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Abstract
Current pharmacological regimens for hypertriglyceridemia and low high-density lipoprotein (HDL)
are limited to the peroxisome proliferator—activated receptor (PPAR) α activating fibrates, niacin,
and statins. This pilot study examined the impact of simultaneous stimulation of cyclic adenosine
monophosphate with a β-adrenergic agonist and PPARγ with pioglitazone (PIO) on lipoprotein
composition in moderately obese, healthy subjects. Subjects were treated with PIO (45 mg) to
stimulate PPARγ or a combination of ephedrine (25 mg TID), a β-agonist, with caffeine (200 mg
TID), a phosphodiesterase inhibitor (ephedrine plus caffeine), or both for 16 weeks. Lipoproteins
were separated by gradient ultracentrifugation into very low-density lipoprotein (VLDL),
intermediate-density lipoprotein, low-density lipoprotein (LDL), and 3 HDL (L, M, and D)
subfractions. Apolipoproteins were measured by high-performance liquid chromatography. PIO
alone reduced the core triglyceride (TG) content relative to cholesterol ester (CE) in VLDL (−40%),
IDL (−25%), and HDL-M (−38%). Ephedrine plus caffeine alone reduced LDL CE (−13%),
phospholipids (−9%), and apolipoprotein (apo) B (−13%); increased HDL-M LpA-I (HDL
containing apoA-I without apoA-II, 28%), CE/TG (23%), and CE/apoA-I (8%) while reducing apoA-
II (−10%); and increased HDL-L LpA-I (29%). Combination therapy reduced total plasma TG
(−28%), LDL cholesterol (LDL-C, −10%), apoB(−16%), apoB/apoA-I ratio(−21%), while
increasing HDL cholesterol (HDL-C, 21%), total plasma apoA-I (12%), LpA-I (43%), and apoC-I
(26%). It also reduced VLDL total mass (−34%) and apoC-III (−39%), LDL CE (−13%), apoB
(−13%), and total mass (−11%). Combination therapy increased HDL-L CE/TG (32%), apoC-I
(30%), apoA-I (56%), and LpA-I (70%), as well as HDL-M CE (35%), phospholipids (24%), total
mass (19%), apoC-I (25%), apoA-I (18%), and LpA-I (56%). In conclusion, simultaneous β-
adrenergic and PPARγ activation produced beneficial effects on VLDL, LDL, HDL-L, and HDL-
M. Perhaps the most important impact of combination therapy was dramatic increases in LpA-I and
apoC-I in HDL-L and HDL-M, which were much greater than the sum of the monotherapies. Because
LpA-I appears to be the most efficient mediator of reverse-cholesterol transport and a major negative
risk factor for cardiovascular disease, this combination therapy may provide very effective treatment
of atherosclerosis.

*Corresponding author. Tel.: +1 901 4485744, +1 901 482 9286 (mobile); fax: +1 901 448 5332. E-mail address: thughes303@aol.com
(T.A. Hughes).

NIH Public Access
Author Manuscript
Metabolism. Author manuscript; available in PMC 2008 December 8.

Published in final edited form as:
Metabolism. 2006 January ; 55(1): 26–34. doi:10.1016/j.metabol.2005.06.022.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



1. Introduction
The sympathetic nervous system, via its intracellular messenger, cyclic adenosine
monophosphate (cAMP), and the peroxisome proliferator—activated receptor γ (PPARγ)
system cooperate in controlling substrate metabolism and body weight. The data reported here
is one component of a study to investigate the impact of simultaneous stimulation of these
systems on body weight, body composition, fat-derived cytokines, and changes in adipocyte
gene activation. This report will focus on the lipoprotein compositional changes induced by
combined activation.

