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Abstract

Obesity affects a large number of people around the world and appears to be the result of changes in food intake, eating habits and physi-

cal activity levels. Changes in dietary patterns and physical exercise are therefore strongly recommended to treat obesity and its compli-

cations. The present study tested the hypothesis that obesity and metabolic changes produced by a cafeteria diet can be prevented with

dietary changes and/or physical exercise. A total of fifty-six female Wistar rats underwent one of five treatments: chow diet; cafeteria diet;

cafeteria diet followed by a chow diet; cafeteria diet plus exercise; cafeteria diet followed by a chow diet plus exercise. The duration of the

experiment was 34 weeks. The cafeteria diet resulted in higher energy intake, weight gain, increased visceral adipose tissue and liver

weight, and insulin resistance. The cafeteria diet followed by the chow diet resulted in energy intake, body weight, visceral adipose

tissue and liver weight and insulin sensitivity equal to that of the controls. Exercise increased total energy intake at week 34, but produced

no changes in the animals’ body weight or adipose tissue mass. However, insulin sensitivity in animals subjected to exercise and the diet

was similar to that of the controls. The present study found that exposure to palatable food caused obesity and insulin resistance and a diet

change was sufficient to prevent cafeteria diet-induced obesity and to maintain insulin sensitivity at normal levels. In addition, exercise

resulted in normal insulin sensitivity in obese rats. These results may help to develop new approaches for the treatment of obesity and

type 2 diabetes mellitus.
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Overweight and obesity are defined as abnormal or excessive

fat accumulation that may impair health(1). In 2008, almost

a quarter of adults (24 % of men and 25 % of women aged

16 years or over) in England were classified as obese (BMI

30 kg/m2 or over)(2), while in Brazil, 13·9 % of adults are

obese(3). The excessive accumulation of adipose tissue that

characterises obesity is considered an important risk factor

for the development of diseases such as type 2 diabetes mel-

litus(4,5). The rise in the number of cases of obesity appears to

be the result of changes in food intake, eating habits and

physical activity levels. Recent data indicate that the food ser-

vice industry has been gradually increasing the sizes of current

marketplace foods(6). This increase in portion sizes has been

accompanied by an increase in food consumption and

energy intake(7), leading to obesity. Furthermore, some

authors have suggested that the obesity epidemic observed

mainly in the USA may have been the result of high soft

drink intake(8). The cafeteria diet is a widely used animal

model to study obesity, consisting of a variety of palatable

foods associated with the obesity epidemic(9–11) that produce

hyperphagia and high energy intake(12), body-weight gain,

increased adipose tissue mass, glucose intolerance, insulin

resistance, hyperinsulinaemia, and pro-inflammatory

response(11).

Overweight and obese individuals who lose as little as 10 %

of their body weight can reduce their risk factors for type 2

diabetes mellitus and CVD(13,14). Restriction of energy intake

is the most commonly used strategy for weight loss in

humans. Guidelines for obesity management emphasise the

reduction of energy intake to promote a negative energy bal-

ance that results in weight loss(15). However, weight regain

after long-term energy restriction is the main challenge of
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interventions that restrict overall energy intake. During energy

restriction, mice(16) and human subjects(17) have shown sus-

tained reductions in energy expenditure, which may predis-

pose subjects to a positive energy balance when food is

made available post-restriction. Moreover, sustained restriction

is associated with neuroendocrine changes promoting hunger,

leading to hyperphagia(18), thus making mass regain even

more likely.

Physical exercise is recommended to increase energy

expenditure in order to generate a negative energy balance,

assisting in weight loss and maintenance during the treatment

of obesity(19). In addition, physical activity can alter patterns of

substrate utilisation and enhance whole-body insulin sensi-

tivity(20), improving the overall metabolic profile. In exper-

imental models, exercise has attenuated weight gain in

animals fed a high-fat diet(21,22) by reducing food intake com-

pared with obese animals that do not perform exercise(21).

However, there remains considerable debate about the effects

of exercise in relation to appetite, and the evidence so far has

pointed to the fact that some individuals are capable of toler-

ating exercise and controlling appetite, while others are resist-

ant to exercise and compensate for the energy expended

during exercise by increasing energy intake(23).

Thus, given the general lack of success in treating obesity

and the fact that dietary changes and exercise are indicated

for the treatment of obesity and metabolic disorders, the pre-

sent study aimed to evaluate the effect of dietary change and

physical exercise on alterations induced by a cafeteria diet.

