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Exercise and supplementation with conjugated linoleic acid (CLA) are used to reduce
body weight and to improve health. Applied together, they may exert a synergistic
effect. However, the effects of exercise and CLA supplementation on liver metabolism
are poorly understood. The aim of this study was to examine the influence of exercise
and CLA supplementation on fatty acids (FA) composition in mouse liver. We analyzed
44 of known FAs of this organ by gas chromatography-mass spectrometry. Our results
demonstrated that exercise contributed to a decrease in odd-chain FA and an increase
in n-6 polyunsaturated FA contents. In turn, CLA stimulated an increase in branched-
chain FAs and n-3 polyunsaturated FAs. Exercise combined with CLA supplementation
caused a substantial increase in branched-chain FA content and a slight increase in n-6
polyunsaturated FAs. The elevated liver content of branched-chain FAs after the exercise
combined with CLA supplementation, as well as the increase in n-3 polyunsaturated
FAs after CLA may be favorable since both these FA groups were previously shown to
produce health benefits. However, the expression pattern of enzymes involved in fatty
acid synthesis did not match the changes in FA composition. Thus, the mechanism of
exercise- and CLA-induced changes in liver FA profile is yet to be established. Also, the
consequences of CLA- and/or exercise-induced changes in the composition of liver FAs
need to be elucidated.

Keywords: fatty acid, liver, exercise, myokine, conjugated linoleic acid

INTRODUCTION

The hepatic fat composition is determined by a number of processes, e.g., de novo lipogenesis,
delivery of lipids to the liver from diet or adipose tissue, hepatic lipid oxidation and secretion
of intrahepatic lipids to the circulation (Lira et al., 2012; Brouwers et al., 2016). Alterations of
these processes are responsible for deposition of the intrahepatic lipids and development of non-
alcoholic fatty liver (Brouwers et al., 2016), a condition associated with obesity, insulin resistance
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and metabolic syndrome (Mika et al., 2017). The hepatic
fat composition may also be modified by extrinsic factors,
including physical exercise and supplementation with various
FAs. While the beneficial effects of exercise on skeletal muscle
metabolism have been described in detail, little is known on
the influence of physical training on liver metabolism (Brouwers
et al., 2016). Previous studies demonstrated that moderate
exercise might prevent accumulation of fat in the liver through
diminished delivery of lipids to this organ, enhanced hepatic
oxidation and increased incorporation of triacylglycerol (TG)
into very low-density lipoprotein (VLDL) (Lira et al., 2012;
Brouwers et al., 2016; Oh et al., 2017). Conjugated linoleic acid
(CLA) has been advertised and promoted as a pro-health and
weight loss promoting supplement since the mid-1990s. While
supplementation with CLA, indeed, leads to a decrease in body
adiposity (Barone et al., 2013; Macaluso et al., 2013), it was
also shown to induce hepatic steatosis and to reduce the levels
of n-3 and n-6 polyunsaturated FAs (PUFAs) in mouse liver,
although these effects seem to be CLA isomer-specific (Vyas
et al., 2012). Furthermore, the results of another study involving
rats suggest that CLA may, in fact, attenuate liver steatosis
(Purushotham et al., 2007).

The aim of the present study was to explore and discuss,
using preliminary data, the effects of physical exercise
and supplementation with CLA, applied either alone or in
combination, on the composition of FAs in mouse liver. Various
FAs exert different effects on cell metabolism; for example, n-3
PUFAs are anti-inflammatory fatty acids (FA), whereas saturated
FAs (SFAs) induce inflammation (Mika and Sledzinski, 2017).
Both physical exercise and supplementation with CLA are used
to reduce body weight and to improve health. The effect of both
treatments on FA composition in the liver may be vital for the
functioning of this organ.

MATERIALS AND METHODS

Animals and Treatment
The study included 32 young (7-week-old) male mice
(BALB/cAnNHsd) obtained from Harlan Laboratories S.r.l.
(Italy). The mice were maintained under a constant 12:12-h
light-dark cycle with free access to food and water. The protocols
of all animal experiments were approved by the Committee on
the Ethics of Animal Experiments at the University of Palermo
(Italy), and compliant with the Guide for the Care and Use of
Laboratory Animals of the National Institute of Health (NIH).

The study mice were randomized into four groups, eight
animals each: placebo sedentary (PLA-SED), CLA sedentary
(CLA-SED), placebo trained (PLA-TR), and CLA trained (CLA-
TR). Through the 6-week experiment period, animals from both
CLA groups (CLA-SED and CLA-TR) were gavaged with 35 µl
d-1 of Tonalin R© FFA 80 food supplement (Cognis Nutrition
and Health, Germany) containing CLA, whereas mice from the
placebo groups (PLA-SED and PLA-TR) received 35 µl d-1 of
sunflower oil via the same route (Macaluso et al., 2012; Barone
et al., 2013, 2017). The gavaged quantities correspond to the
0.5% of food ingested, approximately 4 g (Barone et al., 2013).

