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increased the VLDL concentrations (42%) regardless of 
other interventions. Exercise training reduced triacylglycerol 
(25%) and free fatty acids (20%), increased both LDL and 
HDL (25–33%), and reduced CETP (19%) plasma levels. 
Significant factor interactions showed that the increase in 
HDL induced by exercise is explained by reducing CETP 
activity and that MEST blunted the exercise-induced eleva-
tion of HDL-cholesterol. These results reinforce the positive 
metabolic effects of exercise, resolved a controversy about 
CETP response to exercise and evidenced MEST potency to 
counteract specific exercise benefits.
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Abbreviations
AAS	� Anabolic androgenic steroids
ANOVA	� Analysis of variance
Apo	� Apolipoprotein
ApoB	� Apolipoprotein B
ApoE	� Apolipoprotein E
CETP	� Cholesteryl ester transfer protein
CETP/R1	� Mice over-expressing CETP and expressing 

only one allele of the endogenous LDL recep-
tor gene

CHOL	� Cholesterol
CVD	� Cardiovascular diseases
FFA	� Plasma-free fatty acids
FPLC	� Fast protein liquid chromatography
HDL	� High-density lipoproteins
HL	� Hepatic lipase
LDL	� Low-density lipoprotein
LP	� Lipoproteins
LPL	� Lipoprotein lipase

Abstract  Regular exercise and anabolic androgenic ster-
oids have opposing effects on the plasma lipoprotein profile 
and risk of cardio-metabolic diseases in humans. Studies in 
humans and animal models show conflicting results. Here, 
we used a mice model genetically modified to mimic human 
lipoprotein profile and metabolism. They under-express the 
endogenous LDL receptor gene (R1) and express a human 
transgene encoding the cholesteryl ester transfer pro-
tein (CETP), normally absent in mice. The present study 
was designed to evaluate the independent and interactive 
effects of testosterone supplementation, exercise training 
and CETP expression on the plasma lipoprotein profile and 
CETP activity. CETP/R1 and R1 mice were submitted to a 
6-week swimming training and mesterolone (MEST) sup-
plementation in the last 3 weeks. MEST treatment increased 
markedly LDL levels (40%) in sedentary CETP/R1 mice and 
reduced HDL levels in exercised R1 mice (18%). A multi-
factorial ANOVA revealed the independent effects of each 
factor, as follows. CETP expression reduced HDL (21%) 
and increased non-HDL (15%) fractions. MEST treatment 
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MEST	� Mesterolone (1-alpha-methyl-5-alpha-
androstan-17beta-ol-3-one)

R1	� Mice expressing only one allele of the endog-
enous LDL receptor gene

TAG	� Triacylglycerol
VLDL	� Very low-density lipoprotein

Introduction

Anabolic androgenic steroids (AAS) are synthetic deriva-
tives of testosterone. Athletes often use AAS in attempt to 
improve physical performance given their putative capacity 
for enhancing muscle mass and strength [1]. The abuse of 
AAS by healthy athletes has been linked to many severe 
toxic effects, including the incidence of premature cardio-
vascular diseases (CVD) [2]. A change to an atherogenic 
lipoprotein profile may explain, at least in part, the increased 
CVD associated with AAS self-administration. It generally 
induces decreases in plasma levels of high-density lipopro-
tein (HDL)-cholesterol and apolipoprotein Al and increases 
in apoB-containing lipoproteins, particularly in low-density 
lipoprotein (LDL)-cholesterol [1, 3]. In addition, several 
studies have shown a close relationship between AAS use 
and hepatic disorders, including hepatocyte structural disar-
rangements, cholestatic jaundice and hepatocellular tumors 
[4, 5], which may also be involved in the disturbances of 
lipoprotein metabolism.

It is generally accepted that regular exercise modulates 
favorably the plasma lipoprotein profile, thus reducing the 
risk of cardio-metabolic diseases such as diabetes, athero-
sclerosis and obesity [6, 7]. There are evidences showing 
that being physically active lowers total or LDL-cholesterol 
and/or elevates HDL-cholesterol [7], thereby protecting 
against atherosclerosis. However, many studies fail to show 
these beneficial effects of exercise, probably because there is 
a graded response of the plasma lipoprotein levels to increas-
ing amounts (duration and intensity) of exercise [8], in addi-
tion to differences in basal phenotype and genotype [9, 10].