Experimental methods

Animal procedures

The experimental protocol was approved by the Research

Ethics Committee and Animal Care and Use Committee of Uni-

versidade Federal do Rio Grande do Sul (protocol no. 200938).

All animals were housed in plastic cages (four rats/cage) in a

12 h light–dark cycle at 24–268C. The animals were housed on

shavings and had ad libitum access to chow and water at all

times. The experimental design is shown in Fig. 1. A total of

fifty-six female Wistar rats (aged 3 weeks) were randomly allo-

cated into five experimental groups to be fed the following:

(1) a control chow diet and water alone for 34 weeks (control

chow þ sedentary; CON-CON þ SED; n 11); (2) a control

chow diet and water alongside a random selection of highly

energetic and palatable human foods for 34 weeks (cafeteria

diet þ sedentary; CAF-CAF þ SED; n 10); (3) a control chow

diet and water alongside a random selection of highly ener-

getic and palatable human foods for 26 weeks, followed by

a control chow diet and water alone for 8 weeks (food pattern

change þ sedentary; CAF-CON þ SED; n 12); (4) a control

chow diet and water alongside a random selection of highly

energetic and palatable human foods for 34 weeks plus physi-

cal exercise starting at week 26 for 8 weeks (cafeteria diet þ

physical exercise; CAF-CAF þ EX; n 12); (5) a control chow

diet and water alongside a random selection of highly ener-

getic and palatable human foods for 26 weeks, followed by

a control chow diet and water alone plus physical exercise

starting at week 26 for 8 weeks (food pattern change þ

physical exercise; CAF-CON þ EX; n 11). The foods included

in the cafeteria diet are described in Table 1. Foods were pro-

vided in excess amounts and changed daily, to maintain var-

iety, by replacing four of the foods with new items. Soft

drink was provided daily. Hence, the animals did not receive

the same foods for more than two consecutive days at a time.

The chow-diet and cafeteria-diet foods were individually

weighed in and out of the cage between 09.00 and 10.00

hours daily. The daily data obtained for each food item

were summed, generating the total consumption per d. Total

daily intakes were summed to obtain a total weekly intake,

which was then divided by the number of days of the week

and the number of animals to reach the amount of food

intake per animal per d of the week. Daily intakes of

energy, macronutrients and Na were calculated from the man-

ufacturers’ data (Table 1). The animals were weighed on alter-

nate days between 09.00 and 10.00 hours.

Physical exercise protocol

The exercise protocol was adapted from a previous study(24)

and consisted of swimming in plastic barrels (diameter,

51 cm). The water depth was approximately 50 cm, and the

temperature ranged between 31 and 338C. The swimming pro-

tocol consisted of a 4-week adaptation period and a 4-week

training period. The rats swam 5 d/week in the morning at

the beginning of the light period. Animals swam for 5 min

on the first day, and swimming time was increased by

5 min/d up to 40 min for a 2-week period. Training time was

increased to 60 min for 1 week and then to 75 min for the

remaining 4 weeks to ensure an aerobic training effect. Rats

swam in groups of four in plastic barrels and were constantly

supervised and encouraged to keep moving in the water

by gently prodding them if needed. Rats swam freely

with no additional weights (unloaded). The exercise oxygen
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Fig. 1. Schematic diagram of the experimental groups. CON-CON þ SED,

control chow þ sedentary; CAF-CAF þ SED, cafeteria diet þ sedentary;

CAF-CON þ SED, food pattern change þ sedentary; CAF-CAF þ EX, cafe-

teria diet þ physical exercise; CAF-CON þ EX, food pattern change þ

physical exercise.
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consumption of non-weighted swimming rats has previously

been determined to be 2·7 times the resting value(25), which

is considered to be moderate-intensity exercise for rats(26).

At the end of each daily swimming session, each rat was

towel-dried and returned to its cage. Rats were watched care-

fully after being placed in their cages to ensure that they did

not shiver, indicating hypothermia stress.

Blood sampling and tissue collection

At the end of the experiment, after 12–13 h of fasting, the ani-

mals were decapitated by a guillotine. Blood was collected in

previously heparinised tubes and centrifuged at 1609g for

20 min. After centrifugation, plasma was separated into ali-

quots and stored at 2808C until biochemical analysis was per-

formed. Liver and abdominal visceral adipose tissue were

removed and weighed immediately after decapitation.

