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Abstract

 

In the current studies we describe the effects of PD
72953 and related compounds on lipoprotein levels in chow-
fed male rats. After 2 weeks, 10 mg/kg of PD 72953 daily was as
effective as 100 mg/kg gemfibrozil for elevating HDL-
cholesterol. At 100 mg/kg, PD 72953 further elevated HDL-
cholesterol to 232% of control levels, and was associated with
increased HDL size and plasma apoE (169% of control), de-
spite no change in hepatic apoE mRNA. ApoA-I rose tran-
siently (at 1 week), but by 2 weeks only apoE remained ele-
vated. PD 72953 dose-dependently reduced plasma apoB,
VLDL-cholesterol, LDL-cholesterol, and triglyceride. Hepatic
apoC-III mRNA reduction parallelled triglyceride lowering. Af-
ter 1 week, 30 and 100 mg/kg per day PD 72953 reduced
plasma apoC-III levels by 30 and 34%, and triglycerides by 60
and 83%, respectively. PD 72953 treatment had no effect on
triglyceride production rates; however, 

 

125

 

I-labeled VLDL apoB
disappearance was enhanced. We compared PD 72953 to a
structurally similary diacid, PD 69405, that also reduced VLDL
and LDL, but had no effect on HDL elevation. Compared to
PD 72953, PD 69405 further accelerated 

 

125

 

I-labeled VLDL
apoB disappearance, decreased triglyceride production, and el-
evated the ratio of post-heparin hepatic to lipoprotein lipase
activity. Whole animal studies, transient transfection studies in
HepG2 cells, and chimeric receptor studies in kidney 293 cells
suggest that PD 72953 is a ligand for the peroxisomal prolifera-
tion activated receptor alpha (PPAR

 

a

 

), and PPAR

 

g

 

.  Overall,
PD 72953 may act through a peroxisomal proliferation acti-
vated receptor and result in plasma triglycerides and apoB-con-
taining lipoprotein reduction, while also raising HDL choles-
terol. Reduced apoC-III may allow triglyceride-rich remnants to
more efficiently bind and present substrate to peripheral tissue
lipoprotein lipase, and therefore allow enhanced shedding of
remnant phospholipid surface for HDL production.—
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Fibric acids are generally indicated for the treatment
of hypertriglyceridemia (1–3); however, these com-
pounds have variable effects on HDL apolipoprotein and
cholesterol elevation. These compounds may mimic the
natural ligands for nuclear receptors that act through
peroxisomal proliferation response elements (PPREs)
that are present on a variety of genes associated with per-
oxisomal enzymes, lipoprotein metabolizing enzymes,
and apolipoproteins, including apoC-III which appears
to be downregulated by fibrates (4–6) and MEDICA 16
(7). In comparative studies of select fibrates in chow-fed
(5, 8) and cholesterol-fed (8, 9) male rats, it was previ-
ously observed that gemfibrozil, unlike the other fibrates
tested at similar doses, caused an elevation of HDL cho-
lesterol and particle size and was associated with apoE el-
evation. The plasma elevation of apoE occurred despite
no change in its hepatic mRNA levels (5, 10), which sug-
gested increased synthesis at extrahepatic sites or a de-
creased catabolism of this protein from plasma.

 

Abbreviations: ACO, acyl CoA oxidase; ANOVA, analysis of vari-
ance; apo, apolipoprotein; CMC/Tween, 1.5% carboxymethylcellulose
plus 0.2% Tween-20; CMV, cytomegalovirus; EPA, eicosapentaenoic
acid; FBS, fetal bovine serum; gal, 

 

b

 

-galactosidase; HDL, high density
lipoprotein; HL, hepatic lipase; HPGC, high performance gel filtration
chromatography; HSV, herpes simplex virus; IDL, intermediate density
lipoprotein; LDL, low density lipoprotein; LPL, lipoprotein lipase;
MEM, minimum essenial media; PHLA, post-heparin lipolytic activity;
PPAR, peroxisome proliferator activated receptor; PPRE, peroxisomal
proleferation response elements; VLDL, very low density lipoprotein.
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The finding that HDL could be specifically elevated
with gemfibrozil, despite no increase in mRNA levels
for hepatic apoA-I and apoE (5, 10), strengthened the
idea that a considerable portion of HDL is derived as a
catabolic product of triglyceride-rich lipoproteins (11–
15). Although existing evidence suggests that HDL are
derived directly from liver (16, 17) and intestine (18–
20), the importance of phospholipid–apolipoprotein
surface generated during triglyceride-rich lipoprotein
lipolysis cannot be underestimated as a major source of
these particles. The enhanced catabolism of triglyceride-
rich lipoproteins by lipoprotein lipase is a potential
mechanism by which increased phospholipid may form
nascent HDL or be transferred to existing HDL pools
(13). Possibly the differential effects of fibrates on HDL
elevation may be related to a balance between lipolytic
activity and remnant clearance.

In the current report we describe a series of ether
diacids and one alkyl diacid. One ether diacid studied
extensively, PD 72953, down-regulates apoC-III ex-
pression and results in reduced plasma triglycerides.
However, these compounds are distinctive in their ef-
fects on the amount and type of HDL formed, which
may, in part, be related to their differential effects on
VLDL clearance.

MATERIALS AND METHODS

 

Animals, diets, and treatments

 

Male Sprague-Dawley rats (100–200 g) were obtained
from Charles River Laboratories. All animals were al-
lowed normal rat chow (Ralston-Purina) and water ad
libitum in temperature-controlled rooms, under a 12-h
light, 12-h dark cycle beginning with lights on at 6 

 

AM

 

.
Rats were dosed daily between 6 and 10 

 

AM

 

 by oral gav-
age using a suspension vehicle of 1.5% carboxymethyl-
cellulose plus 0.2% Tween-20 (CMC/Tween). Control
animals received vehicle alone. Vehicle volume repre-
sented 0.25% of body weight. Compounds were admin-
istered at up to 100 mg/kg per day for up to 2 weeks.
Lipid, lipoprotein, and apolipoprotein analysis were
performed on plasma obtained from non-fasted rats
anesthetized by ether inhalation 10–12 h post-dosing
and bled by cardiac puncture. Liver weights were deter-
mined and select samples were taken for RNA extraction
or for determination of peroxisomal enzyme activity.
Triglyceride production rates and 

 

125

 

I-labeled VLDL-
apoB clearance studies were carried out in animals
fasted from midnight to 8 

 

AM

 

. These animals were also
dosed on the day of the experiment. Post-heparin
plasma lipolytic activities were measured 4 h post-dosing
(9 

 

AM

 

–1 

 

PM

 

) in non-fasted animals. Blood was trans-

ferred to ethylenediaminetetraacetic acid-containing
Vacutainer tubes for plasma isolation. A liver sample
was taken for total RNA isolation.