Cholesteryl ester transfer protein (CETP) mediates the 
transfers of cholesteryl ester (CE) from HDL to apolipopro-
tein B-containing lipoproteins (apoB-LP), thus remodeling 
HDL composition in the plasma of several species, such as 
humans, primates and rabbits. Epidemiological and experi-
mental evidences have shown that CETP may play an impor-
tant role in the development of atherosclerosis [11]. Inhibi-
tors of CETP have been tested in humans showing elevation 
of HDL-cholesterol and reduction of LDL-cholesterol and 
apoB. However, clinical trials using CETP inhibitors have 
not shown benefits regarding CVD mortality and morbidity. 
Other CETP inhibitors are currently being tested in humans 
for their potential anti-atherogenic actions [12].

Mice and rats do not express CETP [13]. A genetically 
engineered CETP transgenic mice model has been very 
useful to study lipoprotein metabolism and atherogenesis. 
Studies in these CETP transgenic mice have shown neutral, 
pro- or anti-atherogenic effects of this protein, depending 
upon the metabolic context [11]. Contrary to humans, wild-
type mice show very low levels of LDL and high levels of 
HDL. These differences may be attributed to the lack of 
expression of the CETP (that raises HDL) and to a high 
number of LDL receptors (that decreases LDL) in the wild-
type mice. Thus, by introducing the expression of the CETP 
gene and reducing the expression of the LDL receptor gene, 
the lipemic phenotype of these transgenic mice resembles 
those of humans [3, 14, 15].

Because of the potential dual role (pro- or anti-athero-
genic) of CETP, its interference on exercise-induced changes 
of lipoprotein profile is an intriguing question. Interven-
tion studies showed inconsistent results, suggesting that 
exercise could decrease, increase or have no effects on the 
CETP levels [16–19]. In addition, genetic variants of CETP 
in humans may explain part of the inter-individual differ-
ences in lipoprotein responses to exercise, particularly in 
HDL levels [9, 10, 20]. On the other hand, testosterone sta-
tus affects lipoproteins in a manner dependent on the CETP 
levels. For instance, testosterone deficiency in mice resulted 
in increased plasma levels of very low-density lipoprotein 
(VLDL) and LDL, and decreased HDL, but transgenic 
mice that over-express CETP had such effects significantly 
attenuated [15]. Besides, the presence of CETP reduced 
atherosclerosis by 50% in castrated male and female CETP 
transgenic mice [14, 15]. Therefore, the lipoprotein profile 
may be influenced by CETP, androgens and exercise, either 
acting independently or in combination.

The present study was designed to evaluate the effects 
of exercise training and use of AAS on the CETP levels as 
well as the interplay of exercise, AAS and CETP expres-
sion on the lipid and lipoprotein profiles of a “humanized” 
mouse model. For this purpose, we used the progenies of 
CETP transgenic mice crossbred with LDL receptor knock-
out mice, treatment with mesterolone (MEST, a synthetic 
steroid not metabolized in the body) and a moderate exercise 
protocol that does not cause cardiac hypertrophy or other 
deleterious consequences of overtraining.

