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Recent studies of the effects of physical exercise and caloric restriction have found several benefits on
the metabolic and cardiovascular risk factors related to metabolic syndrome (MS). This review examines
the current state of knowledge of the effects of physical exercise on the main pathologies associated with
MS: obesity, insulin resistance, type 2 diabetes mellitus (DM2), dyslipidemias and hypertension. Although
there are only a few randomized and controlled studies that evaluated the prevention and treatment of
MS, strong evidence from controlled studies indicates that lifestyle changes that include regular physical
exercise and caloric restriction are effective in preventing and treating DM2 in overweight individuals with
reduced glucose tolerance. Likewise, epidemiologic studies suggest that regular physical exercise prevents
the development of DM2 and cardiovascular disease. Based on current recommendations, it is important
to increase the level of physical exercise at a moderate intensity to achieve good cardiorespiratory and
muscular conditions and to promote fat mass reduction, with consequent reductions of risk of developing
metabolic syndrome.

Uniterms: Physical activity. Metabolic syndrome. Insulin/resistance. Type 2 diabetes mellitus. Obesity.
Nutrition.

Recentes estudos, relativos aos efeitos do exercicio fisico e da restri¢ao energética, t€ém relatado diversos
beneficios sobre fatores metabolicos e de risco cardiovascular relacionados a sindrome metabolica
(SM). Esta revisao aborda os aspectos mais recentes dos efeitos do exercicio fisico sobre as principais
patologias associadas a SM: obesidade, resisténcia a insulina, diabetes mellitus tipo 2 (DM2), dislipidemia
¢ hipertensdo. Embora estudos randomizados e controlados que avaliam a prevengdo ¢ o tratamento
da SM sejam escassos, pesquisas controladas indicam fortes evidéncias de que mudangas no estilo de
vida, incluindo a pratica de exercicio fisico regular e restricdo energética, sejam eficazes na prevengao
e tratamento de DM2 em individuos com sobrepeso e com tolerancia a glicose diminuida. No mesmo
sentido, estudos epidemiologicos sugerem que a pratica regular de exercicio fisico previne DM2 e
doengas cardiovasculares. Com base nas atuais recomendagdes, preconiza-se o aumento do volume total
de exercicio fisico com intensidade moderada, na busca da boa condi¢@o cardiorrespiratoria e muscular
¢ da diminui¢do da massa gorda, com conseqiiente aumento da protegdo contra fatores associados ao
desenvolvimento da sindrome metabdlica.

Unitermos: Exercicio fisico. Sindrome metabolica. Insulina/resisténcia. Diabetes mellitus tipo 2.
Obesidade. Nutrigdo.

INTRODUCTION

Metabolic syndrome (MS), also known as X syndro-
me or insulin resistance syndrome, has been considered as
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arisk factor in the development of cardiovascular disease,
type 2 diabetes mellitus (DM2) and other complications
(Eckel, Grundy, Zimmet, 2005; Maranhao, Maniero,
2007). This has led to a growing scientific interest in
studying its component conditions. According to Reaven
(1988), this metabolic disorder is associated with a patho-
physiological condition of insulin resistance and metabolic
abnormalities seen in non-obese individuals with glucose
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tolerance. Also, some researchers have emphasized that
this metabolic disorder is related to obesity (especially
abdominal obesity or androgenic type), which increa-
ses the risk of various other cardiovascular risk factors
(Lapidus, Bengtsson, Bjorntorp, 1994; Bjorntorp, 1996).
Therefore, MS is characterized by five main pathologic
conditions: obesity, hypertension, insulin resistance, glu-
cose intolerance (reduced glucose tolerance or non-insulin
dependent diabetes) and dyslipidemias. In this context,
clinical diagnosis is essential to minimize the deleterious
effects related to this syndrome as well as to reduce seve-
ral atherosclerotic risk factors that may affect this same
individual (Alexander et al., 2003; Solymoss et al., 2003;
Girman et al., 2004; Malik et al., 2004; Ninomiya et al.,
2004; Olijhoek et al., 2004; Mcneill et al., 2005; Donato
et al., 2006; Maranhao, Maniero, 2007).

Although hyperinsulinemia and insulin resistance
are the main features of MS, the etiology of MS is still
not clear, with some researchers suggesting the involve-
ment of genetic and environmental factors (ATPIII, 2001;
Martin et al., 2003; Poulsen et al., 2005). However, it is
evident that the prevalence of MS depends on the criteria
employed and on the features of the studied population, as
the prevalence varies from 12.4 to 28.5% in men and 10.7
to 40.5% in women (Ford, Giles, 2003; Aguilar-Salinas et
al.,2004; Hu et al., 2004; Oh et al., 2004).

Considering that the health benefits of physical
activity can only be seen with regular practice, a positive
relationship between regular physical activity and the
reduction of the risk and improvement in MS-related risk
factors is expected (Braith, Stewart, 2006; Li, Liu, Lin,
2006; Wannamethee, Shaper, Whincup, 2006; Lakka,
Laaksonen, 2007; Wijndaele et al., 2007). On the other
hand, it is well-known that sedentarism is a risk factor for
the development of several degenerative diseases (ATPIIIL,
2001). In fact, a reduction of regular physical exercise is
negatively related to most of the MS components; therefo-
re, increasing physical exercise could prevent and/or treat
the metabolic syndrome. (Eriksson, Taimela, Koivisto,
1997). Indeed, several studies have shown that regular
physical exercise exerts positive effects on the control or
prevention of MS (Carroll, Cooke, Butterly, 2000; Lakka
etal.,2003).

The aim of this paper is to discuss the recent findings
related to the effect of physical exercise and caloric res-
triction on the MS components.

METHODS

The bibliographic review was performed based on
articles found in the Pubmed and Scielo databases and on
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books published from 1977 to 2008. We used the follo-
wing inclusion criteria for selecting references: studies
investigating the effects promoted by physical exercise
and caloric restriction on obesity, insulin resistance, DM2,
dyslipidemias and arterial pressure, as well as the metabo-
lic and physiological aspects involved.

Furthermore, the papers were selected based on their
originality and relevance, the quality of the experimental
design, the sample size and the types of physiological and
performance parameters adopted. Preference was given to
classic and new studies.

CRITERIA FOR THE DIAGNOSIS OF
METABOLIC SYNDROME

Some organizations, including the World Health
Organization (WHO), International Diabetes Federation
(IDF), National Cholesterol Education Program Adult
Treatment Panel Il (NCEP ATPIIL), European Group
for Study of Insulin Resistance (EGIR) and American
Association of Clinical Endocrinologists (AACE), have
adopted their own definitions for the MS components. In
this review, we adopted three of them (NCEP ATPIII, IDF
and WHO) due to the practical application of these classi-
fications (Table 1). Furthermore, these organizations have
adopted the same components described and discussed in
this paper.

According to the National Cholesterol Education
Program (Adult Treatment Panel I1]), a diagnosis of
MS is established when the individual presents three or
more of the five components adopted by this organization
(Table 1). In the IDF consensus (2005), visceral obesity
is considered a mandatory component for MS diagnosis,
along with two additional components. On the other hand,
the WHO criteria for MS require the presence of glucose
intolerance or DM2 and two other risk factors.

PHYSICAL EXERCISE AND OBESITY

The global epidemic of obesity has been rapidly
turning into a priority in the public health system. In 2005,
the World Health Organization (WHO) indicated that over
1.6 billion adults were classified as overweight, of whom
400 million were obese. Currently, it is estimated that by
2015, over 2.3 billion people living in the developed and
underdeveloped countries will suffer from problems rela-
ted to being overweight and obese (WHO, 2006).

Obesity is considered a risk factor for several car-
diovascular events and metabolic diseases. Obesity can
be measured using a number of methods, and Body Mass
Index (BMI) is the most common measurement method
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CRITERIA NCEPATP 111 WHO IDF
Abdominal obesity > 102 cm (men) Waist-hip ratio: >94 cm (men)
(waist circumference or > 88 cm (women) > 0.9 (men) >80 cm (women)
waist-hip ratio) > 0.85 (women)

and/or IMC > 30 kg/m?

Fasting glucose concentration
(mmol/L)

>5.6(> 110 mg/dL)

> 6.1 mmol/l (> 120 mg/dL)
or > 7.8 mmol/l (2-hour post
challenge plasma glucose or

> 5.6 or DM2 diagnosis

DM2 diagnosis)
Blood Pressure (mm Hg) > 130/85 > 140/90 >130/85
Fasting triglycerides (mmol/L) >1.7 (150 mg/dL) >1.7 >1.7
HDL-cholesterol concentration < 1.0 (men) (<45 mg/dL) <0.9 (men) (35 mg/dL) <1.03 (men)

(mmol/l)

< 1.3 (women) (< 50 mg/dL)

< 1.0 (women) (39 mg/dL)

< 1.29 (women)

NCEP ATPIII: National Cholesterol Education Program, Third Adult Treatment Panel (2004); WHO: World Health Organization

(1999); IDF: International Diabetes Federation (2005).

that provides information about general adiposity. Ho-
wever, a few studies have highlighted the importance of
body fat distribution; for example, visceral fat presents
distinct properties from subcutaneous fat. Thus, body fat
distribution is also a major parameter to evaluate the risk
of diseases (Han et al., 1995; Pouliot et al., 1994; Despres
etal, 2001).

Abdominal fat can be divided into three different
types: visceral, subcutaneous and retroperitoneal. The
differences among them are important, as visceral fat, the
type of fat that surrounds and weighs upon falls onto the
abdominal organs such as the liver, is strongly linked with
a high risk of cardiovascular disease and DM2. Visceral fat
is also easily measured by the waist circumference (Des-
pres et al., 2001). Furthermore, a recent study demons-
trated a positive correlation between waist circumference
and insulin resistance — one of the crucial factors in the
development of DM2. This effect is specifically attributed
to the visceral adipose tissue (Barnett, 2008).

Based on this evidence, studies have suggested that
sedentarism, characterized by low energy expenditure and
increased intake of high-energy-density food, is the major
etiological factor in the development and rapid increase
of obesity in most parts of the population (Kuczmarski et
al., 1994; Prentice, Jebb, 1995; Westerterp-Plantenga et
al., 1998; Hill, Melanson, 1999).

In general, treatments aiming to reduce excess body
weight are based on promoting negative energy balance,
i.e., a daily energy intake lower than the energy expendi-
ture. Typically, caloric restriction is utilized as the only
strategy (Bjorntorp, 1996). However, changes in lifestyle,
to include regular physical exercise and food reeducation,

are still considered the best strategies for MS treatment
(Jakicic et al., 2001; Wannamethee, Shaper, Whincup,
2000).

The main factors that contribute to daily energy ex-
penditure are resting metabolic rate (RMR), thermic effect
of exercise (TEE) and thermic effect of food (Sunami et
al. 1999). Tataranni et al. (2002) suggested that the distri-
bution of daily energy expenditure in sedentary adults is
relatively constant, representing 60 to 70% of TMR and
10% of TEE. On the other hand, TEE can vary among
individuals, and it may be considered the leading factor
in increasing the energy expenditure, and consequently,
in assisting body weight control. This important effect of
TEE on the energy expenditure might significantly impact
weight loss, and thereby promote negative energy balance.

The effect of physical activity in increasing energy
requirement assists in weight loss (or loss of body fat
mass) by contributing to a higher daily energy expendi-
ture. Additionally, the findings obtained from short-term
interventions, i.e., up to six month durations, showed that
physical exercise, diet or a combination of both factors
promoted similar effects on weight loss in both sexes.
For example, the classic study developed by Hagan et
al. (1986) demonstrated weight loss of 11.4%, 8.4% and
0.3 % in men enrolled in a 12-week intervention (exercise
+ diet, diet only and exercise only, respectively). Similarly,
the weight reductions in women submitted to the same
strategies were 7.5%, 5.5% and 0.6%, respectively.

Conversely, some studies have demonstrated that
weight loss promoted by a very low calorie intake is
associated with increased muscle catabolism, which com-
promises the protein nutritional status (Oster et al., 1995;
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Pedrosa et al., 2004a; Pedrosa et al., 2004b). A reduction
in energy availability can provoke a number of metabolic
adaptations in the system, which aim to preserve body
mass (Pedrosa et al., 2007). These adaptations include
altered utilization of the metabolic substrates, changes in
body composition and appetite and the reduction of the
basal metabolic rate (Prentice et al., 1991). Besides the
presence of negative energy balance, which is required
in the reduction of body weight, there are still other phy-
siological factors that can affect body mass composition
during the weight loss process. Among them, it is worth
highlighting the following factors: genes, obesity level at
the beginning of the treatment, duration and intensity of
body weight reduction, physical exercise and the use of
pharmacological agents (Prentice et al., 1991).