Tonalin R© FFA 80 is derived from safflower oil and contains a 50:50
ratio of the active CLA isomers (C18:2 c9, t11 and C18:2 t10, c12).

Animals from both trained groups (PLA-TR and CLA-TR)
were trained on a motorized Rota-Rod (Ugo Basile, Biological
Research Apparatus, Italy) 5 days/week over a period of 6 weeks.
The endurance training began at 3.2 m/min for 5 days/week;
during week 1, the mice exercised for 15 min, and the time and
speed were systematically increased until week 6, where they
were training at 4.8 m/min for 60 min (Di Felice et al., 2007;
Barone et al., 2016a). Mice from the sedentary groups (PLA-SED
and CLA-SED) did not perform any controlled physical activity
throughout the period of the experiment. At 48 h from the end
of the last exercise session, all mice were sacrificed by cervical
dislocation, and their livers were harvested and weighed (Barone
et al., 2016b). The liver was frozen in liquid nitrogen and stored
at −80◦C for further analyses.

GCMS Analysis of Fatty Acid
Composition in the Liver
The liver samples were extracted in a chloroform-methanol
mixture (2:1, v/v) (Folch et al., 1957). Extracted lipids were
hydrolyzed with 0.5 M KOH, and the profile of FA methyl
esters were determined by gcms using Zebron 5MSi capillary
column and electron ionization source, as described previously
(Sledzinski et al., 2013).

Analysis of mRNA Levels
Total mRNA was isolated from 25 mg of mouse liver using
GenElute Mammalian Total RNA Miniprep Kit (Sigma-Aldrich,
MO, United States), in line with the manufacturer’s instructions.
The quality of the resulting RNA was assessed by automated
gel electrophoresis (Experion, Bio-Rad Laboratories). Reverse
transcription and quantitative real-time PCR were conducted as
described previously (Czumaj et al., 2018). The primer sequences
are presented in Supplementary Table 1.

Immunofluorescence and Confocal
Analysis
For immunofluorescence, deparaffinised sections were incubated
in the antigen unmasking solution (10 mM tri-sodium citrate,
0.05% Tween-20) for 8 min at 75◦C, and treated with a blocking
solution (3% BSA in PBS) for 30 min. The primary antibody
(anti-BCKDHA, diluted 1:50 in PBS, rabbit polyclonal ab90691,
Abcam; Cambridge, United Kingdom; anti-BCKDHA (phospho
S293), diluted 1:50 in PBS, rabbit polyclonal ab200577, Abcam;
anti-ELOVL6, diluted 1:200 in PBS, rabbit polyclonal ab69857,
Abcam) was applied and the sections were incubated in a
humidified chamber overnight at 4◦C. Then, the sections were
incubated for 1 h at room temperature with a conjugated
secondary antibody (anti-rabbit IgG-FITC antibody produced in
goat, diluted 1:100 in PBS, F0382, Sigma-Aldrich, St. Louis, MO,
United States). Nuclei were stained with Hoechst Stain Solution
(diluted 1:1000 in PBS, Hoechst 33258, Sigma-Aldrich). The
slides were treated with PermaFluor Mountant (Thermo Fisher
Scientific, Inc., Waltham, MA, United States) and cover slipped.
The images were captured using a Leica Confocal Microscope
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TABLE 1 | Fatty acid composition of livers in the studied groups of mice.

The group of fatty acids Fatty acid PLA SED (% of total
tissue FA ± SEM)

CLA SED (% of total
tissue FA ± SEM)

PLA TR (% of total
tissue FA ± SEM)

CLA TR (% of total
tissue FA ± SEM)

Even-chain saturated FA (ECFA) C10:0 Traces 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00

C12:0 0.09 ± 0.03 0.12 ± 0.04 0.09 ± 0.03 0.09 ± 0.01

C14:0 0.42 ± 0.07 0.35 ± 0.30 0.43 ± 0.02 0.52 ± 0.13

C16:0 26.77 ± 0.73 26.29 ± 1.70 26.13 ± 0.61 27.36 ± 0.56

C18:0 10.74 ± 1.23 10.99 ± 0.82 9.46 ± 0.34 8.73 ± 0.66∗

C20:0 0.39 ± 0.03 0.50 ± 0.20 0.28 ± 0.05∗ 0.30 ± 0.01#

C22:0 0.20 ± 0.02 0.24 ± 0.08 0.18 ± 0.03 0.17 ± 0.00#

C24:0 0.09 ± 0.02 0.10 ± 0.02 0.07 ± 0.02 0.06 ± 0.00

Total ECFA 38.70 ± 1.92 38.54 ± 1.62 36.64 ± 0.81 37.23 ± 1.07

ODD-chain saturated FA (OCFA) C11:0 Traces 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00