Materials and Methods

Animal and Treatments

Animal protocols were approved by the University’s Com-
mittee for Ethics in Animal Experimentation (CEUA/
UNICAMP, Protocol #040-2) and all experiments were 
performed in accordance with relevant guidelines and 
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regulations. Mice were housed in a temperature-con-
trolled room (22 ± 2 °C) on a 12-h light/dark cycle and 
had free access to food (rodent chow diet; Nuvital CR1, 
Colombo, Brazil) and water. Hemizygous human CETP 
transgenic mice (line 5203, C57BL6/J) [21] expressing a 
human CETP minigene under the control of natural flank-
ing sequences were crossbred with LDL receptor knockout 
mice (C57BL6/J) purchased from the Jackson Laboratory 
(Bar Harbor, ME, USA). CETP-expressing mice were 
genotyped by assaying plasma CETP activity [22]. CETP-
expressing(CETP/R1) and non-expressing (R1) male mice 
of 4–6 months of age were used in this study. R1 and CETP/
R1 mice were randomly assigned to sedentary and exercised 
groups; n = 24 of each genotype in each group. While seden-
tary groups remained in their cages, exercised groups were 
submitted to a swimming training protocol during 6 weeks 
as previously described [23]. Mice started training with 
20 min of swimming in a tank with heated water (30–31 °C) 
in individualized lanes. No weight loads were used. To pre-
vent floating during the swimming session, tubes connected 
to an air pump system produced water bubbling from the 
tank bottom. The swimming time was increased 10 min/day 
until the animals reach 60 min of training. The sessions were 
carried out once a day, five times a week, during 6 weeks. 
This protocol does not cause cardiac hypertrophy [23]. In the 
last 3 weeks of the experimental protocol, the mice under 
exercise training and the sedentary mice were divided in 
two sub-groups (n = 12) and started daily treatment with 
MEST or arabic gum (vehicle) orally, 2 µg/g of body weight 
of MEST (1-alpha-methyl-5-alpha-androstan-17beta-ol-3-
one) (Schering do Brazil, São Paulo, SP, Brazil). A diagram 
of the experimental groups and protocol is shown in Fig. 1. 
Twenty-four hours after the last session of physical training, 
the animals were deeply anesthetized with ketamine (50 mg/
kg) and xylazine (10 mg/kg) and total blood was obtained 
through the retro-orbital plexus.

Plasma Biochemical Analyses

Lipoproteins from pooled or individual plasmas of mice 
were separated by fast-protein liquid chromatography 
(FPLC; Amersham-Pharmacia Biotech, Uppsala, Sweden) 
as described previously [22]. The FPLC HR10/30 Super-
ose 6 column separates three well-defined cholesterol peaks 
from mouse plasma: fractions 10–15, VLDL (d < 1.006, 
> 30–80 nm), fractions 16–26, intermediate- and LDL 
(IDL + LDL, d = 1.006–1.063, 16–30 nm), and fractions 
27–37, HDL (d = 1.063–1.21, 8–16 nm). Total choles-
terol and triacylglycerols (Chod-Pap; Roche Diagnostic 
GmbH, Mannheim, Germany) and plasma free fatty acids 
(Wako Chemical, Neuss, Germany) were determined by 
enzymatic-colorimetric methods according to the manu-
facturer’s instructions. Plasma glucose concentrations were 

determined by the glucose oxidase method using the Merck 
Diagnostic Biotrol®kit (Chennevires-les-Louvres, France).

Plasma CETP Activity

CETP activity assay using exogenous substrates, which 
reflects the plasma CETP concentration, was measured 
as described previously [22]. Briefly, a mixture of human 
VLDL and LDL (100 μg of proteins) was incubated with 
10,000 dpm of human HDL3 labeled with [14C]cholesteryl 
ester [24] and 5 μl of mouse plasma as the source of CETP 
in a final volume of 100 μl. Blanks were prepared with tris-
saline-EDTA buffer and negative controls with non-trans-
genic mouse plasma. The incubations were carried out at 
37 °C for 2 h and stopped in an ice bath. The apoB-con-
taining lipoproteins were precipitated using 1.6% dextran 
sulphate and 1 M MgCl2 solution (1:1) and 100 μg of human 
LDL as carrier. The remaining radioactivity was measured in 
the supernatant (HDL) in a LS6000 Beckman beta counter.

Intravascular Lipase Activities

Total lipase activity was determined according to Ehnholm 
and Kuusi [25]. Overnight-fasted mouse plasmas obtained 
before (basal) and 10 min after subcutaneous injection of 

Fig. 1   Diagram of experimental groups and protocol. R1 and CETP/
R1 mice were randomly assigned to sedentary and exercised groups; 
n  =  24 of each genotype in each group. While sedentary groups 
remained in their cages, exercised groups were submitted to a swim-
ming training protocol during 6 weeks as previously described [23]. 
In the last 3  weeks, mice under training and sedentary mice were 
divided in two sub-groups (n = 12) and started daily treatment with 
mesterolone (MEST) or arabic gum (vehicle) orally, 2 µg/g of body 
weight
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heparin (100 µU/kg body weight) were incubated with a 
[3H]triolein/gum arabic substrate ([9,10-3H (N)]triolein, 
New England Nuclear, Boston, MA, USA) for 1 h. Hepatic 
lipase (HL) activity was determined in tubes in which the 
lipoprotein lipase (LPL) was inhibited by 2 M NaCl. The 
hydrolyzed labeled free fatty acids were extracted with 
methanol-chloroform-heptane (1.4:1.25:1) and dried under 
N2 and radioactivity was determined in a LS6000 Beckman 
beta counter. LPL activity was calculated as the difference 
between the total lipase and the hepatic lipase activities.