To reverse this picture, it is necessary to adopt me-
thods that promote the maintenance of lean mass, with
consequent mobilization of lipids, especially from the
adipose tissue, liver, heart, skeletal muscle and plasma
lipoproteins (Pedrosa et al., 2004a; Pedrosa et al., 2004b).
The weight loss strategy of encouraging physical exercise
has been considered suitable due to the beneficial effects
seen among physically active people (ACSM, 1998). The
adaptive responses promoted by physical exercise are re-
presented by a post-exercise increase in TEE, an increase
in the substrate oxidation and body temperature and also
stimulation of protein synthesis (Bielinski, Schutz, Jequier,
1985; Horton, 1986). The increase in the post-exercise
TEE promoted by physical exercise is capable of lasting
from three hours to three days depending on the type, in-
tensity and duration of the exercise (Tremblay ez al., 1988;
Mcardle, Katch, Katch, 1998). Furthermore, it has been
demonstrated that physical exercise significantly prevents
weight gain and promotes the weight maintenance after
body weight loss.

The meta-analysis performed by Ross and Janssen
(2001) was based on studies that evaluated individuals
featuring body mass index (BMI) > 25 kg/m? and adopting
a regular physical exercise regimen. The authors studied
the isolated effect of physical exercise on obesity in nine
controlled studies and in twenty-two non-controlled
studies. Based on the results obtained from short-term
experiments (< 16 weeks) (n=20) involving exercises
that promoted an energy expenditure of 2.200 kcal/week,
the authors concluded that the weight loss promoted by
exercise was related to a loss of total fat. The same effect
could not be seen in visceral and abdominal fat as the
available evidence was not sufficient to demonstrate this
dose-response relationship.

In the study performed by Slentz et al. (2004), 120
individuals from both genders who had sedentarism,
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overweight and dyslipidemias (age between 40 — 65 years
old) were evaluated and assigned to four groups: (1) con-
trol group (or 8-month physical exercise or other activity);
(2) moderate-intensity and low-volume training exercise;
(3) high-intensity and low-volume training exercise; (4)
high-intensity and high-volume training exercise. The
three exercise programs saw benefits with regard to the
reduction of fat mass and central obesity. These benefits
were more accentuated in the group that performed high-
intensity and high-volume training exercises (Slentz et al.,
2004). Ross et al. (Ross et al., 2000) performed a study in
which 52 obese men were randomly distributed into the
following groups: weight loss diet, weight loss exercise,
no-weight loss exercise and control. The authors observed
that after three months of the experimental study only the
individuals from the weight loss groups showed a body
weight reduction of 7.5 kg.

With regard to the effects promoted by high-intensity
and endurance exercises in different periods of the weight
loss intervention, Jeffery et al. (2003) evaluated the effect
of physical exercise above the recommended levels on
weight loss at 6, 12 and 18 months of intervention, Indivi-
duals were divided into two different categories of energy
expenditures from physical exercise: 1.000 kcal/week
and 2.500 kcal/week. The authors tested the hypothe-
sis that individuals spending 2.500 kcal/week would
achieve better physical conditioning, and consequently,
higher weight loss compared with the 1.000 kcal/week
group. The results of this study suggest that the highest
level of physical exercise (2.500 kcal/week) promotes
greater weight loss in the long term compared with the
conventional recommendations. However, a small weight
gain in this group was also observed, which suggests a
long term deterioration of the weight-loss effect, despite
the maintenance of the levels of physical conditioning.
Therefore, even physical exercise with high energy ex-
penditure might not work as an absolute protection against
the weight gain. Thus, further studies are necessary with
longer periods of intervention to clarify whether the effects
of the highest levels of physical activity are sustainable
for longer periods.

In another study, Jakicik et al. (2003) compared the
effect of duration and intensity of physical exercise on
weight loss in sedentary individuals who were distributed
into 4 groups based on the level of energy expenditure
(1.000 kcal/week vs. 2.000 kcal/week) over a 12-month
period. The participants performed high intensity exercises
with distinct characteristics (moderate vs. intense), (1)
high intensity/long duration, (2) moderate intensity/long
duration, (3) moderate intensity/medium duration and (4)
high intensity/medium duration. Furthermore, all parti-
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cipants were instructed to reduce energy intake between
1.200 and 1.500 kcal/d and dietary fat between 20 and 30%
of the total energy intake. The authors verified that both
intensities of exercise, when combined with reduction of
energy intake, promoted between 8 to 10% of body wei-
ght loss, over the 12-month intervention. Furthermore,
the groups that performed high intensity exercises did
not present the highest body weight reductions, when
compared with the groups assigned to moderate intensity
exercises. However, the authors concluded that there is
a strong relationship between exercise intensity and the
magnitude of body weight reduction after 12 months of
intervention. Therefore, the interventions could initially
start with an average of 150 min/week of moderate inten-
sity exercises, aiming to encourage the individual to the
exercise program and if necessary, to follow the 60 min/
day recommendations of the Institute of Medicine (2002).

In another study, Williams (2007) studied whether
the maintenance of physical exercise for 7 years could
prevent weight gain. The author concluded that the main-
tenance of a vigorously active lifestyle reduces the natural
tendency of gaining weight with age. Furthermore, he
suggested that physical exercise attenuates rapid weight
gain, which might represent a beneficial effect, due to the
existing relationship between body weight, morbidity and
mortality. In the study of Williams & Thompson (2006),
the authors investigated whether physical exercise could
reduce body weight and examined the dose-response
relationship between physical exercise changes and total
and regional adiposity. The authors found that intense
exercise promotes weight loss, the interruption of its prac-
tice increases the intra-abdominal fat and these changes
are proportional to the intensity of the exercise. Further-
more, they suggested that intense physical exercise can
be considered as an activity capable of reducing body fat
percentage regardless of dietary interventions.

In the meta-analysis performed by Anderson et
al. (2001), six non-randomized studies (n = 492) were
included to evaluate the effect of physical exercise in
maintaining body-weight loss. The authors verified that
after 2.7 years, the group that performed physical exer-
cise reduced 15 kg while the sedentary group lost only
7 kg. These studies demonstrated a positive correlation
between volume of exercise and maintenance of weight
loss after a diet (Haapanen et al., 1997; Barefoot et al.,
1998). The individuals who increased the volume of exer-
cise after following a weight-loss diet were more prone
to maintaining the weight loss (Haapanen et al., 1997,
Fogelholm, Kukkonen-Harjula, 2000) — and few studies
showed results disagreeing with this observation (Bild et
al., 1996; Crawford, Jeffery, French, 1999). In fact, some

non-randomized studies concluded that the reduction of
body weight in individuals in good physical condition was
lower compared with sedentary individuals (Crawford,
Jeftery, French, 1999; Mcguire et al., 1999).

It is established that reduction in energy expenditure
inrelation to age favors a higher accumulation of adipose
tissue (Roberts, 1996). However, it is unknown whether
the increase in body adiposity is a cause or a consequence
of the reduction in energy expenditure with age (Roberts,
Leibel, 1998). Thus, daily physical exercise is recom-
mended to promote an increase in energy expenditure
between 160 and 180% of the basal energy expenditure,
which can be achieved in most adults with 60 minutes of
physical activity (Institute of Medicine, 2002; Erlichman,
Kerbey, James, 2002). The studies evaluating the effect of
physical exercise on body weight composition demons-
trated an improvement in the metabolic state regardless of
the presence of weight loss, with reduction in abdominal
visceral fat mass and improvements in the cardiometabolic
risk factors, including triglyceride, HDL-cholesterol levels
and insulin resistance.

PHYSICAL EXERCISE AND INSULIN
RESISTANCE

Insulin resistance is defined as a clinical condition in
which a normal or elevated insulin concentration produces
a reduced biological response that consequently cause
impaired glucose tolerance (IGT). Currently, it has been
reported that 40% of the population with diminished glu-
cose tolerance develops DM2 in 5 to 10 years. IGT patients
are susceptible to developing other risk factors, such as
overweight, hypertension and dyslipidemia. Furthermore,
IGT is associated with a high prevalence of coronary heart
disease (Pedersen, Saltin, 2006).

The insulin-mediated glucose uptake in the skeletal
muscle is directly related to the amount of muscle mass
and inversely associated with the amount of body fat (Yki-
Jarvinen, Koivisto, 1983). A few studies (Devlin et al.,
1987; Caro et al., 1989; Burstein et al., 1990) demonstra-
ted that physical activity increases the peripheral insulin
sensitivity in obese diabetic individuals. This improved
sensitivity effect is sustained after 12 to 24 hours after
exercise (Andersen, Hostmark, 2007); however, the insulin
dose-response curve does not completely return back to
normal levels with just one exercise bout (Burstein et al.,
1990). The effect of acute exercise on insulin sensitivity
is lost one day after the exercise bout with the effect con-
sidered to be discrete in the DM2 individuals. Therefore,
regular practice of low-to-medium intensity exercise is
recommended to reduce the insulin resistance found in
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DM2 individuals. The results of this study also suggest
that the effects of high intensity exercises on insulin sen-
sitivity are yet to be clarified. In fact, this study showed
discrepancy in the insulin-sensitizing effects promoted
by the practice of high-intensity exercise, which can be
justified by the following factors: 1) different methods to
evaluate insulin sensitivity; 2) the lack of standardization
of the exercise intensities that were adopted in this study;
and/or 3) heterogeneity of the individuals with DM2 and
their distinct responses to acute exercise.

Few studies have evaluated the isolated effect of
physical exercise in preventing diabetes in IGT patients;
however, there is evidence in the literature indicating a
beneficial effect of this strategy when combined with diet
modifications. Pan et al. (1997) performed a study with
IGT individuals who were enrolled into four groups: 1)
diet only (25 to 30 kcal/kg), 2) physical exercise only, 3)
physical exercise + diet (25 to 30 kcal/kg) and 4) control,
with a 6-year follow-up. This study demonstrated that
diabetes risk was reduced by 31% in the diet group (25 to
30 kcal/kg), 46% in the physical exercise group, and 42%
in the physical exercise + diet group. Likewise, Knowler
et al. (2002) investigated the effects of lifestyle changes
(diet and physical exercise - 150 minutes per week) in
IGT individuals over a period of 2.8 years. The authors
verified that changes in lifestyle were capable of reducing
the DM risk by 58%.

A study evaluating the exercise effect on different
states of pre-exercise glucose concentrations (fasted and
post-prandial) demonstrated that exercise in the fasting
state was safe in male DM2 individuals. Furthermore,
it was shown that glucose concentrations during aero-
bic exercise depend on the pre-exercise glucose levels
(Gaudet-Savard et al., 2007).

Although there are other studies demonstrating fa-
vorable responses to strategies involving physical exercise
and/or diet, the same was not seen in some individuals
(Tuomilehto et al., 2001; Knowler et al., 2002). A possible
explanation for this observation could be the intensity of
the weight-loss strategy that may affect the lifestyle of
these individuals (Lindstrom, Eriksson et al., 2003; Lin-
dstrom, Louheranta ef al., 2003).

Although long-term aerobic and medium-to-high
intensity exercise is the central point of most studies of the
exercise in treating insulin resistance, strength exercises
with many repetitions may also improve insulin sensitivity
(Holten et al., 2004). Furthermore, this type of exercise
improves the cardiorespiratory ability and muscle strength,
which in turn, are independently inversely associated with
MS (Jurca et al., 2004).

The mechanisms triggered by exercised muscles
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during and after the exercise bout favor glucose uptake,
improve the signaling of the inner portion of the insulin
receptor (Dela et al., 1993), increase messenger ribonu-
cleic acid (mRNA) expression of the glucose transporter
(GLUT-4) (Dela et al., 1994), increase the enzymatic
activity of glycogen synthase (Ebeling et al., 1993) and
hexokinase (Coggan et al., 1993), reduce the release and
increase the clearance of free fatty acids (Ivy, Zderic, Fogt,
1999) and promote a higher glucose influx in muscles due
to an increase in angiogenesis and blood flow (Saltin et
al., 1977; Mandroukas ef al., 1984).

The benefits of physical exercise on insulin sensi-
tivity have been demonstrated with both predominantly
aerobic exercises and predominantly strength exercises
(Perseghin et al., 1996; vy, 1997; Hurley, Hagberg, 1998;
Pollock et al., 2000). However, the mechanism by which
these modalities of exercise promote an improvement on
the insulin sensitivity seems to be different (Pollock et
al., 2000), indicating that the combination of two exercise
modalities may potentiate this effect (Kim et al., 2007).