C13:0 0.01 ± 0.00 0.02 ± 0.01 0.01 ± 0.00 0.01 ± 0.00

C15:0 0.11 ± 0.02 0.12 ± 0.02 0.09 ± 0.01 0.14 ± 0.00$#

C17:0 0.27 ± 0.04 0.29 ± 0.04 0.22 ± 0.02 0.26 ± 0.03

C19:0 0.10 ± 0.01 0.11 ± 0.02 0.08 ± 0.01∗ 0.10 ± 0.01

C21:0 1. ± 0.01 Traces 0.01 ± 0.00 0.01 ± 0.00

C23:0 2. ± 0.01 0.03 ± 0.01 0.02 ± 0.02 0.03 ± 0.01

Total OCFA 0.52 ± 0.05 0.57 ± 0.08 0.43 ± 0.02∗ 0.55 ± 0.04$

Branched-chain saturated FA (BCFA) iso C15:0 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00

anteiso C15:0 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00

iso C16:0 0.04 ± 0.01 0.06 ± 0.01$ 0.03 ± 0.00∗ 0.06 ± 0.00#

iso C17:0 0.04 ± 0.01 0.04 ± 0.01 0.03 ± 0.00 0.05 ± 0.00

anteiso C17:0 0.03 ± 0.00 0.04 ± 0.0 0.03 ± 0.00 0.13 ± 0.06∗$#

anteiso C19:0 0.04 ± 0.01 0.05 ± 0.01 0.05 ± 0.02 0.08 ± 0.00∗#

anteiso C21:0 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00

Total BCFA 0.17 ± 0.00 0.22 ± 0.03$ 0.16 ± 0.02 0.35 ± 0.06∗$#

CPOA2H 0.02 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 0.02 ± 0.01

Monounsaturated FA (MUFA) C12:1 Traces 0.04 ± 0.05 0.01 ± 0.01 0.01 ± 0.01

C14:1 0.02 ± 0.00 0.16 ± 0.23 0.02 ± 0.01 0.03 ± 0.01

C16:1 2.87 ± 0.40 3.17 ± 0.16 2.59 ± 0.39 3.25 ± 0.55

C17:1 0.09 ± 0.01 0.12 ± 0.01$ 0.09 ± 0.01 0.15 ± 0.00∗$#

C18:1 19.10 ± 1.75 17.10 ± 1.42 20.59 ± 0.90 19.49 ± 1.00

C19:1 0.01 ± 0.00 0.01 ± 0.01 0.01 ± 0.00 0.02 ± 0.01

C20:1 0.44 ± 0.03 0.46 ± 0.08 0.50 ± 0.09 0.54 ± 0.05#

C22:1 0.07 ± 0.01 0.08 ± 0.01 0.07 ± 0.01 0.06 ± 0.00∗

C24:1 0.06 ± 0.03 0.05 ± 0.01 0.05 ± 0.02 0.06 ± 0.01

Total MUFA 22.67 ± 2.12 21.19 ± 1.33 23.93 ± 1.12 23.58 ± 1.61

n-3 polyunsaturated FA (n-3 PUFA) C18:3n-3 0.17 ± 0.02 0.12 ± 0.01$ 0.25 ± 0.04∗ 0.16 ± 0.01∗$

C20:3n-3 0.03 ± 0.01 0.05 ± 0.01$ 0.03 ± 0.01 0.04 ± 0.01

C20:5n-3 0.43 ± 0.06 0.47 ± 0.01 0.44 ± 0.08 0.36 ± 0.03∗

C22:5n-3 0.62 ± 0.09 0.79 ± 0.11 0.60 ± 0.05 0.69 ± 0.08

C22:6n-3 7.83 ± 0.30 9.34 ± 0.52$ 7.33 ± 0.76 7.04 ± 0.45∗#

Total n-3 PUFA 9.07 ± 0.26 10.76 ± 0.53$ 8.65 ± 0.77 8.29 ± 0.56∗

n-6 polyunsaturated FA (n-6 PUFA) C16:2n-6 0.01 ± 0.01 0.01 ± 0.00 0.02 ± 0.01 0.03 ± 0.01∗