Statistical Analyses

Data were expressed as mean ± SE. Two statistical analy-
ses were applied. Segregated analysis by physical activity 
state, within sedentary or exercised groups (two mean com-
parisons by Mann–Whitney test, InStat GraphPad software, 
version 3.0) was used to determine the effects of MEST. 
Global analysis of all groups, using multi-factorial ANOVA 
(software SAS version 8) was used to determine the effects 
of genotypes (presence of CETP or not), hormonal treatment 

(MEST vs. vehicle) and physical activity (exercise vs. sed-
entary), as well as the interaction between these factors. 
Differences between groups were considered significant at 
p ≤ 0.05.

Results

Effects of Mesterolone (MEST) in Sedentary Mice 
Expressing or Non‑expressing CETP

Cholesterolemia was significantly increased (p = 0.002) in 
the MEST group that expressed CETP (CETP/R1) when 
compared to the vehicle (Table 1). This was not verified 
in the R1 group of mice that had already a basal choles-
terol concentration higher than the CETP/R1 vehicle 
(p = 0.0003); MEST treatment did not further increase it. 
As for the plasma levels of free fatty acid (FFA), triacylglyc-
erol (TAG) and glucose, there were no significant variations 
between genotypes or hormone treatment (Table 1).

Cholesterol distribution among plasma lipoprotein frac-
tions is presented in Table 2, where it can be observed that 
VLDL-cholesterol did not change among the groups. How-
ever, the treatment with MEST induced a marked elevation 
of LDL-cholesterol of the CETP/R1 (+ 37%) and of HDL-
cholesterol in both genotype groups (+ 30% in CETP/R1 and 
+ 20% in R1 mice). As expected, HDL-cholesterol levels 
were significantly lower in CETP-expressing groups (CETP/
R1) than in non-expressing (R1) under both conditions, vehi-
cle and MEST treatment. LDL-cholesterol elevation induced 
by MEST treatment in the presence of CETP was reflected 
in their non-HDL fraction (+ 33%). Taking into account the 
[V + LDL]/HDL ratio, CETP-expressing mice treated with 
MEST exhibited a potentially more atherogenic lipid profile 
among the four sedentary groups (+ 31% vs. R1 vehicle).

We also determined the plasma activities of the two major 
modulators of HDL metabolism, CETP and HL. We verified 

Table 1   Fasting plasma levels of cholesterol, non-esterified fatty 
acids, triacylglycerol and glucose in sedentary LDL receptor-deficient 
mice expressing CETP (CETP/R1) or not (R1), after 3 weeks of mes-
terolone (MEST) or vehicle (arabic gum) treatment

Mean ± SE (n = 12). The same letters indicate the pair comparisons 
that are significantly different, p < 0.05
CHOL cholesterol, NEFA non-esterified fatty acids, TAG triacylglyc-
erol

R1 R1/CETP

MEST Vehicle MEST Vehicle

CHOL (mg/dl) 109 ± 4.3 101 ± 4.5b 98 ± 3.9a 81 ± 3.0ab
NEFA (nmol/l) 1.4 ± 0.1 1.3 ± 0.1 1.5 ± 0.1 1.4 ± 0.1
TAG (mg/dl) 80 ± 8.5 75 ± 6.5 67 ± 2.4 63 ± 3.8
Glucose (mg/dl) 60 ± 3.6 64 ± 2.5 67 ± 2.1 69 ± 2.9

Table 2   Plasma lipoprotein 
concentrations, cholesteryl 
ester transfer protein and 
hepatic lipase activities in 
LDL receptor-deficient mice 
expressing CETP (CETP/R1) 
or not (R1), after 3 weeks of 
mesterolone (MEST) or vehicle 
(arabic gum) treatment