Both of these systems are known to affect a number of important lipoprotein control points,
either directly or indirectly, including the ABCA1 transporter, lipoprotein lipase (LPL), hepatic
lipase, lipogenesis, and the low-density lipoprotein (LDL) receptor. The ABCA1 transporter
activity, which is responsible for cholesterol efflux from most tissues, including vascular foam
cells, has been shown to be stimulated by both cAMP [1,2] and PPARγ [3,4]. Similarly, LPL
is also stimulated by both cAMP [5,6] and PPARγ [7,8]. Laplante et al [8] demonstrated that
PPARγ activated LPL only in subcutaneous fat, not visceral fat. Deshaies et al [9], on the other
hand, showed that β-adrenergic stimulation increased LPL in brown adipose tissue and muscle,
but inhibited its activity in white adipose tissue. Conversely, hepatic lipase is inhibited by
adrenergic stimulation [10], whereas there are no data on the effect of PPARγ activation.
Hepatic lipase removes whole high-density lipoprotein (HDL) particles from the plasma; thus,
inhibiting its activity increases HDL plasma concentrations.

Pioglitazone (PIO), a thiazolidinedione (TZD) with PPARγ agonist activity, has been shown
to lower triglycerides (TGs) in clinical studies [11]. However, there does not appear to be an
effect of PPARγ on very low-density lipoprotein (VLDL) TG secretion [12] despite the
reduction in circulating free fatty acids induced by TZDs [13]. In addition, unlike PPARα
[14], PPARγ does not appear to inhibit the synthesis of apolipoprotein (apo) C-III, an inhibitor
of LPL. Therefore, it appears likely that the primary mechanism by which PIO lowers TGs is
by increasing LPL activity in adipose tissue. cAMP [15], on the other hand, is a powerful
inhibitor of hepatic fatty acid synthesis and VLDL secretion. This inhibition probably prevents
an increase in plasma TGs that would be expected from the increase in adipocyte lipolysis and
plasma free fatty acids induced by β-adrenergic stimulation [16]. Similarly, increased β-
receptor sensitivity [17] has been shown to be correlated with reduced VLDL TG and apoB
levels. Conversely, β-blockers are well known to increase TGs [18,19].

TZDs have a mixed effect on LDL concentrations. PIO tends to have a neutral or slightly
positive effect, whereas rosiglitazone increases LDL [11]. Because LDL receptor synthesis is
stimulated by insulin [20,21], it is not surprising that insulin sensitizers increase LDL plasma
levels when they reduce portal insulin concentrations. However, troglitazone, another TZD,
has been shown to directly stimulate LDL receptor messenger RNA synthesis [20], and this
effect is additive to insulin. Therefore, the ultimate impact of any TZD will be a balance
between the reduction in plasma insulin concentrations and any direct effects on LDL receptor
synthesis or other aspects of apoB metabolism. cAMP also stimulates LDL receptor messenger
RNA synthesis [22,23], whereas adrenergic stimulation has been shown to reduce LDL levels
and increase HDL [24].

Based on these multiple potential effects of adrenergic and PPARγ stimulation on lipid
metabolism, this study is designed to determine whether simultaneous stimulation of these 2
systems will produce an additive or synergistic benefit. Subjects were treated with PIO to
stimulate PPARγ and a combination of ephedrine, a β-agonist that will increase the production
of cAMP, with caffeine, a phosphodiesterase inhibitor, which inhibits cAMP catabolism.
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Detailed lipoprotein compositional analysis was performed before and after 16 weeks of
therapy.

2. Methods
2.1. Study design

Fourteen men and 43 women completed a 16-week randomized, placebo-controlled, parallel-
arm, proof-of-concept clinical trial implemented in Baton Rouge, LA, at the Pennington
Biomedical Research Center. The subjects were healthy men and women between 18 and 50
years with a body mass index (BMI) of 30 to 37 kg/m2. They had no significant diabetes,
hypertension, renal, cardiac, liver, lung, neurological, or thyroid disease. They also had no
history of thrombophlebitis or other vascular or blood-clotting disorders. They were not taking
TZDs, β-blockers, orlistat, sibutramine, ephedrine, phenylpropanolamine (Dexatrim),
corticosteroids, statins, fibrates, cholesterol-binding drugs, or herbal supplements containing
ephedrine and/or caffeine, using alcohol, or other illicit drugs. The subjects were nonsmokers.

