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Abstract We analyzed the effect of a 6-week aerobic
exercise training program on the in vivo macrophage
reverse cholesterol transport (RCT) in human cholesteryl
ester transfer protein (CETP) transgenic (CETP-tg) mice.
Male CETP-tg mice were randomly assigned to a sedentary
group or a carefully supervised exercise training group
(treadmill 15 m/min, 30 min sessions, five sessions per
week). The levels of plasma lipids were determined by
enzymatic methods, and the lipoprotein profile was deter-
mined by fast protein liquid chromatography (FPLC).
CETP activity was determined by measuring the transfer
rate of '*C-cholesterol from HDL to apo-B containing
lipoproteins, using plasma from CETP-tg mice as a source
of CETP. The reverse cholesterol transport was determined
in vivo by measuring the [*H]-cholesterol recovery in
plasma and feces (24 and 48 h) and in the liver (48 h)
following a peritoneal injection of [*H]-cholesterol labeled
J774-macrophages into both sedentary and exercise trained
mice. The protein levels of liver receptors were determined
by immunoblot, and the mRNA levels for liver enzymes
were measured using RT-PCR. Exercise training did not
significantly affect the levels of plasma lipids or CETP
activity. The HDL fraction assessed by FPLC was higher in
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exercise-trained compared to sedentary mice. In compari-
son to the sedentary group, a greater recovery of [*H]-
cholesterol from the injected macrophages was found in the
plasma, liver and feces of exercise-trained animals. The
latter occurred even with a reduction in the liver CYP7AI
mRNA level in exercised trained animals. Exercise training
increased the liver LDL receptor and ABCA-1 protein
levels, although the SR-BI protein content was unchanged.
The RCT benefit in CETP-tg mice elicited by exercise
training helps to elucidate the role of exercise in the pre-
vention of atherosclerosis in humans.
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Abbreviations
ABC Transporters ABCA-1 and ABCG-1

AcLDL Acetylated LDL
Apo Al Apolipoprotein Al
Apo E Apolipoprotein E

B-E Low density lipoprotein receptor

CETP Cholesteryl ester transfer protein
CYP7A1 7 alpha hydroxylase
CYP27A 27 alpha hydroxylase

EC Esterified cholesterol

EDTA-PBS Ethylene diamine tetra acetic phosphate-
buffered saline

FPLC Fast protein liquid chromatography

HDL High density lipoprotein

LCAT Lecithin cholesterol acyltransferase

LDL Low density lipoprotein

LRP LDL-receptor related protein

LXR Liver X receptor

LP Lipoprotein
RCT Reverse cholesterol transport
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SR-BI Scavenger receptor class B type 1
VLDL Very low density lipoprotein
Introduction

Regular exercise is independently associated with a
reduced incidence of coronary heart disease and mortality
by improving the cardiovascular risk profile [1]. In fact, a
negative correlation between physical activity level and the
carotid intima media thickness has been shown in aerobi-
cally exercised individuals [2].

Ramachandran et al. [3] demonstrated that regular,
aerobic exercise reduces pre-existing atherosclerotic
lesions in low density lipoprotein (LDL) receptor knockout
mice, and more recently, Matsumoto et al. [4] showed that
in low-density lipoprotein-receptor-deficient mice, regular
exercise training prevents aortic valve sclerosis by
numerous mechanisms, including preservation of endo-
thelial integrity, reduced inflammation and oxidative stress,
and inhibition of the osteogenic pathway. It has also been
reported that a progressive aerobic exercise training pro-
tocol improves the apo E knockout mouse survival rate, an
effect that was ascribed to the stabilization of atheroscle-
rotic lesions and prevention of plaque rupture [5]. These
events are most likely related to the role of aerobic exercise
in improving high density lipoprotein (HDL) plasma levels,
as well as antioxidant and anti-inflammatory defenses in
the arterial wall [6].