PHYSICAL EXERCISE AND TYPE 2 DIABETES
MELLITUS

According to the American Diabetes Association
(2008), diabetes is defined as a group of metabolic di-
sorders characterized by the presence of hyperglycemia.
Among the factors contributing to the high blood glucose
levels, the most important are the reduction in insulin
secretion and impaired action of this hormone, which
negatively affect hepatic and peripheral glucose uptake.
Currently, DM2 is considered a disorder associated with
obesity (Gregg et al., 2004; Flegal et al., 2005), and as a
consequence of the growing number of obese people with
sedentary lifestyle, the DM prevalence has been rising in
many countries.

Several studies have demonstrated that physically
active individuals are less prone to develop insulin resis-
tance, IGT and DM2 (Ruderman, Ganda, Johansen, 1979;
Saltin et al., 1979; Hughes et al., 1993; Dela et al., 1995;
Holten et al., 2004). Also, DM?2 individuals are recommen-
ded to adopt a planned physical exercise program aimed at
controlling their glucose levels. Aside from exercise, other
therapy approaches include diet control, insulin infusions
and oral antidiabetic drugs (CDA, 2003).

The effects of exercise on glycemic control and
other related physiological parameters have been exten-
sively studied in DM2 patients. In systematic reviews
(Boule et al., 2001; Eves, Plotnikoff, 2006; Snowling,
Hopkins, 2006; Thomas, Elliott, Naughton, 2006), it has
been shown that aerobic and strength exercises reduce the
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absolute values of glycosylated hemoglobin by 0.6%. The
glycosylated hemoglobin concentrations reflect the mean
plasma glucose levels from the last 2 to 3 months. A 1%
reduction in glycosylated hemoglobin is associated with
a 15 to 20% reduction in the risk of cardiovascular events
(Selvin et al., 2004) and a 37% reduction in the risk of
microvascular complications (Stratton et al., 2000).

Cuff et al. (2003) compared the combined effect
of aerobic and strength exercises with the effect of ae-
robic exercise alone. The authors did not find any in the
glycosylated hemoglobin levels; however, they observed
reduced values in the mean glycosylated hemoglobin by
6.7%. The authors also emphasized that the small sample
sizes of the groups (9 to 10 people per group) might have
limited the detection of statistically significant differences.
This also called attention to the inter-individual differen-
ces, in which individuals may present distinct responses
to the same exercise.

In a recent study by Sigal et al. (2007), the authors
compared the effect of aerobic vs. strength exercises with
sedentarism. Furthermore, the authors investigated the
combined effect of the two modalities on glycemic control
and other cardiovascular risk factors. The results indicated
that both aerobic and strength exercises promote impro-
vements in the glycemic control, and when combined,
these effects were increased when compared with isolated
exercises, especially in individuals with higher glycemic
concentrations. Therefore, DM2 individuals who intend
to improve their metabolic control via physical exercise
must be encouraged to perform aerobic as well as strength
exercises.

The molecular mechanisms that increase glucose
transport during physical exercise are considered a cli-
nically relevant pathway to increase the glucose availa-
bility in skeletal muscle in insulin-resistant individuals.
Currently, evidence suggests the existence of distinct
pathways responsible for regulating glucose uptake in
skeletal muscle, and the most important are the following:
(1) glucose transport into the skeletal muscle cells; (2)
membrane permeability to glucose (ex: glucose transport)
and (3) glucose influx via intracellular metabolism (Rose,
Richter, 2005).

Glucose utilization during physical exercise is
predominantly triggered by muscle contraction, either
concentric or eccentric (Zinker et al., 1993). Although
this effect is independent from insulin action, it does not
mean that insulin is marginal to the glucose transport
process. Additionally, the benefits of exercise on insulin
sensitivity and on the GLUT4 protein are relevant to the
glucose uptake in skeletal muscle (Hayashi, Wojtaszewski,
Goodyear, 1997; Goodyear, Kahn, 1998). It has been ob-

served that exercise potentiates the insulin response via
phosphorylation of insulin receptor substrate-2 (IRS-2),
resulting in an increase in the activity of phosphoinositi-
de 3-kinase (PI3K) (Howlett et al., 2002). Also, exercise
promotes a higher phosphorylation of serine in protein
kinase B (AKT), which is essential for stimulating GLUT4
translocation to the cellular membrane (Wojtaszewski et
al., 1999).

The skeletal muscle presents numerous isoforms of
the glucose transporter (Ploug, Ralston, 1998), of which
GLUTH4 is the most abundant. GLUT4 translocation from
the intracellular compartment to the plasma membrane
and T-tubules constitutes the main mechanism by which
insulin and physical exercise promote glucose transport
in this tissue (Hayashi, Wojtaszewski, Goodyear, 1997;
Goodyear, Kahn, 1998). Additionally, studies have already
demonstrated that even in the absence of insulin, GLUT4
translocation is stimulated by the contractile action in the
skeletal muscle (Hayashi, Wojtaszewski, Goodyear, 1997;
Goodyear, Kahn, 1998).

The signaling mechanisms involved in the insulin-
stimulated glucose uptake are yet to be completely eluci-
dated (Watson, Pessin, 2001); therefore, little is known
with respect to the molecular mechanisms responsible for
the increase in glucose uptake and GLUT4 translocation
during muscle contraction. However, it is accepted that the
signaling is triggered by local factors during the skeletal
muscle contraction regardless of the release of circulating
hormones (Richter, 1996).

A few findings from the literature suggest the exis-
tence of different GLUT4 intracellular pools and indicate
that the molecular activation of this protein via insulin
and muscle contraction is triggered by different pathways
(Lund et al., 1995; Wright et al., 2004). The authors hi-
ghlighted that exercise can exert additive effects, through
insulin and muscle contraction, by activating glucose
transporters from different pathways in DM2 individuals.
They also suggested that the acute and chronic effects
seem to trigger specific pathways in insulin-independent
glucose uptake as well as insulin-dependent glucose up-
take via exercise.

Recent studies have approached the traditional theo-
ries concerning the role of intracellular calcium (released
by the sarcoplasmic reticulum to induce the contraction
process) on glucose transport, suggesting that AMP acti-
vated protein kinase (AMPK) or nitric oxide (NO) can act
as mediators of the exercise effect (Figure 1) (Hayashi,
Wojtaszewski, Goodyear, 1997; Zierath, 2002).

The contractile activity of skeletal muscle stimulates
the recruitment of specific GLUT4 intracellular pools to
the plasma membrane, which increases the glucose up-
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FIGURE 1 - Mechanisms evolved in the acute exercise-induced glucose transport. (Hayashi, Wojtaszewski, Goodyear, 1997,

Zierath, 2002).

take. This effect is independent from the insulin signaling
pathway components. Muscle contraction is initiated with
the calcium release that favors the cross-bridge formation.
The intracellular calcium activates a serine protein kinase
C (PKC), which has been associated with the activation of
GLUT4 recruitment by unknown mechanisms.

The contractile activity alters the AMP/ATP ratio,
promoting AMPK activation. Its activation stimulates an
increase of the glucose transport, possibly through several
different mechanisms. This protein phosphorylates and
activates the endothelial nitric oxide synthase (eNOS) and
increases the nitric oxide (NO) production, contributing
to the exercise-stimulated glucose transport. Additionally,
AMPK favors the p38 MAPK phosphorylation that seems
to be involved in the GLUT4 translocation (Hayashi, Wo-
jtaszewski, Goodyear, 1997; Zierath, 2002).

Over the last few decades, studies have investigated
the effect of acute exercise on insulin action during the post-
exercise period, since the cellular mechanisms involved in
this process are not well understood. In the post-exercise pe-
riod, insulin phosphorylates and activates its receptor, which
is found in a state similar to that of the non-exercised period.
Paradoxically, it has been reported that insulin-stimulated
PI3K activity and insulin receptor substrate-1 (IRS-1)
phosphorylation are reduced when the action of hormone
is increased by exercise (Klip, Paquet, 1990). During the
post-exercise period, insulin action is increased, and this
effect is similar in insulin-resistant and insulin-sensitive in-
dividuals. Furthermore, there are other insulin-independent

mechanisms (Kelley, Goodpaster, 1999).

Another factor that might contribute to insulin
sensitivity during the post-exercise period is glycogen
storage. However, the mechanisms underlying the as-
sociation between glycogen concentrations and insulin
action are still unknown. It has been suggested that the
possible mechanism is through the action of AMPK, whi-
ch possesses a mediating effect on this response. Studies
evaluating AMPK activation in isolated muscles showed
that the increase in AICAR production favors a higher
insulin-stimulated glucose uptake (within 3.5 hours), and
this effect is similar to the effects of muscle contractile
activity (Fisher ef al., 2002). Also, there is a direct rela-
tionship between the increase in insulin sensitivity and
AMPK activation.

After an acute bout of exercise, insulin-stimulated
glucose uptake increases significantly. This fact does not
result from the increase in the activation of the insulin-
signaling components. The increase in the GLUT4 trans-
location to the plasma membrane in response to insulin
seems to be related to reduced post-exercise glycogen
storages. However, the mechanisms are still unknown.
It is possible that the increased AMPK activity might be
related to this effect after the exercise bout (Figure 2)
(Hayashi, Wojtaszewski, Goodyear, 1997; Zierath, 2002;
Wojtaszewski et al., 2003).

The long-term adaptations due to exercise generate
positive responses by increasing insulin sensitivity; howe-
ver, these effects are induced by different mediators, i.e.,
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FIGURE 2 - Post-exercise mechanisms evolving insulin sensitivity (Hayashi, Wojtaszewski, Goodyear, 1997; Zierath, 2002;

Wojtaszewski et al., 2003).

the acute and chronic exercise effects arise from distinct
pathways. At first, the increase in insulin sensitivity after
a bout of chronic exercise is lost rapidly. Furthermore, no
hormonal activity has been observed 24 hours after the
exercise bout. These effects are related to glucose uptake,
which derive from a higher activation of the insulin sig-
naling pathways (Wojtaszewski et al., 2000).

Although the clinical benefits promoted by exercise
are well-known, the long-term benefits are more sustained
than the benefits promoted by acute exercise. Also, the
benefits are yet to be completely understood with regard
to the efficiency of insulin action on the skeletal muscle.
In diabetic individuals, the improvement in the glycemic
control can be seen during exercise; however, these effects
are associated with reductions of glucose levels that are
promoted during exercise and with an increase in post-
exercise insulin sensitivity, as these hormonal effects are
related to the training adaptation.

Additionally, the improvement of insulin action
and of glucose tolerance in physically active individuals
can be considered beneficial effects that are promoted by
exercise, along with weight loss, reduction of free fatty
acids levels and others. Therefore, it is unlikely that the
benefits of the long-term exercise are exclusively due to
the insulin signaling pathways in muscle during the many
exercise bouts.

Chronic exercise increases significantly insulin-
stimulated glucose uptake in the skeletal muscle. The
metabolic adaptations in muscle involve an increase in

insulin signaling through the second messenger pathway
of insulin. The insulin receptor autophosphorylation and
the tyrosine kinase activity are increased in the trained
skeletal muscle, which consequently activates PI3K and
AKT. This response represents an increase in the signal
transduction and in the GLUT4 cellular content, which
has been demonstrated to be the result of long-term exer-
cise and is responsible for increasing the insulin action
and promoting the translocation of this protein to the cell
membrane in trained individuals (Figure 3) (Wojtaszewski
etal.,2003).

Based on the studies investigating the effect of
exercise on the metabolic abnormalities seen in DM2, it
is important to emphasize that the rise in the prevalence of
this metabolic disorder is due, in part, to reduced exercise
levels. The adoption of this strategy and exercise training
reduces DM incidence. Regular exercise can also impro-
ve insulin action and glucose tolerance in IGT and DM2
individuals. These beneficial effects are attributed to four
distinct factors: (1) contractile activity of the skeletal
muscle, (2) acute stimulation of the glucose transporter
in muscle, which is insulin independent, (3) improvement
of insulin sensitivity during post-exercise period, which
is independent from the hormone signaling pathway and
(4) long-term adaptations of the insulin signaling pathway
components in skeletal muscle as a consequence of regular
physical exercise. Furthermore, these effects have distinct
actions from those of exercise-induced adaptations, in-
cluding weight loss and improvement in the lipid profile
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FIGURE 3 - Mechanisms responsible for the improvement in insulin action as a consequence of the skeletal muscle adaptation to

the physical training.