Subjects were randomized to 4 groups: placebo/placebo, ephedrine plus caffeine (E + C)/
placebo, PIO/placebo, or PIO + (E + C). Pharmaceutical ephedrine HCl (25 mg) (“Breath
Easy,” Contract Pharmacal, Hauppauge, NY) and caffeine (200 mg) (Contract Pharmacal; IND
No. 65075) were administered as follows: 1 of each pill per day for 7 days at breakfast, then
increased to 1 each at breakfast and lunch for the next 7 days, then increased to 1 each at
breakfast, lunch, and dinner for the remainder of the protocol. Subjects that could not tolerate
3 doses of E + C per day were allowed to continue in the protocol on 2 doses per day. Subjects
who could not tolerate 2 doses per day were dropped from the protocol. Medication doses were
taken at least 4 hours apart. This titration was designed to down-regulate β1- and β2-adrenergic
receptors and thus reduce side effects while leaving β3 receptors unaffected. PIO was initiated
at 15 mg/d and increased by 15 mg each week until the maximum dose of 45 mg was achieved.
All subjects were given instruction on diet and behavior modification as well as instructions
on healthy activity levels (eg, walking). All subjects provided written informed consent. The
protocol was conducted under the approvals of the Food and Drug Administration (IND No.
65075) and the Pennington Institutional Review Board (Protocol No. 22021).

2.2. Lipoprotein separation by ultracentrifugation
Lipoproteins were isolated and analyzed as previously described [25] using a gradient
ultracentrifugation — high-performance liquid chromatography (HPLC) technique with
revisions made that shortened the ultracentrifugation time [26]. Blood was drawn after a 12-
hour fast into tubes containing EDTA and immediately placed on ice. Plasma was separated
as soon as possible from the blood cells by centrifugation at 4°C. Nine milliliters of plasma
was centrifuged and collected as previously described [26]. The fractions were pooled into
VLDL, intermediate-density lipoprotein (IDL), LDL, and 3 HDL subfractions designated as
L, M, and D (lowest to highest density), respectively. Lipoprotein a [Lp(a)] was also pooled if
it as present as a peak between LDL and HDL-L.

The major protein in each of the HDL subfractions is apoA-I, and the subfractions are
subdivided based on their apoA-II/A-I ratio. HDL-M has the highest apoA-II/apoA-I ratio and
a medium buoyant density (d = 1.11-1.16 mg/mL), whereas both HDL-L (least dense) and
HDL-D (most dense) have substantially lower apoA-II/apoA-I ratios.

2.3. Apolipoprotein analysis by HPLC
One milliliter of VLDL and each HDL pool and 2 mL of IDL were delipidated with human
insulin added as an internal standard. The proteins were injected onto an HPLC column and
analyzed as previously described [25]. The coefficients of variation for the apolipoprotein
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concentrations were 0.4 (apoA-I), 3.9 (apoA-II), 3.6 (apoC-III), 2.3 (apoC-II), and 5.4 (apoC-
I). LpA-I/A-II particles (HDL particles containing both apoA-I and apoA-II) in HDL-L and
HDL-M have a molar A-II/A-I ratio of 3:4, whereas HDL-D has a ratio of 1:2. From these
known ratios, the number of LpA-I (HDL containing apoA-I without apoA-II) particles can be
estimated from the measured apoA-II/ apoA-I ratios in each of these subfractions. The
concentrations of each are given as millimoles per liter. To convert to milligrams per deciliter,
multiply by 2.83 (A-I), 1.74 (A-II), 0.95 (C-III), 0.88 (C-II), and 0.66 (C-I).