Through the reverse cholesterol transport (RCT) pro-
cess, HDL mediates the cholesterol removal from macro-
phages and peripheral cells and its delivery to the liver,
where it is secreted into the bile and feces. The cholesteryl
ester transfer protein (CETP) transfers esterified cholesterol
from HDL to apo B-containing lipoproteins (LP) that are
ultimately removed by the hepatic LDL receptor (B-E),
LRP and E receptors. There are no consistent data in the
literature regarding the effect of aerobic exercise training
on the RCT, and most of the results were drawn from in
vitro analyses that may not reflect the whole animal system
in vivo. In this regard, an interplay of actions involving
CETP, lecithin cholesterol acyltransferase (LCAT), ABC
transporters (ABCA-1 and ABCG-1) and scavenger
receptor class B, type I (SR-BI) could dictate the flow of
cholesterol to the liver [7].

In the present study, we tested the hypothesis that aerobic
exercise training can improve the in vivo RCT by modu-
lating proteins and enzymes involved in the cholesterol flow
to the liver. For this purpose, we used CETP transgenic
C57BL/6 mice (CETP-tg), an animal model that simulates
the RCT in humans. We assessed the effect of a 6 week
aerobic training program on the redistribution of
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radiolabeled cholesterol into the plasma, liver and feces
following the intraperitoneal injection of macrophages
enriched with [*H] cholesterol. We also investigated the
hepatic protein levels of receptors involved in lipid metab-
olism, such as SR-BI, ATP-binding cassette transporter A-1
(ABCA-1), liver X receptor (LXR) and LDL receptor, and
the mRNA of enzymes that convert cholesterol in bile acids
(CYP7A1 and CYP27A). We found that aerobic exercise
training improves the macrophage RCT. Exercise-trained
mice had higher levels of macrophage-derived *H-choles-
terol in their plasma, liver and feces. The enhanced protein
levels of hepatic ABCA-1 and LDL receptor contributed to
greater HDL plasma concentration and cholesterol flow into
the liver, respectively. The RCT benefit seen in exercise-
trained CETP-tg mice helps to elucidate the role of exercise
in the prevention of atherosclerosis in humans.

Materials and Methods
Animals and Aerobic Exercise Protocol

Two-month-old male transgenic mice homozygous for
human CETP (human natural promoter-driven CETP
transgenic mice, CETP-tg; line 5203; back-crossed on a
C57BL/6 background for 10 generations) that originated in
Dr. AR Tall’s laboratory and were kindly provided by Dr.
HCF Oliveira (University of Campinas, Sao Paulo, Brazil)
were fed a pelleted commercial chow ad libitum (Nuvilab-
Nuvital, Sao Paulo, Brazil) with free access to water.
Animals were housed in conventional housing at
22 £ 2 °C with a 12 h light/dark cycle. Protocols were
approved by the Institutional Animal Care and Research
Advisory Committee (Hospital das Clinicas of the Faculty
of Medical Sciences, University of Sao Paulo-CAPPesq #
773/06) according to the US National Institutes of Health
Guidelines. Animal care was provided in accordance with
the procedures outlined in the Guide for the Care and Use
of Laboratory Animals [8], and experiments were per-
formed under adherence to the American College of Sports
Medicine (ACSM) animal care standards. CETP-tg animals
were subjected to a 6 week monitored aerobic exercise
training protocol performed on a treadmill (WEG CFW-08,
Sao Carlos, Brazil) at 15 m/min during 30 min sessions
five times a week. A control group was kept sedentary for
the same amount of time. Exercise sessions were carried
out in the late afternoon and were supervised by the same
investigator (DDFM Rocco).

