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Effects of intermittent fasting and chronic swimming exercise
on body composition and lipid metabolism

Ruan Carlos Macedo de Moraes, Guilherme Vannucchi Portari, Alex Soares Marreiros Ferraz,
Tiago Eugénio Oliveira da Silva, and Moacir Marocolo

Abstract: Intermittent fasting protocol (IFP) has been suggested as a strategy to change body metabolism and improve health.
The effects of IFP seem to be similar to aerobic exercise, having a hormetic adaptation according to intensity and frequency.
However, the effects of combining both interventions are still unknown. Therefore, the aim of the present study was to evaluate
the effects of IFP with and without endurance-exercise training on body composition, food behavior, and lipid metabolism.
Twenty-week-old Wistar rats were kept under an inverted circadian cycle of 12 h with water ad libitum and assigned to 4 different
groups: control group (ad libitum feeding and sedentary), exercise group (ad libitum feeding and endurance training), intermit-
tent fasting group (IF; intermittent fasting and sedentary), and intermittent fasting and exercise group (IFEX; intermittent
fasting and endurance training). After 6 weeks, the body weight of IF and IFEX animals decreased without changes in food
consumption. Yet, the body composition between the 2 groups was different, with the IFEX animals containing higher total
protein and lower total fat content than the IF animals. The IFEX group also showed increases in total high-density lipoprotein
cholesterol and increased intramuscular lipid content. The amount of brown adipose tissue was higher in IF and IFEX groups;
however, the IFEX group showed higher expression levels of uncoupling protein 1 in this tissue, indicating a greater thermo-
genesis. The IFP combined with endurance training is an efficient method for decreasing body mass and altering fat metabolism,
without inflicting losses in protein content.
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Résumé : Un protocole de jetine intermittent (« IFP ») constituerait une stratégie de modification du métabolisme corporel et
d’amélioration de la santé. Les effets de I'IFP s’apparentent a ceux de ’exercice aérobie c.-a-d. que ce protocole présente une
propriété hormétique en fonction de I'intensité et de la fréquence. Toutefois, il n’y a pas encore d’études sur les effets de la
combinaison de ces interventions. En conséquence, cette étude a pour objectif d’évaluer les effets de I'IFP incluant ou pas un
entrainement physique en endurance sur la composition corporelle, le comportement alimentaire et le métabolisme des lipides.
On répartit des rats Wistar agés de 20 semaines et maintenus dans un cycle circadien inversé de 12 heures tout en ayant de I’eau
ad libitum dans 4 groupes différents : groupe de contrdle (alimentation ad libitum et sédentaire), groupe d’exercice (alimenta-
tion ad libitum et entrainement en endurance), groupe de jetine intermittent (« IF »; jeine intermittent et sédentarité) et groupe
de jetine intermittent (« IFEX »; jetine intermittent et entrainement en endurance). Aprés 6 semaines, la masse corporelle des
animaux IF et IFEX est abaissée sans la modification de ’apport alimentaire; toutefois, la composition corporelle des deux groupes
differe : les animaux IFEX renferment globalement une plus grande quantité de protéines et moins de gras total que les animaux IF.
Le groupe IFEX présente un plus haut taux de HDL-cholestérol total et plus de lipides intramusculaires. La quantité de tissu adipeux
brun est plus élevée dans les groupes IF et IFEX; toutefois, le tissu adipeux du groupe IFEX présente une plus forte expression de la
uncoupling protein 1, ce qui signifie une plus grande thermogenese. IFP combiné a I'entrainement en endurance est une méthode
efficace pour diminuer la masse corporelle et modifier le métabolisme des graisses sans diminution du contenu protéique. [Traduit par
la Rédaction]

Mots-clés : exercice aérobie, entrainement en endurance, métabolisme des graisses, thermogeneése, exercice a jeun.