(Gaede et al., 2003; Church et al., 2004; Gregg et al., 2004;
Bassuk, Manson, 2005; Church et al., 2005).

PHYSICAL EXERCISE AND DYSLIPIDEMIA

Dyslipidemia represents a group of lipoprotein me-
tabolism disorders, which is characterized by high blood
cholesterol and triglyceride concentrations (Sposito et
al., 2007). Its etiology is primarily genetic factors and
secondly environmental factors. The most frequent types
of dyslipidemias are isolated hypercholesterolemia and
combined dyslipidemia, which is caused by excessive
consumption of dietary fat (Pedersen, Saltin, 2006).

Regular exercise has been accepted as a compo-
nent of the strategies to normalize the lipid profile and
to reduce the risk of coronary heart disease in hypercho-
lesterolemic individuals (Superko, 1998). Exercise as a
strategy can provide changes in the lipid and lipoprotein
measurements in normolipidemic individuals (Mestek
et al., 2006). Based on these findings, a few researchers
have demonstrated reductions in plasma triglyceride (TG)
and increases in high density lipoprotein (HDL) levels
after exercise in normolipidemic groups. (Sunami et al.,
1999; Grandjean, Crouse, Rohack, 2000). Furthermore,
when exercise is followed by the reduction of body mass
or body fat in normolipidemic individuals, there is also a
reduction in the total and HDL-cholesterol levels (Katzel
et al., 1997). However, the effect of exercise on the lipid
profile of hypercholesterolemic men is still inconsistent,

due to the general lack of studies in this area.

Regular aerobic exercise may influence the lipid
profile, by modifying the activity of intravascular enzymes
and lipid transporter proteins (Berg ef al., 1994). In fact,
some reports demonstrated that exercise promoted an in-
crease in the activity of lipoprotein lipase (Kiens, Lithell,
1989) and lecithin: cholesterol acyltransferase (LCAT)
(Dufaux et al., 1986).

According to the literature, physically active indi-
viduals present higher concentrations of HDL- and the
subfraction HDL -cholesterol and lower concentrations
of triglycerides, low density lipoprotein (LDL) and very
low density lipoproteins (VLDL), as compared with seden-
tary individuals (Kraus et al., 2002; Magkos et al., 2006;
Mestek et al., 2006; Kelley, Kelley, 2007). On the other
hand, there are other studies demonstrating that physical
activity does not exert beneficial effects on the lipid profile
(Durstine, Haskell, 1994).

Despite the lack of studies on the effect of exercise
on the lipid and lipoprotein profiles in MS individuals, it
is likely that exercise may offer benefits. These effects are
possibly related to an increase in the ability of the skeletal
muscle to oxidize fatty acids (Brouns, Van Der Vusse,
1998) and to stimulate the enzymatic activity of lipopro-
tein lipase (Pollare, Vessby, Lithell, 1991; Blomhoff, 1992).

Currently, changes in lifestyle to include regular
exercise and healthy diets have been recommended to
promote the reduction of total and LDL cholesterol levels
and the increase of HDL cholesterol levels (Varady, Jones,
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2005). However, the diet- and exercise-induced effects on
the lipid profile and on the lipoprotein levels are still hard
to distinguish from each other.

Therefore, a few studies have investigated the effects
of'isolated and combined (diet and exercise) strategies on
weight loss, lipid levels and lipoprotein levels in overwei-
ght individuals. The authors of these studies reported sig-
nificant increases in HDL and its subfractions HDL, and
HDL, concentrations and reduction in triglyceride levels
with both treatments (Wood ef al., 1988; Stefanick et al.,
1998). Furthermore, it was shown that aerobic exercise
associated with a low fat diet can normalize the metabolic
profile in even obese women, despite their higher adiposity
compared with lean women (Tremblay ez al., 1991).

Based on the evidence previously mentioned in this
review, it is likely that physical exercise alone or combi-
ned with a diet represents an effective strategy to improve
the lipid profile and the serum lipoprotein levels in MS
individuals. Exercise benefits include changes in blood
lipid concentrations, maintenance of lean body mass, re-
duction in body fat, modifications in body fat distribution
and the activity of enzymes that regulate the lipoprotein
metabolism. However, the source of the improvement in
these measurements is difficult to distinguish between the
independent effect of exercise and the effect promoted
from the adoption of healthy habits such as regular exer-
cise across a variety of populations studied (sedentary,
physically active or diabetic individuals).

PHYSICAL EXERCISE AND HYPERTENSION

Epidemiological studies have demonstrated that
uncontrolled high blood pressure (BP) is capable of
triggering a number of diseases, such as coronary heart
disease, heart failure and of aggravating pre-existing renal
diseases (He, Whelton, 1999). Based on these findings,
clinical trials have demonstrated that blood pressure re-
duction promotes a decrease in mortality associated with
cardiovascular diseases (He, Whelton, 1999). The trials
also indicated that a 2 mmHg reduction in the systolic
arterial pressure corresponds to a 6% reduction in the risk
of sudden death and a 4% reduction in mortality associated
with coronary heart disease. When the arterial pressure
reduction is at 5 mmHg, the reduction in mortality risk
is even more pronounced, at 14% for sudden death and
9% for mortality associated with coronary heart disease
(Chobanian et al., 2003).

Sedentarism is considered one of the main risk
factors for the development of cardiovascular disease,
conferring an increase of 30% to 50% in the risk of incre-
ased arterial pressure (Rosamond et al., 2007). However,

studies reported that regular physical exercise reduces the
arterial pressure in normotensive and hypertensive indivi-
duals, regardless of any weight loss (Arroll, Beaglehole,
1992; Fagard, 1993; Kelley, 1995; 1999). It is well known
that regular physical exercise is considered an effective
strategy to prevent and treat hypertension (Chobanian et
al.,2003; Esh-Esc, 2003; Pescatello ez al., 2004). Therefo-
re, over the last year, the increase in the number of people
getting regular physical exercise has been considered one
of the major achievements in the public health area, which
indicates that the general public is more aware of the health
benefits gained by physical exercise.

Given the benefits promoted by exercise, a few meta-
analyses of randomized studies were performed, and they
demonstrated that aerobic exercise has definite beneficial
health effects (Pescatello et al., 2004). In other meta-analy-
ses, the authors emphasized the large number of controlled
experiments included in the analysis, which resulted in more
precise estimates of the overall effect of exercise in several
measurements, including arterial pressure (Fagard, 2001;
Kelley, Kelley, Tran, 2001; Whelton et al., 2002).

An important aspect that should be discussed in-
volves the mechanisms by which exercise promotes a
reduction in arterial pressure. For this, controlled studies
were performed, and many of them emphasized decrea-
ses in the sympathetic activity and in insulin resistance
as the most important exercise effects. Cornelissen &
Fagard (2005) analyzed 75 controlled and randomized
studies that aimed to evaluate the effect of aerobic exer-
cise on arterial pressure and to investigate the regulatory
mechanisms. The authors found significant reductions
in resting (3.0/2.4 mmHg) and daytime (3.3/3.5 mmHg)
arterial pressures in normotensive individuals. In other
studies with hypertensive individuals, reductions of
6.9/4.9 mmHg for resting and 1.9/1.6 mmHg for daytime
blood pressures were observed. With regard to the regu-
latory mechanisms, reductions in the systemic vascular
resistance (7.1%), norepinephrine (29%) and in the renin
activity (20%) were found.

Clinical and experimental trials evaluating the hype-
ractivity of the sympathetic nervous system revealed that
this factor can be an important mechanism responsible
for the initial increase of arterial pressure. The results of
these studies have demonstrated that exercise promotes a
decrease in the activity levels of the sympathetic nervous
system. Thus, Cherry and Woodwell (2002) evaluated
adrenergic hyperactivity in hypertensive and normotensive
individuals subjected to moderate intensity exercise. The
authors verified that exercise exerted a hypotensive effect
with reductions of 10 to 15 mmHg in hypertensive and
normotensive sedentary individuals.
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Many researchers emphasized that the reductions
in arterial pressure promoted by exercise are not only as-
sociated with a reduction in plasma cathecolamine levels,
but also with an increase in vagal tonus. Based on these
findings, Cushman, Ford and Cutler (2002) studied the
effect of endurance exercise on the sympathetic activity
via microneurography, performing the tests before and
after a ten-week exercise period. The authors concluded
that the hypotensive effect in systolic and diastolic arterial
pressures was a result of a reduction of the sympathetic
nervous activity in the resting state. Furthermore, it was
verified that the hypotensive effect promoted by exercise
was rapidly lost when this strategy was interrupted, which
emphasized the importance of maintaining regular phy-
sical activity.

Most the studies that evaluated the effects of phy-
sical activity on the post-exercise arterial pressure (AP)
levels adopted aerobic exercise as the main strategy. In-
formation about changes in AP after one bout of strength
exercise is still relatively scarce, especially for a popula-
tion of individuals with hypertension. Additionally, it is
important to mention that the results from these studies
demonstrated that strength exercise is able to reduce the
post-exercise systolic AP in normotensive and hyperten-
sive women (Fisher, 2001).

Most published studies have emphasized that regular
exercise has an anti-hypertensive effect and is therefore re-
commended for the treatment of hypertension. In sedenta-
ry and hypertensive individuals, it was possible to observe
clinically significant reductions in arterial pressure with a
relatively modest increase in physical exercise. Finally, it
is worth emphasizing that the amount of exercise required
to reduce arterial pressure can be relatively low, which is
achievable even by sedentary individuals.

FINAL CONSIDERATIONS

Several randomized studies have demonstrated that
physical exercise has a positive effect on many metabolic
and cardiovascular risk factors that are components of or
are related to MS. Furthermore, other studies have provi-
ded strong evidence that a positive change in lifestyle, such
as regular physical exercise, could be used as a strategy to
prevent the development of DM2 in overweight and IGT
individuals.

The current exercise recommendations for incre-
asing the total amount of exercise from medium to high
and for maintaining good cardiorespiratory and muscular
conditioning are important in reducing the risks of de-
veloping MS, especially in individuals with a high risk
profile. Although there are several activities promoting a
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reduction of the metabolic and cardiovascular risk, further
information is required with regard to the relative bene-
fits of exercises recreational (not periodized). Therefore,
further clarification is necessary regarding the amount
and intensity of such exercise (not periodized) required
to improve the comorbidities of MS and to reduce the
incidence of MS in different groups at risk.

Another important aspect to be discussed is the com-
pliance of the patient to regular physical exercise, which
represents a fundamental change in lifestyle. Encourage-
ment of physical exercise during youth can be an effective
strategy in preventing the development of adult disorders.
On the other hand, physical exercise alone can not correct
the harmful effects caused by the high consumption of
high-energy-density foods, smoking and other factors. In
order to maximize the positive effects of physical exer-
cise, re-education on healthy foods and on other healthy
habits must be encouraged to promote a better quality of
life. Therefore, as a consequence of these findings, other
experimental trials could be performed to determine the
benefits of physical exercise as a health strategy in indivi-
duals presenting disorders that are components of MS. A
further understanding of the genetic basis of MS, DM2 and
cardiovascular disease, as well as their interactions with
physical exercise might be useful for obtaining a genetic
profile that distinguishes individuals with a genetic predis-
position for MS from those who may be more responsive
to this type of intervention.

ACKNOWLEDGEMENTS

The authors would like to thank Sdo Paulo State
Research Foundation (FAPESP), which supports our
research (Grants 07/51964-9 and 07/59291-3) and Tupy
Neto by graphic design.

REFERENCES

AMERICAN COLLEGE OF SPORTS MEDICINE - ACSM.
Position Stand. The recommended quantity and quality of
exercise for developing and maintaining cardiorespiratory
and muscular fitness, and flexibility in healthy adults. Med.
Sci. Sports Exerc., v.30, p.975-991, 1998.

AGUILAR-SALINAS, C. A.; ROJAS, R.; GOMEZ-PEREZ,
F.J.; VALLES, V.; RIOS-TORRES, J. M.; FRANCO, A.;
OLAIZ,G.;RULL,J. A.; SEPULVEDA, J. High prevalence
of metabolic syndrome in Mexico. Arch. Med. Res., V.35,
p.76-81,2004.



The effect of physical exercise and caloric restriction on the components of metabolic syndrome 391

ALEXANDER, C. M.; LANDSMAN, P. B.; TEUTSCH, S.
M.; HAFFNER, S. M. NCEP-defined metabolic syndrome,
diabetes, and prevalence of coronary heart disease among
NHANES III participants age 50 years and older. Diabetes,
v.52,p.1210-1214, 2003.