Mean ± SE (n = 6–12). Lipoproteins (VLDL, LDL, HDL, non-HDL, V + LDL/HDL ratio). The same let-
ters indicate the pair comparisons that are significantly different: (a) p = 0.02, (b) p = 0.03, (c) p = 0.008, 
(d) p = 0.01, (e) p = 0.0007, (f) p = 0.03, (g) p = 0.04, (h) p = 0.03 and (i) p = 0.02
chol cholesterol, CETP cholesteryl ester transfer protein, HL hepatic lipase

R1 R1/CETP

MEST Vehicle MEST Vehicle

VLDL-chol 2.3 ± 0.4 1.7 ± 0.3 2.2 ± 0.3 1.8 ± 0.4
LDL-chol 22 ± 0.9a 20 ± 2.8 26 ± 2.0ab 19 ± 1.9b
HDL-chol 86 ± 3.9cd 72 ± 1.7ce 73 ± 3.9fd 56 ± 2.9fe
non-HDL 24 ± 0.9g 22 ± 2.8 28 ± 2.2gh 21 ± 1.8h
V + LDL/HDL 0.29 ± 0.01i 0.30 ± 0.04 0.38 ± 0.02i 0.36 ± 0.03
HL (nmol/ml/h) 1203 ± 41 1210 ± 46 1345 ± 49 1191 ± 42
CETP (% CE transfer) – – 28 ± 2.1 26 ± 1.9
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that the amounts of CETP and of HL were not altered by 
MEST treatment (Table 2). Therefore, we cannot attribute 
the increased plasma levels of HDL-cholesterol induced by 
MEST to modifications in the levels of these two proteins.

Effect of Testosterone in Exercised Mice Expressing 
or Non‑expressing CETP

In exercised mice, the plasma concentrations of cholesterol, 
TAG, FFA and glucose did not vary as a function of MEST 
treatment, nor of CETP expression (Table 3). However, sig-
nificant changes were observed in the lipoprotein profiles of 
the exercised mice (Table 4). MEST treatment significantly 
reduced the concentration of HDL (− 18%) in R1 mice, what 
was not observed in the CETP/R1 mice (− 9%, non-signif-
icant). The presence of CETP led to a higher concentration 
of non-HDL-cholesterol and, therefore, a higher atherogenic 
index in CETP/R1 groups, in both vehicle- and MEST-
treated mice. The activities of CETP and HL (Table 4) did 
not change significantly between the genotypes or hormone 
treatment in exercised mice. Therefore, in exercised mice, 
the testosterone treatment reduced HDL fraction in CETP 

non-expressing mice (R1). The LP profile of exercised 
mice expressing CETP was significantly more atherogenic, 
regardless the MEST treatment, as shown by lower HDL, 
higher non-HDL and higher [V + LDL]/HDL ratio.

Independent Effects of CETP Genotype, Mesterolone 
Treatment and Exercise Training

The study design was carefully planned to allow a robust 
statistical analysis (multifactorial analysis of variance) to 
determine independent and interactive effects of the three 
factors (CETP genotype, MEST treatment and exercise train-
ing). The multifactorial statistical analysis provides conclu-
sions that cannot be inferred from the data, as grouped in the 
previous tables [1–4]. Instead, data were treated collectively 
and grouped in distinct ways. The detailed statistical analy-
sis for each dependent variable is provided as supplemen-
tary information. Next, we describe the independent effects 
of CETP genotype, MEST treatment and exercise training 
shown in Figs. 2, 3 and 4.

Concerning CETP genotype effects, multifactorial 
ANOVA showed that CETP expression, independently of 
exercise training and hormone treatment, reduces HDL 
(21%, p  =  0.0001) and increases non-HDL cholesterol 
(15%, p = 0.06) fractions (Fig. 2). In this analysis of all 
groups, we verified that the presence of CETP increased the 
[VLDL + LDL]/HDL ratio in 36% (p < 0.0001), indicating 
that, in this context of partial LDL receptor deficiency, the 
presence of CETP favors an atherogenic LP profile.

Mesterolone treatment increased the concentrations of 
VLDL-cholesterol in 42% (p = 0.02), regardless of the pres-
ence of CETP and status of physical activity (Fig. 3).

Exercise training had the independent effects of elevating 
LDL (+ 33%, p = 0.0013), non-HDL (+ 31%, p = 0.0005), 
HDL (+ 25%, p = 0.0001) and decreasing plasma CETP 
levels (− 19%, p = 0.01) as shown in Fig. 4. In addition, 
exercise reduced the plasma concentrations of TAG in 25% 
(p < 0.0001) and FFA in 20% (p < 0.0004).