Introduction 2005), blood lipid profile (Benli Aksungar et al. 2005), heart func-

Intermittent fasting protocol (IFP), a changing in feeding peri- o0 (Ahmet et al. 2005.),.eatin_g_ behavior (Chausse et al. _2014)’
ods characterized by fasting and feeding cycles, has been sug- trophic factors and cognitive ability (Halagappa et al. 2007; Li et al.

gested as a strategy to change body metabolism and improve 2013). Mechanistically, IFP seems to reduce body weight and in-
health (Horne et al. 2015; Tinsley and La Bounty 2015). Many po- crease energy expenditure by activating brown adipose tissue
tential beneficial phenotypes are associated with IFP, such as im- (BAT) nonshivering thermogenesis as well as browning of white

provements in body weight and energy expenditure (Halberg et al. adipose tissue (WAT).
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Fig. 1. Dark-light cycle and weekly procedures of exercise and fasting during 6 weeks of training. BW, body weight; CON, control group;
EX, exercise training; FER, Food Efficiency Ratio; IF, intermittent fasting; IFEX, intermittent fasting + exercise; TR, training.
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Thus, the brown-like adipocyte, which is found in small quan-
tities in WAT and in large amounts in BAT, is a potential thera-
peutic target against obesity. Exercise and diet intervention can
modify the lipid metabolism and stimulate the expression and
activation of this adipocyte in BAT and WAT (De Matteis et al.
2013). The efficiency of adipocyte thermogenic activation is re-
lated to the amount of uncoupling protein 1 (UCP-1) in the tissue.
This protein uncouples adenosine triphosphate production and
promotes thermogenesis. Additionally, Qiang et al. (2012) show
that SIRT1-dependent deacetylation of peroxisome proliferator-
activated receptor gamma (PPARvy) can promote browning of
WAT, increase BAT hypertrophy, and regulate thermogenesis
in these tissues.

It is believed that IFP promotes a survival response to stress
similar to that induced by exercise (Tapia 2006). Similar to IFP,
exercise has been shown to induce a hormetic cellular stimulus to
adaptation, resulting in mitochondrial biogenesis by SIRT1/aden-
osine monophosphate-activated protein kinase (AMPK) pathway
activation (Longo and Mattson 2014). Despite those similarities,
there are also many different beneficial phenotypes associated
with IFP and exercise such as SIRT1 activation, resulting in a
greater lifespan and fat mobilization by modulation of PPAR
(Hayashida et al. 2010), a protein modulated by AMPK (Longo and
Mattson 2014), indicating that a combination of both stresses
could result in stronger beneficial actions to metabolic health.
Indeed, some studies have found increased mitochondrial ac-
tivity and exacerbated utilization of intramyocellular stored
lipids by the combination of IFP and exercise (van Loon et al.
2003; Van Proeyen et al. 2011), suggesting an enhanced lipid
oxidative metabolism. However, the effects of combining these
2 types of stress on BAT and WAT metabolic activity were not
yet properly investigated. Therefore, the aim of the present
study was to evaluate the effects of IFP combined with endur-
ance exercise training on body composition, food behavior, and
lipid metabolism in rats.

Materials and methods

Our experimental method was designed to investigate how
combining IFP (6 weeks) with exercise training (swimming) affects
body composition and lipid metabolism of Wistar rats (Fig. 1).

Ethical aspects

This research was performed according the Principles of Labo-
ratory Animal Care formulated by the European Convention for
the Protection of Vertebrate Animals used for Experimental and
other Scientific Purposes (Council of Europe no. 123, Strasbourg
1985), and was approved by the Ethics Committee from the Fed-
eral University of Tridngulo Mineiro (no. 337/2015).

Samples

Wistar rats (20 weeks old) were kept under inverted circadian
cycle of 12 h (lights on at 1900 h and lights off at 0700 h) with water
ad libitum and assigned into 4 different groups: control (CON; ad
libitum feeding and sedentary and), exercise (EX; ad libitum feed-
ing and endurance training), intermittent fasting (IF; intermittent
fasting and sedentary), and intermittent fasting + exercise (IFEX;
intermittent fasting and endurance training).