 

Synthesis of diacids

 

6,6

 

9

 

-Oxybis(2,2-dimethylhexanoic acid) PD 72953.

 

Iso-
butyric acid (52.9 g, 0.6 mol) was added to a stirred so-
lution of sodium hydride (28 g, 0.7 mol of 60% mineral
oil dispersion) and diisopropyl anime (61 g, 0.6 mol) in
dry tetrahydrofuran (600 mL). The reaction mixture
was stirred at room temperature (30 min) then cooled
to 0

 

8

 

C with an ice/acetone bath. n-Butyl lithium (286
mL 2.1 

 

M

 

 in hexane, 0.6 mol) was added and the mix-
ture was stirred at 0

 

8

 

C (30 min), then 4-4

 

9

 

-dichlorobutyl
ether (59.7 g, 0.297 mol) was added dropwise over 15
min. The mixture was warmed to room temperature
and stirred for 48 h, then quenched with water (600
mL). the aqueous layer was separated, washed with
ether (200 mL), acidified to pH 5.0 with 6 

 

M

 

 HCl (150
mL), and extracted with ether (3 

 

3

 

 300 mL). The com-
bined ether layers were washed with brine, dried over
MgSO

 

4

 

, and the solvent was removed in vacuo. The oil
was distilled at 160

 

8

 

C (3 mm Hg) to yield 66.7 g of the
title compound (

 

Fig. 1

 

): mp 49–51

 

8

 

C; 400 MHz 1H
NMR (DMSO) 12.02 (br s, 2H), 3.31 (t, 

 

J

 

 

 

5

 

 6.4Hz, 4H),
1.44 (m, 8H), 1.21 (m, 4H), 1.06 (s, 12H); CIMS 

 

m

 

/

 

z

 

303 (MH

 

1

 

). Anal. (C

 

16

 

H

 

30

 

O

 

5

 

) C, H.
Utilizing the appropriate dihalide in the above pro-

cedure, the following compounds were synthesized: PD
105726, PD 105752, PD 72548, PD 72660.

Fig. 1. Chemical structure of PD 72953 (6,69-oxybis(2,2-dimeth-
ylhexanoic acid)), PD 69405, 2,2,12,12-tetramethyltridecanoic acid
and gemfibrozil.
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2,2,12,12-Tetramethyltridecanoic acid PD 69405.

 

n-
Butyl lithium (338 mL 2.1 

 

M

 

 in hexane, 0.71 mol) was
added dropwise to disopropylamine (71.8 g, 0.71 mol)
at 0

 

8

 

C and the mixture was stirred for 2 h. Isobutyric
acid (31.3 g, 0.355 mol) was added dropwise over 30
min and the mixture was heated to 50

 

8

 

C for 1 h then
allowed to cool to room temperature. 1,9-Dibro-
mononane (50.0 g, 0.175 mol) was added and the mix-
ture was stirred for 4 days then quenched with water
(800 mL). The aqueous layer was washed with ether (2 

 

3

 

100 mL), acidified to pH 5.0 with 6 M HCl, and ex-
tracted with ether (2 

 

3

 

 400 mL). The ether extracts
were washed with brine, dried over MgSO

 

4

 

, concen-
trated in vacuo, and recrystallized twice from acetoni-
trile to afford 25.3 g of the title compound (Fig. 1): 400
MHz 1H NMR (CDCl

 

3

 

) 11.54 (br s, 2H), 1.52 (m, 4H),
1.26 (s, 14H), 1.18 (s, 12H); CIMS 

 

m

 

/

 

z

 

 301 (MH

 

1

 

).
Anal. (C

 

17

 

H

 

32

 

O

 

4

 

) C, H.

 

Triglyceride production rates

 

Triglyceride producation rates (i.e., secretion rate)
were determined in rats fasted overnight (midnight to
8 

 

AM

 

) after treatment with compounds for 8 days. A
baseline tail-vein blood sample was drawn 2 h post the
last drug dose (on day 8) and rats were then adminis-
tered intravenous Triton WR1339 (600 mg/kg in nor-
mal saline) as previously described (5, 21). The differ-
ence between the basal and the 2 h post-Triton WR
1339 samples was used to determine triglyceride pro-
duction rates. For data analysis, plasma volume was as-
sumed to be 3.86 ml/100 g body weight (21).

 

Post-heparin lipolytic activity (PHLA)

 

Ex vivo post-heparin lipoprotein lipase (LPL) and
hepatic lipase (HL) activities were determined in
plasma from rats treated with compounds for 8 days.
On the day of the experiments, animals received their
eighth dose in the morning between 9 and 10 

 

AM

 

. Hep-
arin (100 U/kg) was administered by intravascular in-
jection 4 h after dosing, and blood was obtained 10
min post-heparin. PHLA, LPL and HL activities were
then determined as described by Kuusi et al. (22). Un-
der these assay conditions, excess substrate and added
cofactors allow measurement of lipolytic activities un-
der 

 

V

 

max

 

 conditions, therefore reflecting enzyme mass
and not necessarily the true in vivo activity which would
be influenced by the relative levels of apoC-II and
apoC-III.