LDL Isolation and Acetylation

Procedures with humans conformed to the Declaration of
Helsinki and all participants signed an informed written
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consent form previously approved by The Ethical Com-
mittee for Human Research Protocols of the Hospital of the
Faculty of Medical Sciences, University of Sdo Paulo
(CAPPesq # 773/06). Low density lipoprotein (LDL) was
isolated from healthy plasma donors by sequential ultra-
centrifugation (d = 1.019—1.063 g/mL) and was further
purified by discontinuous gradient ultracentrifugation.
After dialysis against PBS, the protein content was deter-
mined using the Lowry procedure [9], and acetylation was
performed with acetic anhydride according to Basu et al.
[10]. After extensive dialysis against ethylene diamine tetra
acetic phosphate-buffered saline (EDTA-PBS), acetylated
LDL (AcLDL) was kept sterile at 4 °C under nitrogen
atmosphere and was used within a month.

Measurement of the In Vivo RCT

J-774 macrophages were grown in an RPMI 1640 culture
medium supplemented with 10% fetal bovine serum
(FBS), labeled with 5 u Ci/mL [3H]-cholesterol and
enriched with 50 pg/mL of AcLDL for 48 h, as previ-
ously described [11]. Cells were then removed from
plaques by trypsin treatment followed by inactivation of
the enzyme by adding RPMI plus FBS. The cells were
then spun down by centrifugation at 4 °C at 1,500 rpm
and rediluted in a small volume of PBS. Cell viability,
assessed by exclusion with Trypan blue, was greater than
98%, and an aliquot was placed in a beta counter
(Beckman model; Palo Alto, USA) to determine the
radioactivity. The intracellular distribution of cholesterol
fractions was determined by thin-layer chromatography
and consisted of 96 and 4% in the free and esterified
forms, respectively.

Forty-eight hours after the last bout of exercise, ['H]-
cholesterol-labeled J-774 foam cells (3.5 x 10° cells;
~80,000 dpm in 100 pL of PBS) were intraperitoneally
injected into the exercise-trained and sedentary mice,
which were individually housed in metabolic cages with
free access to food and water. Samples of blood from the
tail vein and feces were taken after 24 and 48 h. Plasma
radioactivity was immediately determined after spinning
the blood at 1,500 rpm for 20 min at 4 °C. The mice were
euthanized 48 h after the injection. Their organs (liver,
spleen, lung, heart, kidneys and adrenal glands) were
subsequently removed, carefully washed with cold 0.9%
NaCl solution, gently dried with filter paper and weighed.

The feces and organs were stored at —70 °C until further
analyses. Total feces and organs or liver aliquots were
homogenized with a 2:1 (v/v) mixture of chloroform/
methanol [12] and stored at 4 °C overnight for lipid
extraction. The lipid layer was drawn and evaporated under
nitrogen flow, and the radioactivity was determined.
Results are expressed as percentages of total dose (dpm)

injected per gram of sample (liver or feces) or plasma
volume (mL). The radioactivity recovery in heart, lung,
spleen, kidney and adrenal glands was too low and repre-
sented less than 1% of the total radioactivity injected (data
not shown).

Measurement of Hepatic Cholesterol Content

Lipids were extracted from the liver, and total cholesterol
was determined from a supernatant aliquot using the
enzymatic method (Roche Diagndstica, SP, Brazil), and the
protein concentration by using the Lowry technique [9].

Plasma Lipid Analysis

Plasma (100 pL) from each mouse was analyzed by fast
protein liquid chromatography (FPLC) gel filtration on
two Superose-6 columns. The cholesterol concentration
in all LP fractions was measured with a Cobas Mira
using an enzymatic colorimetric kit (Roche Diagnostic,
Brazil).

CETP Activity Determination

CETP activity was measured as the transfer of [14C]-
cholesteryl oleate from HDL to VLDL and LDL using LP
isolated from pools of human normolipidemic individuals
and plasma from CETP-tg mice as a source of CETP as
previously described [13].

