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Thiazolidinediones, a class of drugs for the treat-
ment of type-2 diabetes, are synthetic ligands for
peroxisome proliferator-activated receptor-y. They
have been demonstrated to possess cardioprotec-
tive effects in humans and anti-atherogenic proper-
ties in animal models. However, the question re-
mains whether a peroxisome proliferator-activated
receptor-y ligand can reverse the development of
atherosclerosis. In this study, we tested the effects
of pioglitazone on the development of established
atherosclerosis in low-density lipoprotein receptor-
null mice. We observed that atherosclerosis in low-
density lipoprotein receptor-null mice progressed
when mice were fed a high-fat diet. Pioglitazone
treatment of atherogenic mice prevented this pro-
gression of atherosclerosis from its middle stages of
disease, but was not able to reverse it. Withdrawal
of the high-fat diet from mice with advanced ath-
erosclerosis did not result in a reduction in lesion
sizes. Pioglitazone treatment also had no effect on
advanced atherosclerosis. Levels of high density li-
poprotein cholesterol correlated inversely with le-
sion development when pioglitazone was given dur-
ing lesion progression. However, pioglitazone had
no effect on circulating high density lipoprotein
levels in mice in which treatment was initiated fol-
lowing 14 weeks on the high-fat diet. These findings
have implications for the analysis of therapeutic
agents in murine models of atherosclerosis and the
use of pioglitazone in patients with established
atherosclerosis. (4Am J Pathol 2009, 174:2007-2014; DOI:
10.2353/ajpath.2009.080611)

The low density lipoprotein (LDL) receptor (LDLR) is a
cell surface-glycoprotein and is predominantly ex-
pressed by hepatocytes. LDLR mediates the binding and
endocytosis of excess circulating LDL cholesterol to liver
cells where the cholesterol is further catabolized and
eventually secreted in the feces by a biliary pathway.” In
humans, mutations in LDLR expression result in a dis-
ease of familial hypercholesterolemia, an autosomal
dominant disorder. Familial hypercholesterolemia is char-
acterized by elevated plasma LDL cholesterol levels
(about twofold in heterozygotes and 4- to 5-fold in ho-
mozygotes), deposition of cholesterol in tendons and
arteries, and formation of tendon xanthomas and athero-
sclerotic plaques. Frequently, myocardial infarctions oc-
cur in relatively young patients with homozygous LDLR
mutations.™? In several animal models, genetic deletion
of LDLR causes a moderate increase in plasma LDL
cholesterol levels when mice are fed normal chow. How-
ever, animals have severe elevated plasma LDL choles-
terol levels associated with aortic atherosclerotic lesions
when fed a high-fat diet.®

Peroxisome proliferator-activated receptors (PPARS)
including three isoforms («, vy, and B/8) are nuclear tran-
scription factors. They play critical roles in many biolog-
ical processes, particularly in energy balance.* Upon
ligand activation, these receptors form heterodimers with
another nuclear protein, retinoid X receptor (RXR). The
PPAR/(RXR) complex binds to PPAR response elements
in the regulatory region of target genes, and modulates
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their transcription. PPARvy is expressed by many cell
types, but with a greater abundance in adipocytes and
macrophages. PPARy ligands include natural ligands
(prostaglandin J2, linolenic eicosapentaenoic, doco-
hexaenoic, and arachidonic acids) and synthetic ligands
(thiazolidinediones, L-tyrosine-based compounds, and
several non-steroidal anti-inflammatory drugs). In hu-
mans, synthetic PPARvy ligands increase insulin sensitivity
and improve glycemic control, thus reducing levels of gly-
cated hemoglobin and triglycerides.® Three synthetic
PPARy ligands (troglitazone, rosiglitazone, and pioglita-
zone) were clinically used to treat type 2 diabetic patients.
However, troglitazone has been removed from the market
because of hepatotoxity. Recently, rosiglitazone also has
been shown to cause significant increase in myocardial
infarction as well as death.®