2.4. Enzymatic and chemical assays
Total cholesterol, TGs, free cholesterol (FC; Roche, Indianapolis, IN), phospholipids (PLs),
and free fatty acids (Wako, Richmond, VA) were assayed using standard enzymatic assays.
This laboratory participates in the laboratory quality control testing program sponsored by the
Centers for Disease Control for the total cholesterol and TG assays. The Centers for Disease
Control does not provide unknowns for the FC or PL assays.

The apoB (mmol/L; convert to mg/dL × 54.9) content of LDL and Lp(a) was determined
[25,27] by Lowry assay with bovine serum albumin used as a standard. The apoB
concentrations in VLDL and IDL were determined by precipitating the apoB with 50%
isopropanol + water[25,28,29]. The pellet was dried under vacuum and resolubilized in sodium
dodecyl sulfate and NaOH at 37°C. The recovery of protein is linear up to 10 μg per tube.

LDL density was estimated by identifying the peak position of LDL after ultracentrifugation.
There are 6 potential 1-mL fractions where the LDL peak position can be seen; therefore, the
peak position is designated at positions 1 (least dense) through 6 (most dense) in increments
of 0.5 mL.

2.5. Statistical analysis
Data are presented as the means ± SEM unless otherwise stated. Differences between groups
in lipoprotein compositional changes were determined by analysis of variance using Student t
tests and the NPAR1WAY with the TTEST procedure in SAS (SAS Institute, Cary, NC). If
the variances of the 2 groups proved to be unequal, then the Satterthwaite approximation for
reducing the degrees of freedom was used. Differences within groups between pre- and
posttreatment lipoprotein composition values were determined by paired differences, also
using the repeated measures analysis of variance with the GLM procedure in SAS. The main
effects of group and time were cross-classified, and the random effect of subject was nested
within group. Only preplanned contrasts were made. An α of .05 was considered statistically
significant.

3. Results
3.1. Subject characteristics

The population characteristics of the 57 participants are presented in Table 1. The 4 study
groups, ranging from 13 to 17 subjects per group, were middle-aged individuals with moderate
obesity who were well matched for age, weight, and BMI. All groups were predominately
female, and most groups were relatively balanced by race except for the control group that was
predominately white. One subject from each of the PIO and E + C groups were only able to
tolerate 2 medication doses per day instead of 3, whereas 3 subjects in the combined group
were treated only twice a day. There were no differences in the baseline standard lipid
measurements between the treated groups and the control group except for total TGs. The
control group had significantly higher TGs because 5 of the 14 subjects had TGs greater than
2.00 mmol/L, whereas the only other subject with a TG of greater than 2.00 mmol/L was in
the PIO group. Subjects with hypertriglyceridemia tend to be biologically labile, and this may
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have lead to some of the significant changes noted below in this group. Only subjects with both
lipoprotein samples were included in this analysis. There were complete data on almost all
variables (101 measured and 231 calculated) on all subjects. Forty-three of these variables had
1 to 3 nonuseable values of the maximum of 114 (before and after therapy on 57 subjects). The
changes in the anthropomorphic parameters will be reported separately.

3.2. Total plasma lipoproteins
There were no medication effects on total cholesterol, but combination therapy significantly
lowered TGs (−28%, P = .001), whereas E + C had a marginal impact (−15%, P = .056) (Fig.
1). The combination therapy also lowered − LDL cholesterol (LDL-C, −10%, P = .009) and
total plasma apoB (−16%, P = .003), whereas E + C again had a marginal effect (cholesterol,
−12%, P = .069; apoB, −7%, P = .056) (Fig. 2). There were no treatment effects on−the total
plasma apoC levels except for an increase in apoC-I (26%, P = .025) in the combination group.
However, there was a marginal increase in apoC-I in the placebo group (18%, P = .062).