 

125

 

I-labeled VLDL-apoB clearance studies

 

Nascent VLDL was isolated from the plasma of donor
rats pretreated with Triton WR-1339. VLDL was iodi-
nated by the Bilheimer, Eisenberg, and Levy (23) modi-

fication of the iodine monochloride method of McFar-
lane (24).

Clearance studies were performed in rats that were
orally dosed with 100 mg/kg gemfibrozil, PD 72953,
PD 69405, or CMC/Tween vehicle for 8 days prior to
intravenous administration of 

 

125

 

I-labeled VLDL (

 

,

 

25

 

m

 

Ci/0.1 ml saline) in to the tail vein of conscious re-
strained rats fasted for 10 h (from midnight to 10 

 

AM

 

).
The last drug dose was given at 8 

 

AM

 

 on day 8. After 

 

125

 

I-
labeled VLDL administration, tail blood samples
(

 

,

 

100 

 

m

 

l) were periodically taken at intervals up to 2 h.
Radioactivity specifically associated with apoB was deter-
mined by the isopropanol precipitation method (25).

 

Analytical methods for plasma lipids
and apolipoproteins

 

Plasma total cholesterol and triglycerides were deter-
mined enzymatically as previously described (5).
Plasma lipoprotein cholesterol profiles and distribu-
tion among lipoproteins were determined by on-line
post column analysis on Superose 6HR high perfor-
mance gel filtration chromatography (HPGC) as previ-
ously described (5, 26). Apolipoprotein levels were de-
termined as previously described (5).

 

Hepatic peroxisomal enzyme activity

 

Carnitine acyltransferase activity, an index of peroxi-
somal proliferation when acetyl-CoA is used as a substrate
(i.e., carnitine acetyltransferase activity), was determined
on frozen–thawed liver samples from control, gemfibrozil,
and PD72953-treated rats as previously described (27).
These (27) and other historical data (unpublished) of the
assay determined on non-frozen liver samples for control
and gemfibrozil-treated animals were comparable.

 

Hepatic mRNA analysis

 

Total hepatic RNA was isolated as previously de-
scribed (5). Hepatic apoA-I, apoE, and mRNA were de-
termined by an internal standard/RNAse protection
assay as previously described (5, 28, 29). Hepatic apoC-
III and actin mRNA were determined by Northern blot
analysis as previously described (5).

 

Transient transfection in HepG2 cells

 

pLT-ACO contains the rat acyl CoA oxidase gene pro-
moter (

 

2

 

1239 to 

 

2

 

457) inserted upstream of the HSV
thymidine kinase (TK) core promoter (

 

2

 

110 to 

 

1

 

54)
in the luciferase reporter vector pGL3-basic (Promega
Corp., Madison, WI). CMV-hPPAR

 

a

 

 contains the full-
length human peroxisomal proliferator activated re-
ceptor 

 

a

 

 inserted into pCDNA3 (Invitrogen Corp., San
Diego, CA). HepG2 cells were maintained in MEM with
10% fetal bovine serum (FBS), penicillin (100 units/
ml), and streptomycin (100 

 

m

 

g/ml). Transient transfec-
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tions were performed in 30% confluent 24-well plates
containing 1.6 

 

m

 

g of lipofectAMINE (Gibco BRL, Life
Technologies, Inc., Gaithersburg, MD) and 0.8 

 

m

 

g of
DNA (0.58 

 

m

 

g pLT-ACO-luciferase, 0.12 

 

m

 

g CMV-
hPPAR

 

a

 

 and 0.1 

 

m

 

g of a 

 

b

 

-galactosidase reference plas-
mid) per well. Transfections were carried out for 4 h in
serum-free medium. After transfection, cells were
washed once and transferred to MEM plus FBS contain-
ing PD 72953, WY14643, or dimethylsulfoxide vehicle
alone. Treatment was for 48 h. Cells were washed twice
with phosphated-buffered saline and lysed in 100 

 

m

 

l ly-
sis buffer (Promega Corp.), and 20-

 

m

 

l aliquots of lysate
were used in luciferase (Promega Corp.) and 

 

b

 

-galac-
tosidase (Tropix, Inc., Bedford, MA) chemilumines-
cence assays. Transcriptional activity was expressed as
ratio of luciferase activity divided by 

 

b

 

-galactosidase
activity.

 

Chimeric receptor assay

 

The chimeric receptor clones contain amino acids
205–506 for mouse PPAR

 

g

 

2

 

, 208–468 for mouse PPAR

 

a

 

,
and 127–440 for mouse PPAR

 

d

 

 linked to the DNA bind-
ing domain of the 

 

E. coli

 

 tetracyclin repressor (amino ac-
ids 1–214) cloned into the expression plasmid pCDNA3
(Invitrogen). The luciferase reporter vector contains a
Hind III–Xho I fragment of the plasmid pTET-tTAK
(GIBCO-BRL) that contains the TET repressor binding
site imbedded in a minimal hCMV promoter, inserted
into the luciferase vector pGL3-basic (Promega). Trans-
fections into human kidney 293 cells were carried out by
electroporation in a GIBCO-BRL electroporator accord-
ing to the manufacturer’s recommendations. After trans-
fection, cells were plated into 96-well plates and treated
immediately with vehicle or drug as indicated in the leg-
end to Fig. 11. Reference agents used in the assays in-
cluded WY 14653 and eicosapentaenoic acid (EPA),
which were purchased from Biomol Research Labora-
tories, Plymouth Meeting, PA, and BRL 49653, which
was synthesized at Parke-Davis, Warner-Lambert.