C18:2n-6 19.41 ± 1.37 18.77 ± 1.01 21.67 ± 1.55 22.21 ± 0.40∗#

C20:2n-6 0.26 ± 0.03 0.34 ± 0.03$ 0.23 ± 0.04 0.32 ± 0.01$#

C20:3n-6 1.03 ± 0.12 1.07 ± 0.15 0.83 ± 0.07 0.85 ± 0.08

C20:4n-6 7.80 ± 1.07 8.11 ± 1.00 7.14 ± 0.45 6.29 ± 0.35∗

C22:4n-6 0.21 ± 0.04 0.23 ± 0.02 0.16 ± 0.04 0.21 ± 0.04

C22:5n-6 0.13 ± 0.03 0.16 ± 0.05 0.11 ± 0.03 0.11 ± 0.01

Total n-6 PUFA 28.86 ± 0.26 28.68 ± 0.67 30.16 ± 1.02∗ 30.00 ± 0.00∗#

18:1/18:0 desaturation index 1.78 ± 0.38 1.56 ± 0.24 2.17 ± 0.17 2.23 ± 0.28

18:0/16:0 elongation index 0.40 ± 0.04 0.42 ± 0.03 0.36 ± 0.01 0.32 ± 0.02∗#

CPOA2H – Cyclopropaneoctanoic acid 2-hexyl; PLA – placebo, SED – sedentary, TR – trained, ∗p < 0.05 trained compared to corresponding sedentary group; $p < 0.05
CLA treated compared to corresponding placebo group #p < 0.05 comparing PLA SED to CLA TR.
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TCS SP8 (Leica Microsystems). The staining intensity was
expressed as the mean value pixel intensity (PI) using the software
Leica application suite advanced fluorescences software.

Statistical Analysis
The results are presented as means ± SEM for each study group, if
not otherwise specified. The significance of intergroup differences
was verified with one-way analysis of variance (ANOVA), or
ANOVA on ranks for not normally distributed data, followed
by an appropriate post hoc test. The threshold of statistical
significance for all tests was set at P < 0.05. All analyses were
carried out with STATISTICA 12 package (StatSoft).

RESULTS

The results documenting the effects of CLA supplementation and
endurance exercise on body weight, skeletal muscle strength, and
endurance performance in the study groups have been published
elsewhere (Barone et al., 2013). Endurance training or CLA
supplementation did not exert a statistically significant effect on
the liver weight [PLA-SED: 0.058 ± 0.020 g (liver weight/body
weight ± Standard Deviation – SD), PLA-TR: 0.041 ± 0.003 g,
CLA-SED: 0.055 ± 0.022 g, CLA-TR: 0.046 ± 0.003 g], however,
we observed a trend to decrease of liver weight/body weight
ratio after exercise.

Fatty Acid Composition in Liver After
Exercise and CLA Supplementation
The analysis of FA composition in mouse livers demonstrated
that physical exercise and supplementation with CLA applied
either alone or in combination, induced significant changes in
the contents of various FA (Table 1). The training contributed
to a significant increase in n-6 PUFAs and a decrease in odd
chain FAs (OCFAs), with the latter effect observed solely in PLA-
TR mice. Moreover, a tendency for higher values of 18:1/18:0
desaturation index (DI) and lower values of 18:0/16:0 elongation
index (EI) was observed in trained animals, but the results
did not differ significantly from those for sedentary animals
(Table 1). Supplementation with CLA contributed to a significant
increase in branched-chain FA (BCFA) and n-3 PUFA contents
in sedentary mice. The exposure to both physical exercise and
CLA supplementation resulted in a significant increase in BCFA
content and a slight increase in n-6 PUFAs. However, the trained

TABLE 2 | Relative mRNA levels of liver enzymes of fatty acid metabolism.

Enzyme PLA SED CLA SED PLA TR CLA TR

BHKDHA 1.00 6.63 ± 1.45$ 2.32 ± 0.15 3.81 ± 1.27#∗

SCD1 1.00 2.97 ± 0.23$ 1.83 ± 0.18∗ 1.76 ± 0.57#∗

ELOVL6 1.00 7.68 ± 2.2$ 3.67 ± 1.2∗ 1.14 ± 0.47∗

PLA – placebo, SED – sedentary, TR – trained, BHKDHA – alpha subunit of
branched-chain alpha-keto acid dehydrogenase enzyme complex, SCD1 – stearoil-
CoA desaturase, ELOVL6 – fatty acid elongase 6, ∗p < 0.05 trained compared
to corresponding sedentary group; $p < 0.05 CLA compared to corresponding
placebo group, #p < 0.05 comparing PLA SED to CLA TR.

and CLA-supplemented mice did not show an increase in n-
3 PUFA content, which was observed in PLA-TR animals. The
combination of CLA supplementation and exercise contributed
also to a non-significant increase in DI values and a significant
decrease in EI values (Table 1).