Table 3   Fasting plasma levels of cholesterol, non-esterified fatty 
acids, triacylglycerol and glucose in LDL receptor-deficient mice 
expressing CETP (CETP/R1) or not (R1), after 3 weeks mesterolone 
(MEST) and vehicle (arabic gum) treatment and 6  weeks of swim-
ming training

Mean ± SE (n = 12). No significant differences were observed
CHOL cholesterol, NEFA non-esterified fatty acids, TAG triacylglyc-
erol

R1 R1/CETP

MEST Vehicle MEST Vehicle

CHOL (mg/dl) 115 ± 5.1 122 ± 4.3 114 ± 4.5 120 ± 6.2
NEFA (nm/l) 1.2 ± 0.1 1.1 ± 0.1 1.0 ± 0.1 1.2 ± 0.1
TAG (mg/dl) 51 ± 1.7 52 ± 2.1 50 ± 2.8 52 ± 2.4
Glucose (mg/dl) 71 ± 5.1 69 ± 4.5 68 ± 5.7 68 ± 6.0

Table 4   Plasma lipoprotein 
concentrations, cholesteryl 
ester transfer protein and 
hepatic lipase activities in 
LDL receptor-deficient mice 
expressing CETP (CETP/R1) 
or not (R1), after 6 weeks of 
swimming training and 3 weeks 
mesterolone (MEST) or vehicle 
(arabic gum) treatment

Mean ± SE (n = 6–12). The same letters indicate the pair comparisons that are significantly different: (a) 
p = 0.008, (b) p = 0.03, (c) p = 0.05, (d) p = 0.06 and (e) p = 0.05
CETP cholesteryl ester transfer protein, HL hepatic lipase

R1 R1/CETP

MEST Vehicle MEST Vehicle

VLDL-chol 2.7 ± 0.5 1.6 ± 0.3 3.2 ± 0.5 2.7 ± 0.4
LDL-chol 23 ± 2.9 25 ± 1.8 30 ± 2.1 35 ± 3.6
HDL-chol 86 ± 3.7a 105 ± 4.4ab 83 ± 3.2 91 ± 4.9b
non-HDL 28 ± 3.3 27 ± 1.9c 33 ± 2.0 38 ± 3.7c
V + LDL/HDL 0.32 ± 0.03d 0.27 ± 0.02e 0.41 ± 0.03d 0.42 ± 0.03e
HL (nmol/ml/h) 1219 ± 103 1409 ± 107 1282 ± 32 1239 ± 66
CETP (% CE transfer) – – 21 ± 1.9 22 ± 1.6
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Interactions of Exercise, CETP and Mesterolone

The total cholesterol elevation due to exercise-CETP inter-
action is explained by elevations in the HDL fraction that 
were more intense in the group expressing CETP (+ 46%, 
p < 0.0001) than in the R1 (+ 20%, p = 0.01). Thus, the 
interactions between exercise and CETP show that exercise 
induced an elevation of HDL-cholesterol fraction in CETP/
R1 mice likely as a consequence of decreasing CETP.

Interactions of exercise-MEST show that exercise 
increased all lipoprotein fractions in mice not treated with 
MEST (vehicle groups), as follows: LDL-cholesterol (60%, 
p = 0.0006), non-HDL-cholesterol (+ 56%, p < 0.0009) 
and HDL-cholesterol (+ 59%, p < 0.05). On the other hand, 
MEST treatment increased HDL-cholesterol levels in seden-
tary groups by + 27%, (p < 0.0001), while exercised groups 
had already much higher HDL-cholesterol concentrations. 
Therefore, interactions of exercise-MEST evidences that 
exercise increases HDL, particularly in mice that were not 
treated with MEST.