RESULTS

The effects of PD 72953 and gemfibrozil on lipopro-
tein cholesterol modification were assessed in male
chow-fed Sprague-Dawley rats. In a 2-week study, HPGC
cholesterol profiles demonstrated that 10 mg/kg per
day of PD 72953 was as effective as a 100 mg/kg per day
gemfibrozil dose for elevating HDL-cholesterol (

 

Fig. 2

 

)
At 30 and 100 mg/kg per day, PD 72953 further ele-
vated HDL-cholesterol and reached 232% of control
levels at the higher dose (Fig. 2 and 

 

Fig. 3A

 

). Gemfi-
brozil (100 mg/kg/d) reduced both VLDL and LDL

cholesterol (Figs. 2 and 3A). Similarly, PD 72953 dose
dependently reduced cholesterol in both VLDL and
LDL (Figs. 2 and 3A). However, PD 72953 increased to-
tal cholesterol as a result of an increased size and cho-
lesterol content of HDL (Figs. 2 and 3A). The overall
effect of PD 72953 on plasma lipoproteins can be ap-
preciated as the HDL to VLDL plus LDL cholesterol ra-
tio (Fig. 3B). To confirm the HPGC cholesterol profile
results, plasmas from PD 72953-treated rats were sub-
jected to lipoprotein electrophoresis and oil red O

Fig. 2. Lipoprotein cholesterol profiles in PD 72953 and gemfi-
brozil-treated male Sprague-Dawley rats. Animals (n 5 8/group)
were dosed by oral gavage with compounds at the indicated daily
dose for 2 weeks. Control animals were dosed with vehicle alone.
Plasma cholesterol distribution was determined by Superose HR
HPGC as described in Materials and Methods. Profiles were ob-
tained from individual animals from each group. Shown are the
pooled average profiles from each group and are typical of the in-
dividual profiles of the groups.
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staining. The plasma from the PD 72953-treated rats
showed a more intense alpha (HDL) migrating band
and near complete disappearance of the pre-beta
(VLDL) and beta (LDL) bands compared to controls
(data not shown). PD 72953-induced HDL elevation
was associated with a 69% increase in apoE at a dose of
100 mg/kg (

 

Fig. 4).

 

 Despite the marked elevation in
plasma apoE, hepatic levels of apoE mRNA were not af-
fected by treatment (

 

Fig. 5

 

). Similarly, hepatic mRNA for
apoA-I and HL were not elevated when compared to
control levels (Fig. 5). PD 72953 reduced plasma apoB,
but had no consistent effect on plasma apoA-I levels in
the chow-fed rat at 2 weeks (Fig. 4). Dose-related reduc-
tions of plasma triglyceride (

 

Fig. 6

 

) were also observed
with PD 72953 and the reduction of hepatic apoC-III
mRNA parallelled triglyceride lowering (Fig. 6).

In a separate 1-week study (

 

Table 1

 

), PD 72953 was
shown to reduce plasma apoC-III levels by 30 and 34%
and plasma triglycerides by 60 and 83%, at 30 and 100
mg/kg per day doses, respectively. In this same study,

(Table 1) PD 72953 caused reduction in plasma apoC-II
and apoB, as well as an elevation of apoE. Unlike the 2-
week study above where only apoE is elevated, at 1 week
both apoA-I and apoE are elevated and this may repre-
sent a transition period for HDL-associated apolipopro-
teins. PD 69405, which is structurally similar to PD
72953, reduced triglycerides, apoB, apoC-II, and apoC-
III. However, PD 69405 had no effect on elevating
apoA-I or apoE. Drug effects on plasma apoC-III levels
were directly correlated with plasma triglycerides (

 

Fig.
7A

 

). We had previously noted the marked inverse cor-
relation between plasma triglycerides and the ratio of
apoE to apoC-II plus C-III in fibrate-treated chow-fed
rats (5), and find a similar relation for both PD 72953
and PD69405 in this 1-week study (Fig. 7B).

After 1 week of 100 mg/kg gemfibrozil or 3, 10, 30,
or 100 mg/kg PD 72953 treatment in the chow-fed rat,

Fig. 3. (A) Lipoprotein cholesterol from PD 72953 and gemfi-
brozil-treated male Sprague-Dawley rats. Animals (n 5 8/group)
were dosed by oral gavage with compounds at the indicated daily
dose for 2 weeks. Control animals were dosed with vehicle alone.
(B) Ratio of HDL to VLDL plus LDL cholesterol. Data represent
mean 6 SEM for n 5 8 rats per group. ANOVA, Fisher PLSD post
hoc analysis was used for determination of significant mean differ-
ence compared to controls. a, P , 0.05; b, P , 0.01; c, P , 0.005;
d, P , 0.0005; e, P , 0.0001. Fig. 4. Plasma apolipoproteins from PD 72953 and gemfibrozil-

treated male Sprague-Dawley rats. See Figs. 2 and 3 for details.
ANOVA, Fisher PLSD post hoc analysis was used for determina-
tion of significant mean difference compared to controls. a,P ,
0.05; b, P , 0.005; c, P , 0.0005; d, P , 0.0001.
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triglyceride production rates were determined in vivo
using the Triton WR 1339 method (Fig. 8A). For all
treatments the triglyceride secretion rates were normal
when compared to vehicle treated controls. In a second
experiment (Fig. 8B), triglyceride production rates
were shown to be reduced by 34% (P 5 0.001) with PD
69405 (110 mg/kg/day) but not with a slightly higher
dose of PD 72953 (120 mg/kg/day). VLDL clearance
as measure by 125I-labeled VLDL apoB disappearance
from plasma was markedly enhanced in gemfibrozil-,
PD 72953-, and PD 69405-treated rats (each compound
dosed at 100 mg/kg/day for 8 days) (Fig. 9).

Post-heparin plasma LPL and HL activities were de-
termined after 8 days of vehicle (controls), gemfibrozil,

PD 72953, or PD 69405 treatment (compounds dosed
at 100 mg/kg/day). As lipolytic activity in rats shows a
diurnal cycle (30), activities were determined at the
same time of day for all rats. Activities are shown in Ta-
ble 2. For all treatments, HL activity levels were similar;
however, LPL activity was most markedly suppressed by
PD 69405 (272%), followed by gemfibrozil (249%)
and PD 72953 (212%). PD 72953 treatment therefore
caused a maintenance of the HL to LPL ratio (ratio 5
1.6) similar to control (ratio 5 1.4) that was less than
that observed with gemfibrozil (ratio 5 2.7) or PD
69405 (ratio 5 5.6).