Combination therapy increased total plasma HDL cholesterol (HDL-C, 21%, P = .039) (Fig.
1) and apoA-I (12%, P = .034) (Fig. 2). However, the placebo group also had a marginal change
in HDL-C (17%, P = .065). Although both PIO and E + C tended to reduce total plasma apoA-
I and apoA-II, with E + C producing the only significant reduction (apoA-II, 13%, P .024),
combination therapy increased both apolipoproteins with the change in apoA-I being
significant (12%, P = .034, P = .012 vs placebo). There were also increases in total plasma
LpA-I in the combination (43%, P = .016) and E + C groups (24%, P = .018). Combination
therapy also increased the total plasma HDL PL (20%, P = .003). There were no changes in
total plasma HDL TG, apoC-III, or apoC-II, but there were increases in total plasma HDL
apoC-I in the combination (26%, P = .005) and PIO (13%, P = .034) groups.

All groups had significant reductions in the LDL/HDL ratio, including the placebo group, but
only the combination patients had a reduction in the apoB/apoA-I ratio ( 21%, P = .001, P = .
029 vs placebo) (Fig. 2).

3.3. Apoβ-containing subfractions
Only the combination group had a reduction in VLDL TG (−39%, P = .0004, P = .08 vs
placebo), FC (−29%, P = .002, P = .009 vs placebo), PL (−34%, P = .0004, P = .034 vs placebo),
and total mass (−34%, P = .0008), whereas there was no change in cholesterol esters (CEs)
(Fig. 3). There was no significant change in VLDL apoB in this group, but there were reductions
in apoC-III (−39%, P = .014), apoC-II (−44%, P = .0008), and apoC-I (−33%, P = .039). The
CE/TG ratios were increased in both the combination (31%, P = .01 l, P = .003 vs placebo)
and PIO (40%, P = .002, P = .002 vs placebo) groups, whereas the FC/PL ratios were increased
in the combination (14%, P = .05) and E + C (17%, P = .005) groups. There were no changes
in the lipid/apoB ratios.

The only medication effect on IDL component concentrations or composition was an increase
in the CE/TG ratio in the combination (41%, P = .003) and PIO (25%, P .027) groups.

LDL CE (−13%, P = .015), apoB (−13%, P = .009), and total mass (−11%, P = .014) were
reduced in both the combination group and the E + C group (CE, −14%, P = .002; apoB, −9%,
P = .07; mass, −11%, P = .003), whereas there were trends toward a reduction in CE (−8%,
P = .07) and total mass (−7%, P = .07) in the PIO group (Fig. 4). The E + C group also had a
reduction in the LDL PL (−9%, P = .01). There were no changes in TG, FC, or lipid ratios, but
the combination group did have increases in the PL/apoB (8%, P = .022) and FC/apoB (11,
P = .035) ratios. LDL peak position shifted to a more favorable, less dense position in the
combination (−10%, P = .008) and E + C (−7%, P = .048) groups.
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3.4. HDL subfractions
There were no significant medication effects on HDL-L lipid concentrations, but the
combination group had a significant increase in the CE/TG ratio (32%, P = .043) and a decrease
in the FC/PL ratio (−18%, P = .0062, P = .07 vs placebo) (Fig. 5). There was also a trend toward
a decrease in the FC/PL in the PIO group (−15%, P = .053). Combination therapy significantly
increased HDL-L apoA-I (56%, P = .001, P = .03 vs placebo), but left apoA-II unchanged,
leading to an increase in LpA-I (70%, P = .006). There was also an increase in the LpA-I (29%,
P = .033) in the E + C group due to a small increase in apoA-I with a reduction in apoA-II.
Combination therapy also increased HDL-L apoC-III (53%, P = .001), apoC-II (44%, P = .
001), and apoC-I (30%, P = .003) while producing a trend toward an increase in total mass
(31%, P = .07). However, there was a similar trend in HDL-L mass in the controls.