AMERICAN DIABETES ASSOCIATION. Diagnosis and
classification of diabetes mellitus. Diabetes Care, v.31
suppl.1, p.S55-60, 2008.

ANDERSEN, E.; HOSTMARK, A. T. Effect of a single bout
of resistance exercise on postprandial glucose and insulin
response the next day in healthy, strength-trained men. J.
Strength Cond. Res., v.21,p.487-491, 2007.

ANDERSON, J. W.; KONZ, E. C.; FREDERICH, R. C.;
WOOD, C. L. Long-term weight-loss maintenance: a meta-
analysis of US studies. Am. J. Clin. Nutr.,v.74, p.579-584,
2001.

ARROLL, B.; BEAGLEHOLE, R. Does physical activity lower
blood pressure: a critical review of the clinical trials. J. Clin.
Epidemiol., v.45,p.439-447,1992.

EXPERT PANEL ON DETECTION, EVALUATION, AND
TREATMENT OF HIGH BLOOD CHOLESTEROL IN
ADULTS. Executive summary of the third report of The
National Cholesterol Education Program (NCEP) Expert
panel on detection, evaluation, and treatment of high blood
cholesterol in adults (Adult Treatment Panel I11). JAMA,
v.285, p.2486-2497,2001.

BASSUK, S. S.; MANSON, J. E. Epidemiological evidence
for the role of physical activity in reducing risk of type 2
diabetes and cardiovascular disease. J. Appl. Physiol.,v.99,
p-1193-1204, 2005.

BERG, A.; FREY, I.; BAUMSTARK, M. W.; HALLE, M.;
KEUL, J. Physical activity and lipoprotein lipid disorders.
Sports Med.,v.17, p.6-21, 1994.

BIELINSKI, R.; SCHUTZ, Y.; JEQUIER, E. Energy metabolism
during the postexercise recovery in man. Am. J. Clin. Nutr.,
v.42, p.69-82, 1985.

BILD, D. E.; SHOLINSKY, P.; SMITH, D. E.; LEWIS, C. E.;
HARDIN, J. M.; BURKE, G. L. Correlates and predictors
of weight loss in young adults: the CARDIA study. /nt. J.
Obes. Relat. Metab. Disord., v.20, p.47-55, 1996.

BJORNTORP, P. The android woman - a risky condition. J.
Intern. Med., v.239, p.105-110, 1996.

BLOMHOFF, J. P. Lipoproteins, lipases, and the metabolic
cardiovascular syndrome. J. Cardiovasc. Pharmacol., v.20
suppl.8, p.S22-25, 1992.

BOULE, N. G.; HADDAD, E.; KENNY, G. P.; WELLS, G. A_;
SIGAL, R. J. Effects of exercise on glycemic control and
body mass in type 2 diabetes mellitus: a meta-analysis of
controlled clinical trials. JAMA, v.286, p.1218-1227,2001.

BOULE, N. G.; WEISNAGEL, S. J.; LAKKA, T. A.;
TREMBLAY, A.; BERGMAN, R. N.; RANKINEN, T;
LEON, A. S.; SKINNER, J. S.; WILMORE, J. H.; RAO, D.
C.; BOUCHARD, C. Effects of exercise training on glucose
homeostasis: the HERITAGE Family Study. Diabetes Care,
v.28, p.108-114, 2005.

BRAITH, R. W.; STEWART, K. J. Resistance exercise training:
its role in the prevention of cardiovascular disease.
Circulation, v.113, p.2642-2650, 2006.

BROUNS, F.; VAN DER VUSSE, G. J. Utilization of lipids
during exercise in human subjects: metabolic and dietary
constraints. Br. J. Nutr., v.79,p.117-128, 1998.

BURSTEIN, R.; EPSTEIN, Y.; SHAPIRO, Y.; CHARUZI,
I.; KARNIELI, E. Effect of an acute bout of exercise on
glucose disposal in human obesity. J. Appl. Physiol., v.69,
p.299-304, 1990.

CARO, J. F.; DOHM, L. G.; PORIES, W. J.; SINHA, M. K.
Cellular alterations in liver, skeletal muscle, and adipose
tissue responsible for insulin resistance in obesity and type
I diabetes. Diabetes Metab. Rev., V.5, p.665-689, 1989.

CARROLL, S.; COOKE, C. B.; BUTTERLY, R. J. Metabolic
clustering, physical activity and fitness in nonsmoking,
middle-aged men. Med. Sci. Sports Exerc., v.32, p.2079-
2086, 2000.

CANADIAN DIABETES ASSOCIATION. CDA. Canadian
Diabetes Association 2003 clinical practice guidelines for

the prevention and management of diabetes in Canada. Can.
J. Diab.,v.27,p.S1-S152, 2003.

CHERRY, D. K.; WOODWELL, D. A. National Ambulatory
Medical Care Survey: 2000 summary. Adv. Data, p.1-32,2002.



392

CHOBANIAN, A. V.; BAKRIS, G. L.; BLACK, H. R.;
CUSHMAN, W. C.; GREEN, L. A.; 1ZZ0O, J. L., JR.;
JONES, D. W.; MATERSON, B. J.; OPARIL, S.; WRIGHT,
J. T, JR.; ROCCELLA, E. J. Seventh report of the Joint
National Committee on prevention, detection, evaluation,

and treatment of high blood pressure. Hypertension, v.42,
p.1206-1252, 2003.

CHURCH, T. S.; CHENG, Y. J.; EARNEST, C. P.; BARLOW,
C. E.; GIBBONS, L. W.; PRIEST, E. L.; BLAIR, S. N.
Exercise capacity and body composition as predictors of
mortality among men with diabetes. Diabetes Care, v.27,
p.83-88, 2004.

CHURCH,T. S.; LAMONTE, M. J.; BARLOW, C. E.; BLAIR,
S. N. Cardiorespiratory fitness and body mass index as
predictors of cardiovascular disease mortality among men
with diabetes. Arch. Intern. Med.,v.165,p.2114-2120, 2005.

COGGAN, A. R.; SPINA, R. J.; KOHRT, W. M.; HOLLOSZY,
J. O. Effect of prolonged exercise on muscle citrate
concentration before and after endurance training in men.
Am. J. Physiol., v.264, p.E215-220, 1993.

CORNELISSEN, V. A.; FAGARD, R. H. Effects of endurance
training on blood pressure, blood pressure-regulating

mechanisms, and cardiovascular risk factors. Hypertension,
v.46, p.667-675, 2005.

CRAWFORD, D. A.; JEFFERY, R. W.; FRENCH, S. A.
Television viewing, physical inactivity and obesity. /nt. J.
Obes. Relat. Metab. Disord., v.23, p.437-440, 1999.

CUFF, D.J.; MENEILLY, G. S.; MARTIN, A.; IGNASZEWSKI,
A.; TILDESLEY, H. D.; FROHLICH, J. J. Effective
exercise modality to reduce insulin resistance in women
with type 2 diabetes. Diabetes Care, v.26, p.2977-2982,
2003.

CUSHMAN, W. C.; FORD, C.E.; CUTLER, J. A.; MARGOLIS,
K. L.; DAVIS, B. R.; GRIMM, R. H.; BLACK, H. R.;
HAMILTON, B. P.; HOLLAND, J.; NWACHUKU, C.;
PAPADEMETRIOU, V.; PROBSTFIELD, J.; WRIGHT, J.
T., JR.; ALDERMAN, M. H.; WEISS, R. J.; PILLER, L.;
BETTENCOURT, J.; WALSH, S. M. Success and predictors
of blood pressure control in diverse North American
settings: the antihypertensive and lipid-lowering treatment
to prevent heart attack trial (ALLHAT). J. Clin. Hypertens.,
v.4, p.393-404, 2002.

F. L. Torres-Leal, M. D. Capitani, J. Tirapegui

DELA, F.; HANDBERG, A.; MIKINES, K. J.; VINTEN, J.;
GALBO, H. GLUT 4 and insulin receptor binding and
kinase activity in trained human muscle. J. Physiol., v.469,
p.615-624, 1993.

DELA, F.; LARSEN, J. J.; MIKINES, K. J.; PLOUG, T.;
PETERSEN, L. N.; GALBO, H. Insulin-stimulated muscle
glucose clearance in patients with NIDDM. Effects of one-
legged physical training. Diabetes, v.44,p.1010-1020, 1995.

DELA, F.; PLOUG, T.; HANDBERG, A.; PETERSEN, L. N_;
LARSEN, J. J.; MIKINES, K. J.; GALBO, H. Physical
training increases muscle GLUT4 protein and mRNA in
patients with NIDDM. Diabetes, v.43, p.862-865, 1994.

DESPRES, J. P.; LEMIEUX, I.; PRUD’HOMME, D. Treatment
of obesity: need to focus on high risk abdominally obese
patients. BMJ, v.322, p.716-720, 2001.

DEVLIN, J. T.; HIRSHMAN, M.; HORTON, E. D.; HORTON,
E. S. Enhanced peripheral and splanchnic insulin sensitivity
in NIDDM men after single bout of exercise. Diabetes, v.36,
p.434-439, 1987.

DONATO Jr., J.; PEDROSA, R. G.; RIBEIRO, S.M.L.;
TIRAPEGUI, J. Obesidade. In: Tirapegui, J., (Ed.).
Nutrig¢ao: fundamentos e aspectos atuais. Sdo Paulo:
Atheneu, 2006. Cap.23, p.299-316.

DUFAUX, B.; ORDER, U.; MULLER, R.; HOLLMANN,
W. Delayed effects of prolonged exercise on serum
lipoproteins. Metabolism, v.35, p.105-109, 1986.

DURSTINE, J. L.; HASKELL, W. L. Effects of exercise training
on plasma lipids and lipoproteins. Exerc. Sport Sci. Rev.,
v.22, p.477-521, 1994.

ECKEL, R. H.; GRUNDY, S. M.; ZIMMET, P. Z. The metabolic
syndrome. Lancet, v.365, p.1415-1428, 2005.

ERIKSSON, J.; TAIMELA, S.; KOIVISTO, V. A. Exercise and
the metabolic syndrome. Diabetologia, v.40, p.125-135,
1997.

ERLICHMAN, J.; KERBEY, A. L.; JAMES, W. P. Physical
activity and its impact on health outcomes. Paper 2:
Prevention of unhealthy weight gain and obesity by physical
activity: an analysis of the evidence. Obes. Rev.,v.3,p.273-
287,2002.



The effect of physical exercise and caloric restriction on the components of metabolic syndrome 393

EUROPEAN SOCIETY OF HYPERTENSION-EUROPEAN
SOCIETY OF CARDIOLOGY. ESH-ESC. Guidelines for
the management of arterial hypertension. J. Hypertens.,
v.21,p.1011-1053, 2003.

EVES, N. D.; PLOTNIKOFF, R. C. Resistance training and
type 2 diabetes: Considerations for implementation at the
population level. Diabetes Care, v.29, p.1933-1941, 2006.

FAGARD, R. H. Physical fitness and blood pressure. J.
Hypertens., v.11, Suppl.?, p.S47-52, 1993.

FAGARD, R. H. Exercise characteristics and the blood pressure
response to dynamic physical training. Med. Sci. Sports
Exerc.,v.33, p.S484-492; discussion S493-4,2001.

FISHER, J. S.; GAO, J.; HAN, D. H.; HOLLOSZY, J. O.;
NOLTE, L. A. Activation of AMP kinase enhances
sensitivity of muscle glucose transport to insulin. Am. J.
Physiol. Endocrinol. Metab., v.282, p.E18-23,2002.

FISHER, M. M. The effect of resistance exercise on recovery
blood pressure in normotensive and borderline hypertensive
women. J. Strength Cond. Res., v.15,p.210-216,2001.

FLEGAL, K. M.; GRAUBARD, B. I.; WILLIAMSON, D. F.;
GAIL, M. H. Excess deaths associated with underweight,
overweight, and obesity. JAMA, v.293, p.1861-1867, 2005.

FOGELHOLM, M.; KUKKONEN-HARJULA, K. Does
physical activity prevent weight gain--a systematic review.
Obes. Rev.,v.1,p.95-111, 2000.

FORD, E. S.; GILES, W. H. A comparison of the prevalence of
the metabolic syndrome using two proposed definitions.
Diabetes Care, v.26,p.575-581, 2003.

GAEDE, P.; VEDEL, P.; LARSEN, N.; JENSEN, G. V.;
PARVING, H. H.; PEDERSEN, O. Multifactorial
intervention and cardiovascular disease in patients with
type 2 diabetes. N. Engl. J. Med., v.348, p.383-393, 2003.