Some synthetic PPARvy ligands such as troglitazone,
rosiglitazone, and GW7845 have been reported to inhibit
the development of atherosclerosis in pro-atherogenic
animal models.” '° In these reports, ligands were admin-
istrated at the beginning of high-fat diet feeding. Thus,
these drugs inhibited lesion development at a very early
stage. Effects of a PPARYy ligand treatment on advanced
atherosclerosis have not been previously evaluated. In
addition, it remains unclear if PPARy ligand treatment,
when accompanied by a change of diet (high-fat diet to
low-fat diet) can lead to regression of advanced athero-
sclerotic lesions. In this study, we have addressed these
questions. Our studies show that pioglitazone treatment
can prevent the progression of atherosclerosis when the
treatment is initiated during disease development. How-
ever, neither pioglitazone nor diet modification was able
to facilitate regression of advanced atherosclerosis.

Materials and Methods

Materials

Pioglitazone was kindly provided by Takeda Chemical
Industries, LTD (Osaka, Japan). Rabbit polyclonal an-
tibodies against ATP-binding cassette transporter A1l
(ABCAT1), ATP-binding cassette transporter G1 (ABCG1),
and scavenger receptor class B, type 1 (SR-BI) were
obtained from Novus Biologicals (Littleton, CO). High-fat
diet food (21% fat, 0.2% cholesterol) was purchased from
Harlan Teklad (Madison, WI). Total, LDL, and high den-
sity lipoprotein (HDL) cholesterol assay kits were pur-
chased from Wako Chemicals USA, Inc. (Richmond, VA).
All other chemicals were purchased from Sigma-Aldrich
(St. Louis, MO) except as indicated.

Animals

LDLR null mice (males, C57BL/6J background) were pur-
chased from The Jackson Laboratory (Bar Harbor,
Maine) and maintained in fully accredited facilities at
Weill Cornell Medical College. All mice used in experi-
ments were males beginning at 8 weeks of age.
Collection of serum samples and determination of se-
rum total, LDL, and HDL cholesterol levels: To collect

serum samples, mice were starved 24 hours before sac-
rifice. At the end of experiments, mice were euthanized in a
flow regulated carbon dioxide gas chamber. Blood was
collected by cardio-puncture, and it was transferred into a
1.5 ml Eppendorf tube. Blood was centrifuged for 5 minutes
at 3000 rpm with a Microfuge. Serum was transferred into a
new tube and stored in a —80°C freezer until the assay.

Collection of Peritoneal Macrophages

To collect peritoneal macrophages, mice were injected
i.p. (8 ml/mouse) with 4% autoclaved thioglycollate solu-
tion 1 week before sacrifice. The animals had free access
to drinking water and food. Peritoneal macrophages were
isolated by lavage of the mouse abdomen with PBS (2 X
8 ml/mouse) following sacrifice. Cells were cultured (den-
sity at 300 x 103 cells/cm?) in complete RPMI medium
containing 10% fetal calf serum, 50 ug/ml of penicillin
and streptomycin, and 2 mmol/L glutamine. After 3 hours
culture, floating cells (most are red blood cells) were
removed by washing with PBS. Adherent cells (macro-
phages) were then used to extract total cellular proteins.

Collection of Aortas and Determination of Aortic
Lesion Area

Aortas were collected as follows: After euthanasia, the
mouse vasculature was perfused with PBS. The entire
aorta extending 5 to 10 mm below bifurcation of the iliac
arteries and including the subclavian right and left com-
mon carotid arteries was removed. The aorta was fixed in
PBS containing 3% paraformaldehyde. After removal of
outside connecting tissue and fat, the aorta was opened
and stained with oil red O solution. The stained aorta was
scanned and the total morphometric lesion area was
evaluated by using NIH Image software (National Insti-
tutes of Health, Bethesda, Maryland). Data were ex-
pressed as percent lesion area, and analyzed by com-
parison of the mean lesion area = SE by student’s t-test.