In HDL-M, there were increases in CE (35%, P <.0001, P = .0004 vs placebo) and PL (24%,
P = .001, P = .01 vs placebo) in the combination group with trends toward increases in the PIO
group (CE, 10%, P = .053; PL, 8%, P = .09) (Fig. 5). All therapies increased the CE/TG (PIO,
38%, P = .007; E + C, 23%, P = .032; combination, 43%, P = .003, P = .045 vs placebo) and
CE/apoA-I ratios (PIO, 11%, P = .015; E + C, 8%, P = .037; combination, 14%, P = .002, P
= .06 vs placebo). PIO increased the PL/apoA-I ratio (6%, P = .045), whereas there was a trend
in the combination group (6%, P = .09). ApoA-I (18%, P = .001, P = .014 vs placebo) increased
in the combination group, whereas the E + C group had a reduction in apoA-II (−10%, P = .
034), leading to increases in LpA-I in both groups (56%, P = .018; 28%, P = .011, respectively).
The only change in the apoC’s was an increase in apoC-I in the combination group (25%, P
= .039). The combination therapy was the only treatment that produced an increase in total
HDL-M mass (19%, P = .007, P = .01 vs placebo).

The only treatment effect on HDL-D was an increase in the cholesterol to apoA-I ratio in the
PIO group (22%, P = .014). However, a similar trend was seen in the placebo group (14%, P
= .09).

4. Discussion
Dyslipidemia, consisting of elevated TGs and a low HDL, is the sine qua non of the metabolic
syndrome. The underlying pathophysiology of these abnormalities lies in the presentation of
excess lipid to the liver with subsequent increases in VLDL production, reduced LPL activity,
and increased clearance of HDL. Increased adipose tissue lipolysis contributes to the increased
lipid flux into the liver. β-Adrenergic signaling increases fat oxidation, LPL activity,
cholesterol efflux via ABCA1, and LDL receptors while inhibiting fatty acid synthesis, VLDL
secretion, and hepatic lipase. Activation of the PPARγ nuclear hormone receptor increases
lipid uptake and storage within adipocytes and may act directly on the muscle to increase fat
oxidation. PPARγ also increases LPL activity and may increase LDL receptors. Consistent
with these complementary effects on lipid metabolism and storage, we found that combination
therapy significantly reduced VLDL and LDL while increasing HDL-L and HDL-M total mass
and LpA-I.

The primary impact of PIO alone was on the core lipid composition. CE/TG ratios increased
in VLDL (40%), IDL (25%), and HDL-M (38%). In VLDL and IDL, this was caused by simply
reducing TG, whereas in HDL-M, there was an increase in CE as well as a reduction in TG.
Typically, individuals with the metabolic syndrome have TG-enriched lipoprotein particles
based on this core ratio; therefore, this increase in CE/TG indicates that there was a
normalization of the particle compositions. However, we did not see the increase in total plasma
HDL-C reported with PIO in diabetic subjects [11]. PIO did increase the HDL particle size as
reflected in the marginal increase in HDL-M PLs (8%), leading to an increase in PL/apoA-I
(6%) along with the increase in CE/apoA-I (11%). We also found trends toward reductions in
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LDL CE and total mass as opposed to the increase in LDL-C reported in diabetic subjects
[11]. However, similar to Goldberg et al [11], we found that there was no impact of PIO on
LDL apoB and, thus, particle number. These compositional changes have not been previously
reported with PIO therapy, but all would be considered beneficial in cardiovascular risk.

Despite the subtle changes in lipoprotein composition, PIO did not produce a significant change
in either total TGs or HDL-C in our population as was previously reported [11]. However,
previous studies were done in diabetic patients who had significant reductions in plasma
glucose concentrations with therapy. Because plasma glucose becomes a major substrate for
TG synthesis in the hyperglycemic state, this reduction in glucose may have been the primary
mechanism by which PIO lowered the plasma TGs. Our subjects were not diabetic; therefore,
they did not have this reduction in glucose or TGs. Without a change in TGs, the impact of
PIO on HDL-C would also be reduced.