PD 72953 appeared to be unique in its ability to ele-
vate and enlarge HDL in the chow-fed rat compared to
a series of structural related ethers (Fig. 10A and 10B).
Only PD 72953 raised HDL at 30 mg/kg per day after 1
week. Lipoprotein cholesterol profiles of PD 69405 af-
ter 1 week of treatment (Fig. 10C) demonstrate reduc-
tion of VLDL and LDL cholesterol but little change in
the amount or size of HDL (enumerated in Table 1 and
shown in Fig. 10C). Notice that even though gemfi-
brozil, PD 72953, and PD 69405 markedly elevated 125I-
labeled VLDL apoB clearance compared to controls

Fig. 5. Hepatic mRNA levels. Male Sprague-Dawley rats were
treated for 2 weeks with compounds or vehicle as described in Figs
2 and 3. Hepatic total RNA was isolated and assessed for apoE,
apoA-I, and hepatic lipase mRNA by an internal standard/RNAse
protection assay as described in Materials and Methods. Data rep-
resent mean 6 SEM for n 5 8 rats per group. ANOVA, Fisher
PLSD post hoc analysis was used for determination of significant
mean difference compared to controls. a, P , 0.05; b, P , 0.01.

Fig. 6. Plasma triglycerides and hepatic apoC-III mRNA/actin
mRNA. See Figs. 2 and 3 for experimental details. Data represent
mean 6 SEM for n 5 8 rats per group. ANOVA, Fisher PLSD post
hoc analysis was used for determination of significant mean differ-
ence compared to controls. a, P , 0.05; b, P , 0.005; c, P , 0.0001.  by guest, on June 14, 2012
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(Fig. 9), compared to each other, 125I-labeled apoB
clearance with PD 72953 was slowest relative to gemfi-
brozil, followed by PD 69405. This order is related to
the magnitude of change in HDL cholesterol content
and size (Figs. 2 and 10C).

Previous studies have shown that certain hypolipi-
demic drugs, including fibrates and MEDICA 16, are

direct activators of PPAR transcription factors (4, 6, 7,
31, 32). Increased liver to body weight (Table 3) as well
as increased hepatic carnitine acetyltransferase activity
(Table 3) suggested a mechanism of action of PD 72953
perhaps consistent with activation of the nuclear hor-
mone receptor PPARa in rats. It has been proposed
that these drugs modify lipoprotein levels by regulating

TABLE 1. Plasma apolipoprotein and lipid levels in gemfibrozil-, PD 69405-, and
PD 72953-treated male Sprague-Dawley rats

Plasma
Determinant

Control
(n 5 5)

Gemfibrozil
100 mg/kg

(n 5 5)

PD 69405
30 mg/kg
(n 5 5)

PD 69405
100 mg/kg

(n 5 5)

PD 72953
30 mg/kg
(n 5 5)

PD 72953
100 mg/kg

(n 5 5)

mg/dL

Triglycerides 83 6 10 43 6 7d 61 6 6e 39 6 4e 34 6 5e 15 6 2e

VLDL cholesterol 5.1 6 0.8 2.7 6 0.6c 3.7 6 0.6 1.9 6 0.2e 1.4 6 0.2e 0.5 6 0.1e

LDL cholesterol 10.6 6 1.4 3.7 6 0.6e 5.3 6 0.4e 1.2 6 0.2e 3.5 6 0.7e 3.3 6 1.0e

HDL cholesterol 33 6 2 39 6 1 34 6 2 34 6 4 51 6 6a 61 6 9d

percent of control

ApoC-III 100 6 7 77 6 5b 83 6 5a 58 6 6e 70 6 6c 66 6 5d

ApoC-I 100 6 4 67 6 7e 69 6 2e 37 6 3e 40 6 3e 47 6 3e

ApoE 100 6 1 109 6 5 99 6 3 108 6 4 117 6 8a 128 6 8c

ApoA-I 100 6 6 81 6 4 83 6 4 78 6 3a 146 6 7e 148 6 12e

ApoB 100 6 8 49 6 3e 69 6 5e 30 6 3e 48 6 6e 44 6 9e

Animals were dosed by oral gavage with compounds at the indicated daily dose for 1 week. Plasma determi-
nants were measured as described in Materials and Methods. Data represent mean 6 SE of the mean for the in-
dicated number of rats per group. ANOVA, Fisher PLSD post hoc analysis was used for determination of signif-
icant mean difference compared to controls: aP , 0.05; bP , 0.01; cP , 0.005; dP , 0.0005; eP , 0.0001.

Fig. 7. Relation between plasma triglycerides and (A) apoC-III and (B) the ratio of plasma apoE to apoC-II plus apoC-III. Male
Sprague-Dawley rats (n 5 5/group) were dosed by oral gavage with compounds at the indicated daily dose for 1 week. Control animals
were dosed with vehicle alone. Plasma triglycerides and apolipoproteins were determined as described in Materials and Methods and are
enumerated in Table 1.
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Fig. 8. Triglyceride production rates. (A) Rats were treated for vehicle alone (n 5 10), 100 mg/kg gem-
fibrozil (n 5 5), or 3 mg/kg (n 5 5), 10 mg/kg (n 5 5), 30 mg/kg (n 5 5), or 100 mg/kg (n 5 5) PD
72953 per day for 8 days. (B) Rats were treated for vehicle alone (n 5 5), 120 mg/kg PD 72953 (n 5 5), or
10 mg/kg (n 5 5), 30 mg/kg (n 5 4), or 110 mg/kg (n 5 5) PD 69405 per day for 8 days. For both stud-
ies, rats were fasted overnight (midnight to 8 AM), then dosed with compound on day 8. Two hours post
compound dosing, a basal tail-vein blood sample was drawn. Triton WR 1339 (600 mg/kg in normal sa-
line) was then administered intravenously and additional blood samples were obtained at 2 h post Triton
WR 1339 administration. The difference between the basal and 2 h post Triton measurements plus the
blood volume (estimated from body weight) were used to calculate the triglyceride production rate.
ANOVA, Fisher PLSD post hoc analysis was used for determination of significant mean difference com-
pared to controls. a, P 5 0.001.