Western Blotting Analysis

Protein lysates were obtained from frozen hepatic tissue
from exercise-trained and sedentary CETP-tg mice. Tissue
was homogenized in a Polytron (MA(099 Potter Unit,
Marcone Equip., Sao Paulo, Brazil) with a buffer con-
taining 20 mM Hepes, 150 mM NaCl, 10% glycerol, 1%
triton, 1 mM EDTA, 1.5 mM MgCl, and protease inhibi-
tors. The supernatant was obtained after centrifugation, and
an aliquot was dissolved in SDS-glycerol. Equal amounts
of sample protein were applied to a polyacrylamide gel.
SR-BI, ABCA-1, LXR and the LDL receptor protein levels
were determined using anti-SR-BI (1:1,000), anti-ABCA-1
(1:1,000), anti-LXRo/f (1:1,000) (Novus Biologicals, Inc.,
Littleton, CO, USA), and anti-LDL receptor (M-20):sc-
11826, (1:1,000) (Santa Cruz Biotechnology Inc, USA)
followed by incubation with HRP-conjugated antibody and
ECL reaction (Super Signal West Pico Chemiluminescent
substrate, Pierce, Rockford, IL, EUA). Protein membrane
stripping was performed by rinsing with 0.8 mM NaOH.
The difference between the bands was analyzed in pixels
using the JX-330 Color Image Scanner (Sharp®) and
ImageMaster software (Pharmacia Biotech). The results are
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expressed as arbitrary units. f-actin protein levels (anti
p-actin 1:1,000, Fitzgerald Industries International, Inc.,
Concord, MA) were used as a control, and Ponceau
staining of nitrocellulose membranes was implemented to
assure equal protein loading.

CYP7A1 and CYP27A mRNA Expression in the Liver

At the final period of the study, the liver was removed and
immediately frozen in liquid nitrogen. mRNA from liver
samples (~50 mg) was extracted with 1 mL of Trizol
(Invitrogen Life Technologies, Carlsbad, CA, USA).
Reverse transcription reactions were performed with 2 g
of RNA using TagMan Reverse Transcription Reagents
(Applied Biosystems, Foster City, CA). Real time-PCR
was performed on an Mx3000P QPCR System (Stratagene,
La Jolla, CA) using the Brilliant SYBR Green QPCR
Master Mix (Stratagene, catalogue no. 600548). The fol-
lowing primers were used: f actin sense 5'-TGG
AGAGCACCAAGACAGACA-3 and antisense 5'-TGC
CGGAGTCGACAATGAT-3’; CYP7AIl sense 5'-AGCA
ACTAAACAACCTGCCAGTACTA-3 and antisense
5'-GTCCGGATATTCAAGGATGCA-3’; CYP27A sense
5'-GGAGGGCAAGTACCCAATAAGA-3' and antisense
5'-TGCGATGAAGATCCCATAGGT-3'.

Determination of Apo A-I in the Peritoneal Fluid

Mouse peritoneal cavities were rinsed with PBS, and the
fluid was collected in order to measure the apo A-I content.
The sample volume was reduced using Amicon filters
(Millipore, USA), and the same amount of protein was
submitted to immunoblot analysis as described above using
anti apo A-I Ab 1:1,000 (Santa Cruz Diag, USA).

Statistical Analysis

Statistical analyses were performed using GraphPad Prism
4.0 software (GraphPad Prism, Inc., San Diego, CA). A
non-paired Student’s ¢ test was used to compare differences
between groups. Summary data are reported as mean val-
ues =+ standard error or mean values + standard deviation
as indicated. A p value <0.05 was considered statistically
significant.