Western Analysis of ABAC1, ABCG1, and
SR-BI Expression in Peritoneal Macrophages

Peritoneal macrophages were washed twice with cold
PBS, then scraped and lysed in ice-cold lysis buffer (50
mmol/L Tris, pH 7.5, 150 mmol/L NaCl, 1% Triton X-100,
1% sodium deoxychlorate, 1 mmol/L phenylmethylsulfo-
nyl fluoride, 50 mmol/L sodium fluoride, 1 mmol/L sodium
orthovanadate, 50 pg/ml aprotinin, and 50 png/ml leupep-
tin). The lysate was sonicated for 20 cycles, then micro-
centrifuged for 15 minutes at 4°C. The supernatants were
transferred to a new test tube and stored at —20°C.
After determination of content, proteins extracted from
macrophages (40 pg/sample) were loaded on a 7% (for
ABCA1) or 12% (for ABCG1 and SR-BI) SDS-polyacryl-
amide electrophoresis gel. After electrophoresis, proteins
were transferred onto nylon enhanced nitrocellulose
membrane. The membrane was blocked with a solution
of 0.1% Tween 20/PBS containing 5% fat-free milk for 1



hour at room temperature. The membrane was then in-
cubated with rabbit polyclonal anti-ABCA1 or anti-ABCG1
or anti-SR-BI antibody for 2 hours at room temperature,
followed by washing for 3 X 10 minutes with 0.1% Tween
20/PBS buffer. The blot was re-blocked with 0.1% Tween
20/PBS containing 5% milk followed by incubation with
horseradish peroxidase conjugated with goat anti-rabbit
IgG for another hour at room temperature. After washing
3 X 10 minutes with 0.1% Tween 20/PBS, the membrane
was incubated for 1 minute in a mixture of equal volumes of
Western blot chemiluminescence reagents 1 and 2, and
then exposed to film before development.

Results

Pioglitazone Inhibits Progression of Middle
Stage Atherosclerosis but Does Not Reverse It

A few PPARYy ligands have been demonstrated to inhibit
the development of atherosclerosis in several animal
models.” '° However, in most of these studies, a PPARy
ligand was added to the pro-atherogenic diet at the be-
ginning of experiments. Since it is unclear if PPARYy li-
gands also function to inhibit atherosclerosis once the
lesions have developed, we fed LDLR null mice with a
high-fat diet food (21% fat and 0.2% cholesterol) for 8
weeks, and then divided them into three groups (Figure
1A). The first group was sacrificed for determination of
basal lesion development and serum cholesterol levels.
The other two groups were both kept on a high-fat diet
with or without pioglitazone (15 mg/day/kg) for another 6
weeks. The animals were then sacrificed, and the aortas
and serum samples were harvested to analyze lesion
development and lipid profiles.

The morphometric assay indicated that 8 weeks on a
high-fat diet led to 5% of atherosclerotic lesion develop-
ment in aorta, most occurring in the root area (group,
Figure 1, B and C). Continuation with the high-fat diet
feeding for another 6 weeks (total 14 weeks on a high-fat
diet, the second group) showed significantly increased
lesions in aortas (about 16%, group 2, Figure 1, B and C).
However, in the presence of pioglitazone, the third group
(total 14 weeks on a high-fat diet but the last 6 weeks on
a high-fat diet with pioglitazone) had far less aortic ath-
erosclerosis (~8%, group 3, Figure 1, B and C). These
results suggest that pioglitazone prevented the progres-
sion of “middle stage” lesion development. Compared
with group 1 (8 weeks on a high-fat diet), group 3 had a
slight increase in lesion area. However, the difference
was not significant (P = 0.34 by student’s t-test) indicat-
ing that pioglitazone was not able to reverse the lesions.