Fig. 9. 125I-labeled VLDL apoB disappearance in control (n 5 7), gemfibrozil- (n 5 3), PD 72953- (n 5
7), and PD 69405 (n 5 2)-treated rats. Rats were dosed at 100 mg/kg per day for 8 days as described above
in Fig. 7. Two hours past the last dose on day 8, rats were intravenously administered 125I-labeled VLDL,
and periodically bled over a 2-h period. 125I-labeled VLDL apoB radioactivity was determined by isopro-
panol precipitation. Data curves are representative of a computer-generated fit (Sigmaplot 3.0, SPSS Inc.,
Chicago, IL) of the average of all data points within each group.
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the expression of genes involved in lipid metabolism by
a PPAR-mediated mechanism.

To determine whether PD 72953 is a PPAR activator,
the effect of the drug on transcription from the PPAR-

dependent rat acyl-CoA oxidase (ACO) gene promoter
was examined in transiently transfected HepG2 cells.
The addition of PD 72953 to transfected cells induced a
4-fold increase in transcription from the ACO pro-
moter (Fig. 11A) that was similar to the stimulation
caused by the well-characterized PPARa ligand WY
14643 (33). In addition to the co-transfected PPARa,
HepG2 cells also contain endogenous PPARg. This
makes it difficult to determine which PPAR isoform is
responsible for the activation by PD72953. To deter-
mine the activity of PD72953 on each individual iso-
form, a chimeric receptor assay was utilized. Human
kidney 293 cells were transfected with chimeric recep-
tors composed of the ligand binding domain of a
mouse PPAR receptor linked to the DNA binding
domain of the bacterial tet repressor. These receptors
were cotransfected with a luciferase reporter driven by
a minimal promoter containing tet repressor binding
site element. In the presence of this reporter and a sin-
gle chimeric receptor, an increase in luciferase activity
indicates the specific activation of the transfected re-

TABLE 2. Post-heparin lipolytic activities

Post-Heparin Lipolytic Activity
(nM FFA hydrolyzed/min/ml)

Ratio
(HL/LPL)Treatment PHLA HL LPL

Control (n 5 10) 688 6 36 398 6 33 289 6 56 1.4
PD 72953 (n 5 9) 672 6 32 417 6 21 255 6 33 1.6
Gemfibrozil (n 5 11) 543 6 42a 400 6 51 147 6 29b 2.7
PD 69405 (n 5 11) 533 6 40b 454 6 29 81 6 22c 5.6

Male Sprague-Dawley rats were treated with the indicated drug
or vehicle for 8 days. Animals were dosed between 8–10 AM on day 8
and injected with heparin 4 h later. Animals were bled 10 min post
heparin injection for determination of total and hepatic lipoprotein
lipase activities. Lipoprotein lipase activity was determined by differ-
ence. Data were derived from two separate experiments with 4–6 ani-
mals per group for each experiment. Data are the mean 6 SE of the
mean. ANOVA, Fisher PLSD post hoc analysis was used for determi-
nation of significant mean difference compared to controls: aP ,
0.05; bP , 0.01; cP , 0.0005.

Fig. 10. Comparison of PD 72953 to structurally related carboxyalkylethers (A) PD 105726, PD 105752,
or PD 72548 and (B) PD 72660 for lipoprotein cholesterol profiles in chow-fed male Sprague-Dawley rats.
Animals were dosed for 1 week at 30 mg/kg per day. Profiles were obtained from individual animals from
each group. Shown are the pooled average profiles from each group of 5 rats per group. Averaged pro-
files are typical of the individual profiles of the groups. Profiles in (A) and (B) are from separate experi-
ments. For both experiments the open profiles from vehicle-treated animals are overlaid on the shaded
profiles of the carboxyalkylether-treated animals. (C) Comparison of lipoprotein cholesterol profiles
from male rats treated with PD 69405, PD 72953, gemfibrozil, or vehicle. Animals (n 5 5/group) were
dosed daily by oral gavage with compounds at 100 mg/kg for 1 week. Profiles were obtained from individ-
ual animals from each group. Shown are the pooled average profiles from a representative experiment.
See Table 1 and Fig. 7 for additional data collected from this experiment.
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ceptor. When this experiment was performed with chi-
meric a, g, and d receptors (Fig. 11B) the results indi-
cated that PD72953 was a mild activator of PPARg
(1.41-fold) and had no activity on the other two iso-
forms. In this assay, positive controls using WY 14643,
BRL 49653, and EPA were each able to markedly acti-
vate the PPARa, PPARg, and PPARd receptors, respec-
tively. The reduced effect of PD 72953 in the chimeric
assay compared to the HepG2 cell assay (Fig. 11A) may
be due to differences in cell type (liver vs. kidney) or
species origin of the receptors (human native receptors
vs. mouse chimeric receptors). However, taken to-
gether these results indicate that PD 72953 is a mild
PPAR activator and suggest a possible mechanism for
the lipid-lowering effect of the drug.

DISCUSSION

Elevated plasma triglycerides and low levels of HDL
may each increase the risk of coronary and vascular dis-
ease (34–37). Although the fibrates are generally indi-
cated for the treatment of hypertriglyceridemia, these
compounds have variable effects on HDL apolipopro-
teins and cholesterol elevation in rats (5) and humans
(38). For example, gemfibrozil was unique in its ability
to elevate HDL-cholesterol and apoE compared to
other fibrates at comparable doses in preclinical mod-
els (5, 8). Recently, the observation that fibrates down-
regulate apoC-III gene expression suggested a potential

mechanism for their hypolipidemic properties (4, 5, 8).
As apolipoprotein C-III normally inhibits the clearance
of triglyceride-rich lipoproteins, its down-regulation re-
duces this inhibition (39).