Results

CETP-tg C57BL/6 male mice were submitted to a 6 week
period of supervised aerobic exercise training. Body
weight, total plasma cholesterol and triacylglycerols were
not modified by exercise training (Table 1). As shown in
Fig. 1, the VLDL-cholesterol and LDL-cholesterol plasma
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Table 1 Body weight, plasma lipid profile and CETP activity in
exercise trained and sedentary CETP-tg mice

Trained (n = 10) Sedentary (n = 11)

Basal Final Basal Final
Weight (g) 194+12 203 +13 200+ 1.0 192+ 1.0
TC (mg/dL) 52+ 6 48 £5 64+ 15 58+£11
TAG (mg/dL) 5619 55+£19 41+£13 46+ 14
CETP activity (%) 29 +5 32+ 8 28+ 5 34 + 11
TC total cholesterol, TAG triacylglycerols
VLDL LDL HDL
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Fig. 1 Plasma lipoprotein profile of aerobically trained and sedentary
CETP-tg mice. Plasma lipoproteins were isolated by fast protein
liquid chromatography (FPLC), and total cholesterol was determined
in all fractions using an enzymatic colorimetric kit. Sedentary (dashed
line) and trained (filled line) CETP-tg mice

profile was not modified by the aerobic exercise training,
although the HDL-cholesterol fraction area was higher in
the trained animals compared to the sedentary animals in
the final period of the protocol. Plasma CETP activity was
similar in sedentary and trained mice at the beginning of
the protocol and did not change after the exercise training
period. Moreover, CETP plasma activity was not different
between the sedentary and trained groups when the initial
and final periods were compared (Table 1).

The [*H]-cholesterol content was analyzed in plasma
and feces at 24 and 48 h and in the liver at 48 h fol-
lowing the intraperitoneal injection of J774 macrophages
enriched with AcLDL and radiolabeled cholesterol. A
higher percentage of [*H]-cholesterol was recovered from
the plasma (Fig. 2a), liver (Fig. 2b) and feces (Fig. 2c)
of the trained mice when compared to the sedentary
animals.

As compared to the sedentary group, the increase in
radiolabeled cholesterol in the liver of exercise-trained
mice was accompanied by a 50% increase in protein levels
of the hepatic LDL receptor (Fig. 3). In contrast, exercise
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Fig. 2 Macrophage-derived [*H]-cholesterol recovery in a plasma,
b liver and ¢ feces from aerobically trained and sedentary CETP-tg
mice. J774 macrophages enriched with acetylated LDL and [*H]-
cholesterol were injected into the peritoneal cavities of sedentary and
trained CETP-tg mice. a Plasma and c feces were collected after 24
and 48 h of the injection, and b the liver was removed after 48 h.
After lipid extraction, the radioactivity was determined, and the
recovery of [*H]-cholesterol is expressed as the percentage of injected
dose/mL of plasma or percentage of injected dose/mg of tissue or
feces. Data are expressed as mean values + standard error

training did not raise the SR-BI hepatic level (Fig. 3a). No
changes were observed in the protein levels of LXR in the
liver of exercise-trained animals (Fig. 3a). The hepatic
ABCA-1 protein level was increased 100% in exercise-
trained animals (Fig. 3a). CYP7A1l mRNA levels were
reduced in exercise-trained CETP-tg mice, whereas their
CYP27A mRNA levels were not influenced by exercise

training (Fig. 3b). Total cholesterol content in the liver (mg
of cholesterol/g of organ; mean £ SE) was not different
between trained (43.3 +£9.9; n=6) and sedentary
(40.4 £ 1.38; n = 6) animals.

The apo A-I content in peritoneal fluid as assessed by
immunoblot was similar before and after exercise training
(Fig. 4). Thus, the increase in the RCT after exercise
training could not be ascribed to changes in apo A-I
content.

Discussion

The importance of regular exercise for the prevention and
treatment of chronic diseases is widely acknowledged [1].
Aerobic exercise improves LP metabolism and prevents the
development of cardiovascular disease. Apart from the
well-documented favorable effects of regular exercise on
cardiovascular risk factors, it has been suggested that
physical training may involve additional mechanisms that
ameliorate atherosclerosis.