GAUDET-SAVARD, T.; FERLAND, A.; BRODERICK, T.
L.; GARNEAU, C.; TREMBLAY, A.; NADEAU, A;
POIRIER, P. Safety and magnitude of changes in blood
glucose levels following exercise performed in the fasted
and the postprandial state in men with type 2 diabetes. Eur:
J. Cardiovasc. Prev. Rehabil., v.14, p.831-836,2007.

GIRMAN, C.J.; RHODES, T.; MERCURI, M.; PYORALA, K.;
KJEKSHUS, J.; PEDERSEN, T. R.; BEERE, P.A.; GOTTO,
A.M.; CLEARFIELD, M. The metabolic syndrome and risk
of major coronary events in the Scandinavian Simvastatin
Survival Study (4S) and the Air Force/Texas Coronary
Atherosclerosis Prevention Study (AFCAPS/TexCAPS).
Am. J. Cardiol., v.93, p.136-141, 2004.

GOODYEAR, L. J.; KAHN, B. B. Exercise, glucose transport,
and insulin sensitivity. Annu. Rev. Med., v.49, p.235-261,
1998.

GRANDIJEAN, P. W.; CROUSE, S. F.; ROHACK, J. J. Influence
of cholesterol status on blood lipid and lipoprotein enzyme

responses to aerobic exercise. J. Appl. Physiol.,v.89, p.472-
480, 2000.

GREGG, E. W.; CADWELL, B. L.; CHENG, Y. J.; COWIE,
C. C.; WILLIAMS, D. E.; GEISS, L.; ENGELGAU, M.
M.; VINICOR, F. Trends in the prevalence and ratio of
diagnosed to undiagnosed diabetes according to obesity
levels in the U.S. Diabetes Care, v.27, p.2806-2812,2004.

HAAPANEN, N.; MIILUNPALO, S.; VUORI, L.; OJA, P,;
PASANEN, M. Association of leisure time physical activity
with the risk of coronary heart disease, hypertension and
diabetes in middle-aged men and women. Int. J. Epidemiol.,
v.26, p.739-747, 1997.

HAGAN,R.D.; UPTON, S.J.; WONG, L.; WHITTAM, J. The
effects of aerobic conditioning and/or caloric restriction in
overweight men and women. Med. Sci. Sports Exerc.,v.18,
p.87-94, 1986.

HAYASHI, T.; WOIJITASZEWSKI, J. F.; GOODYEAR, L. J.
Exercise regulation of glucose transport in skeletal muscle.
Am. J. Physiol., v.273,p.E1039-1051, 1997.

HAN, T. S.; VAN-LEER, E. M.; SEIDELL, J. C.; LEAN, M. E.
J. Waist circumference action levels in the identification of
cardiovascular risk factors: prevalence study in a random
sample. BMJ.,v.311, p.1401-1405, 1995.

HE, J.; WHELTON, P. K. Elevated systolic blood pressure
and risk of cardiovascular and renal disease: overview of
evidence from observational epidemiologic studies and
randomized controlled trials. Am. Heart. J., v.138, p.211-
219, 1999.



394

HELMRICH, S. P.; RAGLAND, D. R.; LEUNG, R. W,;
PAFFENBARGER, R. S., JR. Physical activity and reduced
occurrence of non-insulin-dependent diabetes mellitus. V.
Engl. J. Med.,v.325,p.147-152, 1991.

HILL, J. O.; MELANSON, E. L. Overview of the determinants
of overweight and obesity: current evidence and research
issues. Med. Sci. Sports. Exerc.,v.31, p.S515-521, 1999.

HOLTEN, M. K.; ZACHO, M.; GASTER, M.; JUEL, C.;
WOJTASZEWSKI, J. F.; DELA, F. Strength training
increases insulin-mediated glucose uptake, GLUT4 content,
and insulin signaling in skeletal muscle in patients with type
2 diabetes. Diabetes, v.53, p.294-305, 2004.

HORTON, E. S. Metabolic aspects of exercise and weight
reduction. Med. Sci. Sports Exerc.,v.18, p.10-18, 1986.

HOWLETT, K. F.; SAKAMOTO, K.; HHRSHMAN, M. F.;
ASCHENBACH, W. G.; DOW, M.; WHITE, M. F.;
GOODYEAR, L. J. Insulin signaling after exercise in
insulin receptor substrate-2-deficient mice. Diabetes, v.51,
p-479-483, 2002.

HU, G.; QIAO, Q.; TUOMILEHTO, J.; BALKAU, B.; BORCH-
JOHNSEN, K.; PYORALA, K. Prevalence of the metabolic
syndrome and its relation to all-cause and cardiovascular
mortality in nondiabetic European men and women. Arch.
Intern. Med., v.164, p.1066-1076, 2004.

HUGHES, V. A.; FIATARONE, M. A.; FIELDING, R. A_;
KAHN, B. B.; FERRARA, C. M.; SHEPHERD, P.;
FISHER, E. C.; WOLFE, R. R.; ELAHI, D.; EVANS, W. J.
Exercise increases muscle GLUT-4 levels and insulin action
in subjects with impaired glucose tolerance. Am. J. Physiol.,
v.264, p.E855-862, 1993.

HURLEY, B. F.; HAGBERG, J. M. Optimizing health in older
persons: aerobic or strength training? Exerc. Sport Sci. Rev.,
v.26, p.61-89, 1998.

INSTITUTE OF MEDICINE. Dietary Reference Intakes for
Energy, Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol,
Protein, and Amino Acids (Macronutrients). Washington:
The National Academies Press, 2002. p. 936.

IVY, J. L. Role of exercise training in the prevention and
treatment of insulin resistance and non-insulin-dependent
diabetes mellitus. Sports Med., v.24, p.321-336, 1997.

F. L. Torres-Leal, M. D. Capitani, J. Tirapegui

IVY, J. L.; ZDERIC, T. W.; FOGT, D. L. Prevention and
treatment of non-insulin-dependent diabetes mellitus.
Exerc. Sport Sci. Rev., v.27,p.1-35, 1999.

JAKICIC, J. M.; CLARK, K.; COLEMAN, E.; DONNELLY,
J.E.;FOREYT,J.; MELANSON, E.; VOLEK, J.; VOLPE,
S. L. American College of Sports Medicine position stand.
Appropriate intervention strategies for weight loss and
prevention of weight regain for adults. Med. Sci. Sports
Exerc.,v.33,p.2145-2156, 2001.

JAKICIC, J. M.; MARCUS, B. H.; GALLAGHER, K. L.;
NAPOLITANO, M.; LANG, W. Effect of exercise duration
and intensity on weight loss in overweight, sedentary
women: a randomized trial. JAMA, v.290, p.1323-1330,
2003.

JEFFERY, R. W.; WING, R. R.; SHERWOOD, N. E.; TATE, D.
F. Physical activity and weight loss: does prescribing higher
physical activity goals improve outcome? Am. J. Clin. Nutr.,
v.78, p.684-689, 2003.

JURCA, R.; LAMONTE, M. J.; CHURCH, T. S.; EARNEST,
C.P;FITZGERALD, S.J.; BARLOW, C. E.; JORDAN, A.
N.; KAMPERT, J. B.; BLAIR, S. N. Associations of muscle
strength and fitness with metabolic syndrome in men. Med.
Sci. Sports Exerc.,v.36,p.1301-1307, 2004.

KATZEL, L. I.; BLEECKER, E. R.; ROGUS, E. M ;
GOLDBERG, A. P. Sequential effects of aerobic exercise
training and weight loss on risk factors for coronary disease
in healthy, obese middle-aged and older men. Metabolism,
v.46, p.1441-1447, 1997.

KELLEY, D. E.; GOODPASTER, B. H. Effects of physical
activity on insulin action and glucose tolerance in obesity.
Med. Sci. Sports Exerc.,v.31,p.S619-623, 1999.

KELLEY, G. A. Effects of aerobic exercise in normotensive
adults: a brief meta-analytic review of controlled clinical
trials. South. Med. J., v.88, p.42-46, 1995.

KELLEY, G. A. Aerobic exercise and resting blood pressure
among women: a meta-analysis. Prev. Med., v.28, p.264-
275, 1999.

KELLEY, G.A.; KELLEY, K. A.; TRAN, Z. V. Aerobic exercise
and resting blood pressure: a meta-analytic review of
randomized, controlled trials. Prev. Cardiol., v.4, p.73-80,
2001.



The effect of physical exercise and caloric restriction on the components of metabolic syndrome 395

KELLEY, G. A.; KELLEY, K. S. Effects of aerobic exercise
on lipids and lipoproteins in adults with type 2 diabetes:
a meta-analysis of randomized-controlled trials. Public
Health, v.121, p.643-655, 2007.

KIENS, B.; LITHELL, H. Lipoprotein metabolism influenced
by training-induced changes in human skeletal muscle. J.
Clin. Invest., v.83, p.558-564, 1989.

KIM, E. S.;; IM, J. A.; KIM, K. C.; PARK, J. H.; SUH, S. H.;
KANG,E. S;;KIM, S. H.; JEKAL, Y.; LEE, C. W.; YOON,
Y.J.; LEE, H. C.; JEON, J. Y. Improved insulin sensitivity
and adiponectin level after exercise training in obese korean
youth. Obesity, v.15, p.3023-3030, 2007.

KLIP, A.; PAQUET, M. R. Glucose transport and glucose
transporters in muscle and their metabolic regulation.
Diabetes Care, v.13, p.228-243, 1990.

KNOWLER, W. C.; BARRETT-CONNOR, E.; FOWLER,
S. E.;; HAMMAN, R. F.; LACHIN, J. M.; WALKER, E.
A.; NATHAN, D. M. Reduction in the incidence of type 2
diabetes with lifestyle intervention or metformin. N. Engl.
J. Med., v.346, p.393-403, 2002.

KRAUS, W. E.; HOUMARD, J. A.; DUSCHA, B. D.;
KNETZGER, K. J.; WHARTON, M. B.; MCCARTNEY,
J.S.; BALES, C. W.; HENES, S.; SAMSA, G. P.; OTVOS,
J. D.; KULKARNI, K. R.; SLENTZ, C. A. Effects of the
amount and intensity of exercise on plasma lipoproteins. .
Engl. J. Med., v.347, p.1483-1492, 2002.

KUCZMARSKI, R. J.; FLEGAL, K. M.; CAMPBELL, S. M.;
JOHNSON, C. L. Increasing prevalence of overweight
among US adults. The National Health and Nutrition
Examination Surveys, 1960 to 1991. JAMA, v.272, p.205-
211, 1994.

LAKKA, T. A.; LAAKSONEN, D. E. Physical activity in
prevention and treatment of the metabolic syndrome. App!.
Physiol. Nutr. Metab.,v.32,p.76-88, 2007.

LAKKA, T. A.; LAAKSONEN, D. E.; LAKKA, H. M.;
MANNIKKO, N.; NISKANEN, L. K.; RAURAMAA, R.;
SALONEN, J. T. Sedentary lifestyle, poor cardiorespiratory
fitness, and the metabolic syndrome. Med. Sci. Sports
Exerc.,v.35,p.1279-1286, 2003.

LAPIDUS, L.; BENGTSSON, C.; BIORNTORP, P. The
quantitative relationship between “the metabolic syndrome”
and abdominal obesity in women. Obes. Res., v.2,p.372-7,
1994.

LI C.L.; LIU, F. H.; LIN, J. D. Protective effect of physical
activity independent of obesity on metabolic risk factors.
Int. J. Sport. Nutr. Exerc. Metab., v.16, p.255-269, 2006.

LINDSTROM, J.; ERIKSSON, J. G.; VALLE, T. T.; AUNOLA,
S.; CEPAITIS, Z.; HAKUMAKI, M.; HAMALAINEN, H.;
ILANNE-PARIKKA, P.; KEINANEN-KIUKAANNIEMI,
S.; LAAKSO, M.; LOUHERANTA, A.; MANNELIN,
M.; MARTIKKALA, V.; MOLTCHANOYV, V.; RASTAS,
M.; SALMINEN, V.; SUNDVALL, J.; UUSITUPA, M.;
TUOMILEHTO, J. Prevention of Diabetes mellitus in
subjects with impaired glucose tolerance in the Finnish
Diabetes Prevention Study: results from a randomized
clinical trial. J. Am. Soc. Nephrol.,v.14,p.S108-113,2003.

LINDSTROM, J.; LOUHERANTA, A.; MANNELIN,
M.; RASTAS, M.; SALMINEN, V.; ERIKSSON, J.;
UUSITUPA, M.; TUOMILEHTO, J. The Finnish Diabetes
Prevention Study (DPS): Lifestyle intervention and 3-year
results on diet and physical activity. Diabetes Care, v.26,
p.3230-3236, 2003.