Differential regulation of apolipoproteins by fibrates
may be a species-specific phenomenon. For example,
Berthou et al. (40) have recently shown that the human
apoA-I transgene in mice was activated by fenofibrate
and, to a lesser extent, by gemfibrozil. In contrast, the
endogenous mouse A-I gene was down-regulated by
fenofibrate (40). Similarly, Staels et al. (10) have shown
that fenofibrate, clofibrate, or gemfibrozil treatment
markedly reduced hepatic apoA-I mRNA levels in male
chow-fed rats. The marked up-regulation of the human
apoA-I transgene in mice was also somewhat surprising
as cotransfection experiments of human apoA-I pro-
moter–CAT constructs in HepG2 cells demonstrated
apoA-I down-regulation by fenofibrate (41). Although
the cotransfection of mouse PPARa rescued the nega-
tive fenofibrate-induced response, apoA-I expression
levels were not elevated above controls. These data led
these investigators to conclude that the human apoA-I
promotor contains a functional PPRE (41). Thus, the
fenofibrate up-regulation of human apoA-I in these
transgenic mice suggests that additional factors, possi-
bly present in mouse liver or on the transgene, are nec-
essary to elicit enhanced human apoA-I transcription.

Previous studies have shown that certain hypolipi-
demic drugs, including fibrates and MEDICA-16, are
direct activators of PPAR transcription factors (4, 6, 7,
31, 32). Fibrates appear to act through these transcrip-

TABLE 3. Hepatic peroxisomal proliferation indicators

Treatment (mg/kg) n
Liver/Body

Weight P Value
Carnitine

Acetyltransferase P Value

% nmol/min/mg

Duration, 2 weeks
Control 8 4.50 6 0.04 0.98 6 0.12
Gemfibrozil (100) 8 5.72 6 0.19 ,0.0001 6.90 6 0.12 ,0.0001
PD 72953 (1) 8 4.53 6 0.10 ns 1.38 6 0.10 ns
PD 72953(3) 8 4.81 6 0.08 0.0394 2.27 6 0.13 ns
PD 72953 (10) 8 5.66 6 0.07 ,0.0001 4.59 6 0.27 ,0.0001
PD 72953 (30) 8 6.51 6 0.07 ,0.0001 6.92 6 0.98 ,0.0001
PD 72953 (100) 8 6.87 6 0.11 ,0.0001 6.50 6 0.43 ,0.0001

Duration, 1 week
Control 5 4.25 6 0.10 nd
Gemfibrozil (100) 5 5.26 6 0.17 ,0.0001 nd
PD 69405 (30) 5 5.30 6 0.17 ,0.0001 nd
PD 69405 (100) 5 5.87 6 0.11 ,0.0001 nd
PD 72953 (30) 5 5.81 6 0.07 ,0.0001 nd
PD 72953 (100) 5 6.39 6 0.16 ,0.0001 nd

Liver to body weight and hepatic carnitine acetyltransferase activity determined in treated Sprague-Dawley
male rats. Animals were dosed by oral gavage with compounds at the indicated daily dose for 1 or 2 weeks. Data
represent mean 6 SEM for the indicated number of rats per group. ANOVA, Fisher PLSD post hoc analysis
was used for determination of significant mean difference compared to controls; nd, not determined; ns, not
significant.
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tion factors at peroxisomal proliferation response ele-
ments (PPREs) that are present on a variety of genes as-
sociated with lipid metabolism enzymes (6). PPARs,
which are comprised of three major subtypes (PPARa,
PPARd also known as PPARb, and PPARg) het-
erodimerize with other nuclear receptors (RXR) and
bind PPRE within promotors (6, 32) of responsive
genes. Therefore, fibrates may modify lipoprotein lev-
els by regulating the expression of genes involved in
lipid metabolism. Perhaps fibrates and PD 72953 mimic
natural ligand(s), possibly diacids, fatty acids, prosta-
glandins, and leukotrienes that bind to specific nuclear
receptors (31, 33, 42–46). Our results suggest that PD
72953 is a PPAR ligand and suggest a possible mecha-
nism for the lipid-lowering effects of the drug.

In rodents, fibric acids are known to cause peroxiso-
mal prolieferation, a phenomenon that is generally ab-
sent in non-human primates and humans (47–53).
However, although high and chronic clofibrate or
fenofibrate treatments have failed to demonstrate per-
oxisomal proliferation in non-human primates (47), a
high dose of ciprofibrate will induce peroxisomal pro-
liferation and therefore it has been suggested that fi-
brate activation of peroxisomal enzymes is a dose-de-
pendent rather than a species-specific phenomenon
(54). It should be noted that ciprofibrate in rats ap-
pears to be one of the most potent peroxisomal prolif-
erators (27). Apolipoprotein C-III, whose gene con-
tains a PPRE in its promoter, is down-regulated by
fibrates. However, in contrast to the differential regula-

Fig. 11. PD 72953 activates PPAR-mediated transcription. (A) Transcription from a rat acylCoA oxidase
promoter/luciferase reporter construction was activated by PD 72953 in transfected HepG2 cells. Cells
were co-transfected with an hPPARa expressing plasmid and a CMV-bgal internal reference plasmid, and
treated for 48 h with DMSO (vehicle) PD 72953 or the PPARa activator WY 14643. Data are expressed as a
ratio of luciferase to bgal activity and are the means of three independent experiments. Error bars are
standard deviation. (B) Activation of chimeric receptors containing the ligand binding domain of either
PPARa, PPARg, or PPARd fused to the tet repressor DNA binding domain. Human kidney 293 cells were
transfected with a chimeric PPAR receptor together with a luciferase reporter containing the tet repressor
recognition element and a CMV-bgal internal reference plasmid. Cells were treated for 48 h with vehicle
or drug (50 mm) as indicated. The effect of each drug is presented relative to the vehicle control and is
the average of three experiments. Error bars are standard deviation.
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tion of peroxisomal enzymes, apoC-III appears to be
commonly regulated by fibrates in primates and
rodents (4). Whether these apparent differences in
physiological response are due to divergence of the
PPRE of apoC-III and peroxisomal enzymes, the nu-
clear receptors, or a ‘factor’ present in rats and mice
but not in humans has not been determined. Interest-
ingly, livers from athymic mice show a peroxisomal
proliferative response to clofibrate; however, het-
erotransplantation of human hepatoma cell lines in
these same mice failed to elicit a response to the drug
(53). In similar experiments, transplantation of donor
rat hepatocytes to recipient rats was responsive to
ciprofibrate (52). Recently, Lee et al. (55) reported
that fibrate-treated mice genetically deficient in
PPARa are resistant to peroxisomal proliferation.
Lastly, studies of Staels et al. (4) demonstrated that
fenofibrate-treated cultured primary human hepato-
cytes displayed a divergence in apoC-III mRNA levels
(lowered) from that of ACO mRNA levels (no change).
Taken together, these data suggest that a species-
specific template or transcription factor may be respon-
sible for induction of peroxisomal genes to PPAR acti-
vators in rodents but are not responsible for repression
of the apoC-III gene.