The Expression of the Enzymes of Fatty
Acid Metabolism in Liver After Exercise
and CLA Supplementation
To verify if the training- and supplementation-induced
differences in liver FA composition resulted from changes in
the synthesis, elongation, and desaturation of FA in the liver,
we measured the expressions of some enzymes known to be
involved in these processes. As the combination of exercise
and CLA supplementation exerted the most evident effect
on BCFA content, we measured the expression of the alpha
subunit of branched-chain alpha-keto acid dehydrogenase
enzyme complex (BCKDHA), an enzyme responsible for
BCFA synthesis. Moreover, we determined the expression of
another two enzymes, stearoyl-CoA desaturase (SCD1), and
FA elongase 6 (ELOVL6). Although the analysis demonstrated
that both CLA supplementation and physical exercise exerted
an effect on BHKDHA, SCD1, and ELOVL6 expressions
(Table 2), the pattern of changes in mRNA levels in hepatocytes
of trained and supplemented mice did not match with the
changes in their BCFA content or 18:1/18:0 and 18:0/16:0 index
values (Tables 1, 2).

Confocal microscopy analyses are showed in Figure 1,
which indicated that BCKDHA is localized mainly in the
mitochondrion matrix and minimally in the nucleus, while
phospho-BCKDHA is localized only in the nucleus. The protein
level of BCKDHA was significantly higher in CLA-TR group
than in PLA-SED, while no differences were observed among the
others groups. The endoplasmic reticulum membrane protein,
ELOVL6, was significantly higher in PLA-TR group than in
PLA-SED, while no differences were observed among the others
groups. Thus, changes in protein levels were consistent with
the mRNA levels.

DISCUSSION

This study revealed that physical exercise, supplementation
with CLA and combination thereof might induce significant
changes in FA composition of mouse liver. The most spectacular
change was observed in the case of BCFA content in CLA-
TR mice, which was twice as high as in the untreated
controls. It should be emphasized that such a significant
increase in BCFAs was not observed after either the exercise
or the CLA supplementation alone. The effect of exercise and
CLA supplementation on BCFA content should probably be
considered a favorable finding since elevated levels of FA from
this group were previously shown to be associated with some
health benefits (Wongtangtintharn et al., 2004, 2005, Ran-Ressler
et al., 2011), and their serum levels correlated inversely with
hypertriglyceridemia, inflammation and insulin concentration
(Mika et al., 2016). Moreover, Garcia Caraballo et al. (2014)
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FIGURE 1 | Confocal microscopy analyses. Representative images of immunofluorescence stain for BCKDHA, phospho-BCKDHA and ELOVL6 in liver sections of
placebo sedentary (PLA-SED), placebo trained (PLA-TR), CLA sedentary (CLA-SED), and CLA trained (CLA-TR). The staining intensity for BCKDHA,
phospho-BCKDHA, and ELOVL6 was expressed as the mean value pixel intensity (PI) using the software Leica application suite advanced fluorescences software.
Data are presented as the means ± SD. Bar = 25 µm for all panels.

found an inverse correlation between liver contents of BCFAs
and TG in mice maintained on a high-protein diet, and
suggested that the elevated BCFA content may predispose to a
decrease in hepatic TG level and lesser steatosis. In mammals,
BCFA can be synthesized from branched-chain amino acids
(Garcia Caraballo et al., 2014), and the rate-limiting step of
these amino acids catabolism is catalyzed by branch chain
keto-acid dehydrogenase (BCKDHA) enzyme complex (Crown
et al., 2015). However, the patterns of post-treatment changes
in BCKDHA mRNA and protein level and BCFA content in
our trained and CLA-supplemented mice did not match. We
also did not find any differences in phosphorylated (inactive)
BCKDHA levels. This implies that the increase in BCFA content
observed after exercise and CLA supplementation might have
been mediated by other mechanisms (i.e., increased influx of
BCFA into hepatocyte).

Another beneficial effect of CLA supplementation
documented in our study was an increase in n-3 PUFA content.
Previous studies demonstrated that n-3 PUFA might exert
anti-inflammatory, insulin-sensitizing, and cardioprotective
effects (Mika and Sledzinski, 2017). However, in our study,
the beneficial effect of CLA supplementation on n-3 PUFA
content was counterbalanced by physical exercise, since
we did not find a statistically significant difference in the
levels of these FA in supplemented and non-supplemented

mice subjected to the Rota-Rod training. In turn, the liver
content of n-6 PUFAs increased after training but remained
unchanged after CLA supplementation. n-6 PUFAs are
precursors of many proinflammatory molecules (Mika and
Sledzinski, 2017). Physical exercise is known to attenuate
inflammation and oxidative stress in the liver (de Castro
et al., 2017). However, the inflammatory response may be
triggered by many various factors, and the elevated content
of n-6 PUFAs might not be enough to induce inflammation
in liver tissues.