To assess the changes in the lesion with the lipid
profiles in circulation system, we collected serum sam-
ples from treated mice, and determined total, LDL, and
HDL cholesterol levels. As compared with mice on nor-
mal chow, total cholesterol levels were increased ~five-
fold (from 235 to 1106 mg/dl, Table 1) after 8 weeks of
high-fat diet feeding. The continuation of the high-fat diet
feeding further increased total cholesterol levels in the
serum (from five- to sixfold, Table 1). The increase in total
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Figure 1. Pioglitazone inhibits progression of atherosclerosis but does not
reverse it in LDLR null mice. A: Experimental designs. LDLR null male mice
at 8 weeks of age were fed a high-fat diet for 8 weeks followed by division
into 3 groups (15 mice in each group). Group 1 was sacrificed; group 2 was
continued to be fed a high-fat diet for an additional 6 weeks; and group 3 was
continued to be fed a high-fat diet plus pioglitazone (15 mg/day/kg) for an
additional 6 weeks. B: Representative images of aortas. At the end of these
experiments, aortas were dissected from mice and used to determine lesion
development by oil red O staining as described in the Materials and Methods.
Lesion area in the presented image is close to the mean of the corresponding
groups. C: Statistical analysis of atherosclerotic lesions in aortas. The deter-
mination of atherosclerotic lesion area in each aorta was completed as
described in the Materials and Methods. There is a significant difference
between group 1 (8 weeks of high-fat diet) or group 3 (8 weeks of high-fat
diet plus additional 6 weeks of high-fat diet with pioglitazone) and group 2
(14 weeks of high-fat diet) at P < 0.05 by student’s -test (n = 15).

cholesterol levels (between groups of normal chow and
high-fat diet) was attributed mainly to increased LDL
cholesterol levels, which were increased about ninefold
(from 96 to 837 mg/dl) on the high-fat diet. Thus, the
percentage of LDL cholesterol in total cholesterol was
elevated (from ~40% to >60%). Interestingly, pioglita-
zone did not lower total or LDL cholesterol levels in mice
on a high-fat diet. In fact, it slightly increased both (Table 1).
Serum HDL cholesterol levels remained unchanged in mice
on a high-fat diet for 8 weeks, but it markedly dropped in
mice on a high-fat diet for 14 weeks (by 15.5%, Table 1).
Treatment with pioglitazone significantly increased serum
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Table 1. Effect of Pioglitazone on Serum Cholesterol Levels in LDLR Null Mice

HDL
Treatment Total (mg/dl) mg/dl % of total mg/dl % of total LDL/HDL
Normal chow 238 = 25 96 + 9 40 82+5 34.4 1.2
8W HFD 1106 = 119 837 = 71 76 80 *9 7.2 10.5
14W HFD 1411 = 109 893 + 64 63 69 + 5* 4.9 129
8W HFD + 6W HFD/pio 1593 =+ 142 970 = 80 61 92 + g*t 5.8 10.6

LDLR null mice (male, 8 weeks old) were divided into four groups (15 mice in each group). Group 1: normal chow; group 2: a high-fat diet (HFD)
for 8 weeks; group 3: a high-fat diet for 14 weeks; group 4: a high-fat diet for 8 weeks followed by a high-fat diet plus pioglitazone (15 mg/day/kg) for
6 weeks. Blood was collected after overnight fast at the end of experiment. Serum was isolated from blood and kept at —80°C until assay. Total, LDL,
and HDL cholesterol levels were determined by using assay kits from Wako Chemicals.

*Significantly different from group of normal chow; Tsignificantly different from group of 14 weeks of HFD alone, at P < 0.05 by student's t-test (n = 15).

HDL cholesterol levels (Table 1, 33% higher than the group
on a high-fat diet alone for 14 weeks and 12% higher than
the group on normal chow) suggesting the effect of HDL
cholesterol levels overrides the effect of total or LDL cho-
lesterol levels on the development of atherosclerosis.