Plasma insulin and glucose

Plasma insulin was measured in duplicate by ELISA using

reagents specific for the rat (Millipore), with a detection sensi-

tivity of 0·2 ng/ml. The homeostasis model assessment of insu-

lin resistance (HOMA-IR) was used to calculate approximate

insulin resistance (fasting glucose (mg/dl) £ fasting insulin

(mIU/ml)/2430)(27). Plasma glucose was measured with a col-

orimetric method (Glucose PAP Liquiform; Labtest).

Statistical analysis

All data were analysed using GraphPad Prism, version 5.04

(GraphPad Software, Inc.). The effects of different treatments

on food intake, body weight, adipose tissue, liver and fasting

insulin and glucose at the end of the experiment (week 34)

were analysed using one-way ANOVA followed by the Stu-

dent–Newman–Keuls post hoc test. Data on total energy

intake before dietary change and/or the introduction of physi-

cal exercise (week 26) were analysed using one-way ANOVA

followed by the Student–Newman–Keuls post hoc test. The

effect of time and treatment (time v. treatment) on total

energy intake over the 8 weeks of treatment (weeks 27 to 34)

was analysed by repeated-measures ANOVA followed by the

Bonferroni post hoc test. Values are expressed as means with

their standard errors. P,0·05 was considered to be statistically

significant.

Results

Nutrient intake

Daily chow intake per animal was significantly higher in the

CAF-CON þ EX group compared with the other groups at

the end of the experiment (week 34; P,0·05; Table 2). More-

over, daily standard chow intake per animal was significantly

lower in the CAF-CAF þ SED, CAF-CON þ SED and CAF-

CAF þ EX groups compared with the CON-CON þ SED

group in the same period (P,0·05; Table 2). Daily water

intake per animal at week 34 was significantly higher in the

CAF-CON þ EX group compared with the other groups

(P,0·05; Table 2). In the same period, daily water intake

per animal was significantly higher in the CON-CON þ SED

and CAF-CON þ SED groups compared with the CAF-

CAF þ SED and CAF-CAF þ EX groups (P,0·05; Table 2).

However, water intake was significantly higher in the CAF-

CAF þ EX group than in the CAF-CAF þ SED group at week

34 (P,0·05; Table 2). Total daily fluid intake per animal was

significantly higher in the CAF-CAF þ SED and CAF-

CAF þ EX groups compared with the other groups at week

34 (P,0·05; Table 2). In addition to higher water intake,

the CAF-CAF þ EX group also showed significantly higher

total fluid intake than the CAF-CAF þ SED group (P,0·05;

Table 2). The CAF-CON þ EX group showed significantly

higher total fluid intake at week 34 compared with the

CON-CON þ SED and CAF-CON þ SED groups (P,0·05;

Table 2). Daily Na intake per animal at week 34 was signifi-

cantly higher in the CAF-CAF þ SED and CAF-CAF þ EX

groups compared with the other groups (P,0·05; Table 2),

while the CAF-CON þ EX group showed a significantly

higher Na intake than the CAF-CON þ SED group at week

34 (P,0·05; Table 2).

Daily carbohydrate intake per animal at week 34 of the

experiment was significantly higher in the CAF-CAF þ EX

group compared with the CON-CON þ SED, CAF-CAF þ SED

Table 1. Food available to the animals in the cafeteria diet

Energy (kJ/100 g) Carbohydrates (g/100 g) Protein (g/100 g) Fat (g/100 g) Na (mg/100 g)

Chow (NuviLab CR-1, Brazil) 1234 55 22 4 270
Salami (Majestade, Brazil) 1414 0 32 24 1248
Bread Seven Boys (Seven Boys, Brazil) 1234 53 9 4 470
SnackYokitos (Yoki, Brazil) 2008 60 6 24 1104
Deliket Jelly Bean (Dori Alimentos, Brazil) 1590 95 0 0 20
Coca-Cola (Coca-Cola, Brazil) 178 11 0 0 5
Smoked sausage (Perdigão, Brazil) 1331 1 18 32 1573
Chocolate cake (Nutrella, Brazil) 1360 50 5 12 618
Biscuit Maizena (Isabela, Brazil) 1799 73 7 12 433
Marshmallow (Fini, Brazil) 1423 80 5 0 46
Ham (Sadia, Brazil) 649 0 17 9 833
Snack Fritello (Pavioli, Brazil) 2125 52 8 29 640
Wafer Biscuit Chocolate (Bauducco, Brazil) 2176 63 5 27 113
Gumdrop Gomets (Dori Alimentos, Brazil) 1506 90 0 0 50