Discussion

Studies in humans and animal model have provided con-
flicting results regarding the isolated or combined effects 
of exercise and anabolic androgenic steroids (AAS) on the 
plasma lipids and lipoproteins fractions. Most variations in 
the studies outcomes are related to distinct models, protocols 
(exercise type and volume, AAS type and time of use), and 
metabolic and genetic background of the studied species or 
individuals. Genetic variations in individuals have gained 
attention regarding differential responses to exercise [10]. In 
the present study, we employed a well-defined genetic and 
metabolic context, the genetically modified mice express-
ing CETP and half of the endogenous LDL receptors, to 
determine independent and interactive effects of CETP 
expression, MEST treatment and exercise training on the 
plasma lipoprotein profile and CETP activity. These genetic 
modifications make the lipoprotein metabolism in this model 
more similar to humans. The type of exercise chosen was 
a very moderate one, previously shown to not cause car-
diac hypertrophy recommended for cardiovascular protec-
tion. We concluded that: (1) CETP expression, as expected, 
independently of any other intervention, reduced HDL and 
augmented non-HDL cholesterol fractions. The presence of 
CETP resulted in a potentially more atherogenic lipoprotein 
profile in both states, sedentary and exercised; (2) MEST 
treatment had the independent effect of increasing VLDL-
cholesterol. In addition, it blunted the effect of exercise on 
increasing HDL-cholesterol (interactive effect); and finally, 
(3) exercise training reduced TAG and FFA, increased both 
LDL and HDL, and reduced CETP plasma levels. Interactive 
effects showed that the exercise-induced reduction of CETP 
activity contributed to increase HDL-cholesterol levels. The 
increase of LDL-cholesterol with exercise was unexpected. 
This may be related to the stimulation of the TAG-rich lipo-
protein (VLDL) metabolism, as evidenced by the exercise-
independent effect of reducing TAG levels. Since these mice 
have partial deficiency of LDL receptors, they accumulate 

Fig. 2   Independent effects of CETP expression on HDL (decrease) and non-HDL (increase) plasma levels that were identified by multifactorial 
analysis of variance (SAS, version 8). Box plot with median, 1st and 3rd quartile, minimum and maximum limits

Fig. 3   Independent effect of mesterolone treatment on VLDL 
(increase) plasma levels that was identified by multifactorial analysis 
of variance (SAS, version 8). Box plot with median, 1st and 3rd quar-
tile, minimum and maximum limits
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these particles in the plasma. It is important to emphasize 
that partial deficiency of LDL receptors is a very common 
condition in the human population [26].

The interactions of exercise-CETP and exercise-MEST 
helped to conciliate some of the previous discordant results. 
Several authors reported that total cholesterol plasma lev-
els in exercised men did not change, was reduced or even 
increased [7]. Reduction of plasma cholesterol was also 
observed in studies with exercised men treated with tes-
tosterone [27, 28]. Here, we showed that CETP expression 
worsens the elevation of plasma cholesterol associated with 
exercise training. However, alterations in specific lipoprotein 
fractions are more relevant to understand changes in choles-
terol metabolism, as discussed next.

VLDL-cholesterol plasma levels are, in general, 
decreased as a function of physical training [29]. Here, we 
found no direct independent effect of exercise on VLDL-
cholesterol. However, fasting plasma TAG levels reflect 
directly the rate of VLDL metabolism, and we found an 
independent effect of exercise on reducing TAG levels, 
suggesting an acceleration of VLDL lipolysis. Accord-
ingly, most reports [17, 29, 30], but not all [31, 32], show 
that exercise reduces plasma TAG levels, basically by 
increasing lipoprotein lipase activity, and thus, VLDL 
clearance rate [33, 34]. Testosterone supplementation or 

replacement in several animal models, such as rats, mice, 
rabbits and monkeys, showed quite variable responses of 
their VLDL-cholesterol plasma levels [31, 35–37]. In men, 
testosterone does not seem to have an impact on the VLDL 
metabolism [38, 39]. In the present study, MEST treatment 
had an independent effect of increasing VLDL-cholesterol. 
In a previous study with CETP/R1 mice, we also observed 
that MEST induced increases in VLDL- and LDL-choles-
terol in sedentary but not in treadmill-exercised mice [3].

In most human studies, physical training either 
decreased or did not alter the plasma levels of LDL-
cholesterol. However, in animal models, the effects on 
the LDL fraction are more variable; for instance, Von 
Duvillard et al. [40] observed an increase in the LDL-
cholesterol fraction in pigs fed a hyperlipidemic diet and 
exercised. High-intensity resistance exercise increased 
non-HDL cholesterol in hamsters fed a hypercholester-
olemic diet [41]. On the other hand, wild-type and LDL 
receptor knockout mice fed with an atherogenic diet had 
reduced LDL by exercise training [42, 43]. Therefore, this 
effect seems to be related to the species background and/or 
to the presence of a high-fat diet. In the present work, the 
partial deficiency of the LDL receptor is probably respon-
sible for the elevation of LDL induced by exercise, since 
no unbalanced diet was used.