LUND, S.; HOLMAN, G. D.; SCHMITZ, O.; PEDERSEN, O.
Contraction stimulates translocation of glucose transporter
GLUT4 in skeletal muscle through a mechanism distinct
from that of insulin. Proc. Natl. Acad. Sci. U. S. A.,v.92,
p.5817-5821, 1995.

MAGKOS, F.; WRIGHT, D. C.; PATTERSON, B. W.;
MOHAMMED, B. S.; MITTENDORFER, B. Lipid
metabolism response to a single, prolonged bout of
endurance exercise in healthy young men. Am. J. Physiol.
Endocrinol. Metab.,v.290, p.E355-362, 2006.

MALIK, S.; WONG, N. D.; FRANKLIN, S. S.; KAMATH, T.
V.; ITALIEN, G. J.; P1IO, J. R.; WILLIAMS, G. R. Impact
of the metabolic syndrome on mortality from coronary heart
disease, cardiovascular disease, and all causes in United
States adults. Circulation, v.110, p.1245-1250, 2004.

MANDROUKAS, K.; KROTKIEWSKI, M.; HEDBERG,
M.; WROBLEWSKI, Z.; BIORNTORP, P.; GRIMBY,
G. Physical training in obese women. Effects of muscle
morphology, biochemistry and function. Eur. J. Appl.
Physiol. Occup. Physiol., v.52, p.355-361, 1984.



396

MARANHAO, R.; MANIERO, F. Sindrome Metabélica
(Sindrome de Resisténcia a Insulina, ou Sindrome X). In:
DEANGELIS, R. C.; TIRAPEGULJ., (Eds.). Fisiologia da
nutri¢do humana. Aspectos basicos, aplicados e funcionais.
2.ed. Sao Paulo: Atheneu, 2007, chap.29, P.489-498.

MARTIN, I. K.; KATZ, A.; WAHREN, J. Splanchnic and muscle
metabolism during exercise in NIDDM patients. Am. J.
Physiol., v.269, p.E583-590. 1995.

MARTIN, L. J.; NORTH, K. E.; DYER, T.; BLANGERO, J.;
COMUZZIE, A. G.; WILLIAMS, J. Phenotypic, genetic,
and genome-wide structure in the metabolic syndrome.
BMC Genet., v.4 suppl. 1, p.S95, 2003.

MCARDLE, W. D.; KATCH, F. I.; KATCH, V. L. Fisiologia do
exercicio: energia, nutri¢do e desempenho humano. Rio de
Janeiro: Ed. Guanabara Koogan, 1998, chap.9, p.195-208.

MCGUIRE, M. T.; WING, R. R.; KLEM, M. L.; HILL, J. O.
Behavioral strategies of individuals who have maintained
long-term weight losses. Obes. Res., v.7, p.334-341, 1999.

MCNEILL, A. M.; ROSAMOND, W. D.; GIRMAN, C.
J.; GOLDEN, S. H.; SCHMIDT, M. I.; EAST, H. E.;
BALLANTYNE, C. M.; HEISS, G. The metabolic
syndrome and 11-year risk of incident cardiovascular
disease in the atherosclerosis risk in communities study.
Diabetes Care, v.28, p.385-390, 2005.

MESTEK, M. L.; GARNER, J. C.; PLAISANCE, E. P; TAYLOR,
J. K.; ALHASSAN, S.; GRANDJEAN, P. W. Blood lipid
responses after continuous and accumulated aerobic exercise.
Int. J. Sport. Nutr. Exerc. Metab., v.16, p.245-254,2006.

MUSI, N.; FUIJII, N.; HIRSHMAN, M. F.; EKBERG, I.;
FROBERG, S.; LIUNGQVIST, O.; THORELL, A.;
GOODYEAR, L. J. AMP-activated protein kinase (AMPK)
is activated in muscle of subjects with type 2 diabetes during
exercise. Diabetes, v.50, p.921-927,2001.

NINOMIYA, J. K.; CITALIEN, G.; CRIQUL, M. H.; WHYTE,
J.L.; GAMST, A.; CHEN, R. S. Association of the metabolic
syndrome with history of myocardial infarction and stroke
in the Third National Health and Nutrition Examination
Survey. Circulation, v.109, p.42-46, 2004.

OH, J. Y.; HONG, Y. S.; SUNG, Y. A.; BARRETT-CONNOR,
E. Prevalence and factor analysis of metabolic syndrome in
an urban Korean population. Diabetes Care, v.27, p.2027-
2032, 2004.

F. L. Torres-Leal, M. D. Capitani, J. Tirapegui

OLIJHOEK, J. K.; VAN DER GRAAF, Y.; BANGA, J. D.;
ALGRA, A.; RABELINK, T. J.; VISSEREN, F. L. The
metabolic syndrome is associated with advanced vascular
damage in patients with coronary heart disease, stroke,
peripheral arterial disease or abdominal aortic aneurysm.

Eur. Heart. J.,v.25, p.342-348, 2004.

OSTER, M. H.; FIELDER, P. J.; LEVIN, N.; CRONIN, M.
J. Adaptation of the growth hormone and insulin-like

growth factor-I axis to chronic and severe calorie or protein
malnutrition. J. Clin. Invest., v.95, p.2258-2265, 1995.

PAN, X. R.; LI, G. W.; HU, Y. H.; WANG, J. X.; YANG, W.
Y.; AN, Z. X.; HU, Z. X.; LIN, J.; XIAO, J. Z.; CAO, H.
B.; LIU, P. A.; JIANG, X. G.; JIANG, Y. Y.; WANG, J. P;
ZHENG, H.; ZHANG, H.; BENNETT, P. H.; HOWARD,
B. V. Effects of diet and exercise in preventing NIDDM in
people with impaired glucose tolerance. The Da Qing IGT
and Diabetes Study. Diabetes Care, v.20, p.537-544, 1997.

PEDERSEN, B. K.; SALTIN, B. Evidence for prescribing
exercise as therapy in chronic disease. Scand. J. Med. Sci.
Sports, v.16, suppl. 1, p.3-63, 2006.

PEDROSA, R. G.; DONATO JR, J.; ARAUJO, J. J.;
TIRAPEGUI, J. Gasto energético e metabolismo basal. In:
DE ANGELIS R. C.; TIRAPEGUI J. (Eds.). Fisiologia da
nutri¢do humana. Aspectos basicos, aplicados e funcionais.
Sao Paulo: Atheneu, 2007.

PEDROSA, R. G.; TIRAPEGUI, J.; ROGERO, M. M_;
CASTRO, I. A.; PIRES, I. S. O.; OLIVEIRA, A. A. M.
Influéncia do exercicio fisico na composi¢ao quimica da
massa corporal magra de ratos submetidos a restri¢ao
alimentar. Rev. Bras. Cienc. Farm., v.40, p.27-34,2004a.

PEDROSA, R. G.; TIRAPEGUI, J.; ROGERO, M.; PIRES,
I.S.0.; CASTRO, I. A. C.; SALGADO, M.; UEDA, M.
Assessment of the nutritional status of rats submitted to
food restriction and/or to physical exercise. Nutr: Res., v.24,
p-923-934, 2004b.

PERSEGHIN, G.; PRICE, T. B.; PETERSEN, K. F.; RODEN,
M.; CLINE, G. W.; GEROW, K.; ROTHMAN, D.
L.; SHULMAN, G. I. Increased glucose transport-
phosphorylation and muscle glycogen synthesis after
exercise training in insulin-resistant subjects. N. Engl. J.
Med., v.335,p.1357-1362, 1996.



The effect of physical exercise and caloric restriction on the components of metabolic syndrome 397

PESCATELLO, L. S.; FRANKLIN, B. A.; FAGARD, R.;
FARQUHAR, W. B.; KELLEY, G. A.; RAY, C. A. American
College of Sports Medicine position stand. Exercise and
hypertension. Med. Sci. Sports Exerc., v.36, p.533-553,
2004.

PLOUG, T.; RALSTON, E. Anatomy of glucose transporters
in skeletal muscle. Effects of insulin and contractions. Adv.
Exp. Med. Biol., v.441, p.17-26, 1998.

POLLARE, T.; VESSBY, B.; LITHELL, H. Lipoprotein lipase
activity in skeletal muscle is related to insulin sensitivity.
Arterioscler. Thromb., v.11, p.1192-1203, 1991.

POLLOCK, M. L.; FRANKLIN, B. A.; BALADY, G. J.;
CHAITMAN, B. L.; FLEG, J. L.; FLETCHER, B.;
LIMACHER, M.; PINA, I. L.; STEIN, R. A.; WILLIAMS,
M.; BAZZARRE, T. AHA Science Advisory. Resistance
exercise in individuals with and without cardiovascular
disease: benefits, rationale, safety, and prescription: An
advisory from the Committee on Exercise, Rehabilitation,
and Prevention, Council on Clinical Cardiology, American
Heart Association; Position paper endorsed by the American
College of Sports Medicine. Circulation, v.101, p.828-833,
2000.

POULIOT, M. C.; DESPRES, J. P.; LEMIEUX, S.;
MOORIJANI, S.; BOURCHARD, C.; TREMBLAY, A.
Waist circumference and abdominal sagittal diameter:
best simple anthropometric indexes of abdominal visceral
adipose tissue accumulation and related cardiovascular risk
in men and women. Am. J. Cardiol.,v.73, p.460-468, 1994,

POULSEN, P,; LEVIN, K.; PETERSEN, I.; CHRISTENSEN,
K.; BECK-NIELSEN, H.; VAAG, A. Heritability of
insulin secretion, peripheral and hepatic insulin action, and
intracellular glucose partitioning in young and old Danish
twins. Diabetes, v.54, p.275-283, 2005.

PRENTICE, A. M.; GOLDBERG, G. R.; JEBB, S. A.; BLACK,
A. E.; MURGATROYD, P. R.; DIAZ, E. O. Physiological
responses to slimming. Proc. Nutr: Soc.,v.50, p.441-458, 1991.

PRENTICE, A. M.; JEBB, S. A. Obesity in Britain: gluttony or
sloth? BMJ, v.311, p.437-439, 1995.

REAVEN, G. M. Banting lecture 1988. Role of insulin resistance
in human disease. Diabetes, v.37, p.1595-1607, 1988.

RICHTER, E. A. Glucose utilization. In: BETHESDA (Ed.).
Handbook of Physiology. Exercise: Regulation and
Integration of Multiple Systems, p.913-951, 1996.

ROBERTS, S. B. Energy requirements of older individuals.
Eur. J. Clin. Nutr., v.50, suppl.1, p.S112-117; discussion
S117-8, 1996.

ROBERTS, S. B.; LEIBEL, R. L. Excess energy intake and low
energy expenditure as predictors of obesity. Int. J. Obes.
Relat. Metab. Disord., v.22,p.385-386, 1998.

ROSAMOND, W.; FLEGAL, K.; FRIDAY, G.; FURIE, K_; GO,
A.; GREENLUND, K.; HAASE, N.; HO, M.; HOWARD,
V.; KISSELA, B.; KITTNER, S.; LLOYD-JONES, D.;
MCDERMOTT, M.; MEIGS, J.; MOY, C.; NICHOL, G.;
O’DONNELL, C.J.; ROGER, V.; RUMSFELD, J.; SORLIE,
P.; STEINBERGER, J.; THOM, T.; WASSERTHIEL-
SMOLLER, S.; HONG, Y.; AMERICAN HEART
ASSOCIATION STATISTICS COMMITTEE; STROKE
STATISTICS SUBCOMMITTEE, S. Heart Disease and
Stroke Statistics--2007 Update: A Report From the American
Heart Association Statistics Committee and Stroke Statistics
Subcommiittee. Circulation, v.115, p.e69-171, 2007.

ROSE, A. J.; RICHTER, E. A. Skeletal muscle glucose uptake
during exercise: how is it regulated? Physiology, v.20,
p.260-270, 2005.

ROSS, R.; DAGNONE, D.; JONES, P. J.; SMITH, H.;
PADDAGS, A.; HUDSON, R.; JANSSEN, I. Reduction in
obesity and related comorbid conditions after diet-induced
weight loss or exercise-induced weight loss in men. A
randomized, controlled trial. Ann. Intern. Med., v.133,
p-92-103, 2000.

ROSS, R.; JANSSEN, I. Physical activity, total and regional
obesity: dose-response considerations. Med. Sci. Sports
Exerc.,v.33,p.S521-527,2001.