Studies with a compound structurally similar to PD
72953 demonstrated similar plasma triglyceride reduc-
tion; however, a differential effect on the amount and
size of HDL was observed. Specifically, the alkyl com-
pound (PD 69405) of similar length to that of PD
72953 caused no increase in HDL cholesterol content
and no apparent change in particle size. Post-heparin
lipase activitites (measured under Vmax conditions in
the presence of exogenously added apoC-II) were per-
formed in rats treated with gemfibrozil, PD 72953, or
PD 69405. Though hepatic lipase activities were similar
for all treatment groups, LPL activity was markedly dif-
ferent among the groups, with PD 72953 having the
highest LPL activity followed by gemfibrozil, then PD
69405. The increased HL to LPL ratio in PD 69405-
treated rats may be also responsible for maintaining a
smaller HDL population. In addition, the higher levels
of HL to LPL in the PD 69405-treated rats may also en-
hance the clearance of remnants to liver (56). Interest-
ingly, the disappearance of 125I-lableled VLDL apoB in
plasma was enhanced to a greater extent with PD 69405
compared to both PD 72953 and gemfibrozil. Perhaps
the maintenance of a high LPL level in conjunction
with a reduced apoC-III level permits a greater degree
of peripheral tethering of remnants (to LPL), thereby
generating increased amounts of phospholipid for gen-
eration of HDL. These data raise the possibility that dif-
ferential effects of these compounds on VLDL catabo-
lism can lead to alterations in the amount of HDL that

persists in plasma. It is of interest that HDL levels are,
in fact, markedly reduced when HL is overexpressed in
the transgenic rabbits (56) or mice (57). In mice, HL
overexpression has also been shown to reduce HDL
size (57).

In our previous (5, 8) and current studies in male
rats we observed that gemfibrozil and now PD 72953
cause a marked elevation and enlargement of HDL.
These effects were not observed with other fibrates or
compounds structurally similar to PD 72953 although
triglyceride reduction was commonly observed with
most of these compounds (5, 8). Because apoC-III in-
hibits lipoprotein lipase activity (58), we suspect that
the reduced amount of apoC-III accelerates the lipoly-
tic process and is likely a common effect of most of
these compounds. A consequence would be the rapid
formation of IDL (remnants) and reduced triglyceride
levels. Perhaps the longer peripheral retention of IDL,
as suggested by a slower 125I-labeled apoB clearance
with PD 72953 relative to PD 69405, combined with the
enhanced lipolysis, leads to an increased generation of
redundant remnant ‘phospholipid’ surface, which is
then transferred to a pre-existing HDL pool. Alterna-
tively, the generation of excess phospholipid may lead
to the formation of nascent HDL. In either case, the phos-
pholipid may act as a ‘sink’ that can accumulate unes-
terified cholesterol from both tissues and pre-existing
lipoproteins.

Overall, our previous (5, 8) and current data suggest
that fibrates and diacids may have some common struc-
tural and functional similarities, but also demonstrate
distinct pharmacologic profiles. Likely, these com-
pounds and/or their metabolites mimic ligands for the
PPAR family of nuclear receptors, or possibly regulate
intracellular levels of these receptors themselves (6).
The effectiveness of the compounds on regulating me-
tabolism will depend on a large variety of factors and
include the ligands’ PPAR specificity, tissue distribu-
tion, and metabolism. Furthermore, the species-specific
diversity of the PPARs and their response elements will
also dictate the physiological response to both natural
and synthetic ligands.
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ERRATUM 

 

In the article “A novel compound that elevates high density lipoprotein and activates the peroxisome proliferator
activated receptor” by Bisgaier et al. which appeared in the January 1998 issue of the 

 

Journal of Lipid Research

 

 (

 

39:

 

17–30), there was a typographical error in Table 1. In the first column, headed “Plasma Determinant,” “ApoC-I”
should be “ApoC-II.” The corrected table is reproduced below.

 

TABLE 1. Plasma apolipoprotein and lipid levels in gemfibrozil-, PD 69405-, and
PD 72953-treated male Sprague-Dawley rats

 

Plasma
Determinant

Control
(n 

 

5

 

 5)

Gemfibrozil
100 mg/kg

(n 

 

5

 

 5)

PD 69405
30 mg/kg
(n 

 

5

 

 5)

PD 69405
100 mg/kg

(n 

 

5

 

 5)

PD 72953
30 mg/kg
(n 

 

5

 

 5)

PD 72953
100 mg/kg
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mg

 

/

 

dL
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6

 

 10 43 

 

6

 

 7

 

d

 

61 

 

6

 

 6

 

e
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VLDL cholesterol 5.1 
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 0.6 1.9 

 

6

 

 0.2

 

e

 

1.4 

 

6

 

 0.2

 

e

 

0.5 

 

6

 

 0.1

 

e

 

LDL cholesterol 10.6 
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HDL cholesterol 33 
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Animals were dosed by oral gavage with compounds at the indicated daily dose for 1 week. Plasma determi-
nants were measured as described in Materials and Methods. Data represent mean 
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 SE of the mean for the in-
dicated number of rats per group. ANOVA, Fisher PLSD post hoc analysis was used for determination of signif-
icant mean difference compared to controls: 
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 0.01; 
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 0.0001.
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