Exercise

Endurance exercise training was performed for 5 sessions per
week, for 6 weeks. Every training session consisted of swimming
exercise for 40 min in a 60-cm deep tank containing water at a
constant temperature of 31 °C * 2. Exercise training was per-
formed at 1000 h in the dark cycle (Fig. 1). To normalize density
differences caused by different body compositions, training loads
(T1) were determined as 3% of total body mass (Bm) adjusted by the
hydrostatic weight (Hw).

§))] Tl = 0.03 x (Bm — Hw)
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To avoid hypothermia and brown adipose tissue activation, after
training, the animals were dried with a towel and placed in a
heated chamber until dry.

Intermittent fasting

The IFP was performed continuously over 6 weeks, 18 h/day,
extending throughout the light period and half of the dark period
(Fig. 1). The ad libitum period began immediately after exercise,
and lasted for 6 h, until the start of the light cycle.

Body mass and food consumption

Body weight was measured before and throughout the 6-week
protocol period. Food intake was measured using semi-metabolic
cages. Food Efficiency Ratio (FER) was calculated using the for-
mula described below:

:meIm

(2)  FER e

where Fm is the final mass, Im is the initial mass, and Tc is the
total food consumption in the period.

Euthanasia

Animals were anesthetized with ketamine (90 mg/kg) and xyla-
zine (8 mg/kg), and euthanized by exsanguination via cardiac
puncture. The liver, muscle gastrocnemius, and interscapular fat
(brown adipose tissue) were then collected for analysis.

Body composition

The bodies of the animals, minus the collected organs, were
weighed and dried at 105 °C for 48 h, and then weighed again. The
difference between the initial and final weight is equivalent to the
total amount of body fluid of the animal. In sequence, the dry
carcass, without the head, was totally crushed to form a homoge-
neous and particulate sample. Aliquots of this homogenous sam-
ple were used to perform, in triplicate, analysis of total protein
using the micro-Kjehldal method (Ma and Zuazaga 1942), total fat
quantified by distillation with petrol ether in a hot Soxleht bal-
loon (Manirakiza et al. 2001), and total minerals by 600 °C incin-
eration in a muffle furnace.

Intramuscular lipid

The red portion of the gastrocnemius muscle (500 mg) was homog-
enized in a test tube and lipid extracted with chloroform/methanol
by the method of Bligh and Dyer (1959). After evaporation of the
chloroform in a ventilated oven at 60 °C, the glass tube was
weighed to obtain the total weight of intramuscular lipid. The
calculation was performed by the difference in the weighing bea-
ker divided by the initial mass of tissue used.

Hepatic lipid profile

Liver (500 mg) was homogenized in an assay tube and lipid ex-
tracted as described above for the gastrocnemius muscle. After evap-
oration of organic solvents and weighing, lipids were resuspended in
1mL of iso-propyl alcohol and utilized for the quantification of total
high-density lipoprotein (HDL) and low-density lipoprotein (LDL) cho-
lesterol using specific kits (Labtest, Minas Gerais, Brazil).

Immunoblotting

Immunoblotting was performed as previously described (Magdalon
et al. 2016). Briefly, the interscapular brown adipose tissue was
harvested, dissected, homogenized in a buffer containing 50 mmol/L
HEPES, 40 mmol/L NaCl, 50 mmol/L NaF, 2 mmol/L EDTA, 10 mmol/L
Na,P,0,, 10 mmol/L C;H,Na,OcP, 2 mmol/L Na;VO,, 1% Triton-X
100, and EDTA-free protease inhibitors, and centrifuged at
13 000 r/min (20 000g) for 10 min at 4 °C. Protein quantification of
the supernatant was performed by the colorimetric method of
Bradford (Bio-Rad, Hercules, Calif.,, USA). The supernatant was
then mixed with Laemmli buffer (0.1% bromophenol blue; 1 mol/L
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sodium phosphate, pH 7.0, 50% glycerol and 10% sodium dodecyl
sulfate (SDS)) and 30 pg of protein per sample were subjected to
SDS-polyacrylamide gel electrophoresis. Proteins were then trans-
ferred to a polyvinylidene difluoride membrane (0.2 pm in diam-
eter), incubated with the following specific primary antibodies for
proteins of the mitochondrial membrane respiratory chain function -
OxPhos (Abcam Plc., no. ab110413) and UCP-1 (Cell Signaling Technology
Inc., n0.14670s), washed, incubated with secondary antibodies, and de-
veloped using a chemiluminescent kit (Bio-Rad). Densitometric analyses
were performed on the bands, using the Image Studio Digits V.4.0. soft-
ware (Li-Cor, Lincoln, Nebr., USA).