Food change/exercise in cafeteria diet-fed rats 1513
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and CAF-CON þ SED groups (P,0·05; Table 2). In addition,

both CAF-CON þ EX and CAF-CAF þ SED groups had a

significantly higher carbohydrate intake compared with the

CON-CON þ SED and CAF-CON þ SED groups at week 34

(P,0·05; Table 2), the latter showing the lowest carbohydrate

intake among all groups. Daily protein intake per animal at

week 34 was significantly lower in the CAF-CAF þ SED and

CAF-CAF þ EX groups compared with the other groups

(P,0·05; Table 2). Moreover, protein intake was significantly

higher in the CAF-CON þ EX group compared with the other

groups (P,0·05; Table 2), while protein intake was the same

for the CON-CON þ SED and CAF-CON þ SED groups at

week 34 (P,0·05; Table 2). Daily fat intake per animal was sig-

nificantly higher in the CAF-CAF þ SED and CAF-CAF þ EX

groups compared with the other groups at week 34 (P,0·05;

Table 2). Daily fat intake per animal was similar for the CON-

CON þ SED, CAF-CON þ SED and CAF-CON þ EX groups at

the end of the experiment (P,0·05; Table 2). Daily energy

intake per animal at week 34 was significantly higher in the

CAF-CAF þ EX group compared with the other groups

(P,0·05; Table 2). The CAF-CAF þ SED and CAF-CON þ EX

groups showed higher daily energy intake per animal at

week 34 compared with the CON-CON þ SED and CAF-

CON þ SED groups (P,0·05; Table 2).

Before the introduction of the treatment (week 26), daily

energy intake per animal was significantly higher for all

groups compared with the CON-CON þ SED group

(P,0·05; Fig. 2(A)). After dietary change and/or the introduc-

tion of physical exercise, daily energy intake per animal over

the last 8 weeks of the experiment (weeks 27–34) was signifi-

cantly affected by time and treatment (F(28,210) ¼ 6·19;

P,0·05; Fig. 2(B)). In the CAF-CAF þ SED group, daily

energy intake per animal was significantly higher compared

with the CON-CON þ SED (P,0·05; weeks 27–34; Fig. 2(B)),

CAF-CON þ SED (P,0·05; weeks 27–34; Fig. 2(B)) and CAF-

CON þ EX groups (P,0·05; except week 34; Fig. 2(B)). In the

CAF-CAF þ EX group, daily energy intake per animal was

significantly higher compared with the CON-CON þ SED

(P,0·05; weeks 27–34; Fig. 2(B)), CAF-CAF þ SED (P,0·05;

only at week 34; Fig. 2(B)), CAF-CON þ SED (P,0·05;

weeks 27–34; Fig. 2(B)) and CAF-CON þ EX groups

(P,0·05; weeks 27–34; Fig. 2(B)). In the CAF-CON þ SED

group, daily energy intake per animal was significantly

lower compared with the CON-CON þ SED (P,0·05; only

at week 27; Fig. 2(B)) and CAF-CON þ EX groups (weeks

32–34; P,0·05). In the CAF-CON þ EX group, daily energy

intake per animal was significantly lower than that in the

CON-CON þ SED group (only at weeks 27 and 29), but

energy intake was significantly higher at week 34 (P,0·05;

Fig. 2(B)).

Daily energy intake of solid foods per animal at week 34

was significantly higher in the CAF-CON þ EX group com-

pared with the other groups (P,0·05; Table 2). Conversely,

the CAF-CAF þ SED group showed significantly lower solid

food energy intake than the CON-CON þ SED and CAF-

CAF þ EX groups at week 34 (P,0·05; Table 2). Solid food

energy intake was similar for the CON-CON þ SED, CAF-

CON þ SED and CAF-CAF þ EX groups (P.0·05; Table 2).