Fig. 4   Independent effects of exercise training on the lipoproteins 
and CETP plasma levels as identified by multifactorial analysis of 
variance (SAS, version 8). Exercise increased LDL-cholesterol, non-

HDL-cholesterol and HDL-cholesterol levels and decreased CETP 
plasma activity. Box plot with median, 1st and 3rd quartile, minimum 
and maximum limits
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One of the most acknowledged beneficial roles of exercise 
is its action on raising HDL. However, that is not always 
the case. Niebauer et al. [44] did not observe an increase in 
the HDL of apoE knockout and wild-type female mice after 
4 weeks of treadmill training. On the contrary, von Duvillard 
et al. [40] observed an increase in HDL fraction in exercised 
pigs. In humans, exercise may or may not increase the HDL 
levels and the reasons for these variable responses are likely 
related to the different types of exercises performed, their 
intensity and regularity [8] and also the genetic background. 
The relationship of testosterone and HDL is complex and 
studies on this matter are more scarce. The endogenous 
testosterone in middle-aged men is positively linked with 
the levels of both HDL- and apoB-containing lipoproteins 
[45]. In other studies investigating the association between 
exercise and testosterone, the HDL levels were decreased. 
Body builders using AAS showed lower plasma concentra-
tions of HDL when compared to former users [46], non-user 
athletes [28, 47] and sedentary users [47]. Here, exercise 
independently induced elevation of HDL, but MEST treat-
ment interfered negatively in this effect.

CETP is one of the most important endogenous negative 
regulators of HDL. Thus, in the 90s, it was hypothesized 
that the effects of exercise on HDL levels could be mediated 
by alterations in CETP. Seip et al. [17] showed a decrease 
in the activity of the CETP in normolipidemic men and 
women subjected to physical training during 9–12 months 
when compared to their own pre-training values. Foger et 
al. [48] also observed decreased mass and activity of CETP 
in endurance athletes after a biking marathon when com-
pared to pre-competition values. On the contrary, Gupta et 
al. [16] observed increased CETP activity in athletes when 
compared to sedentary men. Wilund et al. [20] studied sed-
entary men subjected to endurance training that showed 
variable responses in the concentrations of HDL according 
to their CETP gene polymorphism Taq1B. The individuals 
with the CETP-B1B2 genotype responded to exercise with 
an increase of HDL, while this did not occur in B1B1 sub-
jects. In CETP transgenic mice with preserved LDL receptor 
expression, Rocco et al. [19] reported no changes in CETP 
activity before and after a 6-week aerobic exercise training 
program. Here, it was shown that in mice with partial LDL 
receptor deficiency, exercise independent of other interven-
tions reduces CETP activity, which is in agreement with 
most human studies. The reasons that might link exercise 
and reduction in CETP activity are unknown. Several hor-
monal and metabolic factors elicited by exercise may have 
influenced CETP levels. Although beyond the scope of 
this study, we could speculate about a few factors, such as 
increased growth hormone [49], decreased FFA or PPARa 
activity [50] or other factors modulated by exercise, for 
instance, systemic/tissue microRNAs or anti-inflammatory 
factor release/expression.

In conclusion, in the present work, it was possible to 
verify independent effects of exercise, AAS treatment and 
CETP expression based on comparisons of well-defined 
genetic and metabolic contexts. Interactions of exercise-
CETP and exercise-MEST helped to conciliate some dis-
crepant results in the literature. The results reinforce the 
positive metabolic effects of exercise (reduced triacylg-
lycerol and free fatty acids and increased HDL), resolved 
a controversy about CETP response to exercise (reduced 
CETP plasma levels) and evidenced that MEST counteracts 
specific exercise benefits such as elevation of HDL. Since 
pharmacological inhibition of CETP has been questioned, 
the present findings show that exercise is a safe interven-
tion to reach this anti-atherogenic goal. Overall, the present 
findings show how the CETP genetic background and the 
hormonal state interact with exercise to define a final lipo-
protein profile outcome.
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