The cAMP-generating combination of E + C primarily altered LDL and HDL-M while
marginally lowering total plasma TGs (−15%). Similar to a previous study with the β-agonist
albuteral [24], E + C reduced LDL CE (−14%), PL (−9%), and apoB (−9%) while shifting the
LDL peak density to a less dense position. These changes in LDL could have been caused by
an increase in LDL receptor synthesis [22,23] or an inhibition of hepatic lipase [10] (which is
required for conversion of IDL to LDL) or both. E + C increased the CE/TG ratio (23%) and
CE/apoA-I (8%) in HDL-M (similar to PIO) while reducing apoA-II (−10%). This reduction
in apoA-II without a change in apoA-I led to an increase in LpA-I (28%). There was a similar
increase in LpA-I (29%) in HDL-L. Despite a minimal change in total plasma HDL-C, E + C
did reduce total plasma apoA-II (−13%) while increasing total plasma LpA-I (24%). Again,
all of these changes would be considered beneficial in CVD risk, but have not been previously
described. In contrast to the large impact on HDL, the only effect of E + C on VLDL or IDL
was an increase in the FC/PL ratio (17%) on the surface of VLDL.

Only the combination of cAMP generation and PPARγ stimulation produced a significant
reduction in total plasma TGs (−28%). This is consistent with complementary actions of each
therapy on overall fat oxidation and sequestration of lipid within adipocytes, respectively. In
addition, combination therapy also produced the only significant effect on total plasma HDL-
C (21%). However, the placebo group also had a marginal increase in HDL-C (17%), so the
significance of this observation is uncertain. As previously mentioned, the control group did
have a number of subjects with hypertriglyceridemia, which will make their lipoprotein
composition more labile, perhaps explaining some of these changes. Both monotherapies also
tended to lower LDL total cholesterol and total plasma apoB, but again, only combination
therapy (−10% and −16%) produced significant reductions. Both PIO and E + C tended to
lower total plasma apoA-I and apoA-II, whereas combination therapy reversed this effect by
increasing apoA-I significantly (12%) and apoA-II marginally (6%). Because the molar
increase in apoA-I was greater than the increase in apoA-II, there was a significant increase in
total plasma LpA-I. Neither PIO nor E + C had any impact on the apoB/apoA-I ratio, whereas
combination therapy produced a very significant reduction (−21%) in this important ratio.

Combination therapy significantly reduced VLDL mass (−34%), which was greater than the
sum of the mono-therapies (PIO, −10%; E + C, −18%). This mass reduction was accompanied
by a decrease in all VLDL lipids (except CE) and apoCs. There was also a 20% reduction in
VLDL apoB (and thus particle number), but this change did not reach statistical significance.
Both PIO and combination therapy produced a similar improvement in the VLDL core lipid
by increasing the CE/TG ratio (40%, 31%), indicating that E + C had little impact on this
parameter. Similarly, PIO had little impact on the FC/PL ratio because E + C and combination
therapy increased this parameter similarly (17% and 14%, respectively). These data indicate
that both monotherapies have beneficial effects on VLDL, but the combination may have a
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synergistic impact. There was probably a reduction in both particle number and size with
combination therapy; however, because these changes did not reach statistical significance,
additional studies will be required to confirm these trends.

Only combination therapy reduced VLDL apoC-III, which would be expected to increase LPL
activity and improve clearance of the VLDL particles into the liver (thus providing a potential
mechanism for the VLDL mass reduction). However, this reduction in apoC-III is probably
not a direct effect on apoC-III synthesis because the total plasma apoC-III was not reduced. It
appears that the apoC-III was simply transferred to HDL, probably because of an increase in
LPL activity, as previously described for both of these therapies [5-8]. Consistent with this
interpretation, the apoC-III/apoB ratio in VLDL, which represents the number of apoC-III
molecules per particle, was not reduced by therapy.

As noted above, E + C produced the greatest impact on LDL lipids and total mass. However,
LDL apoB was reduced significantly (13%) only by combination therapy. All 3 therapeutic
groups also had small (7%-11%) shifts toward a lower-density LDL, possibly related to the
reductions in VLDL mass. There were no changes in the core or surface lipid compositions of
LDL. Although the effects of these therapies on LDL were small, they would generally be
considered beneficial.