HDL is known for its anti-atherogenic properties that
rely on its ability to support the cholesterol efflux from
cholesterol-loaded arterial macrophages. Previous investi-
gations focused on the benefits of exercise on lipoprotein
lipase activity, including the mediation of triacylglycerol-
rich LP metabolism and the increased levels of plasma
HDL cholesterol [14, 15]. Nonetheless, it is unclear whe-
ther exercise plays a role in the RCT system in vivo. In this
study, we used an experimental model designed to evaluate
in vivo RCT and found that a 6 week carefully controlled
aerobic exercise training program accelerates the RCT in
CETP-tg mice.

CETP-tg mice are a useful tool for investigating the
contribution of CETP to RCT. CETP is known to play a
major role in RCT in humans. In huCETP-tg mice, the
uptake of apo B-containing LP by the LDL receptor
offers an additional route for the delivery of plasma
esterified cholesterol to the liver. Accordingly, the
increased RCT observed in the exercise-trained mice in
this study may be ascribed to the enhanced protein levels
of the LDL receptor in the liver. Elevated levels of
hepatic LDL receptor mRNA have previously been shown
in aerobic trained mice [16, 17], although the protein
content has never been reported. In our investigation,
exercise in the presence of CETP increased the uptake of
LDL cholesterol by the liver and ABCA-1 protein levels,
which may have prevented to liver cholesterol content
from increasing by enhancing the export of cholesterol. In
addition, by increasing the HDLc fraction as assessed by
FPLC, exercise training may have contributed to a greater
removal of cell cholesterol, despite a slight reduction in
CYP7A1 mRNA levels.
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Fig. 3 LDL receptor, scavenger
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Fig. 4 Content of apo A-I in peritoneal fluid from aerobically trained
and sedentary CETP-tg mice. Mouse peritoneal cavities were rinsed
with PBS, and the fluid was collected. Protein was submitted to
immunoblot analysis with anti apo A-I Ab 1:1,000

SR-BI plays a major role in the final step of the RCT
system. Although macrophage SR-BI could not be related
to an improvement in RCT efficiency [18], SR-BI protein
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levels in the liver are a positive regulator of macrophage
RCT [19]. In fact, hepatic SR-BI is directly related to the
secretion of cholesterol into the bile and to the reduction of
atherosclerosis in animal models with low levels of HDL in
plasma [20, 21]. Wei et al. [16] have described an
enhancement of the hepatic SR-BI mRNA levels in wild-
type C57BL/6 mice submitted to a 2 week aerobic training
program. Surprisingly, the liver SR-BI protein levels did
not change after aerobic exercise training in our study. This
is likely due to a greater cholesterol influx mediated by the
LDL receptor.

In huCETP-tg mice, a direct role of CETP in acceler-
ating the tissue uptake of esterified cholesterol (EC) was
demonstrated [22, 23]. Although improved HDL-EC
removal and increased cholesterol content in the liver have
been seen in CETP-tg mice, the excretion of biliary lipids
and fecal bile acid have not been consistently found in
these animals when compared to wild-type mice [24]. In
CETP-tg mice, the in vivo RCT from macrophage to feces
was not modified [25]. Nonetheless, the hypothesis that
CETP facilitates RCT is strengthened by evidences related
to mice expressing CETP alone [26] or combined with
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knock-outs of LDL or SR-BI receptors. In these animals,
CETP elicited macrophage RCT despite a reduction in
HDL [27], and SR-Bl-deficient mice were protected
against diet-induced atherosclerosis [28]. On the other
hand, the treatment of hamsters with torcetrapib, a drug
that suppresses the CETP activity, increased the appear-
ance of cholesterol originating from peritoneally injected
macrophages in plasma and feces [26].