Body weight and tissue weight

Body weight at week 34 of the experiment was significantly

higher in the CAF-CAF þ SED and CAF-CAF þ EX groups

compared with the other groups (P,0·05; Fig. 3(A)). Body

weight was similar for the CON-CON þ SED, CAF-

CON þ SED and CAF-CON þ EX groups at the end of the

experiment (P.0·05; Fig. 3(A)). At week 34, visceral adipose

tissue was significantly higher in the CAF-CAF þ SED and

CAF-CAF þ EX groups compared with the other groups

(P,0·05; Fig. 3(B)), but similar for the CON-CON þ SED,

CAF-CON þ SED and CAF-CON þ EX groups (P.0·05;

Fig. 3(B)). Liver weight at week 34 was significantly higher

in the CAF-CAF þ SED and CAF-CAF þ EX groups compared

with the other groups (Fig. 3(C); P,0·05), but similar for the

CON-CON þ SED, CAF-CON þ SED and CAF-CON þ EX

groups (Fig. 3(C); P.0·05).

Table 2. Daily intake of standard chow, fluids, nutrients and energy at the end of the experiment (week 34)

(Mean values with their standard errors)

CON-CON þ SED
(n 11)

CAF-CAF þ SED
(n 10)

CAF-CON þ SED
(n 12)

CAF-CAF þ EX
(n 12)

CAF-CON þ EX
(n 11)

Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM

Chow (g/d) 14·47a 0·31 2·57b 0·19 12·99c 0·49 3·30b 0·29 18·69d 0·67
Water (ml/d) 20·32a 0·86 4·28b 0·35 21·01a 0·38 7·02c 0·74 27·72d 0·91
Total fluid (ml/d) 20·32a 0·86 58·42b 3·15 21·01a 0·38 64·82c 2·43 27·72d 0·91
Na (mg/d) 39·09a,c 0·84 89·28b 7·34 35·07a 1·32 97·99b 5·20 50·46c 1·81
Carbohydrate (g/d) 7·96a 0·17 9·62b 0·46 7·14a 0·27 10·99c 0·27 10·28b,c 0·37
Protein (g/d) 3·18a 0·06 1·87b 0·21 2·85a 0·10 1·96b 0·14 4·11c 0·14
Fat (g/d) 0·57a 0·01 1·38b 0·13 0·51a 0·02 1·65b 0·16 0·74a 0·02
Energy (kJ/d) 178·70a 0·92 240·30b 8·46 160·40a 6·05 271·30c 6·87 230·70b 8·30
Solid food (kJ/d) 178·70a 0·92 142·80b 7·07 160·40a,b 6·05 167·30a,c 8·59 230·70d 8·30

CON-CON þ SED, control chow þ sedentary; CAF-CAF þ SED, cafeteria diet þ sedentary; CAF-CON þ SED, food pattern change þ sedentary; CAF-
CAF þ EX, cafeteria diet þ physical exercise; CAF-CON þ EX, food pattern change þ physical exercise.

a,b,c,d Mean values within a row with unlike superscript letters were significantly different (P,0·05; one-way ANOVA with Student–Newman–Keuls post hoc test).
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Plasma glucose, insulin and homeostasis model
assessment of insulin resistance

Fasting glucose concentration was similar for all groups at

week 34 of the experiment (P.0·05; Fig. 4(A)). Fasting insulin

concentration at week 34 was significantly higher in the CAF-

CAF þ SED group compared with the other groups (P,0·05;

Fig. 4(B)), but similar for the CON-CON þ SED, CAF-

CON þ SED, CAF-CAF þ EX and CAF-CON þ EX groups

(P.0·05; Fig. 4(B)). HOMA-IR was significantly higher in the

CAF-CAF þ SED group compared with the other groups at

week 34 (P,0·05; Fig. 4(C)). There was no significant differ-

ence among the CON-CON þ SED, CAF-CON þ SED, CAF-

CAF þ EX and CAF-CON þ EX groups regarding HOMA-IR

at week 34 of the experiment (P.0·05; Fig. 4(C)).

Discussion

Dietary change by replacing the cafeteria diet and allowing

animals exclusive access to the chow diet caused an increase

in the consumption of chow in relation to food intake

observed in the cafeteria diet-fed animals, although chow

intake was slightly lower compared with the control animals.