RUDERMAN, N. B.; GANDA, O. P.; JOHANSEN, K. The
effect of physical training on glucose tolerance and plasma
lipids in maturity-onset diabetes. Diabetes, v.28, suppl.1,
p.89-92, 1979.

SALTIN, B.; HENRIKSSON, J.; NYGAARD, E.; ANDERSEN,
P.; JANSSON, E. Fiber types and metabolic potentials of
skeletal muscles in sedentary man and endurance runners.
Ann. N. Y. Acad. Sci., v.301, p.3-29, 1977.



398

SALTIN, B.; LINDGARDE, F.; HOUSTON, M.; HORLIN,
R.;NYGAARD, E.; GAD, P. Physical training and glucose
tolerance in middle-aged men with chemical diabetes.
Diabetes, v.28, suppl. 1, p.30-32, 1979.

SELVIN, E.; MARINOPOULOS, S.; BERKENBLIT, G;
RAMI, T.; BRANCATIL F. L.; POWE, N. R.; GOLDEN,
S. H. Meta-analysis: glycosylated hemoglobin and
cardiovascular disease in diabetes mellitus. Ann. Intern.
Med., v.141, p.421-431, 2004.

SIGAL, R. J.; KENNY, G. P.; BOULE, N. G.; WELLS, G.
A.; PRUD’HOMME, D.; FORTIER, M.; REID, R. D.;
TULLOCH, H.; COYLE, D.; PHILLIPS, P.; JENNINGS,
A.; JAFFEY, J. Effects of aerobic training, resistance
training, or both on glycemic control in type 2 diabetes: a
randomized trial. Ann. Intern. Med.,v.147, p.357-369, 2007.

SLENTZ,C.A.;DUSCHA,B.D.; JOHNSON, J. L.; KETCHUM,
K.; AIKEN, L. B.; SAMSA, G. P, HOUMARD, J. A_;
BALES, C. W.; KRAUS, W. E. Effects of the amount of
exercise on body weight, body composition, and measures
of central obesity: STRRIDE--a randomized controlled
study. Arch. Intern. Med., v.164, p.31-39, 2004.

SNOWLING, N. J.; HOPKINS, W. G. Effects of different modes
of exercise training on glucose control and risk factors for
complications in type 2 diabetic patients: a meta-analysis.
Diabetes Care, v.29, p.2518-2527, 2006.

SOLYMOSS, B. C.; BOURASSA, M. G.; LESPERANCE, J.;
LEVESQUE, S.; MARCIL, M.; VARGA, S.; CAMPEAU,
L. Incidence and clinical characteristics of the metabolic
syndrome in patients with coronary artery disease. Coron.
Artery. Dis., v.14,p.207-212, 2003.

SPOSITO, A. C.; CARAMELLI, B.; FONSECA, F. A. H.;
BERTOLAMI, M. C.; AFIUNE NETO, A.; SOUZA,
A.D.; LOTTENBERG, A. M. P.; CHACRA, A. P.;
FALUDI, A. A.; LOURES-VALE, A. A.; CARVALHO,
A. C.; DUNCAN, B.; GELONESE, B.; POLANCZYK,
C.; RODRIGUES SOBRINHO, C. R. M.; SCHERR, C.;
KARLA, C.; ARMAGANIJAN, D.; MORIGUCHI, E.;
SARAIVA, F.; PICHETTI, G.; XAVIER, H. T.; CHAVES,
H.; BORGES, J. L.; DIAMENT, J.; GUIMARAES, J.
I.; NICOLAU, J. C.; SANTOS, J. E. D.; LIMA, J. J. G.
D.; VIEIRA, J. L.; NOVAZZI, J. P.; FARIA NETO, J. R ;
TORRES, K. P.; PINTO, L. D. A.; BRICARELLO, L.;
BODANESE, L. C.; INTROCASO, L.; MALACHIAS, M.
V.B.;IZAR, M. C.; MAGALHAES, M. E. C.; SCHMIDT,
M. I.; SCARTEZINI, M.; NOBRE, M.; FOPPA, M.;

F. L. Torres-Leal, M. D. Capitani, J. Tirapegui

FORTI, N. A.; BERWANGER, O.; GEBARA, O.C. E,;
COELHO, O.R.; MARANHAO, R. C.; SANTOS F°, R. D.
D.; COSTA, R. P.; BARRETO, S.; KAISER, S.; IHARA,
S.; CARVALHO, T. D.; MARTINEZ, T. L. R.; RELVAS,
W. G. M.; SALGADO, W. IV Diretriz Brasileira sobre
Dislipidemias e Prevengao da Aterosclerose: Departamento
de Aterosclerose da Sociedade Brasileira de Cardiologia.
Argq. Bras. Cardiol., v.88,p.2-19, 2007.

STEFANICK, M. L.; MACKEY, S.; SHEEHAN, M.;
ELLSWORTH, N.; HASKELL, W. L.; WOOD, P. D.
Effects of diet and exercise in men and postmenopausal
women with low levels of HDL cholesterol and high levels
of LDL cholesterol. N. Engl. J. Med.,v.339, p.12-20, 1998.

STRATTON, I. M.; ADLER, A. I.; NEIL, H. A.; MATTHEWS,
D. R.; MANLEY, S. E.; CULL, C. A.; HADDEN,
D.; TURNER, R. C.; HOLMAN, R. R. Association
of glycaemia with macrovascular and microvascular
complications of type 2 diabetes (UKPDS 35): prospective
observational study. BMJ, v.321, p.405-412, 2000.

SUNAML Y.; MOTOYAMA, M.; KINOSHITA, F.; MIZOOKA,
Y.; SUETA, K.; MATSUNAGA, A.; SASAKI, J.;
TANAKA, H.; SHINDO, M. Effects of low-intensity
aerobic training on the high-density lipoprotein cholesterol
concentration in healthy elderly subjects. Metabolism, v.48,
p.984-988, 1999.

SUPERKO, H. The most common cause of coronary heart
disease can be successfully treated by the least expensive
therapy-exercise. ACSM Certified. News, v.8, p.1-5, 1998.

TATARANNI, P. A. Pathophysiology of obesity-induced insulin
resistance and type 2 diabetes mellitus. Eur. Rev. Med.
Pharmacol. Sci., v.6,p.27-32,2002.

THOMAS, D. E.; ELLIOTT, E. J.; NAUGHTON, G. A.
Exercise for type 2 diabetes mellitus. Cochrane. Database
Syst. Rev., v.3, p.CD002968, 2006.

TREMBLAY, A.; DESPRES, J. P.; MAHEUX, J.; POULIOT,
M. C.; NADEAU, A.; MOORIJANI, S.; LUPIEN, P. J.;
BOUCHARD, C. Normalization of the metabolic profile
in obese women by exercise and a low fat diet. Med. Sci.
Sports Exerc.,v.23,p.1326-1331, 1991.

TREMBLAY, A.;NADEAU, A.; FOURNIER, G.; BOUCHARD,
C. Effect of a three-day interruption of exercise-training on
resting metabolic rate and glucose-induced thermogenesis
in training individuals. Int. J. Obes., v.12,p.163-168, 1988.



The effect of physical exercise and caloric restriction on the components of metabolic syndrome 399

TUOMILEHTO, J.; LINDSTROM, J.; ERIKSSON, J. G.;
VALLE, T. T.; HAMALAINEN, H.; ILANNE-PARIKKA,
P.; KEINANEN-KIUKAANNIEMI, S.; LAAKSO, M.;
LOUHERANTA, A.; RASTAS, M.; SALMINEN, V.;
UUSITUPA, M. Prevention of type 2 diabetes mellitus by
changes in lifestyle among subjects with impaired glucose
tolerance. N. Engl. J. Med., v.344, p.1343-1350, 2001.

VARADY, K. A.; JONES, P. J. Combination diet and exercise
interventions for the treatment of dyslipidemia: an effective
preliminary strategy to lower cholesterol levels? J. Nutr.,
v.135, p.1829-1835, 2005.

WANNAMETHEE, S. G.; SHAPER, A. G.; WHINCUP, P. H.
Modifiable lifestyle factors and the metabolic syndrome in
older men: Effects of lifestyle changes. J. Am. Geriatr. Soc.,
v.54, p.1909-1914, 2006.

WATSON, R. T.; PESSIN, J. E. Intracellular organization of
insulin signaling and GLUT4 translocation. Recent. Prog.
Horm. Res.,v.56,p.175-193,2001.

WESTERTERP-PLANTENGA, M. S.; WIJCKMANS-
DUIJSENS, N. E.; VERBOEKET-VAN DE VENNE, W. P;
DE GRAAF, K.; VAN HET HOF, K. H.; WESTSTRATE,
J. A. Energy intake and body weight effects of six months
reduced or full fat diets, as a function of dietary restraint.
Int. J. Obes. Relat. Metab. Disord.,v.22, p.14-22, 1998.

WHELTON, S. P.; CHIN, A.; XIN, X.; HE, J. Effect of aerobic
exercise on blood pressure: a meta-analysis of randomized,
controlled trials. Ann. Intern. Med., v.136, p.493-503, 2002.

WORLD HEALTH ORGANIZATION. Obesity and
Overweight. Fact Sheet 311. Available at: <http://www.
who.it/mediacentre/factsheets/fs311/en/. Accessed on 20
Jan. 2009.

WIINDAELE, K.; DUVIGNEAUD, N.; MATTON, L.;
DUQUET, W.; THOMIS, M.; BEUNEN, G.; LEFEVRE, J.;
PHILIPPAERTS, R. M. Muscular strength, aerobic fitness,
and metabolic syndrome risk in Flemish adults. Med. Sci.
Sports Exerc.,v.39, p.233-240, 2007.

WILLIAMS, P. T. Maintaining vigorous activity attenuates 7-yr
weight gain in 8340 runners. Med. Sci. Sports Exerc.,v.39,
p-801-809, 2007.

WILLIAMS, P. T.; THOMPSON, P. D. Dose-dependent effects
of'training and detraining on weight in 6406 runners during
7.4 years. Obesity, v.14, p.1975-1984, 2006.

WOJTASZEWSKI, J. F.; HANSEN, B. F.; GADE; KIENS, B.;
MARKUNS, J. F.; GOODYEAR, L. J.; RICHTER, E. A.
Insulin signaling and insulin sensitivity after exercise in
human skeletal muscle. Diabetes, v.49, p.325-331, 2000.

WOITASZEWSKI, J. F.; HIGAKI, Y.; HIRSHMAN, M. F.;
MICHAEL, M. D.; DUFRESNE, S. D.; KAHN, C. R.;
GOODYEAR, L. J. Exercise modulates postreceptor insulin
signaling and glucose transport in muscle-specific insulin
receptor knockout mice. J. Clin. Invest., v.104, p.1257-
1264, 1999.

WOJTASZEWSKI, J. F.; MACDONALD, C.; NIELSEN, J. N.;
HELLSTEN, Y.; HARDIE, D. G.; KEMP, B. E.; KIENS, B.;
RICHTER, E. A. Regulation of 5’ AMP-activated protein
kinase activity and substrate utilization in exercising human
skeletal muscle. Am. J. Physiol. Endocrinol. Metab.,v.284,
p.E813-822, 2003.

WOOD, P. D.; STEFANICK, M. L.; DREON, D. M.;
FREY-HEWITT, B.; GARAY, S. C.; WILLIAMS, P. T.;
SUPERKO, H. R.; FORTMANN, S. P.; ALBERS, J. J.;
VRANIZAN, K. M.; ET AL. Changes in plasma lipids and
lipoproteins in overweight men during weight loss through
dieting as compared with exercise. N. Engl. J. Med.,v.319,
p-1173-1179, 1988.

WRIGHT, D. C.; HUCKER, K. A.; HOLLOSZY, J. O.; HAN,
D. H. Ca2+ and AMPK both mediate stimulation of glucose
transport by muscle contractions. Diabetes, v.53, p.330-
335,2004.

YKI-JARVINEN, H.; KOIVISTO, V. A. Effects of body
composition on insulin sensitivity. Diabetes, v.32, p.965-
969, 1983.

ZIERATH, J. R. Invited review: Exercise training-induced
changes in insulin signaling in skeletal muscle. J. Appl.
Physiol., v.93, p.773-781, 2002.

ZINKER, B. A.; LACY, D. B.; BRACY, D.; JACOBS, J.;
WASSERMAN, D. H. Regulation of glucose uptake
and metabolism by working muscle. An in vivo analysis.
Diabetes, v.42, p.956-965, 1993.

Received for publication on 3% April 2008
Accepted for publication on 18" March 2009