These interventions had no effect on HDL-L lipids except for an increase in the CE/TG ratio
(similar to VLDL and IDL) in the combination group (32%) and a trend in the PIO (29%)
group. However, the combination group did have an increase in apoA-I (56%) and LpA-I
(70%). The E + C group also had a small increase in LpA-I (29%). These increases in LpA-I
are very important because LpA-I appears to be a more efficient promoter of reverse-
cholesterol transport than LpA-I/A-II [30-32] and thus better at preventing cardiovascular
disease.

Combination therapy had a dramatic effect on HDL-M lipid content: increasing CE (35%), PL
(24%), and total mass (19%). There were trends in the PIO group in the same lipids (CE 10%,
PL 8%). Again, all therapeutic groups had increases in the CE/TG ratios. Similar to HDL-L,
the combination group had a significant increase in apoA-I (18%) and LpA-I (56%). E + C
also increased LpA-I (28%) while reducing LpA-I/A-II (as reflected by the significant
reduction in apoA-II). The CE/apoA-I ratios increased significantly (8%-14%) in all 3
treatment groups, indicating an increase in particle size. Again, increases in LpA-I and HDL
size are indicators of improved reverse-cholesterol transport.

Combination therapy increased apoC-I in total plasma (26%), HDL-L (30%), and HDL-M
(25%). ApoC-I has been shown to inhibit CE transfer protein [33,34] that permits the transfer
of CE and TG among the lipoproteins. Therefore, this increase in apoC-I may have inhibited
the transfer of CE out of HDL-M and, thus, led to the increase in CE seen in this subfraction.
Conversely, CE transfer protein inhibition would have inhibited the transfer of TGs into HDL,
accounting for the reduction in the CE/TG ratio. ApoC-I also inhibits hepatic lipase [35], which
would increase HDL by preventing removal of HDL particles by the liver.

In summary, the combination of PIO and E + C produced substantial beneficial changes in
VLDL and HDL-M while inducing smaller improvements in LDL and HDL-L. Perhaps, the
most clinically important effect was the dramatic increases in LpA-I and apoC-I in both HDL-
L and HDL-M, suggesting an impressive increase in reverse-cholesterol transport. These data
indicate that simultaneous cAMP generation and PPARγ activation produces important
beneficial effects on lipoprotein metabolism.
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Fig. 1.
Total plasma lipid (mmol/L) concentrations before and after 16 weeks of therapy. Number of
subjects: controls, 14; E + C, 17; PIO, 13; combined, 13. The numbers are the P values for the
paired differences for the change from baseline within the group.
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Fig. 2.
Total plasma apolipoprotein (μmol/L) concentrations and the LDL-C/HDL-C ratios before and
after 16 weeks of therapy. A P value with an asterisk indicates that this change is significantly
different than the change in the control group (means ± SEM). Details are explained in the
footnote to Fig. 1.
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Fig. 3.
VLDL lipid (mmol/L) concentrations and total mass (mg/dL) before and after 16 weeks of
therapy. A P value with an asterisk indicates that this change is significantly different than the
change in the control group (means ± SEM). Details are explained in the footnote to Fig. 1.
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Fig. 4.
LDL CE (mmol/L), apoB (μmol/L), total mass (mg/dL) concentrations, and the peak position
for LDL (fraction numbers 1-6) before and after 16 weeks of therapy. A P value with an asterisk
indicates that this change is significantly different than the change in the control group (means
± SEM). Details are explained in the footnote to Fig. 1.
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Fig. 5.
HDL apolipoprotein (μmol/L), LpA-I (μmol/L), and total mass (mg/dL) before and after 16
weeks of therapy. A P value with an asterisk indicates that this change is significantly different
than the change in the control group (means ± SEM). Details are explained in the footnote to
Fig. 1.
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