Statistical analysis

Results were tested for normality with the Kolmogorov-Smirnov
test. Subsequently, 2-way ANOVA followed by post hoc Newman-
Keuls analysis were performed to evaluate differences between
groups. Significance level was considered p < 0.05.

Results

Figure 1 depicts the body weight, food intake, and energy effi-
ciency of rats from the different groups. The IF rats displayed a
trend for a decrease in body weight, whereas the IFEX rats had a
significantly reduced body weight in the third and sixth weeks,
when compared with CON and EX groups (Fig. 2A). Despite the
changes in body mass, no significant changes in food intake were
observed among the groups, indicating perhaps an involvement
of energy expenditure as a driver of the changes in body weight.
Indeed, IF and IFEX rats displayed a reduced energy efficiency, an
indicator of enhanced energy expenditure, in comparison with
CON rats at week 6 of the protocol (Fig. 2C).

Regarding body composition (Table 1), IF did not induce changes
in lipid, protein, minerals, or body water content. While EX and
IFEX displayed reduced fat content and increased total protein, as
compared with IF, and showed no changes in mineral or body
water content when compared with CON rats.

Analyzing the hepatic lipid content (Table 2) showed no differ-
ences in total lipids or total LDL cholesterol. However, the IFEX
group displayed increased HDL cholesterol when compared with
the CON group.

There were muscular lipid content alterations only in the IFEX
group (Fig. 3), when we can note increases in the IFEX group
compared with the IF and EX groups. This difference was influ-
enced by fasting (p = 0.0388) and principally the interaction of
fasting and exercise (p = 0.0031).

It was observed in the analysis of the interscapulum BAT mass
(Fig. 4) that the IF and IFEX animals had increased BAT mass
compared with CON and EX groups. The influence of diet in this
difference was observed in the ANOVA test (p = 0.0003).

Immunoblots of proteins related to thermogenesis in BAT
(Fig. 5), showed an increased expression of UCP-1 protein in EX and
IFEX groups compared with IF and CON groups. This suggests that
exercise has an influence on UCP-1 expression (p < 0.0001). The
greatest significance of IFEX results indicates an increased influ-
ence of interaction of IFP and exercise in results. The influence of
exercise (p = 0.0028) and IFP (p = 0.0318) are noted in NDUFB8
expression, a protein of respiratory chain complex I, which in-
creases in the IFEX group, when compared with all groups. The
proteins representing complexes Il and V of the respiratory chain
showed no statistical differences in expression.

Discussion

Body mass, feed efficiency, and food consumption

The data analysis related to body mass (Fig. 2A) showed a signif-
icant decrease in the IFEX group, suggesting that diet and exercise
intervention was effective in lowering the body mass of rats. On
the other hand, as shown in Fig. 2B, there are no differences in
food consumption among all groups. These data together show
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Fig. 2. Body weight (A), food intake (B), and energy efficiency (C) in
rats under intermittent fasting (IF), endurance swimming exercise
training (EX), or combination of both (IFEX) for 6 weeks. CON, control.
*, p <0.05 and ™, p < 0.001 compared with CON; }, p < 0.05 and

T, p < 0.001 compared with EX group; i, p < 0.05 compared with IF
group. Data are expressed as means + SD. N = 6-7.
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Table 1. Body percentage of lipids, proteins, minerals, and water in rats
submitted to 6 weeks of intermittent fasting (IF), exercise training (EX),
or the combination of both (IFEX).