We also found that physical exercise resulted in an increase
of 18:1/18:0 DI values and in a decrease in 18:0/16:0 EI values.
DI and EI are calculated based on the contents of some specific
FAs and are considered the measures of SCD1 and ELOVLs
activities, respectively (Murakami et al., 2008; Popeijus et al.,
2008). However, when we analyzed the profiles of exercise- and
supplementation-induced changes in both indices against the
patterns of changes in SCD1 mRNA and ELOVL6 mRNA or
protein levels, they seemed to be unrelated. This implies that
DI and EI values in trained and CLA-supplemented mice did
not depend on the expressions of SCD1 and ELOVL6 genes, but
were rather influenced by other processes, such as FA oxidation,
supply of dietary lipids or release thereof from adipose tissue,
and secretion of hepatic lipids to the circulation in the form
of lipoproteins.

Frontiers in Physiology | www.frontiersin.org 5 May 2019 | Volume 10 | Article 602

https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-10-00602 May 13, 2019 Time: 15:11 # 6

Mika et al. Exercise and Liver Fatty Acids

An important issue that needs to be addressed is the
mechanism through which CLA and exercise modulate liver
profiles of FAs. A proteomic study showed that some specific CLA
isomers might influence the activities of enzymes involved in
beta-oxidation and fructose metabolism (Della Casa et al., 2016).
Furthermore, exercising muscles release various myokines, and
many of them have already been shown to influence the liver
metabolism (Carson, 2017). This problem should be elucidated
during future research.

In conclusion, this study demonstrated that both
supplementation with CLA and physical exercise might induce
significant changes in FA profile of the liver. However, the
mechanisms and the consequences of CLA- and/or exercise-
induced changes in the composition of liver FAs need
to be elucidated.
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(Grant No. ST40), National Science Centre of Poland (Grant
No. NCN 2016/21/D/NZ5/00219), and by the Italian Ministry of
University and Research (Grant Prot. 2012N8YJC3 – Caporossi
Daniela PRIN2012).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphys.
2019.00602/full#supplementary-material

REFERENCES
Barone, R., Macaluso, F., Catanese, P., Marino Gammazza, A., Rizzuto, L.,

Marozzi, P., et al. (2013). Endurance exercise and conjugated linoleic acid
(CLA) supplementation up-regulate CYP17A1 and stimulate testosterone
biosynthesis. PLoS One 8:e79686. doi: 10.1371/journal.pone.0079686

Barone, R., Macaluso, F., Sangiorgi, C., Campanella, C., Marino Gammazza, A.,
Moresi, V., et al. (2016a). Skeletal muscle Heat shock protein 60 increases after
endurance training and induces peroxisome proliferator-activated receptor
gamma coactivator 1 α1 expression. Sci. Rep. 27:19781. doi: 10.1038/srep19781

Barone, R., Rappa, F., Macaluso, F., Caruso Bavisotto, C., Sangiorgi, C., Di Paola,
G., et al. (2016b). Alcoholic liver disease: a mouse model reveals protection by
Lactobacillus fermentum. Clin. Transl. Gastroenterol. 21:e138. doi: 10.1038/ctg.
2015.66

Barone, R., Sangiorgi, C., Marino Gammazza, A., D’Amico, D., Salerno, M.,
Cappello, F., et al. (2017). Effects of conjugated linoleic acid associated
with endurance exercise on muscle fibres and peroxisome proliferator-
activated receptor γ coactivator 1 α Isoforms. J. Cell. Physiol. 232, 1086–1094.
doi: 10.1002/jcp.25511

Brouwers, B., Hesselink, M. K. C., Schrauwen, P., and Schrauwen-Hinderling, V. B.
(2016). Effects of exercise training on intrahepatic lipid content in humans.
Diabetologia 59, 2068–2079. doi: 10.1007/s00125-016-4037-x

Carson, B. P. (2017). The potential role of contraction-induced myokines in the
regulation of metabolic function for the prevention and treatment of type 2
diabetes. Front. Endocrinol. 8:97. doi: 10.3389/fendo.2017.00097

Crown, S. B., Marze, N., and Antoniewicz, M. R. (2015). Catabolism of branched
chain amino acids contributes significantly to synthesis of odd-chain and even-
chain fatty acids in 3T3-L1 adipocytes. PLoS One 10:e0145850. doi: 10.1371/
journal.pone.0145850