However, dietary change did not prevent the animals from

maintaining a normal intake of carbohydrates, proteins,

lipids and Na, indicating that withdrawal of the cafeteria diet

was sufficient to improve the nutritional quality of the animals’

diet. The lower chow intake, compared with the control ani-

mals, after the withdrawal of the cafeteria diet may have

been the result of reduced palatability of the diet compared

with soft drinks and solid foods offered in the cafeteria diet,

leading to decreased motivation to consume chow even

after 8 weeks without cafeteria-diet foods. Similar experiments

involving withdrawal of cafeteria-diet foods after chronic

access have also reported lower energy intake when animals

are exposed only to standard chow, suggesting that these ani-

mals show increased brain reward thresholds compared with

those observed when they had access to the cafeteria

diet(28). Thus, maintenance of increased reward thresholds

may influence the intake of foods that do not cause the

same sensations of pleasure caused by palatable foods.

After 8 weeks of treatment (weeks 27–34), animals sub-

jected to dietary change showed an energy intake similar to

that of the controls, except for the first week of the withdrawal

of cafeteria-diet foods, when there was a dramatic reduction in

energy intake, probably as a result of the lower palatability of

the standard chow(28). Likewise, body weight, visceral adipose

tissue and liver weight were also similar to that of the controls

at the end of the experiment. Dietary change consisting of the

withdrawal of palatable foods and access only to standard

chow ad libitum showed that the energy intake of animals

was not aimed at maintaining body weight achieved with

the consumption of cafeteria-diet foods, suggesting that

energy depots accumulated in the form of visceral adipose

tissue might have been used, thus failing to produce a com-

pensatory increase in energy intake. This contrasts with

approaches that voluntarily restrict food intake, which may

predispose subjects to a positive energy balance when food

is made available post-restriction due to sustained reductions

in energy expenditure(16,17) and neuroendocrine changes

that stimulate hunger and hyperphagia(18), favouring mass

regain. In human subjects, a dietary regimen known as the

Paleolithic diet, consisting mainly of ad libitum intake of

foods such as nuts, vegetables, fruits, lean meats, fish and

eggs, was able to increase the feeling of satiety and promote

lower energy intake(29).
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Fig. 2. Daily energy intake per animal (kJ/d) (A) before dietary change and/or

the introduction of physical exercise (week 26) and (B) over the 8 weeks

of treatment (weeks 27–34). Values are means, with standard errors

represented by vertical bars. CON-CON þ SED, control chow þ sedentary

(n 11; ); CAF-CAF þ SED, cafeteria diet þ sedentary (n 10; );

CAF-CON þ SED, food pattern change þ sedentary (n 12; ); CAF-CAF þ EX,

cafeteria diet þ physical exercise (n 12; ); CAF-CON þ EX, food pattern

change þ physical exercise (n 11; ). In (A), the CAF-CAF þ SED, CAF-

CON þ SED, CAF-CAF þ EX and CAF-CON þ EX groups had access to the

cafeteria diet. One-way ANOVA (week 26) and repeated-measures ANOVA

with Bonferroni post hoc test (weeks 27–34). * Mean values were signifi-

cantly different from those of the CON-CON þ SED group (up to week 26;

P,0·05). † Mean values were significantly different from those of the

CON-CON þ SED (weeks 27–34), CAF-CON þ SED (weeks 27–34),

CAF-CAF þ EX (only at week 34) and CAF-CON þ EX groups (except

week 34) (P,0·05). ‡ Mean values were significantly different from those of

the CON-CON þ SED (weeks 27–34), CAF-CON þ SED (weeks 27–34)

and CAF-CON þ EX groups (weeks 27–34) (P,0·05). § Mean values were

significantly different from those of the CON-CON þ SED (only at week 27)

and CAF-CON þ EX groups (weeks 32–34) (P,0·05). kMean values were

significantly different from those of the CON-CON þ SED group (weeks 27,

29 and 34; P,0·05).
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Fig. 3. (A) Body weight, (B) visceral adipose tissue (n 10–12) and (C) liver weight (n 9–12) at the end of the experiment (week 34). Values are means, with stan-

dard errors represented by vertical bars. CON-CON þ SED, control chow þ sedentary (n 11); CAF-CAF þ SED, cafeteria diet þ sedentary (n 10); CAF-CON þ

SED, food pattern change þ sedentary (n 12); CAF-CAF þ EX, cafeteria diet þ physical exercise (n 12); CAF-CON þ EX, food pattern change þ physical exercise