CON EX IF IFEX
Lipids 7.36%0.49 5.37+1.08* 9.1510.84 5.72+0.87*
Proteins 19.86%1.07 21.35+0.50* 18.41+0.67  22.88+0.90*F
Minerals 3.59+0.28 3.90+0.09 3.45+0.18 4.3010.30
Water 67.5611.54 67.8710.84 66.91+0.23 64.8810.98

Note: Data are expressed as means * SE. CON, control group.
*p < 0.05 compared with IF.
Tp < 0.05 compared with CON.
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Table 2. Hepatic total lipid and cholesterol, LDL, and HDL (mg/g).

CON EX IF IFEX
Total lipid 38.5310.77  36.0%2.81  43.6%3.67 43.75%1.71
Total cholesterol 1.925+0.23  2.63+0.41 2.509+0.43 2.714+0.60
LDL cholesterol ~ 1.596+0.19 2.17120.40 1.987+0.43 1.943%0.66
HDL cholesterol ~ 0.329+0.06 0.456x0.02 0.521+0.05 0.770*0.16*

Note: Data are expressed as means * SE. CON, control group; EX, exercise
training; HDL, high-density lipoprotein; IF, intermittent fasting; IFEX, intermi-
ttent fasting + exercise; LDL, low-density lipoprotein.

*p < 0.05 compared with CON.

Fig. 3. Intramuscular lipid content of red portion of M. gastrocnemius.
CON, control group; EX, exercise training; IF, intermittent fasting;
IFEX, intermittent fasting + exercise. *, p < 0.05; **, p < 0.01. Data are
expressed as means + SE. N = 6-7.
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Fig. 4. Relative mass of interscapulum fat brown adipose tissue.
CON, control group; EX, exercise training; IF, intermittent fasting;
IFEX, intermittent fasting + exercise. *, p < 0.05; **, p < 0.01. Data are
expressed as means + SE. N = 6-7.
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that although IFEX rats have a decreased body mass, the food
consumption was not changed. It should be pointed out that
the amount of exercise and food consumption of the IFEX
group are the same as the EX group, yet the final body masses
are different.

The study of Chausse et al. (2014) shows that intermittent fast-
ing alters the metabolic pattern of rats and modifies the food
consumption and hypothalamic parameters of hunger control,
which results in lower feeding efficiency and overeating. The au-
thors discuss that these alterations may be caused by overexpres-
sion of neuropeptide Y because of the diet. This peptide stimulates
food intake, decreases thermogenesis, and increases plasma levels
of insulin and corticosterone, thus making it a potential target to
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Fig. 5. Brown adipose tissue protein expression of (A) uncoupling protein 1 (UCP-1), and proteins of oxidative phosphorylation (B) NDUFB8
(Complex I), (C) UQCRC2 (Complex III), (D) ATP5A (Complex V), and MTCO1 (House Keeping). The data acquired of immunoblot assay were
quantified by detection of wells color density + area of bands — background density and normalized by endogenous protein. All the wells
were filled with 30 g of protein. CON, control group; EX, exercise training; IF, intermittent fasting; IFEX, intermittent fasting + exercise.
*, p < 0.05; ™, p < 0.01. Data are expressed as means * SE in arbitrary units. N = 6-7.
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treat obesity (Zheng et al. 2013). In contrast, our results showed
that the IF group, which consumed the same amount of food as
the ad libitum groups, presented a lower feeding efficiency
owing to a decrease in body mass. These findings suggest that
the increase in expression of neuropeptide Y alone cannot ac-
count for the alteration in metabolism observed in the IF and
IFEX groups.

Body composition

The body composition of animals is altered only in protein and
lipid compartments, suggesting that the interaction between fast-
ing and exercise have an intrinsic relationship in these tissues
(Table 1). It should be noted that exercise was efficient in control-
ling body composition and decreasing body lipid independently
of the feed profile. Lipid accumulation observed in the IF group
seems to be reversed by exercise performed by the IFEX group.
This change may be related to the regulation of fsp27 protein,
which has already been shown to modulate fat storage in WAT,
during cycles of 3 days of IFP (Karbowska and Kochan 2012). Fur-
thermore, endurance exercise can negatively regulate fsp27
through AMPK activation (Zhang et al. 2014).