Czumaj, A., Mika, A., Chmielewski, M., and Sledzinski, T. (2018).
Cyclopropaneoctanoic acid 2-hexyl upregulates the expression of genes
responsible for lipid synthesis and release in human hepatic HEPG2 Cells.
Lipids 53, 345–351. doi: 10.1002/lipd.12034

de Castro, M. R. T., Ferreira, A. P. O., Busanello, G. L., da Silva, L. R. H., da
Silveira, M. E. P. Jr., Fiorin, F. D. S., et al. (2017). Previous physical exercise alters
the hepatic profile of oxidative-inflammatory status and limits the secondary

brain damage induced by severe traumatic brain injury in rats. J. Physiol. 595,
6023–6044. doi: 10.1113/JP273933

Della Casa, L., Rossi, E., Romanelli, C., Gibellini, L., and Iannone, A. (2016). Effect
of diets supplemented with different conjugated linoleic acid (CLA) isomers on
protein expression in C57/BL6 mice. Genes Nutr. 11:26. doi: 10.1186/s12263-
016-0542-2

Di Felice, V., Macaluso, F., Montalbano, A., Gammazza, A. M., Palumbo, D.,
Angelone, T., et al. (2007). Effects of conjugated linoleic acid and endurance
training on peripheral blood and bone marrow of trained mice. J. Strength Cond.
Res. 21, 193–198. doi: 10.1519/R-18955.1

Folch, J., Lees, M., and Sloane Stanley, G. H. (1957). A simple method for the
isolation and purification of total lipides from animal tissues. J. Biol. Chem. 226,
497–509.

Garcia Caraballo, S. C., Comhair, T. M., Houten, S. M., Dejong, C. H. C., Lamers,
W. H., and Koehler, S. E. (2014). High-protein diets prevent steatosis and induce
hepatic accumulation of monomethyl branched-chain fatty acids. J. Nutr.
Biochem. 25, 1263–1274. doi: 10.1016/j.jnutbio.2014.07.005

Lira, F. S., Carnevali, L. C., Zanchi, N. E., Santos, R. V., Lavoie, J. M.,
and Seelaender, M. (2012). Exercise intensity modulation of hepatic lipid
metabolism. J. Nutr. Metab. 2012, 1–8. doi: 10.1155/2012/809576

Macaluso, F., Barone, R., Catanese, P., Carini, F., Rizzuto, L., Farina, F., et al. (2013).
Do fat supplements increase physical performance? Nutrients 7, 509–524.
doi: 10.3390/nu5020509

Macaluso, F., Morici, G., Catanese, P., Ardizzone, N. M., Marino Gammazza, A.,
Bonsignore, G., et al. (2012). Effect of conjugated linoleic acid on testosterone
levels in vitro and in vivo after an acute bout of resistance exercise. J. Strength
Cond. Res. 26, 1667–1674. doi: 10.1519/JSC.0b013e318231ab78

Mika, A., and Sledzinski, T. (2017). Alterations of specific lipid groups in serum of
obese humans: a review. Obes. Rev. 18, 247–271. doi: 10.1111/obr.12475

Mika, A., Sledzinski, T., and Stepnowski, P. (2017). Current progress of lipid
analysis in metabolic diseases by mass spectrometry methods.Curr. Med. Chem.
24, 60–103. doi: 10.2174/0929867324666171003121127

Mika, A., Stepnowski, P., Kaska, L., Proczko, M., Wisniewski, P., Sledzinski, M.,
et al. (2016). Obesity a comprehensive study of serum odd- and branched-
chain fatty acids in patients with excess weight. Obesity 24, 1669–1676.
doi: 10.1002/oby.21560

Frontiers in Physiology | www.frontiersin.org 6 May 2019 | Volume 10 | Article 602

https://www.frontiersin.org/articles/10.3389/fphys.2019.00602/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2019.00602/full#supplementary-material
https://doi.org/10.1371/journal.pone.0079686
https://doi.org/10.1038/srep19781
https://doi.org/10.1038/ctg.2015.66
https://doi.org/10.1038/ctg.2015.66
https://doi.org/10.1002/jcp.25511
https://doi.org/10.1007/s00125-016-4037-x
https://doi.org/10.3389/fendo.2017.00097
https://doi.org/10.1371/journal.pone.0145850
https://doi.org/10.1371/journal.pone.0145850
https://doi.org/10.1002/lipd.12034
https://doi.org/10.1113/JP273933
https://doi.org/10.1186/s12263-016-0542-2
https://doi.org/10.1186/s12263-016-0542-2
https://doi.org/10.1519/R-18955.1
https://doi.org/10.1016/j.jnutbio.2014.07.005
https://doi.org/10.1155/2012/809576
https://doi.org/10.3390/nu5020509
https://doi.org/10.1519/JSC.0b013e318231ab78
https://doi.org/10.1111/obr.12475
https://doi.org/10.2174/0929867324666171003121127
https://doi.org/10.1002/oby.21560
https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-10-00602 May 13, 2019 Time: 15:11 # 7