Withdrawal of High-Fat Diet or Addition of
Pioglitazone Does Not Influence Advanced
Atherosclerosis

To test if the replacement of a high-fat diet with normal
chow with or without pioglitazone is able to reverse ad-
vanced atherosclerosis, we initially fed LDLR null mice a
high-fat diet for 14 weeks, then switched mice from the
high-fat diet to normal chow with or without pioglitazone
(15 mg/day/kg) for 4 or 8 weeks. Compared with the
control group (group 1 in Figure 2, lesion was ~14%),
these mice with advanced lesions showed little change in
lesion area despite the withdrawal of the lipid diet (groups 2
and 4 in Figure 2, lesion sizes are 11% and 13% after 4 and
8 weeks of normal chow, respectively. Decreases are not
significant). And, following the addition of pioglitazone to
normal chow (groups 3 and 5 in Figure 2), lesion sizes were
12% and 11% after 4 and 8 weeks of treatment. These
decreases are not significant compared with groups 1, 2, or
4. Thus, removal of fat from the food or the addition of
pioglitazone had little effect on advanced atherosclerosis.

ABCA1, ABCG1, and SR-BI are important molecules
mediating macrophage cholesterol homeostasis and de-
velopment of atherosclerosis.'"'? To test if the with-
drawal of high-fat diet or the addition of pioglitazone
affects expression of these molecules, we isolated perito-
neal macrophages and assessed expression of ABCAT,
ABCGH1, or SR-BI by Western blot. Results in Figure 3 dem-
onstrate that the switch of atherogenic mice from a high-fat
diet to normal chow for 4 and 8 weeks reduced expression
of ABCA1 (upper panel, G1 vs G2 or G4). Addition of
pioglitazone to normal chow showed the further reduction in
ABCAT1 protein levels compared with the corresponding
groups (upper panel, G2 vs G3 or G4 vs G5). Similar
changes in ABCG1 were observed except that ABCG1 was
not altered after 4 weeks of normal chow alone (second
panel from top in Figure 3). Expression of macrophage
SR-BI was not influenced by diet, but was reduced by the
addition of pioglitazone in normal chow (third panel from top
in Figure 3).

Total and LDL cholesterol levels were increased about
six- and tenfold respectively after 14 weeks of high-fat
diet feeding (Table 2). Withdrawal of high-fat diet resulted
in a substantial decline in total and LDL cholesterol lev-
els. However, as compared with that in mice fed with
normal chow, both total and LDL cholesterol levels are
still higher (~twofold), which may impact on the regres-
sion of the advanced lesions. After 4 or 8 weeks on
normal chow, the total cholesterol levels decreased 70%.
Similarly, LDL cholesterol levels also dropped 75% to
80% (Table 2). Addition of pioglitazone to the normal
chow did not help the reduction in total or LDL cholesterol
levels (Table 2). Feeding mice a high-fat diet had a
greater effect on increased LDL cholesterol levels than
total cholesterol levels (Table 1). Correspondingly, with-
drawal of fat from the diet lowered LDL cholesterol levels
more than total cholesterol levels. Thus, the percentage
of LDL cholesterol to the total cholesterol was dramati-
cally reduced by depleting fat or adding pioglitazone to
the normal chow. HDL cholesterol levels decreased by
13% on a high-fat diet compared with normal diet. How-
ever, the switch to normal chow induced a rebound in
HDL cholesterol levels (~30% and 56% higher than
group on a high-fat diet after 4 and 8 weeks, respectively,
of normal chow, Table 2). The addition of pioglitazone to
the normal chow further increased HDL cholesterol levels
after 4 weeks of treatment (by 62%). However, 8 weeks of
drug treatment (group 5) did not increase HDL choles-
terol levels, as compared with the corresponding controls
(group 4, Table 2). Because of a sharp decrease in LDL
cholesterol levels as well as the increase in HDL choles-
terol levels, the ratio of LDL cholesterol to HDL choles-
terol was significantly reduced after the withdrawal of
high-fat diet and was close to that in the control group
(Table 2).

We also examined the changes in serum glucose levels
by the various treatment groups (Table 3). High fat diet
moderately increased serum glucose levels but the in-
crease was not significant (P = 0.34). Interestingly, the
switch from high fat diet to normal chow did not ameliorate
serum glucose levels, even in the presence of pioglitazone.

