combined hyperlipidemia, a disorder that is
closely linked, in many families, with insulin resistance.
The studies described above used exogenously labeled
VLDL and/or LDL. More recently, several groups have used
stable isotopes of amino acids as precursors for studies of
apoB-lipoprotein metabolism (66). When study subjects had
combined hyperlipidemia and low FCRs for LDL at base-
line, atorvastatin, simvastatin (67), and pravastatin (68)
improved plasma lipid levels by increasing VLDL and LDL
fractional clearance. In two studies in which baseline frac-
tional clearance of LDL was similar to that in controls, pa-
tients with combined hyperlipidemia responded to atorva-
statin (69) or lovastatin (70) with decreased production of
apoB-lipoproteins with or without changes in the frac-
tional clearance of apoB-lipoproteins from the circula-
tion. In a third study of subjects with normal baseline LDL
FCRs, pravastatin (71) increased the fractional clearance
of apoB-lipoproteins. In recent studies by Watts and col-
leagues (72-74), improved fractional clearance was associ-
ated with reductions in the levels of apoB-lipoproteins
when atorvastatin was used to treat subjects with obesity
and insulin resistance. On the other hand, Ouguerram et
al. (27), in the only study of patients with T2DM, reported
that atorvastatin therapy was associated with both de-
creased VLDL-apoB secretion into plasma and normaliza-
tion of a baseline low FCR of LDL in patients with T2DM.
Overall, therefore, previous studies in patients with dyslip-
idemia, with or without T2DM, have produced variable re-
sults. An overview of these studies, however, suggests that
when baseline FCRs of LDL were low, statins reduced plasma
lipid levels by improving fractional clearance; when base-
line PRs were high, irrespective of baseline FCRs, statins
reduced the secretion of apoB-lipoproteins into plasma.
LDL-apoB FCRs were normal or increased in our subjects
during placebo treatment. The reason that statin therapy
does not increase LDL-apoB FCR uniformly, as one might
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expect, is unclear. Our group did provide evidence that
statin treatment can alter the apparent in vivo affinity of
LDL for its receptor (75), but we could not determine the
molecular or biochemical basis for that observation.

A possible explanation for the complex results we ob-
served is that during placebo treatment, because of hepatic
insulin resistance, the targeting of apoB for secretion is no
longer tightly linked to TG secretion, so that even though
there is increased hepatic TG availability and increased
VLDL secretion, there is also the assembly and secretion
of TG-poor, LDL-density lipoproteins. During simvastatin
treatment, a reduction in the availability of hepatic TG for
lipoprotein assembly leads to both the assembly and secre-
tion of smaller VLDLs and increased apoB degradation
(despite persistent insulin resistance). The latter change
results in reduced secretion of LDL. Relevant to this pro-
posed scheme are reports that statins may stimulate he-
patic expression of the gene for the peroxisomal prolifera-
tor-activated receptor oo (PPARa) as well as its target genes,
acyl-CoA oxidase and carnitine palmitoyltransferase (76).
Martin et al. (77) suggested that statins activate PPARa by
inhibiting Rho signaling. Whatever the mechanism, such
activation could increase fatty acid oxidation in the liver, re-
sulting in less TG synthesis. On the other hand, fibrates,
which are PPARa agonists, are thought to act, at least in part,
by reducing apoC-III production (78) and thereby improv-
ing the lipolysis of VLDL-TG (69, 74). In our study, however,
we did not see improvement in the FCR of either VLDL-
TG or VLDL-apoB. Further studies will be required to fully
understand the effects of statins on VLDL-TG metabolism.

In this study, treatment of patients with T2DM and dys-
lipidemia with 80 mg of simvastatin per day resulted in
marked decreases of plasma cholesterol, TG, and apoB.
These changes were associated with significant reductions in
LDL-apoB PRs without effects on fractional catabolic rates.
The decrease in LDL-apoB production was almost com-
pletely accounted for by reductions in the production of
LDL independent of VLDL entry into plasma. Total pro-
duction of apoB-lipoproteins decreased in four of the five
subjects during simvastatin treatment. VLDL-TG secretion
rates were also reduced during simvastatin treatment.
Treatment with high-dose simvastatin corrected the dys-
lipidemia in these patients with T2DM by reducing the as-
sembly and secretion of apoB-containing lipoproteins. il
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