Increased levels of CYP27A mRNA have been
described by Wilund et al. [17] in mice submitted to a
12 week aerobic exercise training program. In addition,
voluntary wheel running increased fecal bile acid and
cholesterol output and reduced intestinal cholesterol
absorption in mice [29]. In our study, the CYP7A1 mRNA
levels were reduced but CYP27A mRNA was not modi-
fied by exercise training, suggesting that the greater
amount of radiolabeled cholesterol found in feces could be
attributed to the increased excretion of cholesterol instead
of bile acids. A recent paper from Yasuda et al. [30]
showed that the activation of RCT resulted in a higher
excretion of cholesterol, but not bile acids, in the feces of
LXR agonist-treated mice. A limitation of our study was
the fact that we did not measure the intestinal cholesterol
absorption that could affect RCT in vivo as occurred in
mice treated with ezetimibe [31]. Also, Temel et al. [32]
used genetic and surgical models of biliary cholesterol
insufficiency to demonstrate that a non-classical hepatob-
iliary pathway can contribute to RCT independently of
biliary sterol secretion.

While this manuscript was under preparation, Meissner
et al. [33] published a paper showing that the in vivo RCT,
assessed by the same methodology used here, was not
modified by voluntary wheel running in wild-type C57BL-
6 mice compared to sedentary animals. Differences
between their report and our results are likely ascribed to:
(1) the presence of CETP in our model and its role in the
alternative pathway of cholesterol disposal via the LDL
receptor; (2) their results were obtained in free running
wheel mice, which cannot assure equal training intensities
along the protocol period, as opposed to the regular and
carefully supervised exercise training protocol that was
utilized in our study.

Although CETP activity was not changed after exercise
training in our study, we should bear in mind that the
CETP-mediated HDL-EC uptake by the liver is indepen-
dent of the plasma activity responsible for the exchange of
EC and TAG between LP [22]. Nonetheless, divergent data
have been published regarding the role of CETP inhibitors
like torcetrapib on this process [26]. Zhou et al. [34]
suggested that the hepatic acquisition of EC from HDL
mediated by CETP occurs independently of SR-BI,
LDL-receptor related protein (LRP) and possibly the LDL
receptor.

Controversial results have been published regarding the
effect of exercise on the CETP mass and activity, which
could be ascribed to the different methodologies used to
measure CETP, as well as to variations in exercise intensity
and frequency and the measurement of acute or chronic
effects of exercise [14, 15]. Moreover, the efficiency of
aerobic exercise in modulating the lipid profile is related to
gender, age, insulin resistance, weight loss and genetic
polymorphisms of CETP, apo E and apo A-I [36-38].

Exercise training did not modify the protein levels of
LXR in CETP-tg mice. On the other hand, ABCA-1 was
greatly enhanced following training, and this could have
contributed to the higher levels of HDLc observed in
exercise-trained CETP-tg mice in the final period of the
study. ABCA-1 in the liver is known to contribute to HDL
formation and plasma HDL cholesterol levels. Adenovirus-
targeted protein levels of ABCA-1 in the liver increased
HDL plasma levels in mice [39, 40]. On the other hand, an
80% reduction in plasma HDL cholesterol levels was
observed in mice with a targeted inactivation of hepatic
ABCA-1 [41], and ABCA-1 has been shown to play a
critical role in HDL catabolism by the liver [42].

Systemic and macrophage ABCA-1 are positive regu-
lators of macrophage RCT in vivo [18, 35]. This is con-
sistent with our findings. An enhancement in ABCA-1
mRNA levels in the livers isolated from exercise-trained
rats has also been described [43]. Furthermore, Butcher
et al. [44] reported an increased expression of ABCA-1 and
ABCG-1 mRNA in leukocytes isolated from trained sub-
jects compared to sedentary ones.

In conclusion, aerobic exercise training improves RCT
from macrophages in CETP-tg mice by increasing the
concentration of HDL in plasma and by distinctly modu-
lating the protein levels of liver receptors involved in the
uptake of EC, which may contribute to the prevention and
regression of atherosclerosis as previously reported by
others [3, 5, 45]. With regards to the role of CETP in lipid
metabolism in humans, the findings of our study shed light
on an important effect of exercise on the RCT system.
Taking into account that exercise has many effects on lipid
and LP metabolism, the exact mechanisms by which
exercise favorably modulates the lipid transport should be
further investigated.
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