Discussion

The effects of thiazolidinediones on the development of
atherosclerosis in murine models have been evaluated



A Group Treatment
14 HFD 14 W o
2 } HFD 14 W : NC 4 W E
3| HFD 14 W { NC+Pio4W
4 HFD 14 W : NC 8 W o
5 | HFD 14 W : NC + Pio 8W »

B (. » v \
ﬁ%&$~w~%ﬁk¢

5 Group

16

14 T

12 1

o

10 4

Aortic lesion area (%)
o]

1 2 3 4 5 Group

Figure 2. Withdrawal of high-fat diet and addition of pioglitazone do not
influence advanced atherosclerosis. A: Experimental designs. LDLR null
mice (8 weeks old) were fed a high-fat diet for 14 weeks, and then were
divided into 5 groups (15 male mice in each group). Group 1: mice were
sacrificed immediately; and other groups were continued as follows—group
2: 4 more weeks on normal chow; group 3: 4 more weeks on normal chow
containing piglitazone (15 mg/day/kg); group 4: 8 more weeks on normal
chow; group 5, 8 more weeks on normal chow containing pioglitazone (15
mg/day/kg). B: Representative images of aortas. A typical image in each of
above 5 groups (lesion area is close to the mean in the corresponding group)
is presented. C: Statistical analysis of atherosclerotic lesions in aortas. All
aortas in each group were dissected and stained with oil red O solution as
described in the Materials and Methods. There is no significant difference
between any two groups by student’s test at P < 0.05 (n = 15).

by several groups.” '%'® These studies all had similar
designs. Atherosclerosis-prone mice (LDLR null or apoE
null) were fed a high-fat diet in the presence or absence
of a PPARy ligand. Li et al reported that PPAR~y agonists,
rosiglitazone and GW7845, inhibited the development of
atherosclerosis in LDLR null male mice.® Similarly, trogli-
tazone significantly inhibited lesion formation in apoE null
mice on a high-fat diet. Troglitazone inhibited atheroscle-
rosis in male LDLR null mice fed either a high-fat diet or
a high-fructose diet."®

There are several potential mechanisms that may ex-
plain the anti-atherosclerotic effects of thiazolidinediones
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Figure 3. Withdrawal of high-fat diet reduces expression of ABCA1 and
ABCG1 but not SR-BI in peritoneal macrophages. Two mice from each
group as described in Figure 2 were i.p. injected with 4% thioglycollate
solution (3 ml/mouse) for 1 week before sacrifice. Peritoneal macrophages
were collected and used to determine expression of ABCA1 or ABCG1 or
SR-BI by Western blot as described in the Materials and Methods.

in mice. Thiazolidinediones and other PPARy activators
are negative regulators of macrophage activation and
antagonize the activities of the transcription factors of
activator protein 1 (AP-1), signal transducer and activator
of transcription (STAT), and nuclear factor-«B."* Pioglita-
zone reduces the proliferation and migration of mono-
cytes by inhibiting the expression of monocyte chemoat-
tractant protein (MCP) -1, as well as the MCP family-
specific receptor chemokine (C-C motif) receptor 2
(CCR2) in monocytes and other cell types.'® '8 It also
reduces monocyte adhesion to vascular endothelium.™®
Pioglitazone suppresses the production of inflammatory cy-
tokines, such as interleukin (IL)-1B, IL-2, IL-6, IL-8, and
lipopolysaccharaide-induced macrophage colony-stimu-
lating factor (M-CSF), tumor necrosis factor «, and nu-
clear factor-kB by macrophages and lymphocytes.2°-22
In addition, pioglitazone is able to induce the production
of anti-inflammatory cytokine, IL-1 receptor antagonist by
monocytes.?* Treatment of macrophages with PPARYy li-
gands may not induce foam cell formation, despite in-
duction of the oxidized LDL receptor, CD36, because
they also induce expression of ABCA1, a transporter that
mediates macrophage cholesterol efflux to extracellular
apoAl. These effects are likely due to the activation of
liver X receptor (LXR), an oxysterol-activated nuclear re-
ceptor inducing ABCA1 transcription.?®