With regards to total protein, the IFEX and EX groups showed
increased levels of total protein when compared with the IF
group. Meaning that exercise prevents protein loss even during
the IFP, and suggests that exercise can block protein degradation
caused by fasting.

Together, these results show that despite IF and IFEX groups
displaying the same pattern of alterations in body mass (Fig. 1A),
the mechanisms that lead to these alternations are different, and
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is likely the result of the cross-talk between exercise and intermit-
tent fasting.

Hepatic and muscular lipid content

The lipid content of the liver showed that even though there
were no alterations in the total lipid amount among all groups,
there was an increase in HDL cholesterol content observed in the
IFEX group. These findings suggest that the transport of free fat
acids is increased during IFP and exercise. A study by Varady et al.
(2007) tested the effects of 24-h IFP and showed an increase in
free-fatty acids and a diminished size in fat cells of the inguinal
and epididymal adipose tissue, which indicates a high consump-
tion of these tissues in the absence of energy derived from the
diet. Interestingly, we did not find these adipose cushions in the
IFEX group in sufficient quantity for differentiation and dissec-
tion. This interpretation may be reinforced due to the fact that the
amount of intramuscular lipid increased only in the IFEX group.
The cellular adaptations to fasted exercise can include the transla-
tion of macronutrient preferences owing to starvation, thus increas-
ing consumption of lipid reserves and enhancing the lipid reserves in
muscle. The intramuscular lipid reserves are an important substrate
source during acute exercise and are considered to be a beneficial
adaptation to exercise in the fasted state (van Loon et al. 2003).
Van Proeyen et al. (2011) demonstrate that 6-weeks of fasted exercise
stimulates lipid consumption in muscle by showing increases in ac-
tivity of both citrate synthase and pB-hydroxyacyl-coenzyme A (CoA)
dehydrogenase. We believe that our results indicate an adaptation
to fasted exercise, which led to an accumulation of intramuscular
lipid that was used as a substrate during exercise. These positive
results were also accompanied by an improvement in cellular
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oxidative stress in both tissues (Supplementary data'), indicating
that the strategy and the resulting increase in muscle lipid con-
tent does not appear to cause damage to the organism.

Brown adipose tissue

The lessened food efficiency can be explained in part by the in-
creased mass of BAT in IF and IFEX rats, and the increased expression
of UCP-1 protein in the EX and IFEX groups. Both of these factors
indicate a thermogenic adaptation of the tissue. The thermogenesis
generated by BAT is considered a potential target in the treatment of
obesity (Cypess and Kahn 2010). Together, the increased BAT mass by
the IFP, and the increased UCP-1 content owing to exercise can lead to
augmented activation of thermogenesis and contribute to greater
energy expenditure in the IFEX rats. Several studies investigating the
role of BAT in IFP indicate an influence in this tissue, but the results
are still unclear. Desautels and Dulos (1988) show that IFP in a period
of 1day of fasting and 2 days of refeeding results in decreased of BAT
mass and activity in mice. A study performed by Lépez-Ibarra et al.
(2015) show that after acute 24 h of fasting, BAT expression of fatty
acid transporters CPT1 and CPT2 and enzyme CoA dehydrogenase
are increased compared with WAT, suggesting that under fasting
conditions at physiological temperature the BAT increases the acti-
vation by gluconeogenesis. Our findings show that the greater ex-
pression of UCP-1 and BAT hypertrophy can be an adaptive response
to chronic intermittent fasting and a potential target for increasing
the metabolism expenditure.

Conclusion

The combination of intermittent fasting and moderate aerobic
exercise is capable of modifying lipid metabolism and can pro-
mote changes in body composition (i.e., inducing weight loss with
maintenance of lean body mass). The metabolic alterations are
probably the result of BAT thermogenesis adaptation and re-
duced food efficiency. The cycles of fasting and refeeding must
be explored to understand how modulation of these cycles in
combination with exercise and resting cycles could modify the
mechanistic responses of lipid metabolism.
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