Mika et al. Exercise and Liver Fatty Acids

Murakami, K., Sasaki, S., Takahashi, Y., Uenishi, K., Watanabe, T., Kohri, T., et al.
(2008). Lower estimates of delta-5 desaturase and elongase activity are related
to adverse profiles for several metabolic risk factors in young Japanese women.
Nutr. Res. 28, 816–824. doi: 10.1016/j.nutres.2008.08.009

Oh, S., So, R., Shida, T., Matsuo, T., Kim, B., Akiyama, K., et al. (2017). High-
intensity aerobic exercise improves both hepatic fat content and stiffness in
sedentary obese men with nonalcoholic fatty liver disease. Sci. Rep. 7:43029.
doi: 10.1038/srep43029

Popeijus, H. E., Saris, W. H. M., and Mensink, R. P. (2008). Role of stearoyl-CoA
desaturases in obesity and the metabolic syndrome. Int. J. Obes. 32, 1076–1082.
doi: 10.1038/ijo.2008.55

Purushotham, A., Shrode, G. E., Wendel, A. A., Liu, L.-F., and Belury, M. A. (2007).
Conjugated linoleic acid does not reduce body fat but decreases hepatic steatosis
in adult Wistar rats. J. Nutr. Biochem. 18, 676–684. doi: 10.1016/J.JNUTBIO.
2006.10.008

Ran-Ressler, R. R., Khailova, L., Arganbright, K. M., Adkins-Rieck, C. K., Jouni,
Z. E., Koren, O., et al. (2011). Branched chain fatty acids reduce the incidence
of necrotizing enterocolitis and alter gastrointestinal microbial ecology in a
neonatal rat model. PLoS One 6:e29032. doi: 10.1371/journal.pone.0029032

Sledzinski, T., Mika, A., Stepnowski, P., Proczko-Markuszewska, M., Kaska, L.,
Stefaniak, T., et al. (2013). Identification of cyclopropaneoctanoic acid 2-hexyl
in human adipose tissue and serum. Lipids 48, 839–848. doi: 10.1007/s11745-
013-3806-2

Vyas, D., Kadegowda, A. K. G., and Erdman, R. A. (2012). Dietary conjugated
linoleic acid and hepatic steatosis: species-specific effects on liver and adipose
lipid metabolism and gene expression. J. Nutr. Metab. 2012, 1–13. doi: 10.1155/
2012/932928

Wongtangtintharn, S., Oku, H., Iwasaki, H., Inafuku, M., Toda, T., and Yanagita,
T. (2005). Incorporation of branched-chain fatty acid into cellular lipids and
caspase-independent apoptosis in human breast cancer cell line, SKBR-3. Lipids
Health Dis. 4:29. doi: 10.1186/1476-511X-4-29

Wongtangtintharn, S., Oku, H., Iwasaki, H., and Toda, T. (2004). Effect of
branched-chain fatty acids on fatty acid biosynthesis of human breast cancer
cells. J. Nutr. Sci. Vitaminol. 50, 137–143.

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Mika, Czumaj, Stepnowski, Macaluso, Spinoso, Barone, Di
Felice and Sledzinski. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org 7 May 2019 | Volume 10 | Article 602

https://doi.org/10.1016/j.nutres.2008.08.009
https://doi.org/10.1038/srep43029
https://doi.org/10.1038/ijo.2008.55
https://doi.org/10.1016/J.JNUTBIO.2006.10.008
https://doi.org/10.1016/J.JNUTBIO.2006.10.008
https://doi.org/10.1371/journal.pone.0029032
https://doi.org/10.1007/s11745-013-3806-2
https://doi.org/10.1007/s11745-013-3806-2
https://doi.org/10.1155/2012/932928
https://doi.org/10.1155/2012/932928
https://doi.org/10.1186/1476-511X-4-29
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

	Exercise and Conjugated Linoleic Acid Supplementation Induce Changes in the Composition of Liver Fatty Acids
	Introduction
	Materials and Methods
	Animals and Treatment
	GCMS Analysis of Fatty Acid Composition in the Liver
	Analysis of mRNA Levels
	Immunofluorescence and Confocal Analysis
	Statistical Analysis

	Results
	Fatty Acid Composition in Liver After Exercise and CLA Supplementation
	The Expression of the Enzymes of Fatty Acid Metabolism in Liver After Exercise and CLA Supplementation

	Discussion
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