Our results confirm these earlier studies. However,
despite the clear effects of PPARy ligands on develop-
ment and progression of atherosclerotic lesions when
given concurrently with a high-fat diet, this approach
does not accurately mimic a realistic therapeutic modality
in humans. We attempted to model a disease process
and a therapeutic approach that would more accurately
reflect the therapy for a patient with established athero-
sclerosis. We wanted to determine the effects of piogli-
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Table 2. Effect of Diet and Pioglitazone on Serum

Cholesterol Levels in LDLR Null Mice

LDL HDL
Treatment Total (mg/dl) mg/dl % of total mg/dl % of total LDL/HDL
Control (NC) 238 = 25 96 = 19 40 82 34 1.2
14W HFD 1440 = 101 1016 = 66 71 72+5 5 14.2
14W HFD + 4W NC 442 + 45 271 = 16 61 93 = 10 21 2.9
14W HFD + 4W NC/Pio 544 *+ 45 290 *= 24 53 116 £ 10 21 2.5
14W HFD + 8W NC 450 = 28 219 = 12 49 112 + 1 25 2.0
14W HFD + 8W NC/Pio 427 + 32 201 = 15 47 1 105 + 3 25 1.9

LDLR null mice (8 weeks old, 15 male mice in each group) were fed a high-fat diet (HFD) for 14 weeks followed by 4 or 8 weeks of normal chow
(NC) or normal chow plus pioglitazone (NC/Pio, 15 mg/day/kg). The control group was fed normal chow. The lipid profile assay was completed as

described in Table 1 (n = 15).

tazone administration in mice in which aortic lesions had
already developed (following 14 weeks of a high-fat diet).
Our results demonstrated that neither return to a normal
chow diet or the combination of pioglitazone with a nor-
mal chow diet had any significant effect on lesion regres-
sion. Our data are in contrast to a recent study showing
that pioglitazone (20 mg/day/kg) can slightly reduce ad-
vanced atherosclerotic lesions in mice.?® In this study,
pioglitazone inhibited expression of matrix metallopro-
teinases 2, 7, 9, and 13 in lesions. However, HDL cho-
lesterol levels were increased in animals fed a high-fat
diet and decreased when pioglitazone was added.?® The
reasons for the discrepancy without data are not clear.

A small number of studies have successfully demon-
strated lesion regression in murine models of atheroscle-
rosis. LDLR null mice with established fatty streak lesions
exhibited regression after administration of an adenoviral
vector containing human apoA-1.2” Similarly, infusion of
recombinant apoA-ly.../DPPC (dipalmitoylphosphati-
dylcholine) complexes decreased arterial lipid in apoE
null mice.?® Overexpression of apoE reduced lesion size
in LDLR null and apoE null mice.?®3° When atheroscle-
rotic segments of aorta were transplanted from hyperlipid-
emic apoE null mice to wild-type mice, foam cell content
was dramatically reduced.®' These studies demonstrate
that raising HDL levels and/or raising HDL while lowering
LDL can reverse atherosclerosis.

We show that pioglitazone significantly increased HDL
levels in mice during the development of atherosclerosis
(Table 1) but had little or no effect on HDL levels in mice
with established lesions (Table 2). While it is possible that
increased HDL levels may have played a role in inhibiting
lesion development, we cannot document a cause and

Table 3. Effect of High Fat Diet and Pioglitazone on Serum
Glucose Levels

Treatment Glucose (mg/dl) % of control
Control (normal chow) 120 £ 15 100
14W HFD 135 + 14 113
14W HFD + 4W NC 133 + 17 111
14W HFD + 4W NC/Pio 155 = 23 129
14W HFD + 8W NC 151 £ 24 125
14W HFD + 8W NC/Pio 145 = 15 121

LDLR null mice (8 weeks old, 15 male mice in each group) received
treatment as described in Table 2. Serum was collected at the end of
experiments and used to assay glucose levels by using the Freestyle
Blood Glucose Monitoring System from TheraSense following the
manufacturer’s instructions.