(n 11). a,b Mean values with unlike letters were significantly different (P,0·05; one-way ANOVA with Student–Newman–Keuls post hoc test).
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Regarding fasting insulin, animals subjected to dietary

change showed levels similar to those of the controls probably

as a result of reduced insulin resistance as evaluated by

HOMA-IR. Similar insulin sensitivity may have been a reflec-

tion of both the nutritional quality of food after withdrawal

of the cafeteria diet and the reduction of visceral adipose

tissue, which may have triggered a reduction in TNF-a

plasma concentrations, a cytokine secreted by adipose tissue

that appears to cause insulin resistance, at least in part, by

inhibiting intracellular signalling from the insulin recep-

tor(30,31). Moreover, removal of high-glycaemic foods, such

as soft drinks, and consumption of chow components contain-

ing complex carbohydrates probably resulted in a decreased

release of insulin during the postprandial period in response

to small increases in plasma glucose caused by low-glycaemic

index carbohydrate.

The introduction of exercise associated with dietary change

for the last 8 weeks of the experiment (weeks 27–34) caused

an increase in chow intake at the end of the experiment. How-

ever, exercise associated with the cafeteria diet exerted no

effect on chow intake. Additionally, physical exercise associ-

ated with dietary change or the cafeteria diet increased

water intake. When associated with the cafeteria diet, exercise

also slightly increased soft drink intake. The effect of exercise

on fluid intake may have been an attempt by the body to

maintain plasma osmolality within physiological values,

since exercise may cause water loss and thus increase extra-

cellular osmotic pressure, activating the physiological mechan-

isms of thirst and fluid intake. Regarding Na intake, animals

treated with dietary change plus physical exercise showed

an increase in Na intake, which was basically a reflection of

greater chow intake. Carbohydrate intake was influenced by

physical exercise associated with both the cafeteria diet and

dietary change, with an increased intake of this macronutrient,

whereas protein intake was only increased by exercise associ-

ated with dietary change; however, in any of the regimens, fat

intake was not affected by exercise. Increased carbohydrate

and protein intake caused by exercise associated with dietary

change as well as increased carbohydrate intake caused by

exercise associated with the cafeteria diet led to increased

energy intake only at the end of the experiment (week 34),

but did not affect body weight, liver weight and visceral adi-

pose tissue in either case at the end of the study. However,

during the other weeks of the treatment period (dietary

change and/or physical exercise), energy intake was similar

to that of animals receiving palatable food. When associated

with dietary change, for the same 8-week treatment period,

exercise increased energy intake compared with sedentary

animals subjected to dietary change after 6 weeks of treat-

ment. The exercise-induced increase in energy intake

observed in the present study disagrees with some studies

reporting that exercise does not increase hunger and energy

intake(32), and also with reports that food intake of obese

rats eating palatable food is decreased by exercise compared

with obese rats not undergoing physical exercise(21).

After 8 weeks of physical exercise associated with dietary

change or the cafeteria diet, insulin sensitivity assessed by

HOMA-IR and fasting insulin plasma concentrations showed

significant improvements. Exercise-mediated fasting insulin

levels similar to those of the controls even in animals

subjected to the cafeteria diet were probably a consequence

of an improvement in insulin sensitivity in peripheral tissues.

Exercise has been implicated in the improvement of insulin

resistance through an increased expression of GLUT4 in skel-

etal muscle(33,34), leading to increased glucose transport into

the cytosol and thus reducing the incentive for b-pancreatic

cells to secrete insulin. Moreover, exercise has been reported

to increase insulin action in cells by affecting the transcrip-

tional regulation of insulin receptor substrate 1(35,36) and

appears to improve insulin-stimulated intracellular signalling

pathways. Thus, exercise exerts a protective effect on animals

fed the cafeteria diet and appears to be a useful therapeutic

tool for treating diseases such as type 2 diabetes mellitus,

which is characterised by insulin resistance.

Conclusion

The present study concluded that exposure to industrially pro-

cessed foods, represented here by cafeteria-diet foods, resulted

in obesity and metabolic changes after prolonged exposure.

Contrary to what is widely recommended, dietary change

alone, without energy restriction or exercise, was able toprevent,

in the short term, outcomes produced by the cafeteria diet. More-

over, exercise was able to improve insulin sensitivity even in

obese rats that were resistant to insulin and were eating pro-

cessed foods of low nutritional value. These findings may pro-

vide a basis for the development of studies focusing on a

change in eating habits for the treatment of obesity and on the

mechanisms by which exercise improves insulin sensitivity inde-

pendently of a reduction in visceral adipose tissue.
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