effect. Similarly, we cannot make any conclusions with
regard to the lack of an effect of pioglitazone on HDL in
mice with established atherosclerosis that had been on a
high-fat diet for 14 weeks and the lack of effect on lesion
regression. Troglitazone has been previously shown to
increase HDL cholesterol levels in apoE null mice fed a
high-fat diet.®

As an insulin sensitizer, pioglitazone can significantly
reduces glycated hemoglobin and triglycerides in type 2
diabetic patients as a monotherapy or in combination
with other drugs, such as sulfonylurea, metformin, and
glibenclamide.®>73° While rosiglitazone increases total
and LDL cholesterol levels but decreases HDL choles-
terol levels in type 2 diabetic patients, pioglitazone on the
other hand, can increase HDL cholesterol levels with little
to no effect on total and LDL cholesterol levels in these
patients 337364041 Effects of pioglitazone on HDL choles-
terol levels was also observed in non-diabetic pa-
tients.®64243 Similarly, we observed that pioglitazone in-
creased serum HDL cholesterol levels, which might be
attributed its activation of PPARa since it induces pro-
duction of apoA-1,***° the major component of HDL. In
contrast, pioglitazone had no effect on total and LDL
cholesterol levels in LDLR null mice with atherosclerotic
lesions at either middle or advanced stage (Tables 1 and 2).

In addition to improving lipid profiles, pioglitazone has
other cardioprotective functions. For instance, it can re-
duce carotid intima-media thickness, pulse wave veloc-
ity, and urinary albumin excretion in normotensive pa-
tients with type 2 diabetic nephropathy.®® It can also
reduce high-sensitivity C-reactive protein and improve
endothelial vasodilator function in patients.®*#” Clinical
trial studies demonstrate that pioglitazone treatment re-
sults in a significantly lower rate of progression of coro-
nary atherosclerosis compared with glimepiride and a
reduction of other macrovascular events in type 2 dia-
betic patients.*®“° In cell culture, pioglitazone can inhibit
arterial smooth muscle cell proliferation and the produc-
tion of plasminogen activator inhibitor 1 induced by tumor
necrosis factor-a in hepatocytes. It can also induce
plasma platelet activating factor-acetylhydrolase,*”-5°-52
an enzyme that hydrolyzes platelet-activating factor, as
well as structurally similar oxidized phospholipids. In this
manner, pioglitazone exerts an anti-inflammatory and an
anti-atherogenic effect.®*>° In LDLR null mice, pioglita-
zone can inhibit expression of connective tissue growth
factor,®® a molecule that may destabilize plaques by



increasing apoptosis and expression of matrix metallo-
proteinase-2 in vascular smooth muscle cells in ad-
vanced atherosclerotic plaques.®” All these functions can
be attributed to the anti-atherogenic properties of piogli-
tazone. Activation of PPARy has been reported to acti-
vate macrophage ABCA1 and ABCG1 expression and
cholesterol efflux.®® Although we did not observe an in-
crease in ABCA1, we believe that this is most likely be-
cause ABCA1 was already maximally induced by high
levels of oxysterols in macrophages derived from mice
with elevated lipoprotein levels. Despite these potentially
beneficial effects on cardiovascular markers, the risk and
benefits of pioglitazone treatment on cardiovascular end-
points in patients with type 2 diabetes is modest. Pioglita-
zone was able to reduce cardiovascular death and myo-
cardial infarction in one large trial, but the results were not
statistically significant. In addition, pioglitazone therapy in-
creased risk of fluid retention and heart failure.59:%°

In summary, we demonstrated that pioglitazone, an
insulin sensitizing drug used for the treatment of type |l
diabetes, inhibits progression of atherosclerosis. How-
ever, pioglitazone, in combination with the withdrawal of a
high-fat diet, was unable to reverse established athero-
sclerosis. These findings describe, in part, a general
paradox of how therapeutic agents are evaluated in com-
mon murine models of atherosclerosis and the lack of
therapeutic benefit of agents given to mice with estab-
lished atherosclerotic lesions, and further, may have im-
plications for human therapy.
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